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Numerical Simulation of Vapor
Deposition Process of Perovskite
Solar Cells: The Influence of
Methylammonium lodide Vapor
Flow to Perovskite Growth

This paper presents a two-dimensional (2D) transient numerical model for simulating the
vapor deposition process for growing perovskite films. The diffusion process of methylam-
monium iodide (MAI) vapor through the processing chamber to react with the lead
iodide (Pbl;) substrate and grow the perovskite layer is analyzed with a diffusion coefficient
that has been determined by measuring thicknesses of perovskite layers grown in a chemical
vapor deposition (CVD) chamber. Innovations applied to the CVD chamber to improve the
uniformity of layer thickness and offer control over the growth process are applied and com-
putationally assessed. One is the addition of screens at various strategic locations in the
chamber to improve flow uniformity. Another is changing the locations of MAI sublimation
bowls and chamber outlet numbers and locations. The results show that adding screens
makes the MAI vapor flow more uniform in the plenum while allowing a quicker purge
of the N, inert gas. This leads to a higher and more uniform growth rate of perovskite.
The MAI vapor flow is influenced by the reaction plenum geometry, so the chamber is
expected to allow good control of the process to achieve uniform surface deposition rate
and controlled grain growth of the perovskite layer. [DOI: 10.1115/1.4047296]

Keywords: perovskite solar cells, chemical vapor deposition, perovskite layer growth,
surface deposition rate, transient numerical simulation, efficiency, solar

1 Introduction

Perovskite solar cells have drawn tremendous attention because
of their excellent properties such as tunable bandgap, long carrier dif-
fusion length, excellent light absorption performance, low cost,
low-temperature processing, and flexible materials. The power con-
version efficiency (PCE) of perovskite solar cells has rapidly
improved from 3.8% to 25.2% in recent years [1,2], which is close
to the best single crystalline silicon solar cells. The next step for
researchers is to develop a low-cost and large-scale processing pro-
cedure for large-area, high-performance, and stable perovskite
solar cell fabrication to make this technology more competitive in
commercial applications than for other solar cells, like silicon-based
solar cells, CdTe-based solar cells, and so on.

There are many factors that have significant impacts on perov-
skite solar cell performance, including the perovskite film morphol-
ogy, crystallinity, thickness, and material purity. To produce
high-quality, uniform perovskite films with fewer defects, different
kinds of methodologies have been developed, such as the one-step
solution method [3-5], the two-step solution method [6,7], the
vapor-assisted solution process [8,9], dual-source vacuum deposi-
tion [10,11], and hybrid deposition [12]. Among these methodolo-
gies, the solution processes are the most popular, and high
efficiencies are achieved. However, the solution processes have
high uncertainties in the process, making commercial applications
challenging. The vapor-assisted deposition technique has more
effective control over the working conditions, like pressure,
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temperature, and heat and mass transfer, which is beneficial for
achieving stable and high-performance perovskite solar cells.
Besides, as precursor organic and inorganic materials have different
boiling points, the vapor-assisted deposition method is more con-
trollable than the dual-source vapor deposition method. Overall,
the vapor-assisted hybrid physical-chemical deposition method is
more favorable for its higher stability and controllability and
higher possibility for commercial application.

Yang and coworkers introduced the methylammonium iodide
(MALI) vapor-based approach and named it as vapor-assisted solution
processing for the fabrication of the perovskite layer [13—15]. In the
process, Pbl, substrates were reacted with MAI vapor at 150 °Cinan
N; environment for 2 h. The perovskite layers they produced show
high crystallinity, large grain size, and uniform surface coverage.
The high-quality CH3;NH;Pbl; perovskite films enhanced the perfor-
mance of the solar cells from their device with a PCE of 12.1%. Wang
et al. [16] systematically studied how the chemical vapor deposition
(CVD) process affects the perovskite film property. They changed
the substrate temperature, the postannealing condition, and the evap-
oration source materials. In their experiments, the CH;NH;I quartz
crystal microbalance (QCM) was placed facing downward and
directly above the CH3NH;I vapor source. There was a shutter
between the CH3;NH3I QCM and the MAI source to better control
the MAI evaporation rate during a long deposition period (1 h).
Their results showed that the vapor-assisted deposition process
needed careful control and when optimized led to the fabrication of
the high-quality perovskite film. The evaporation rate of MAI
(CH;3NH;]) is an important factor in this process, but needs better
control during the formation of perovskite.

Lower working pressure leads to a higher sublimation rate of
organic halide and a larger diffusion rate, which increases the
deposition rate and the uniformity of the perovskite growth.
Leyden et al. [17] used a two-step CVD method to grow perovskite
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films with low working pressure. A two-zone furnace was used in
their study. The MAI precursor was placed in one zone with a tem-
perature of 185 °C, while the substrates are placed in the other zone
with a lower temperature of 145-170 °C. The working pressure was
100 Pa, and nitrogen was used as the carrier gas. The two-zone
furnace increased the deposition rate because the vapor pressure
of the organic halide could be controlled independently. The
reported nominal reaction time was 1 h. The same group used for-
mamidinium iodide to fabricate perovskite solar cells with a heating
time of the organic components of less than 30 min [18]. The best
PCE reported is 14.2%. Low pressures also reduce the required
reaction temperature, since the sublimation temperature of an
organic halide is reduced at lower pressures. Peng et al. [19] used
the hybrid vapor-assisted method and fabricated high-performing
cells with a PCE of 14.7%. Both their working pressure and temper-
ature are low: 0.3 Pa and 82 °C, respectively. Their study showed
that low pressure can reduce the reaction temperature since the sub-
limation rate of MAI decreases with lower pressure. However, low
working pressure and temperature increase the required reaction
time.

The performance of a perovskite solar cell is highly influenced by
the crystalline quality of the perovskite thin film sandwiched
between electron and hole transport layers in a typical perovskite
solar cell structure. The crystalline quality is characterized by the
crystal grain size and the uniformity of film thickness [20,21].
Although many studies have been done recently on lead halide
perovskite nanocrystals, there are still significant gaps in understand-
ing of nucleation and growth processes involved in the formation of
perovskite, as well as the relationship between the perovskite crystal
structure and the solar cell performance. Agrafiotis et al. [22] tested
the thermochemistry properties including the reaction enthalpy of
Ca-Mn-based perovskites. Udayabhaskararao et al. [23] used
CsPbX; as a model system to study the formation mechanism of
cubic CsPbXj; nanocrystals, their growth via oriented attachment
into larger nanostructures, and their associated phase transforma-
tions. It was found that the formation of CsPbX5 nanocubes occurs
through the seed-mediated nucleation method, where Pb nanoparti-
cles formed during the reaction act as seeds. Further growth occurs
through self-assembly and oriented attachment.

The processing temperature and pressure are critical to the forma-
tion of uniform and stable perovskite films. Xue et al. [24] con-
ducted a Monte Carlo simulation to study the influence of device
geometry, material properties, and operating conditions on the per-
formance of a perovskite solar cell. It was found that the hole mobil-
ity in the hole transport layer and the layer thicknesses of the hole
and electron transfer layers are the three most important parameters
influencing the performance of perovskite solar cell. Yang et al. [25]
numerically studied the influence of operating pressure and temper-
ature on the surface deposition rate of perovskite films. The results
show that the increasing operating temperature and pressure will
increase the surface deposition rate of perovskite. An optimized
mass flow configuration was proposed by adding a flow resistance
to give a more uniform distribution of MAI vapor flow inside the
reaction chamber. Arivazhagan et al. [26] studied the influence of
pressure in the CVD process and found that the operating pressure
has strong effects on the grain size of the grown perovskite film.
They also proposed a method to enhance the perovskite grain size
by a gradual change in vapor pressure.

Perovskite solar cells have been rapidly developing in recent
years. Currently, the vapor-assisted deposition process is the best
way to achieve large and high-quality perovskite films. The
process has the advantage of lower temperature processing than
used with spin coating. This gives more flexibility in choices for
materials for the remainder of the cell, including flexible materials.
This article continues to study the vapor deposition process of the
perovskite layer by numerical simulation. In this work, hybrid phys-
ical-chemical vapor deposition of planar methylammonium lead
iodide (MAPbI3) is grown using a MAI precursor vapor. The diffu-
sion process of MAI vapor through the growing perovskite layer is
analyzed with a diffusion coefficient calculated by measuring the
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thickness of the perovskite layer with different growing times.
The influences of adding screens at different locations in the
plenum and changing the inlet and outlet numbers and locations
on the uniformity of the perovskite layer growth rate are analyzed
by using computational fluid dynamics and mass transfer. This
study helps understand the physics of the vapor deposition
process of the perovskite film growth and provide a method to
predict and control the surface deposition rate by controlling the
working conditions.

2 Numerical Model

2.1 Physical Model and Boundary Conditions. In the
reactor, a quartz box is put inside a chamber heated by surrounding
heating elements to realize temperature control during the sublima-
tion process. The chamber is first evacuated to a desired pressure,
and then nitrogen (N,) is introduced into the chamber to purge
the particles and atmospheric gases. Then the nitrogen flow is
shut down, and the heating element is turned on to heat the
quartz box to a specific temperature, while a low near-vacuum pres-
sure is maintained in the box. During the heating process, MAI
powder in the crucibles sublimates into the quartz box and then
mixes and diffuses within the N, atmosphere. The mixture of
MAI and N, flows around the substrate surfaces, which are
coated with Pbl,, and then to an outlet. A deposition reaction
takes place on the substrate surface, and a layer of perovskite is
formed. As the MAI powder continues to sublimate, the quartz
box becomes filled with MAI vapor, while the N, from its initial
charge is purged, finally reaching a steady-state with a steady
outflow of pure MAI and a continuous MAI concentration for
deposition into the perovskite film on each substrate surface.

To simulate this process, a simplified 2D transient model is estab-
lished, as shown in Fig. 1. The reaction plenum is a rectangular box
with alength of 156 mm and a height of 60 mm. It has three inlets and
three outlets. Each inlet is 20 mm wide and 10 mm high, and each
outlet is 5 mm wide and 5 mm high. Two screens are put in the
plenum, as the figure shows, to make the flow from upper plenum
to lower plenum more uniform. The two substrates are 10 mm
above the second screen, and each substrate is 20 mm wide and
2 mm thick. The box is initially filled with N,. From the beginning
of the simulation, pure MAI vapor is introduced through the inlets,
simulating the sublimation process of the actual system. The N is
purged, and finally, the box is filled with MAI vapor. The two sub-
strates are initially coated with Pbl,. The reaction is on the surfaces
of the Pbl, substrates when MAI vapor becomes available.

The computational mesh used in this study is made by ANSYS ICEM
18.2. The mesh has 26,111 nodes, verified to be enough by a
mesh-independence test. The commercial computational fluid
dynamics software ANsys FLUENT 18.2 is used for this numerical
simulation. The operating pressure and the temperature are set as
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Fig. 1 The geometry of the numerical model used in the
simulation
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Table 1

Material property of MAI, Pbl,, and perovskite MAPbI; [25]

MAI Pbl, MAPbDI;
Density (kg/m3) Idea gas 6160 4000
Specific heat (J/kg K) 498 173 304.85
Thermal conductivity (W/m K) 0.00672 0.73 0.5
Viscosity (kg/m s) 1.243%x107° 1x10% 1x10%
Molecular weight (g/mol) 159 461 620
Standard state enthalpy (J/kmol) -33x1078 -2.03x107® -5.07x107®
Standard state entropy (J/kmol K) 250,000 174,850 200,000
L-J characteristic length (angstrom) 52 5.5 6
L-J energy parameter (K) 478.3 400 550

0.4 Torr (53.33 Pa) and 378.15 K (105 °C), respectively. The prop-
erties of MAI vapor are estimated using the Joback estimating
approach [27]. The properties of Pbl, and MAPbI; are adapted
from the literature [28,29]. Table 1 lists the material property
used in this study. The inlet condition is set as a pressure inlet
with a constant total pressure of 0.1 Pa. The outlets are set with
pressure outlet conditions. All the walls are of a constant and
uniform temperature. The screens are set as porous-jump boundar-
ies. The porous-jump boundary is a one-dimensional simplification
of the porous media model used to model pressure drops through
screens. The pressure change is defined as a combination of
Darcy’s law and an additional inertial loss term:

3 3
1
s,-:ZD,»jﬂvﬁZc,-,imv,wj )
J= J=

where u is the viscosity, v is the velocity of the approach flow to the
screen, p is the density, and D and C are prescribed matrices for
Darcy and inertial coefficients, respectively, of the modified
Darcy equation.

For a uniform porous medium, Eq. (1) can be simplified as
follows:

1
Si=bvi+ Cazpyly @
where k is the permeability and C; is the inertial resistance factor. In
a laminar flow with very low Reynolds number, the inertial loss
term is negligible. The permeability is calculated by an empirical
formula based on the screen type, opening ratio, and thickness
[30], which is 3x 1077 m? in this study.

Six cases are analyzed to characterize the flow field, diffusion,
and mixing processes of MAI vapor during the deposition
process. The MAI diffusion through the perovskite layer to the reac-
tion layer and the perovskite growth rate are also analyzed. Further-
more, the analysis helps assess the effectiveness of screens toward
making the surface deposition rate of MAPbI; (perovskite) uniform
over the substrates. For cases 1-4, all three inlets and only the
middle outlet are open. Case 1 has no screen. Case 2 has the
upper screen (screen 1), while case 3 has the lower screen (screen
2). Case 4 has two screens (screens 1 and 2). Both cases 5 and 6
have two screens (screens 1 and 2). For case 5, inlets 1 and 3 and
outlet 2 are open, while for case 6, inlet 2 and outlets 1 and 3 are
open. These cases are summarized in Table 2.

Table 2 Different case settings

Case Inlet Outlet Screen
1 1,2, 3 2 No screen
2 1,2,3 2 1

3 1,2,3 2 2

4 1,2,3 2 1,2

5 1,3 2 1,2

6 2 1,3 1,2

B

Journal of Solar Energy Engineering

2.2 Reaction Model. A laminar flow model is used in this
simulation. A species transfer model is used to calculate the mass
transfer of MAI and N,.

The governing equations for fluid flow and energy can be
expressed as follows:

Continuity equation:

%@Yi)w-(pvmbviﬁ& )

where Y; is the local mass fraction of each species, R; is the net rate
of production of species i by chemical reaction, and J; is the diffu-
sion flux of species i, which arises due to gradients of concentration
and temperature, as follows:

N vT
Ji==pDinVY; + DT,iT “4)

where D;,, is the mass diffusion coefficient for species i in the
mixture and Dy; is the thermal diffusion coefficient.
Momentum equations:

Apu)
ot
Energy equation for fluid:

=-Vp+pF +uAu 5)

0 0 0 oT
&(/’E) + o, [ui(pE + p)] = o (kﬁ—x, - 2,: hiJi — ”.i(Tij)g/j) (6)
where J; is the diffusion flux of species i.

A wall surface reaction model is used to calculate the surface
deposition process of perovskite. The reaction equation is as
follows:

CH;NH;1 + Pbl, — CH3NH;3Pbls (@)

Under the operating conditions of the present cell, there is no
backward reaction, only forward reaction. The reaction rate cons-
tant is defined by the Arrhenius equation:

Karr = A pree™ 5/ KT ®)

where A, is the pre-exponential factor, E, is the activation energy,
and R is the gas constant. The activation energy E, was found to be
110 kJ/mol in Ref. [31]. The pre-exponential constant, A, at our oper-
ating conditions is found by measurements, as will be discussed.

In the reaction process, a solid layer of MAPbI; will grow on the
substrates. The MAI vapor must diffuse through the solid layer to
react with the Pbl,. To simulate the diffusion process, the diffusion
coefficient of MAI vapor through perovskite layer must be found.
The diffusion process is schematically shown in Fig. 2. The first
step is from face 1 to face 2. The MAI vapor is transferred from
the bulk of the gas phase to the gas—solid interface. The mass
flux, J, in this step is defined as follows:

(C)]
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Fig.2 Diffusion process in the deposition reaction of perovskite

where £, is the mass transfer coefficient of MAI vapor and Cyya; is
the concentration of MAIL The second step is from face 1 to face
2. The MAI vapor diffuses through the perovskite layer to the
Pbl, layer. The mass flux, J, in this step is defined as follows:

0Cwmar

Jo=D
2 oy

10)

where D is the diffusion coefficient of MAI vapor through the
perovskite layer. The third step is on face 3. The MAI reacts with
Pbl, and grows the perovskite layer. The consumption rate of
MAL J3, in this step is represented as follows:

J3 = kCyar (11)

where k is defined as a reaction constant multiplied by the concen-
tration of Pbly, k,,,Cpy1, The surface concentration of Pbl, coated
on the substrates is Cpypr,. It is estimated from the density and the
crystal structure of Pbl,.

As an approximation, we may assume that at steady-state, the
bulk concentration of MAI is uniform, and the mass of MAI trans-
ferred through the MAPDI; layer is equal to the mass of MAI con-
sumed by the deposition reaction. By combining Eqs. (9)—-(11), we
can obtain the following equation:

D D DC
2 1
(i - - (i_—i 12
(h k) N ! (12)

where d is the thickness of the MAPDI; layer, C; is the concentra-
tion of MAI at face 1, and 7 is the reaction time. In this expression, N
is the number of MAI molecules incorporated into a unit volume of
the MAPDI; layer, equal to p(MAPbI;)/M(MAPDI3). If we define as
new constants, A = D/h + D/k, and B= DC,/N, Eq. (12) can be sim-
plified as follows:

t
d=B--A 13
p 13)

Therefore, if we measure the thickness of the perovskite layer at
several times after the steady-state growth has begun, we can eval-
uate the values of A and B by fitting the thickness versus time data
with Eq. (13) and calculating the diffusion coefficient D.

After finding the value of the diffusion coefficient D, we use it in
our numerical simulation. In our simulation, we use a stepwise
method to include the effects of the growing thickness of perov-
skite, as Table 3 presents, realized by the user-defined function.
The concentration of MAI at face 2 is C and C* is the concentration
of MALI at face 3, which is calculated by Eqgs. (10) and (11). The
thickness of the perovskite layer is represented as d. The surface

Table 3 Iteration process to calculate the surface deposition
rate of perovskite

t C C* d SDR J

fo Co Cto=0Co dip=0 SDRy (Eq. (3)) Jwo

f Cu C*¥y=DCy/ dy=dyo+ SDRy Ju
(kd, + D) SDR oAt
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deposition rate of MAPbI; (SDR) is calculated as follows:

SDR — KC"M(MAPbL)
p(MAPbL;)

where M is the molecular weight of MAPDI;. J in Table 3 is the
mass flux or mass consumption of MAI. At the beginning of the
simulation, f =1, the thickness of the perovskite layer is 0, and C
= C*, and then, J,g and SDR,( can be calculated. After a short time-
step, At, when t=t,, the thickness of the perovskite layer, dy;, and
C*¢ can be calculated based on SDRy and Cy;. Then, the new SDR
and J can be calculated. This process proceeds for the successive
time-steps.

(14)

2.3 Fabrication and Thickness Measurement of
Perovskite. For evaluation of the diffusion coefficient, D, the thick-
ness of the perovskite films versus time must be measured. The films
to be measured are fabricated on a substrate with TiO,/fluorine-
doped tin oxide (FTO)/glass. First, FTO transparent conductive
glass substrates (Nippon sheet glass, 14 Q) are cleaned with the
deionized water, ethanol, acetone, and isopropyl alcohol sequen-
tially for 30 min in an ultrasonic bath. Then, about 15 min of
oxygen plasma processing is used to chemically remove the
organic compounds and other residues from the surfaces of the sub-
strates by the Technics Oxygen Asher. Following this, a TiO, film is
fabricated on the FTO/glass as soon as possible after the oxygen
plasma treatment is completed. The TiO, film is deposited twice
by spin coating a solution prepared by dissolving 502.5 pL titanium
diisopropoxide bis (acetylacetonate) (75 wt% in isopropanol) into
6.35 mL 1-butanol. Each spin coating process is done with a speed
of 2000 rpm for 30 s. After each spin coating process, the substrates
are baked with a temperature of 140 °C for 10 min before the next
step. Then, the substrates are sintered in a CVD tube with a temper-
ature of 550 °C for 60 min. After sintering, the TiO, film is cleaned
by the oxygen plasma treatment for 5 min. Finally, the perovskite
films are deposited on the TiO, film substrates. They are fabricated
by a hybrid physical-chemical deposition process. First, the Pbl,
film is deposited on the TiO,/FTO/glass by a spin coating method.
A 1.3 M Pbl,/DMF (N, N-dimethylformamide) solution is spin
coated with a speed of 4000 rpm for 30 s. Then, the substrates are
baked for 15 min with a temperature of 70 °C. The perovskite film
growth process proceeds in a tube furnace (OTF-1200X, MTI Cor-
poration). The substrates, with Pbl, films, are put into a quartz
tube evenly filled with CH3;NH3;I powder (Greatcell Solar
Limited), and then, the tube furnace is sealed. When the reaction
time has reached the set value, the mechanical pump is opened to
end the reaction. During the fabrication process, five samples of
Pbl, perovskite films are prepared. They are as follows: pure Pbl,
(group 0) film, Pbl, and perovskite films with reaction times of
180 min (group 1), 240 min (group 2), 300 min (group 3), and a
pure perovskite film with a reaction time more than 600 min
(group 4). In the previous results [32], the Pbl, film was completely
transformed to CH3;NH3Pblj; film when the reaction time was more
than 420 min.

The above processing gives the thickness versus the time data for
the perovskite film growth in the environment of the vapor deposi-
tion chamber. The process for determining thicknesses is shown in
Fig. 3. The thickness of pure Pbl, film (group 0) is dy. After all the
Pbl, is transformed to MAPbIj, the thickness of the pure perovskite
layer (group 4) is d4. The thicknesses of the combination of Pbl, and
perovskite film with different reaction times ¢ (r=180, 240, and
300 min) are d,. When the reaction time is ¢, the thickness of the
growth perovskite layer is d;mapp;; and the thickness of the
unreacted Pbl, is d, py1,. Then, we have the following equation:

d; = diMmapbL, + dyipo, (15)

We assume that the ratio of the thickness of the growth of the
perovskite layer and the thickness of Pbl, reacted, d4/dy, is constant.
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Fig. 3 Schematic diagram of the measurement procedures for determining the thick-

ness of growth of the perovskite layer

Table 4 Thickness of Pbl, and perovskite films for the five
groups

Group Types of films Reaction time (min)  Thickness (nm)
0 Pure Pbl, 0 212.70
1 Pbl, and perovskite film 180 382.68
2 Pbl, and perovskite film 240 429.21
3 Pbl, and perovskite film 300 471.70
4 perovskite film >600 531.09

Table 5 Thickness of growth perovskite layer at different
reaction times

Reaction time Thickness of growth

Group Types of films (min) perovskite film (nm)
1 Pbl, and perovskite 180 283.53
film
2 Pbl, and perovskite 240 361.15
film
3 Pbl, and perovskite 300 432.02
film

So, at the time ¢, the thickness of the perovskite layer is equal to the
thickness of the reacted Pbl, multiplied by this ratio. Then, we can
have the following equation:

d,
dimapol; = (do — dt,Pblz)zz (16)

The thicknesses dy, d;, and d, are measured, and the thickness of
the perovskite layer, d; mapor,, 1S calculated as follows:
dy — dy
di — dy

Sharp tweezers are used to remove steps in the five films, and
then a surface profile measurement system is used to measure the

dimapol;, = da (17)

600
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500 : :
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E /
= 300

A
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0 4000 8000 12000 16000 20000
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(a)

thicknesses of each of the five films. The measured thicknesses
are presented in Table 4. Finally, the thicknesses of the grown
perovskite layers are calculated by Eq. (17), and the results are pre-
sented in Table 5.

By using Egs. (12) and (13) and the results presented in Table 5,
the constants A and B are found to be 1298 and 41.551, respectively.
One thing that should be noticed here is that the value of the two
constants will be different if one uses different dimensions or the
operating conditions are different. The diffusion coefficient of
MALI vapor through the perovskite layer under the operating condi-
tions can be computed through Eq. (13) as 1.58 x 10~'" m?/s, which
is a reasonable value for 6gas diffusing in solid. The pre-exponential
factor A, is 1.93 x 10'°, which is near the value used by Wang
et al. [31], that is, 9x 10" Figure 4(a) shows the thickness of
the perovskite layer over time as calculated by Eq. (13) using the
above values for diffusivity and pre-exponential factor from the
experimental measurements. We can see that the experimental
points lie on the theoretical model curve perfectly. Figure 4(b)
shows the growth of thickness of the perovskite layer over time cal-
culated by Eq. (13) and by numerical simulation. They agree well.
We also tried to directly fit the experimental points with our numer-
ical simulation. The value of the diffusion coefficient backed out
from that analysis is 1.3x 107"!. Tt is suitably close to the value
computed from the analytical model presented earlier. The differ-
ence may come from the following: (1) the pressure and concentra-
tion calculated by the numerical simulation may be slightly different
from that we used in the theoretical model; (2) the mass transfer
coefficient in the gas phase calculated by numerical simulation
may be different from that we used in the theoretical model; and
(3) there may be errors caused by the calculation method in the
numerical simulation.

3 Results and Discussion

Figure 5 shows the average surface deposition rate and thickness
of MAPbIj; layer on the substrates over time for all the cases. For
each case, the surface deposition rate first increases and then
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Fig. 4 Comparison of the growth of thickness over time: (a) theoretical and experimental results and (b) theo-

retical and numerical results
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Fig. 5 Averaged surface deposition rate and thickness of
MAPDI; layer on the substrate over time for cases 1-6

becomes more stable with a mild drop. That is because at the begin-
ning of the simulation, the reaction plenum is filled with N,, and
MALI vapor is introduced through the inlets. With time, more
MAI molecules reach the substrates and react with the Pbl, on
the surface. The molecular concentration of MAI on the substrate
surface increases with time, leading to the increasing surface
deposition rate. After the N, becomes purged from the plenum,
the rate of MAI concentration on the surface decreases and finally
becomes stable. This is the point when the concentration of MAI
for surface deposition becomes stable. However, with the continu-
ing of the reaction, the thickness of the perovskite layer increases
and the surface deposition rate decreases since the MAI molecules
must diffuse through the perovskite layer to react with the Pbl,.
Therefore, the surface deposition rate drops regularly with time
after all the N, is purged. Comparing cases 1-4, we can see that
the surface deposition of case 4 increases most rapidly, and case
1 increases most slowly. Cases 2 and 3 have almost the same
surface deposition rate. Therefore, the thickness of case 4 is
larger than those of cases 1-3 during the period simulated
(1000 s). This leads to a lower surface deposition rate of case 1
after the molecular concentration of MAI becomes stable in the
plenum, which is hard to see in Fig. 6 as the thickness differences
are small. The turning point of the SDR curve for case 4 appears
earlier than for cases 2 and 3, and the turning points of the SDR
curves for cases 2 and 3 appear earlier than for case 1, which
means that case 1 can purge the N, from the plenum more
quickly than cases 2 and 3 can, and cases 2 and 3 can purge the
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N from the plenum quicker than case 1 can. Comparing cases 4—
6, we can see that the surface deposition of case 4 increases the
fastest, and case 6 increases the slowest. This is because case 4
has three MAI inlets, while case 5 has two MAI inlets and case 6
has one MAI inlet. Case 4 has higher mass flowrate of MAI than
cases 5 and 6, and therefore, case 4 has a higher surface deposition
rate at the times before the N, is purged. Also, we can see that the
turning point of the SDR curve for case 5 appears earlier than that
for case 1, which means that adding screens can help purge the N,
and the consumption of MAI is reduced.

Figure 6 shows the surface deposition rate distributions on the left
substrate for cases 1-6 at 80 s and 320 s. When #=80 s, a compar-
ison of cases 1-4, we can see that case 4 has the highest surface
deposition rate, while case 1 has the lowest. Cases 2 and 3 have
similar surface deposition rates. This shows that adding screens
helps in purging the N, more quickly and brings more MAI to
the substrate. Comparing cases 4-6, we can see that case 4 has
the highest surface deposition rate and case 6 has the lowest. For
case 5, the surface deposition rate on the left is higher than that
on the right, while for case 6, the surface deposition rate on the
right is higher than that on the left. This is because case 5 has
inlets 1 and 3 open, and case 6 has only inlet 2 open. The left
side of the substrate of case 5 is closer to the MAI inlet, while the
right side of the substrate of case 6 is closer to the MAI inlet.
This means that the MAI vapor flow is highly influenced by the
geometry. When t=320s, most of the N, has already been
purged, and the differences in the surface deposition rate between
different cases become smaller. All the cases, including cases 5
and 6, show a uniform distribution of the surface deposition rate
on the substrate.

To analyze the uniformity of the surface deposition rate on the
substrate, we define a new parameter called surface deposition
rate deviation to show the deviation of the local surface deposition
rate (SDR) from the averaged value (SDR), as follows:

SDRD = SDR — SDR (18)
SDR

Figure 7 shows the surface deposition rate deviations on the left
substrate for cases 1-6 at 80 s and 320 s. When 7= 80 s, comparing
cases 1-4, we can see that case 4 has the most uniform surface
deposition rate distribution. Cases 2 and 3 have similar uniformity.
Case 1 is the least uniform. Comparing cases 4—6, we can see that
cases 5 and 6 have poor uniformity of the surface deposition rate,
because the molecular concentration of MAI is higher near the
mass flow inlets. When #=320 s, the surface deposition rate devia-
tion becomes very small for all the cases, as most of N, has been
purged out.
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Fig. 6 Surface deposition rate distributions on the left substrate for cases 1-6 at (a) t =80s and

(b) t=320s
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Figure 8 shows contours of pressure and streamlines for cases 1-6  middle inlet (inlet 2). The distribution of the streamlines below the
at t=80s. From cases 1-4, we can see the influence of adding screen is also influenced. For case 3, the pressure drop occurs on
screens. For case 2, there is a pressure drop on the upper screen the lower screen (screen 2), and the distribution of streamlines is
(screen 1), and the streamlines of MAI are forced to distribute  more uniform above the screen, compared with case 1, especially
more uniformly across the screen, especially for the MAI from the  for the MAI from the inlets on the left and right (inlets 1 and 3).
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Fig. 8 Contours of pressure and streamlines for cases 1-6 att=80s
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Fig. 9 Contours of molecular fraction of MAI for cases 1-6 att=80s
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After adding both screens, like case 4, we can see that the streamlines
between the two screens are more uniform than in cases 1-3, which
will make the MAI concentration distribution on the substrate more
uniform. This explains why case 4 has a more uniform surface
deposition rate than other cases. As for cases 5 and 6, the distribution
of MAI concentration on the substrates is not as uniform as in cases
1-4, but we can see that most of the streamlines will pass the sub-
strates, while for cases 1-4, most of the MAI from the middle inlet
flows directly out through the middle outlet. This explains why
cases 5 and 6 have more than 2/3 and 1/3 of the surface deposition
rate, respectively, with only 2/3 and 1/3 of the mass flowrate of
case 4.

Figure 9 shows contours of mole fraction of MAI for cases 1-6 at
t=280s. Comparing cases 1-4, we can see that case 4 has the
highest mole fraction of MAI, while case 1 has the lowest, and
cases 2 and 3 have similar mole fraction values. This explains
why case 4 has a higher surface deposition rate than the other
cases at the same time. This is due to the screens that make the
MALI vapor flow more uniform in the plenum, and then, the N,
near the wall and in the corner can be mixed with MAI vapor and
purged out more efficiently than in case 1 (without screens). Case
5 has a lower mole fraction of MAI in the middle part, while case
6 has a higher mole fraction of MAI in the middle part. Therefore,
on the left substrate, the surface deposition rate of case 5 increases
from left to right, while the surface deposition rate of case 6
decreases from left to right, as shown in Fig. 6(a).

4 Conclusions

A numerical model is established to simulate the vapor deposi-
tion process in the fabrication of a perovskite solar cell. The diffu-
sion process of MAI vapor through the growing perovskite layer is
part of the analysis. It employs a diffusion coefficient calculated
from measurements of the growth of a perovskite layer in a deposi-
tion cell that is the same as the one analyzed. To the authors’ knowl-
edge, this is the first evaluation of diffusivity of MAI through the
perovskite used herein. The simulation of the vapor deposition
chamber is used to improve the deposition process. One feature is
the use of screens. Their influence when positioned at various loca-
tions in the plenum is analyzed. The influences of inlets and outlets,
numbers, and locations, are also quantified. The following conclu-
sions are presented:

(1) In the vapor deposition process of a perovskite solar cell, the
overall surface deposition rate will first increase, as the MAI
concentration increases in the plenum. After N, is purged,
the MAI concentration becomes stable within the plenum,
but the surface deposition rate will decline with time
because of the increasing thickness of the perovskite layer
making the diffusion process slow.

(2) Adding screens makes the MAI vapor flow more uniform in
the plenum and quickens the purge rate of N, precursor gas,
leading to higher and more uniform surface deposition rate in
the early part of the vapor deposition process.

(3) The flow of MAI vapor has a very low Reynolds number, and
the flow is highly influenced by the geometry. Therefore, the
effects of geometry of the reaction plenum, including the
number and locations of MAI inlets, substrates, and outlets
should be well understood toward achieving a design that
gives a uniform and controlled surface deposition rate of
the perovskite layer.
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