
15 May 2024

POLITECNICO DI TORINO
Repository ISTITUZIONALE

A Combinatorial Approach for the Solution Deposition of Thin Films / Zakay, Noy; Lombardo, Luca; Maman, Nitzan;
Parvis, Marco; Vradman, Leonid; Golan, Yuval. - In: ACS APPLIED ENGINEERING MATERIALS. - ISSN 2771-9545. -
ELETTRONICO. - 1:5(2023), pp. 1367-1374. [10.1021/acsaenm.3c00072]

Original

A Combinatorial Approach for the Solution Deposition of Thin Films

ACS postprint/Author's Accepted Manuscript

Publisher:

Published
DOI:10.1021/acsaenm.3c00072

Terms of use:

Publisher copyright

This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS APPLIED
ENGINEERING MATERIALS, copyright © American Chemical Society after peer review and technical editing by the
publisher. To access the final edited and published work see http://dx.doi.org/10.1021/acsaenm.3c00072.

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2982757 since: 2023-10-04T15:09:00Z

American Chemical Society



A Combinatorial Approach for the Solution Deposition of Thin Films
Noy Zakay, Luca Lombardo, Nitzan Maman, Marco Parvis, Leonid Vradman, and Yuval Golan*

Cite This: https://doi.org/10.1021/acsaenm.3c00072 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Optimization of thin film deposition is often the limiting step
in the discovery of new materials and device development. Over the years,
high-throughput combinatorial methods were developed for the deposition of
thin films from the gas phase. However, very few reports focused on
combinatorial thin film deposition from solution. Here, we introduce a
combinatorial approach for the deposition of thin films from solution. The
flow deposition setup allows for simultaneously studying the effect of two
critical parameters, deposition time and deposition temperature, on a single
sample. As a proof of concept, we demonstrate the solution deposition of PbS
thin films, which resulted in a library of 25 deposition condition
combinations on a single GaAs (100) substrate. X-ray diffraction and
scanning electron microscopy combined with focused ion beam cross-
sectional sample preparation confirmed the formation of high-quality PbS
films and showed the morphology evolution as a function of these two
deposition parameters. This method can be easily adapted for cost-effective and rapid combinatorial studies of a large variety of
solution-deposited thin film materials.
KEYWORDS: combinatorial materials science, thin films, combinatorial solution deposition, liquid flow deposition, chemical epitaxy

■ INTRODUCTION
In recent years, combinatorial technologies have been
successfully employed to develop, optimize, and discover
new thin film materials in research and industry.1−8

Combinatorial materials science is a high-efficiency exper-
imental approach to deposit ″libraries″ of thin films on a single
substrate in one experiment and under identical conditions
while varying parameters systematically.8,9 The libraries can
include various parameters such as deposition time, temper-
ature, and composition. There are two options for changing
parameters during the experiment: discrete steps or continuous
gradient.8,10 The amount of data that can be obtained from a
discrete library is determined by the step size, while in a
continuous gradient, the amount is limited only by the size of
the probe used to characterize the library.8 Most of the
combinatorial research involves gas-phase deposition methods,
such as pulsed laser deposition and ion beam sputtering,
yielding one parameter (1D) libraries with compositional or
substrate temperature gradients.8,11 These combinatorial
methods are efficient, fast, cost-effective, and tremendously
time-saving for the research and the researcher. Preparation of
a 2D library of thin film samples with a substrate temperature
gradient applied in perpendicular to a composition or film
thickness gradient on a single substrate further illustrates both
the time and expense saved by a combinatorial approach.7,8,11

Furthermore, with an increased database, it is possible to
analyze the results using artificial intelligence methods and

gather additional essential information that could not be
extracted from individual experiments.12

Solution-based deposition of high-quality thin films,
including chemical bath deposition (CD),13−16 was proven
to be inexpensive, straightforward, and simple. Furthermore,
CD facilitates efficient control over thin film properties.14,15,17

For example, the thin films of PbS, an important semi-
conductor with optoelectronic properties applicable for
infrared detection and solar cells,18−21 can be grown on
GaAs with unprecedented quality22 and transformed from
nanocrystalline to monocrystalline by controlling growth
parameters in CD.23 However, the main drawback of CD is
the depletion of reactant concentrations, giving rise to spatial
non-uniformities and limiting the maximum achievable film
thickness.14,24,25 Liquid flow deposition (LFD) is a variation of
CD with improved performance26−28 because a constant
solution composition is kept during the entire deposition
process by replenished reactants continuously flowing past the
reactor and substrate. However, the research and optimization
of thin film deposition, CD and LFD, require many
experiments demanding resources and time, and resulting in
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large quantities of wasted solution and substrate. These
disadvantages can be overcome by combinatorial solution
deposition.
While the combinatorial deposition of thin films is widely

focused on the gas-phase methods,8,11,29−31 there are only few
reports on combinatorial solution-based deposition.32−34 In
these reports, a dip coater was used to vary the deposition time
by drawing the substrate from solution during CD accom-
panied by reactant concertation depletion.32,33 As we reported
recently, the liquid flow reactor allowed for constant
deposition conditions in combinatorial LFD (CLFD).34

However, all combinatorial solution-based deposition works
were limited to varying one parameter, deposition time, thus
producing a 1D combinatorial library. Thus, the deposition of
a 2D library of thin films, cost-effectively applied in gas phase
methods, was never reported in solution-based deposition
systems.
In this research, we have designed and demonstrated, for the

first time, a CLFD approach for obtaining a 2D library of thin
films (2D-CLFD), covering the temperature−deposition time
parameter space on a single substrate. The discrete domains of
the deposition times were achieved by drawing up the
substrate, while a horizontal temperature gradient was created
by feeding cold solutions into an open-top heated flow reactor.
As a proof of concept, this approach was illustrated by the
deposition of PbS thin films on GaAs(100), widely researched
in bath and flow reactors.17,21,23,24,34,35 The obtained 2D
library consisted of PbS thin films with morphologies ranging
from nanocrystalline to monocrystalline and thickness exceed-
ing 3.5 μm, demonstrating the validity and potential universal-
ity of the 2D-CLFD approach.

■ EXPERIMENTAL DETAILS
As was elaborated in the Introduction, this work aimed in designing a
combinatorial approach for solution deposition of a 2D library of thin
films to map the temperature and deposition time parameter space on
a single substrate in one experiment. The general design concept of
the constructed 2D-CLFD system (Figure 1) was to create a

temperature gradient in a flow direction (x) by feeding cold solutions
into a heated reactor while minimizing the temperature gradient in a
vertical (z) direction (see inset in Figure 1). Thus, the stepwise
drawing of the substrate from the reactor will create thin film bands
with increasing thickness, grown for increasing deposition time
periods under a similar temperature gradient.
To achieve a significant temperature gradient in the flow direction

(x) and allow to draw the substrate up (z-direction) to create the
steps of deposition time, a long (150 mm), narrow (15 mm), and
deep (80 mm) open-top reactor was designed (Figure 1 and Figure
S1). The reactor was made of quartz and equipped with inlet and
outlet tubes at heights of 44 and 66 mm, respectively. The outlet tube
height dictated the liquid level in the reactor so that the total volume
of the solution in the reactor was 150 mL. The total flow rate of the
source solutions was 60 mL/min, resulting in an average residence
time (ratio of the reactor volume and the flow rate) of 2.5 min. The
reactor volume as well as all the other relevant deposition conditions
(concentrations, temperature range, and flow rate) were chosen based
on our previous works, dealing with deposition of PbS thin films using
LFD24 and CLFD.34 First, in this way, the performance of the new
2D-CLFD system could be directly compared with the previously
validated flow deposition systems. Second, it allowed assurance that
due to the very short residence time, the conversion of the reactants
was very low as well, yielding virtually no concentration gradient in
the reactor. This, together with the constant feed of the source
solutions, maintained steady-state and uniform precursor concen-
tration in the reactor throughout the deposition experiments.
The lead nitrate and thiourea solutions (2) were kept in 2 L Pyrex

bottles at a 0 °C cold bath (1) during the experiment. The solutions
were fed using two peristaltic pumps (3) through silicone tubes
connected to a Y-connector, where they were mixed right before
entering the reactor. Another peristaltic pump, connected to the
outlet tube, pumped the spent solution out, ensuring a constant liquid
level in the reactor.
The reactor was immersed in the hot bath (4) where a temperature

of 35 °C was maintained throughout the experiment. The hot bath
and cold solution temperatures were chosen to aim at a deposition
temperature range of 20−30 °C, which is optimal for PbS thin film
growth.23,24,34 We note that the reactor conditions can be tuned in a
wide range of temperatures (0−90 °C) for larger gradients or different
temperature ranges for the deposition of other thin film materials. The
reactor immersion depth was 76 mm, leaving its top 4 mm above the

Figure 1. Experimental 2D-CLFD setup including the (1) cold bath, (2) stock solutions, (3) peristaltic pumps, (4) hot bath, (5) flow reactor, (6)
PCB holder with GaAs substrate on one side and sensor matrix on the other side (see detailed view in Figure 2), and (7 and 8) computer-
controlled positioning system. The reactor was fully immersed in the hot bath during the entire experiment, as indicated by the black dashed lines,
and is shown in the illustration to be raised above the hot bath to better visualize the experimental setup. Inset: schematic illustration of the
experimental conditions showing the discrete deposition time steps in the z-direction vs the temperature gradient along the x-direction. Blue
denotes cold solution temperature, and red denotes hot solution temperature.
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hot water level in the bath. Since the solution level in the reactor was
66 mm, the entire solution in the reactor was immersed 10 mm below
the hot water level in the bath during the entire experiment. The
immersed reactor position is shown schematically by the dashed lines
(Figure 1), while it appears above the hot bath to clarify the setup
presentation.
The positioning system (7), composed of linear motors and multi-

axis stages with a repeatability of better than 0.1 mm, allowed for
controlled movement in the x-, y-, z-, and θ-directions, serving a
twofold purpose. First, it was programmed to fully immerse the
assembly of a temperature sensor matrix with the GaAs(100)
substrate affixed on the back side of the matrix (6) and draw the
sample vertically at designated time intervals to achieve discrete steps
of the deposition times along the z-direction. In addition, the system
facilitated finding an optimal sample position for achieving a
significant temperature gradient along the x-direction with a minimal
gradient in the z-direction and reproducing this position in further
experiments.
The temperature sensor matrix (6) was specifically designed for

accurately monitoring the temperature gradient developed on the
GaAs(100) substrate. The sensor matrix employed 48 digital sensors
arranged in six rows and eight columns for a total active area of about
5 cm × 5 cm. The sensors were mounted on a printed circuit board
(PCB) designed to easily access and attach the PCB to the
positioning system and, at the same time, immerse the substrate in
the solution (Figures 1 and 2a). The TMP112A temperature digital

sensor, manufactured by Texas Instruments, was selected for this
application due to its excellent accuracy (typ. 0.25 °C) and low
package profile, which allows an overall thickness of less than 1 mm.
The layout of the PCB was designed to maximize the heat transfer
between the GaAs(100) substrate and the 48 sensor chips in order to
improve the sensing accuracy and responsiveness. A Teensy 3.6
controller, mounted on the PCB top, was employed to collect the
acquired data and transfer it to a computer, where a dedicated
software was used for saving and processing the data. Finally, the
entire PCB was coated with a ∼80 μm coating of conformal
polyurethane (type 1A33, manufactured by HUMISEAL according to

the standard IPC/J-STD) to seal the circuits from the deposition
solution and avoid degradation in performance during the experi-
ments and upon re-use in additional experiments. Additional details
on the temperature sensor design are presented in Figure S2.
The GaAs(100) substrate (5 cm × 5 cm) was attached to the back

side of the temperature sensors (Figure 2a) with Bison 6305453
silicone glue and kept for 24 h before the experiment in the
desiccator. The very small distance between the sensor matrix and the
substrate (<1 mm) allowed the assumption that the measured
temperatures are the same as on the surface of the substrate. Figure 2b
presents an example of the temperatures measured by the sensors,
demonstrating a gradient in the range of 20−28 °C in the x-direction
and with minimal (1 ± 0.5 °C) gradient in the z-direction (see further
details in the Results and Discussion section).

Materials

Lead nitrate (Aldrich, analytical 99.99%), sodium hydroxide (Aldrich,
ACS ≥98.0%), thiourea (Aldrich, ACS ≥99.0%), acetone (Bio-Lab,
technical grade), and 2-propanol (Bio-Lab, 99.8%) were used without
further purification. Distilled water (DI water) was obtained using a
Millipore Direct Q3. GaAs(100) wafer substrate (±0.1° miscut),
undoped and epi-polished on both sides, was purchased from Geo
Semiconductor (UK) and manufactured by AXT, Ltd. The substrate
was cleaved into a 5 cm × 5 cm rectangle, rinsed with DI water,
acetone, and 2-propanol, and dried under a stream of dry nitrogen.

Deposition Procedure

The lead cation stock solution contained 3.2 M NaOH and 60 mM
Pb(NO3)2; the sulfide stock solution contained 102 mM CS-
(NH2)2.

24,34 The solutions were kept at 0 °C in the 2 L Pyrex
bottles and pumped at a 30 mL/min flow rate, yielding a 60 mL/min
total flow rate. The Pb(NO3)2 and CS(NH2)2 final concentrations in
the feed were 30 and 51 mM, respectively, and the final pH was 14.2.
The experiment was carried out for a total of 55 min. The GaAs(100)
substrate, initially fully immersed for 15 min, was drawn up every 10
min, yielding a PbS thin film library of five discrete deposition times
(15, 25, 35, 45, and 55 min) with a perpendicular continuous
temperature gradient along the x axis in a range of 20−28 °C.
Characterization Methods

X-ray Diffraction. The orientation and crystallographic phase
were studied by XRD using a Panalytical Empyrean powder
diffractometer equipped with a PIXcel linear detector and a
monochromator on the diffracted beam. The 2θ range of 10−60°
was scanned with a step of ∼6.25°/min using Cu Kα radiation (λ =
1.5405 Å) source equipped with a position-sensitive X’Celerator
detector.
High-Resolution Scanning Electron Microscopy. The surface

morphology of the thin films was measured by top-view images using
an FEI Verios 460L HRSEM. Acceleration voltages ranged from 3 to
5 kV, and beam currents of 25 pA to 0.2 nA were used. The
measurements were carried out without coating the samples.
Focused Ion Beams. Cross-sectional images were taken using a

dual-beam FIB/SEM tool (Thermo-Fisher Helios G4 UC). The
regions of interest (ROIs) were coated with three different layers.
First, 10 nm of electron beam carbon (C) deposition created high
contrast between the PbS films and the protecting layer. Above this,
500 nm electron deposition of platinum (Pt) was used to protect the
ROI from the ion beam. This layer was followed by ion beam
deposition of a 2 μm thick carbon layer for protection and to enable
straight cuts and cleaning of the cross section without curtaining
effects. After depositing these layers, the ion beam (30 kV Ga) was
used to mill near the protected area until the PbS film/GaAs substrate
interfaces appeared in the SEM. After milling, the cross section was
cleaned with gradually reduced probe currents until a good-quality
image was obtained. The film thickness was calculated as an average
of five values obtained in each image, and the error bars were
calculated from these data sets.

Figure 2. (a) Photograph of the PCB holder. The assembly of the
temperature sensor matrix is shown on one side, and the GaAs(100)
substrate is shown on the opposite side of the holder. (b) Snapshot of
the temperatures measured by the sensors during an experiment.
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■ RESULTS AND DISCUSSION
In order to deposit a 2D library of PbS thin films on a single
GaAs(100) substrate, the main design concept of the
constructed 2D-CLFD system (Figure 1) was to create a
temperature gradient by feeding cold source solutions into the
heated reactor. To verify the obtained temperature gradient
and the experimental setup performance, preliminary experi-
ments were performed starting with the assembly of a
temperature sensor matrix and the GaAs(100) substrate fully
immersed in the reactor before the feeding of cold solutions
was initiated. All sensors measured the same temperature of
34.5 ± 0.5 °C, close to that set in the hot bath (Figure S3,
operation period a), proving the accuracy of the sensors and
stability of the heating system. After the feeding of cold
solutions was initiated, a temperature gradient began to
develop in the flow (x-) direction (Figure S3, operation period
b). The leading-edge sensors (blue lines) show much lower
temperature than the trailing-edge sensors located down-
stream, with the highest temperature measured by most
downstream sensors (red lines). The steady-state gradient is
reached in about 230 s, and thereafter, the gradient remains
constant for at least an hour (Figure S3, operation period c,
presenting the beginning of the steady-state period), under-
lining the stability of the heating, cooling, and pumping
components of the experimental setup. Furthermore, this
transient period is comparable to the average residence time in
the reactor of 2.5 min, as expected from the flow reactor. At
the steady state, the temperature gradient (also shown in
Figure 2b) in the relevant 5 cm × 5 cm part of the reactor is in
the range of 20−28 °C in the x-direction, with a minimal (1 ±
0.5 °C) gradient in the z-direction. These results demonstrate
that the constructed system fits the main design requirements,
providing suitable conditions for the growth of PbS thin film
2D library covering temperature and deposition time
parameter space on a single 5 cm × 5 cm GaAs(100)
substrate. The deposition experiments, presented below, were
carried out under similar conditions, starting by immersing the
assembly of sensors with substrates to the reactor after the
steady state was reached. The temperatures were verified using
the sensors throughout the experiment, while the positioning
system was used to reproduce the assembly position as well as
draw the substrate upward for varying the deposition time. The
GaAs(100) substrate, initially fully immersed for 15 min, was
drawn up every 10 min, yielding a PbS thin film library of five
discrete deposition times (15, 25, 35, 45, and 55 min) with a
perpendicular continuous temperature gradient along the x-
axis in a range of 20−28 °C.
Figure 3a shows a photograph of 2D library of PbS thin films

deposited on GaAs(100) substrate in one experiment. A
change of color from dark gray (characteristic of the GaAs
substrate) at low deposition time and temperatures to light
gray at longer depositions and higher temperatures indicates
the deposition of light gray PbS films with increased thickness.
The 2D library was divided into discrete deposition time
″rows″ and averaged temperature ″columns″, yielding 25
deposition time and temperature regions on the substrate
selected for characterization by X-ray diffraction (XRD), and
high-resolution scanning electron microscopy (HR-SEM) of
the cross sections were prepared using a focused ion beam
(FIB) in a dual beam tool (Figure 3b). This 2D library replaces
the results of 25 conventional CD or LFD experiments, noting
that the five temperature columns selected are arbitrary; many

additional characterization points along the temperature axis
could have been selected considering the continuous temper-
ature gradient in the x-direction.
X-ray diffraction results indicated the deposition of a single-

phase PbS film with reflections corresponding to rock salt PbS
(JCPDS #5-592) in all regions of the 2D library, as presented
in Figure S4 for selected regions. At the initial deposition time
and low temperature, the films were <111>-oriented (Figure
S4a), and a transition to <110>-oriented films was observed at
longer depositions and higher temperatures (Figures S4b).
These findings indicate how 2D-CLFD improves film
deposition optimization and, under favorable conditions,
results in a PbS film with a single, well-defined orientation.
This is consistent with the HR-SEM results shown below and
previously published results on CD,17,23 LFD,24 and CLFD34

of PbS. As mentioned in the Introduction, one of the
advantages of the LFD method is larger film thicknesses
compared to the CD method, thanks to the constant reactant
concentrations. Therefore, during long times and high
temperatures, the thickness of the film was considerably high
(micrometers thick), and thus, the 220 peak intensity was
exceptionally high (over 2 × 106 counts). Consequently, the
ratio of the 220 to 111 peaks increased rapidly until a state
where the 111 peak was negligible compared to 220 was
reached. Therefore, a plot of intensity ratios was not relevant
here.
Hence, Figure 4 presents a color map with the integrated

diffraction intensity for only the 220 Bragg reflections and
demonstrates how deposition time and temperature signifi-
cantly impact the orientation of PbS. As expected, longer
deposition times and higher temperatures lead to higher 220
peak intensities due to increased film thickness. This behavior
was previously reported in a series of CD experiments.23 In
addition, a similar trend was detected using the CLFD method
spanning the effect of deposition time (single parameter
combinatorial study).34 Thus, our 2D-CLFD experiment on a

Figure 3. (a) Photograph of a PbS thin film deposited on a
GaAs(100) substrate using 2D-CLFD covering a range of deposition
times and temperatures. (b) Same image, with an overlaid schematic
illustration of the discrete deposition time ″rows″ and virtual
temperature ″columns″, yielding 25 deposition time and temperature
regions on the substrate that were selected for characterization.
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single substrate replaces at least 25 CD or 5 CLFD
experiments.
HR-SEM images of PbS thin films taken from all regions of

the 2D library demonstrate topography evolution as a function
of deposition time and temperature (Figure 5). Deposition at
lower temperatures and short time periods resulted in a
nanocrystalline film consisting of round particles with a typical
size of ∼125 nm (15 min, 20 °C). An increase in the
temperature (left to right in the 15 min row) resulted in an
increase in grain size to ∼250 nm and development of the
characteristic rectangular topography for <110> out-of-plane
orientation (crystallographic axis perpendicular to the substrate
surface). The increase in deposition time also causes the
evolution of growth orientations from randomly oriented
particles at initial deposition times to <110>-oriented crystals
(top-to-bottom in the 20 °C column). A longer deposition
time (45 min, 20 °C) results in a complete transition to a
monocrystalline film with the same orientation. The HR-SEM

results are consistent with the XRD findings (Figure S4 and
Figure 4), which indicate a transition to <110>-oriented films
with increasing deposition time and temperature. This trend is
consistent with the nucleation and growth processes typical for
solution-based thin film deposition14 and was reported
previously from a series of PbS CD experiments.23

Analysis of the crystallographic directions observed on the
sample surface is straightforward considering the XRD results
and the HR-SEM images. Note that the characterization of the
substrate in HR-SEM was also carried out combinatorially
since the substrate was placed in one piece in the SEM
chamber while maintaining the relative orientation of all 25
deposition condition regions, a unique and important feature
demonstrating another inherent advantage of the 2D CLFD
method. Due to this unique feature, we were able to detect
findings that could not have been obtained from 25 separate
samples. For example, Figure 6a,b shows magnified images
from two different regions in Figure 5, corresponding to the 25
min/22 °C and 35 min/28 °C deposition conditions. An angle
of 35.5° is observed between the elongated rectangular [110]
in-plane direction in the (11̅1) surface (Figure 6a) and the
striations along the [111] in-plane direction in the (11̅0)
surface (Figure 6b), in agreement with the XRD data in Figure
S4. This phenomenon is common for NaCl systems17 and was
similarly reported by Templeman et al. for PbS thin films on
GaAs(111).36

The time−temperature superposition is well known and
occurs since the deposition rates strongly depend upon the
deposition temperature, as proven in previous works.17,23,24,34

The noteworthy advantage of the 2D CLFD approach is that
this superposition is clearly demonstrated in one experiment
on a single GaAs(100) substrate analyzing the plan-view
HRSEM images (Figure 5) diagonally: from top-left (15 min,
20 °C) to bottom-down (55 min, 28 °C). It shows the
transition from nanocrystalline to monocrystalline films.
Furthermore, it is known that morphology transitions can
often occur through a thermodynamic instability zone. This
area would have been very hard to discover without employing
a combinatorial deposition approach and subsequent charac-

Figure 4. XRD 220 Bragg reflection intensities for PbS thin films
deposited on GaAs(100) using 2D-CLFD plotted vs deposition time
and temperature.

Figure 5. Top-view HRSEM images obtained from the same PbS thin film deposited on a single GaAs(100) substrate using 2D-CLFD. All scale
bars correspond to 1 μm.

ACS Applied Engineering Materials pubs.acs.org/acsaenm Article

https://doi.org/10.1021/acsaenm.3c00072
ACS Appl. Eng. Mater. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsaenm.3c00072/suppl_file/em3c00072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.3c00072/suppl_file/em3c00072_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.3c00072/suppl_file/em3c00072_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00072?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00072?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00072?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00072?fig=fig5&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.3c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


terization. Over time and under different experimental
conditions (such as temperature, concentration, pH, etc.),
the film morphology and microstructure can vary signifi-
cantly.23 Interestingly, Figure 5 shows a region of instability at
35 min and 24 °C, as previously discovered accidentally by
Osherov and Golan upon preparation of a series of individual
samples.23

While these morphological instabilities with a characteristic
increased surface roughness have been infrequently reported to
date, the 2D-CLFD method allows us to detect these
instabilities without difficulty on a single GaAs(100) substrate.
It would indeed require many single experiments (e.g., the
traditional CD and LFD methods) to detect these instabilities.
Thus, the advantage of the new 2D-CLFD method presented
in this study is not only in the acceleration of thin-film research
and optimization of the deposition parameters but also in the
discovery of valuable mechanistic information on morphology
evolution during thin film growth.
The prediction of film microstructures based on deposition

parameters has been demonstrated by the structural zone
model (SZM), first established by Thornton for films
deposited using PVD37 and expanded by Templeman to
solution-deposited films.22 Based on our results, a SZM was
constructed and is presented in Figure 7. It is seen that during

short deposition times and low temperatures, the film is
composed of small clusters. With increasing temperature and
deposition time, a transition to nucleation and growth is
observed, and upon further increase, monocrystalline growth is
dominant.
Cross-sectional images obtained using FIB revealed the

formation of high-quality, dense PbS thin film, as demon-
strated for the 55 min/28 °C deposition conditions (Figure
8a). The film thickness, obtained from the cross-sectional

images of 25 regions, ranges from tens of nm to a few μm and
increases with temperature and deposition time (Figure 8b), in
agreement with growth kinetics established in our previous
studies.23,24,34 It is noteworthy to mention that the obtained
thickness exceeds 3 μm, which is significantly higher than that
obtained in CD.14,23 A few-micrometer thickness was obtained
while maintaining adherence to the substrate, which is essential
for the practical usage of thin films. These results demonstrate
that a single 2D-CLFD experiment provides a complete range
of relevant PbS film thicknesses as a function of temperature
and deposition time, facilitating the optimization of deposition
conditions for a desired thickness required for a given
application. As the 2D-CLFD system cost-effectively revealed
the morphology evolution of PbS thin films, it is broadly
applicable for various fields of thin film research such as the
study of phase control as a function of deposition time and
temperature, discovery of new materials and compositions,
control of thin film properties, and more.

■ CONCLUSIONS
A new generic method for carrying out the combinatorial
deposition of thin films from solution was demonstrated. The
method resulted in a 2D library that simultaneously
investigated a large number of deposition time and temper-
ature conditions on a single sample under otherwise identical
conditions, thus eliminating many possible experimental errors.
As a proof of concept for this method, we demonstrated the
combinatorial deposition of PbS on GaAs(100), a widely

Figure 6. Magnified HR-SEM images of PbS thin films deposited
using 2D-CLFD under different deposition parameters: (a) 25 min/
22 °C and (b) 35 min/28 °C. The transition from a PbS(11̅1)-
oriented film with surface striations along the [110] in-plane direction
to a PbS(11̅0)-oriented film with surface striations along the [111] in-
plane direction is clearly seen in agreement with the XRD data in
Figure S4. As expected for the cubic structure, the angle between
these two in-plane crystallographic directions is 35.5°.

Figure 7. SZM for PbS on GaAs(100) as a function of growth
temperature and deposition time. With increasing deposition time and
temperature, transformation takes place from a randomly oriented
polycrystalline film to a <111>-oriented monocrystalline film.

Figure 8. (a) Typical FIB cross-sectional image of a PbS thin film
deposited on a GaAs(100) substrate using 2D-CLFD, (55 min, 28
°C). (b) Thickness of PbS thin films obtained from FIB images
plotted vs deposition time and temperature.
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studied system. The films obtained were found to be on-par
with previous films obtained from batch (CD) and flow (LFD)
reactors. In addition, we detected structural instabilities in the
morphology evolution that is unlikely to be discovered in a
series of conventional, discrete experiments (e.g., CD and
LFD). The method will be used to investigate many other thin
film materials, resulting in fast, efficient, and cost-effective
research and development of thin film materials and properties.
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