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because it is a low-cost and easily acces-
sible process. Although some works have 
reported remarkable device performances 
in large-area perovskite optoelectronic 
devices made with spin-coated perovskite 
films,[2c,8] the spin-coating techniques 
face a challenge in producing reliable and 
uniform films over a large area. On the 
other hand, evaporation methods,[9] which 
include dual-source vacuum deposition,[10] 
sequential-partial pressure,[11] mixed solu-
tion and vapor deposition,[12] modified 
chemical vapor deposition method,[11] and 
single-source deposition,[13] have shown 
a potential for producing uniform films 
over a large area.[9,12] The evaporation 
methods do not require the use of sol-
vents and thus have the advantage that the 
films can be deposited without solvent-
induced-damages which are critical for 
organo-metal-halide perovskite films.[14] 
Organo-halide precursor (e.g., methylam-

monium iodide, MAI) and lead-source precursor (e.g., lead 
iodide, PbI2) can be thermally evaporated by various methods, 
i.e., coevaporation method,[7a,15] vapor-assisted deposition,[3a,16] 
or sequential deposition[17] to fabricate OHP (e.g., methylam-
monium lead iodide, MAPbI3) films. Although these deposi-
tion methods are well-established, it is crucial to produce OHP 
films with the desired stoichiometric ratio among the three dif-
ferent ionic components by evaporation because each precursor 
has different sublimation temperatures.[9]

The single-source flash evaporation method[7b,13,14b,18] has 
gained attention as a candidate for thermally evaporating from 
either a mixed-precursor source or presynthesized stoichio-
metric OHP source by expeditiously raising the temperature in 
a short time. In principle, the rapid vaporization of the single 
crystal precursors results in a uniform and homogeneous 
evaporation of the precursors while maintaining the same ratio 
between the different components in OHP.[14b] Furthermore, 
the single-source flash evaporation method can be expanded 
to fabricate OHP films with mixed cation and halide spe-
cies, which is challenging in other methods.[9] Although these 
aspects of the single-source flash evaporation present potential 
of exploring a diverse compositional range of OHPs, there has 

Single-source flash evaporation method has recently gained attention for 
its potential as a rapid and solvent-free deposition method for producing 
organic–inorganic halide perovskite (OHP) films in large-scale. However, due 
to a complex nature of the different experimental parameters involved in the 
deposition process, it is not straightforward to obtain the optimal condition 
for producing high-quality OHP films. In this study, this problem is tackled 
by employing the design-of-experiment (DoE) process, which is an efficient 
statistical analysis for finding an optimized condition with a minimized 
number of experiments. The DoE process is used for optimizing the respon-
sivity of the OHP photodetector devices against the input variables used in 
the deposition that yielded an enhanced responsivity of 112.2 mA W−1, which 
is up to an order of magnitude higher than that of the unoptimized devices. 
The experimental results using the DoE method provide not only the condi-
tions required for enhancing the device performance but also the guidelines 
for improving the overall film quality through exploring the variable space of 
the flash evaporation technique.
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1. Introduction

Organic–inorganic halide perovskites (OHPs) have recently 
received enormous attention due to their excellent properties for 
optoelectronic[1–3] and electronic[4,5] devices. Out of various dep-
osition methods studied in the field, solution-processing,[1b,5a] 
chemical vapor deposition (CVD),[6] and thermal evaporation[7] 
have gained the most attention for OHPs. Spin-coating tech-
niques of OHPs are mainly used in lab-scale device fabrication 
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been relatively few reports which have systematically studied 
the film quality optimization by considering the relationship 
between relevant input and response variables of the flash evap-
oration method.

The one-factor-at-a-time (OFAT) method, which is commonly 
used as a systematic experimental method, has clear disadvan-
tages that it is relatively time-consuming and does not consider 
interaction effects because only one input variable is considered 
at a time. Moreover, most of the experimental designs typically 
require a long time to gather a sufficiently large training data 
set. Even after the model is completed, precise data predictions 
are limited to the variables within the range of the training 
data set. In this way, the effects of single input variables, e.g., 
substrate temperature,[19] excess amount of MAI, and chamber 
pressure[13] on the resulting film quality of the evaporated OHP 
films have been previously studied by following the OFAT 
method. However, multivariable interactions and correlations 
between the input and response variables for achieving desired 
film properties have not yet been investigated, to the best of our 
knowledge.

On the contrary, the design-of-experiment (DoE) approach[20] 
is a multivariate statistical method that is optimized for min-
imal experimentation. In addition, the DoE method allows us 
to consider the correlation between the variables in the analysis 
step and discover optimal experimental conditions via regres-
sion analysis. Because the DoE approach considers various vari-
ables simultaneously, it is an efficient tool for achieving experi-
mental targets in a relatively short period of time, given that a 
clear objective is set. Although the DoE approach remains as a 
powerful tool for performing multivariate statistical analysis, it 
has been rarely used for investigating the film deposition condi-
tions of organo-metal-halide perovskites.[21]

In our study, the DoE approach was used to analyze the 
relationship between the variables that affect the film deposi-
tion in the flash evaporation method, which in turn, provided 
guidelines for optimizing the deposition conditions that pro-
duce high-quality perovskite films with the desired optoelec-
tronic properties. Our developed flash evaporation method was 
recently shown to be highly reproducible[22] and only had few 
control variables, both of which are suitable for employing the 
DoE approach for optimizing the film quality. In the analysis 
process, we first investigated the input variables that affect the 
physical and optoelectronic properties of the deposited perov-
skite films and extracted the relationships between these prop-
erties. By extending the film characterizations to photodetector 
devices, the DoE method was able to predict the responsivity 
values, which allowed us to design devices with a high respon-
sivity value that was up to an order of magnitude higher than 
that of the devices fabricated from off-optimum conditions.

2. Result and Discussion

The overall stages of DoE method can be best described as 
sequential procedures that consist of 1) planning the experi-
ments, 2) executing the experiments, 3) analyzing the results, 
and 4) optimizing via data analysis (see Figure S1 in the Sup-
porting Information). In the stage of planning the experi-
ments, input variables, response variables, and experimental 

design are chosen according to the set objective. In this study, 
we employed response surface method (RSM) out of various 
experimental designs (see Section S2 in the Supporting Infor-
mation for detail of DoE design) which is suited for optimizing 
deposition conditions for producing high-quality flash-evap-
orated MAPbI3 films.[23] Among the RSM designs, the Box–
Behnken design was chosen because it is an efficient design 
that needs relatively few numbers of experiments for optimi-
zation. It acquires data that correspond to experiments at the 
center of each side of the cubic variable space[24] (see Figure 1a). 
The length of each side of the cube represents a range of input 
variables and each point at the center (represented as circles 
in Figure  1a) corresponds to a set of input variables (i.e., an 
experimental condition) used for each experiment. In the Box–
Behnken design, when three input variables are selected, 13 dif-
ferent experimental conditions are determined, and the center 
point experiment condition (dark blue circle in Figure  1a) is 
repeatedly evaluated three times to verify reproducibility and 
robustness of the model. By using such an experimental model, 
the experiments are arranged regularly such that potential bias 
toward specific experimental conditions is avoided. Therefore, 
it is a convenient model to analyze the effect of individual input 
variables on each response variable, as well as the interactions 
between them.

The objective of the DoE process was to find the optimal dep-
osition condition for single-source flash evaporation of MAPbI3 
film (from the set-up schematically drawn in Figure  1b) that 
results in high-performance photodetectors. In total, three 
input variables were selected based on the previous studies 
on flash evaporation of OHP films.[22] An excess amount of 
MAI added to the source (i.e., an excess molar ratio of MAI 
to MAPbI3 powder) was selected as the first variable because 
it has been reported to play a role in reducing PbI2 impurity 
in the evaporated film which is related to the relative purity of 
the evaporated film.[13] The other input variables were the mass 
of MAPbI3 single crystal source (source mass, the second vari-
able)[22] and the heating current (related to the heating tempera-
ture, the third variable)[7b,25] which control the total amount of 
evaporated materials and sublimation rate, both of which affect 
the thickness and grain size of the deposited MAPbI3 films. 
By combining these three input variables that control the rela-
tive purity, grain size, and thickness of the MAPbI3 films, we 
attempted to find out the relationships between physical prop-
erties, optoelectronic properties, and the resulting device per-
formance of photodetectors made with the flash-evaporated 
MAPbI3 films.

In the DoE process, the selection of the evaluation scope, 
which is expressed as the size of the variable cube shown in 
Figure  1a, is important because we can extract the effect of 
multi-input-variables on each response variable, and thus find 
out optimum experimental condition within the evaluated 
range of the variables. The range of the input variables should 
be selected such that it is neither too wide to prevent an accu-
rate linear regression analysis nor too narrow to risk the loss of 
generality of the extracted model. As a 1:1 molar ratio between 
MAI and MAPbI3 was found to be ideal for reducing PbI2 impu-
rity in a previous study,[13] the evaluation range was selected 
from 0.5 to 1.5 mol ratio. In order to control the range of thick-
ness from 500 to 2000 Å, the source mass (the second variable) 
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was evaluated in the range from 250 to 750 mg. For the heating 
current (the third variable), 60 A represented a slow sublima-
tion of the source, nearly approaching the rate of conventional 
thermal evaporation. Therefore, the heating current was evalu-
ated in the range between 60 and 140 A. In order to find out the 
effect of the aforementioned input variables, various physical 
and optoelectronic properties were measured. The measured 
properties were chosen as the response variables used to per-
form the multivariate analysis. The selected response variables 
are various film properties: grain size, thickness, roughness, 
relative purity, and photoluminescence (PL) peak position and 
photodetector device properties: responsivity and specific detec-
tivity (Figure 1c–h).

Here, we show how we characterized each response variable 
by outlining the results for the evaporated film under the central 
condition, defined by the variable coordinate of 500 mg (source 
mass), 100 A (heating current), and 1.0 mol ratio (excess MAI 
ratio). First, the structural properties were probed by micro
scopy and X-ray diffraction (XRD) measurements. The resulting  
evaporated MAPbI3 film had a grain size of ≈37 nm (σ: 7.2 nm) 
and a thickness of 133.3  nm (σ: 3.8  nm) as determined from 
the top-surface image and cross-sectional image measured 
with field-emission scanning electron microscope (FE-SEM) 
(Figure 1c,d). The grain size and thickness were averaged after 
measuring 20 locations in an image. The surface morphology of 
the film was probed by measuring the root-mean-squared value 
of surface roughness (Rq), which was measured to be 1.8 nm by 
atomic force microscope (AFM) (Figure 1e). Next, we used XRD 
data to determine the relative purity. Before discussing the rela-
tive purity, please note that the XRD data show good crystal-
linity of the MAPbI3 film. XRD data showed peaks at 14.0° and 
28.0° (2q) that coincide with (110) and (220) diffraction peaks of 

the predicted MAPbI3 results (Figure 1f). In addition, to deter-
mine the relative purity of the film, Rietveld refinement[26] was 
used to quantitatively estimate the amount of PbI2 present in 
the MAPbI3 film (Figure S3 in the Supporting Information) 
from the XRD data. Since the ratio of PbI2 in the MAPbI3 film 
is proportional to the XRD peak intensity, we defined the rela-
tive purity of the films with the following formula

I
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°  represent the XRD peak 
intensity at 14.0° and 12.6° that correspond to MAPbI3 and 
PbI2, respectively. Second, the photophysical properties of the 
MAPbI3 film were measured by PL and UV–vis absorbance 
spectra to determine the wavelengths of the emission peak and 
absorption edge, respectively. The PL peak position appeared 
at near 765 nm which is identical to the expected results from 
previous studies[18a,27] and UV–vis absorbance edge appeared at 
758 nm (Figure 1g).

Two of the most important response variables of interest 
can be the device performance parameters of the photodetec-
tors fabricated with the flash-evaporated MAPbI3 film. They are 
the responsivity (R) which represents a quantitative measure 
of how much excess electrical current output comes out when 
illuminated with light input and specific detectivity (D*) cor-
responding to the magnitude of the signal to noise ratio of a 
photodetector per unit bandwidth and unit area. In detail, 
the responsivity and specific detectivity are determined by  

R = (Ilight − Idark)/(PA) and D R
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eI2 dark
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∗ , respectively, where 

Ilight is the current under illumination, Idark is the dark current, 

Figure 1.  a) A graphical representation of the Box–Behnken design for three factors (heating current, source mass, and excess MAI ratio). b) A sche-
matic illustration of single-source flash evaporation to deposit a MAPbI3 film. c) Surface and d) cross-sectional SEM images, and e) an AFM image of 
the flash-evaporated MAPbI3 film. f) X-ray diffraction pattern of the flash-evaporated MAPbI3 film (red) and calculated data (black) from the unit cell of 
MAPbI3. g) UV–visible absorbance spectra (blue) and PL spectra (red) of the MAPbI3 film h) I–V characteristics of flash-evaporated perovskite photo
detectors under white light illumination (red) and dark (black) conditions, which were used to extract responsivity (R) and specific detectivity (D*).
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P is the light intensity, A is the area of photosensitive region 
of the OHPs film, and e is the electric charge.[3d,28] The calcu
lated responsivity of the device made with the film deposited 
under the central condition was found to be 57.8  mA  W−1  
(σ: 8.4  mA  W−1) (at the applied voltage of 20  V and incident 
light power of 424 nW) and the specific detectivity was found to 
be 1.8 × 1011 Jones (σ: 4.6 × 1010 Jones).

We now explain how the response variables mentioned 
above were analyzed via the DoE approach to study the correla-
tion between each structural and photophysical property of the 
evaporated films, which later can be related to the device per-
formances. A total of 15 experiments were conducted (Table S1, 
Supporting Information) with 13 different types of perovskite 
films made for each condition specified in Figure  1a. Before 
the regression analysis was conducted, the correlation matrix 
plot was used to understand the correlation between the vari-
ables, which were quantitatively estimated through the value of 
correlations (Figure 2a). The correlation matrix plot which is a 
set of scattering plots between variables provides a simple and 
holistic approach to check the relationships between the vari-
ables before performing detailed regression analysis. The corre-
lations were analyzed by extracting the density ellipse for pairs 
of each input and response variable. The density ellipse dis-
plays the area that contains 90% of the total data in Figure 2b. 
When 13 numerical variables were analyzed by the correlation 
matrix plot (Figure S4 and Table S2, Supporting Information), 
the correlation matrix plot in Figure 2a, which consists of eight 
variables, could be expressed to focus on a set of variables with 
a significant degree of correlation. The following four correla-
tion results were aligned with our expectations: the thickness 
of the deposited film increased as the source mass increased, 
as expected (plot A in Figure  2b). The wavelength of the PL 
peak position increased as the grain size increased (plot B in 
Figure  2b). This redshift in the PL emission as larger grain 
size is related to photon-reabsorption of emitted light in larger 
crystal grains, as reported previously.[29] The higher the relative 
purity, the larger the dark (off) current (plot C in Figure  2b), 

which is related to PbI2 acting as a charge-intercept barrier[30] 
(i.e., the dark current increased as the relative proportion of 
PbI2 decreased). The responsivity decreased when the film 
surface became rougher (plot D in Figure 2b). A smooth mor-
phology is likely to improve the charge transport which can 
lead to improved photoconductive gain, and therefore a larger 
photocurrent.[31] Although there is no absolute standard for 
the correlation coefficient (r) categorization, the r value falling 
within the range between 0.68 and 1.0 (plot A and B in our 
case) can be generally considered to indicate a strong correla-
tion, and the range between 0.36 and 0.67 (plot C and D in our 
case) a moderate correlation.[32]

There were nontrivial correlation results that could be identi-
fied with the correlation analysis such as relatively strong cor-
relations between heating current versus off current (+, posi-
tive correlation), PL intensity versus thickness (+), grain size 
versus roughness (+), and PL intensity versus responsivity (+) 
(Figure S5, Supporting Information) and the weak correlations 
between excess MAI ratio versus thickness, MAI ratio versus 
grain size, relative purity versus responsivity, and relative purity 
versus specific detectivity (Figure S6, Supporting Information). 
Although some of these weak correlation results were unex-
pected (e.g., excess MAI ratio versus thickness/grain size and 
relative purity versus responsivity/specific detectivity), we could 
build upon these simple correlation analyses to examine the 
most relevant factors for optimizing the photodetector device 
performance parameters by performing detailed regression 
analyses.

Before going into the regression analysis step, it is neces-
sary to verify the reproducibility of the results to confirm the 
robustness of the experimental environment. We checked the 
reproducibility by comparing the three experiments performed 
for the central condition and re-evaluated additional conditions 
in the DoE cube (Table S1, Supporting Information). The data 
clearly show the reproducibility of the thickness, grain size, rel-
ative purity, and responsivity under the central condition and an 
additional DoE Condition (Table S3, Supporting Information). 

Figure 2.  a) Multivariable correlation matrix plot. b) Representative correlation graphs for source mass and film thickness, grain size, and PL peak 
position, relative purity and off current, and responsivity and surface roughness. The ellipses in the graphs show the regions with the confidence level 
of 90%.
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The DoE approach, which analyzes data from multiple angles, 
can reduce misinterpretation by considering the interactions 
that can be overlooked in the optimizing process by OFAT 
method. Through regression analysis, each response variable 
can be quantitatively associated as a function of input variables 
to derive meaningful relationships between various film prop-
erties and device performance. The detailed regression analysis 
process is described in Section S8 (Supporting Information).[33] 
The regression analysis was performed on seven response var-
iables-grain size, thickness, roughness, relative purity, PL peak 
position, responsivity, and specific detectivity- which revealed 
that grain size, thickness, relative purity, and responsivity 
values could be modeled well with input variables (Table S4, 
Supporting Information). On the other hand, the accuracy of 
modeling roughness, PL peak position, and specific detectivity 
was relatively low, and therefore these variables were excluded 
from the subsequent analysis.

For each response variable, we can represent the regression 
model as a 3D scattering plot with the axes and range corre-
sponding to the input variable cube shown in Figure 1a. In the 
case of the thickness (Figure 3a), if we examine a cross-section 
from the 3D scattering plot perpendicularly to the excess MAI 
ratio axis at MAI/MAPbI3 ratio of 1 (shown as the brown dashed 
line in Figure 3a), a 2D contour plot can be extracted with the 
source mass and heating current (Figure 3b). If we look closely 
at the lines along with the heating current values of 60 A (green 
line in Figure 3b), 100 A (orange), and 140 A (black), the thick-
ness increases linearly with the source mass for all the current 
values (Figure  3c). However, the slope of the increase in the 
thickness varies according to the heating current: the lower the 
heating current, the larger the slope. This is an example of an 

interaction effect, where the effect of one input variable (i.e., 
source mass) on a response variable (i.e., thickness) depends 
on another variable (i.e., heating current).

The regression analysis for grain size (Figure  3d) reveals 
the feature of interaction effect more clearly. We can no longer 
observe simple linear relationships between the source mass 
and the grain size in the 2D contour plot at an excess MAI ratio 
of 1 (Figure 3e,f). Depending on the heating current, the grain 
size either increases (heating current of 60 A) or decreases 
(140 A) with source mass. This is a good example of an interac-
tion effect, where a response variable (i.e., grain size) is affected 
strongly by interaction terms of multiple variables (i.e., heating 
current × source mass). In other words, the grain size cannot 
be represented by a simple linear model. This is the origin of 
an apparently weak correlation between the grain size and the 
source mass from the correlation matrix plot in Figure 2, since 
the interaction with other variables (i.e., heating current) was 
neglected. Similarly, each interaction between input variables 
for each response variable can be effectively expressed by the 
interaction plot (Figure S10, Supporting Information). Overall, 
we have demonstrated that the multivariate regression analysis 
allows us to predict various film properties by modeling their 
complex relationships with multiple input variables which col-
lectively define the film deposition conditions.

The goal of our study is to employ DoE for optimizing film 
deposition conditions for obtaining high-performance flash-
evaporated perovskite photodetector devices. The DoE process 
allowed us to predict the responsivity values of photodetector 
devices via regression analysis as can be shown from a high R2 
value (Table S4, Supporting Information). In order to optimize 
the responsivity, the deposition condition can be simply found 

Figure 3.  a) A 3D scattering plot of the film thickness according to the heating current, source mass, and excess MAI ratio (MAI/MAPbI3) from the 
regression analysis. b) A contour plot of the film thickness according to the heating current and the source mass. c) Graphs of the film thickness as a 
function of the source mass at the different heating currents of 60 A (green line), 100 A (orange line), and 140 A (black line). d–f) The same graphs as 
a–c) but represent the grain size instead of the film thickness.
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where the predicted responsivity value reaches maximum in 
the regression analysis result. In this way, it is possible to fab-
ricate photodetectors with film deposition conditions predicted 
to achieve the maximum responsivity value without individu-
ally controlling the factors that affect responsivity, such as grain 
size, relative purity, and trap density. Nevertheless, it is inform-
ative to carry out a detailed correlation analysis in order to find 
out the main factors accountable for the optimized device per-
formance. Therefore, we focused on extracting relationships 
between responsivity and other response variables for which 
reliable regression models with high R2 values were obtained: 
thickness, relative purity, and grain size.

As shown in the 3D scattering plot (Figure 4a), the respon-
sivity is predicted to increase as the source mass increases. This 
is expected due to the strong influence of the source mass on 
the deposited thickness of the perovskite film (Figure 3c). Since 
the tested thickness range is significantly smaller than the 
expected light penetration depth in MAPbI3,

[34] the generated 
photocurrent at the same input light power will attune to a sim-
ilar scale with the thickness of the film. We have experimentally 

confirmed the thickness scaling in the responsivity by com-
paring photodetector devices made with multistacked perov-
skite films (see Section S11, Supporting Information).

We tried to discover hidden details within the expected 
thickness scaling of the responsivity by looking at 2D contour 
plots (Figure  4b) generated from planar cross-sections of the 
3D plot for the source mass of 300 mg (red dashed line cut in 
Figure 4a), 500 (yellow), and 700 mg (black). Figure 4c,d is the 
3D scattering plots and corresponding 2D contour plots gener-
ated from the regression analysis for the relative purity of the 
evaporated film. When comparing Figure 4b,d as a whole, the 
responsivity and relative purity do not seem to have a clear cor-
relation, which implies complexities in relating the responsivity 
and relative purity from the input variables. However, when it 
comes to a smaller deposition condition range, a noticeable cor-
relation can be found. More specifically, if we divide the regions 
according to the heating current value as “Region A” from  
60 to 120 A and “Region B” from 120 to 140 A (see Figure 4b,d), 
a negative correlation between responsivity and relative purity 
can be seen in Region A in the contour plot for the source mass 

Figure 4.  3D scattering plots of a) the responsivity and c) the relative purity according to the heating current, source mass, and MAI/MAPbI3 from the 
regression analysis. Contour plots of b) responsivity and d) the relative purity are extracted from 3D scattering data (Figure 4a,c) at the source mass 
of 300, 500, 700 mg.
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of 700  mg (top panels of Figure  4b,d) (see Section S12 in the 
Supporting Information for the details of the negative correla-
tion). This result is consistent with previous reports that the 
responsivity increases with incorporation of PbI2 impurities 
in the perovskite film.[30,35] The origin of the different trends 
between the responsivity and relative purity in Region B is not 
entirely clear, but a finite formation of extra perovskite phases 
such as low dimensional perovskites[27a] by evaporating films at 
the high heating current values near 140 A may contribute to 
the discrepancy (see Section S13, Supporting Information). The 
grain size and responsivity showed a relatively small correlation 
(Section S14, Supporting Information), which may be due to a 
limited range of the grain size tested in our study compared to 
previous works.[36]

In order to experimentally confirm our regression models 
with actual data, we fabricated photodetectors with perov-
skite films evaporated under six deposition conditions at the 
edge of Region A and Region B (the orange and black points 
in Figure  4b,d). First, for the three conditions denoted as the 
orange points in Region A, we could confirm the negative corre-
lation between the relative purity (Figure S16 in the Supporting 
Information) and the responsivity (Figure S17 in the Sup-
porting Information), as predicted by the regression analysis, 
i.e., the relative purity increased and responsivity decreased as 
increasing the excess MAI ratio.

In addition, we further investigated the origin of the nega-
tive correlation between the relative purity of the evaporated 
film and the responsivity from the films deposited at these 
three conditions: a low relative purity film seems to contain 
some PbI2 on the surface of the perovskite film suppressing 
nonradiative recombination near the contacts[30,35] (see more 
detailed experimental results and analysis in Section S15 of the 
Supporting Information). Second, for the other three deposi-
tion conditions denoted as black points in Region B, the relative 
purity of the film remained relatively constant (Figure 4d; and 
Figure S13 in the Supporting Information) but the responsivity 
decreased with the excess MAI ratio (Figure 4b; and Figure S14 
in the Supporting Information), which also confirms the pre-
dictions from the regression model. The sound agreements 
between the experimental results for the responsivity and 
relative purity with the prediction of the regression models 
guarantee the reliability of the formulated regression models 
(Table S5, Supporting Information).

As the final step of the DoE process, we fabricated a pho-
todetector device with the optimized film deposition condition 
and evaluated its device performance. The optimized deposi-
tion condition for maximizing the responsivity was predicted 
to the source mass of 650 mg, the excess MAI mol ratio of 0.5, 
and the heating current of 110 A (a discussion of the math-
ematical method to find the optimized deposition conditions 
can be found in Section 17, Supporting Information). For com-
parison, other photodetectors were also fabricated with perov-
skite films deposited under the conditions expected to perform 
worse: including the predicted worst deposition condition (the 
source mass of 750  mg, the excess MAI mol ratio of 1.5, and 
the heating current of 140 A). Figure 5a shows the photoelec-
tric characteristics of photodetectors made of the perovskite 
films deposited under several different deposition conditions 
including the optimized and the worst condition. As expected, 

the photocurrent was largest in the optimized photodetector 
and smallest in the worst condition photodetector. The respon-
sivity of the optimized device was found to be 112.2  mA  W−1 
(σ: 20.6 mA W−1), as confirmed from multiple evaluations (see 
Section S18, Supporting Information). This is a 98% improve-
ment over the responsivity of the central condition photode-
tector, and 600% improvement over that of the worst condi-
tion photodetector. Moreover, to confirm the aforementioned 
influence of PbI2 on the photodetector performance, ≈0.3% of 
PbI2 was detected in the deposited film via Rietveld refinement 
of the X-ray diffraction pattern (see Section S19, Supporting 
Information).

Although the specific detectivity values of photodetector 
devices were not discussed previously due to low reliability 
of the regression model, the specific detectivity could be also 
significantly improved with the value for the optimized device 
showing an order of magnitude higher compared to that of 
the device fabricated under the worst deposition condition 
(see Section S20, Supporting Information). It is remarkable 
that the device performance parameters could be improved 
significantly by only proceeding parametric optimization 
of deposition conditions and without the introduction of a 
new deposition method or architectural improvement of the 
device. Finally, the device performance of each photodetector 
was further verified by testing with 520 nm  laser illumina-
tion at various intensities under the optimized film condi-
tions. The highest value of responsivity extracted was 0.24 
A  W−1, which is comparable to the earlier reported values for 
MAPbI3-based photodetectors[37] and commercial Si photode-
tectors (<0.2 A  W−1),[38] and specific detectivity of 6.62  × 1011 
Jones (Figure  5c,d). Although the optimum deposition condi-
tions acquired with our analysis may not be directly transferred 
to other deposition systems due to variations in experimental 
conditions, the methodologies demonstrated here, along with 
our analysis results, can be applied to any deposition systems. 
Furthermore, our work demonstrates the advantage of DoE pro-
cess for its accuracy in the predictability of the photodetector 
responsivity values under various deposition conditions and 
the efficiency of the device optimization process which requires 
only a small number of experiments.

3. Conclusion

We have employed DoE approach for systematically inves-
tigating the deposition conditions and film properties of 
single-source flash-evaporated MAPbI3 films with the aim of 
optimizing photodetector device performance. In total, OHP 
films were deposited under 15 different experimental condi-
tions specified by three input variables—source mass, excess 
MAI, and heating current—selected by the Box–Behnken 
design to map various response variables that represent the 
structural and photophysical properties of the deposited films 
and photodetector device parameters. The correlations between 
the different film and device properties were investigated by 
using both a correlation matrix plot and regression analysis that 
enabled a detailed multivariate analysis. Our analysis reveals 
a significant interaction between the variables, which indi-
cates a complex nature of the relationships between each film 
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property and the input variables. Therefore, a simultaneous 
consideration of the variables via a multivariate approach is 
essential for optimizing the film deposition conditions, which 
cannot be achieved with a commonly practiced one-variable-at-
a-time method. We have fabricated photodetector devices with 
the optimized deposition conditions predicted from the regres-
sion model (showing a responsivity value of 112.2  mA  W−1), 
which can be accurately predicted from the regression analysis. 
Overall, our work promotes DoE approach as an efficient statis-
tical tool for optimizing perovskite film deposition conditions 
and a reliable route for extracting information on multidimen-
sional relationships between material and device properties, 
which can be expanded to other complex optimization problems 
remaining in the general materials and device communities.

4. Experimental Section
Synthesis of a MAPbI3 Single Crystal Powder: The MAPbI3 single 

crystal powders were synthesized as previously reported.[22] 2.66  g of 
PbO (99.9% trace metal basis, Sigma-Aldrich) and 1.90  g of CH3NH3I 

(MAI, 99.5%, Greatcellsolar) were mixed and dissolved into a mixture 
of 18  mL hydriodic acid (HI, 57 wt% in water, TCI-Sejin CI) solution 
and 2  mL hypophosphorous acid (H3PO2, 50 wt% in water, Thermo 
Fisher) solution. The solution was heated at 130 °C on a hotplate until 
the precipitates completely disappeared. Then, the solution was cooled 
at room temperature to precipitate a MAPbI3 single crystal powder. 
The single crystal powder was filtrated with filter paper and dried in a 
vacuum condition.

Perovskite Film Evaporation: The thermally grown 270  nm thick 
SiO2 on Si and glass were used as substrates. The substrates were 
sequentially sonicated in acetone, 2-propanol, and deionized water for 
10  min each. Then, the SiO2 and glass substrates were cleaned using 
O2 plasma treatment for 120 s. For flash evaporation, the synthesized 
MAPbI3 powder was loaded onto a tungsten boat in a vacuum chamber. 
The cleaned substrates were placed into the chamber at a height of 
30  cm from the source material. Then, the chamber was evacuated to 
a pressure of Torr. The tungsten boat was rapidly heated by applying a 
current of 100 A. The source powder was fully evaporated within 30 s.

Characterization and Measurement: SEM: The images of the perovskite 
film were captured using JSM-7800F Prime at 5–10 kV.

XRD: Crystallographic structures of perovskite films were analyzed by 
high-resolution X-ray diffractometer technique (Rigaku Smartlab).

Rietveld Refinement: XRD patterns were subject to Rietveld refinement 
using the GSAS-II[39] software for phase quantification. Strong preferred 

Figure 5.  a) I–V characteristics of white light illuminated photodetectors with three different MAPbI3 films which are flash-evaporated under the opti-
mized (red), central (black), and worst (blue) deposition condition. The inset shows log-scale I–V curves of the optimized photodetector under white 
light illumination (red) and dark (black) conditions. b) The predicted responsivity values from the regression model (white) and experimental values 
(red) under various deposition conditions. Device characteristics of the photodetectors prepared by the optimized deposition conditions. c) I–V charac-
teristics under 520 nm laser illumination with different intensities. d) Photoresponsivity and detectivity of the flash evaporated MAPbI3 photodetectors 
operated at a bias voltage of 20 V as a function of the incident laser power, both of which decrease with power, as expected.[40]
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orientations of the deposited films required use of the March–Dollase 
function; peak broadening was treated with the domain size model due 
to the relatively small grain sizes (≈50 nm via SEM).

Photoluminescence (PL) spectroscopy: Steady-state PL spectra were 
measured using a spectrofluorometer (JASCO FP-8500) with a 520 nm 
excitation source.

UV–Visible Absorbance Spectroscopy: Absorbance spectra were 
measured using a UV/Vis spectrophotometer (PerkinElmer LAMBDA 45).

AFM: The perovskite layer surface was characterized by an atomic 
force microscope system (NX 10 AFM, Park Systems).

Device Fabrication: In order to fabricate photodetector, Au electrodes 
with a thickness of 50  nm were deposited on the prepared perovskite 
film by electron-beam evaporator through a shadow mask. The channel 
length and width of the fabricated photodetector were 50 µm and 1 mm.

Device Measurement: The perovskite photodetector characteristics 
were measured using a semiconductor parameter analyzer (Keithley 4200 
SCS). All the measurements were performed in a vacuum environment.

Data Analysis: All data were analyzed by a statistical analysis program 
(SAS JMP Pro 15).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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