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ABSTRACT

We demonstrate a compact sample environment for the in situ study of crystallization kinetics of thin films on synchrotron beamlines, fea-
turing atmospheric control, automated deposition, spin-coating, and annealing stages. The setup is suitable for studying thin film growth
in real time using grazing-incidence X-ray diffraction techniques. Humidity and oxygen levels are being detected by sensors. The spin-
ning stage exhibits low vertical oscillation amplitude (~3 ym at speeds up to 10000 rpm) and can optionally be employed for antisolvent
application or gas quenching to investigate the impact of these techniques, which are often used to assist thin film growth. Differential
reflectance spectroscopy is implemented in the spin-coater environment for inspecting thin film thickness and optical properties. The infrared
radiation-based annealing system consists of a halogen lamp and a holder with an adjustable lamp-to-sample distance, while the sample sur-
face temperature is monitored by a pyrometer. All features of the sample environment can be controlled remotely by the control software
at synchrotron beamlines. In order to test and demonstrate the performance, the crystallization pathway of the antisolvent-assisted MAPbI;3
(MA = methylammonium) perovskite thin film during the spinning and annealing stages is monitored and discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0149613

I. INTRODUCTION

Real time in situ X-ray and neutron scattering experi-
ments are one of the most common techniques for material
characterization.' ° The high brilliance of modern synchrotron radi-
ation sources allows direct observation of thin film growth in situ
with high temporal and spatial resolution.”* In particular, grazing
incidence X-ray scattering methods reveal microstructure features
including crystal structure, polymorphism, grain size and mosaicity,
preferential orientation, in-plane texture, and grain boundaries.”"’
In order to control the full growth procedure of different materials at
synchrotron facilities, numerous sample environments with specific
deposition conditions have been developed in the past.'' '

Organic and hybrid thin ﬁlms play a key role in modern
electronics and optoelectronics.'”'* Extensive study of their struc-
tural and optical properties leads to a better understanding of the
mechanism of thin film growth during thin film preparation.'” '

Solution-based procedures are widely used for organic thin film fab-
rication, including spin- coatlng, spray-coating, dip-coating, blade-
coating, and roll-coating.” " These methods are established for
depositing thin films with good homogeneity and low surface rough-
ness. Spin-coating is one of the vital routes for laboratory-scale
sample fabrication. It is a rapid and simple method for providing
optimal thin film morphology and thickness ranging from a few
nanometers to a few micrometers.”* Multiple chambers for X-ray
scattering-based thin film characterization during spin-coating were
previously developed.” ** A wide range of materials can be studied
during spin-coating, for example, polymer thin films,"”*"" small-
molecule organic semlconductors, " coupled organic-inorganic
nanostructures (COINs),”"*" and perovskite thin films.””" 2

Our setup meets the challenge of minimum wobble at high
rotation speeds, which is crucial for grazing incidence wide-angle
X-ray scattering (GIWAXS), and also has complementary sam-
ple manipulation and characterization tools. A detailed description
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of the remotely operated systems is presented in this article. The
designed chamber is dedicated for GIWAXS measurements at beam-
line P08* at PETRA III/DESY and fits on any beamline with a
hexapod. We test the performance of our compact sample environ-
ment by studying antisolvent-assisted MAPbI3 perovskite thin film
crystallization during spin-coating in real-time by in situ GIWAXS.

Il. CHAMBER DESIGN AND CONCEPT

The grazing incidence geometry (Fig. 1) is characterized by a
low angle of incidence (a = 0°-1°), which is defined as the angle
between the incoming X-ray beam and the sample surface. The scat-
tering angle 26 is measured from the direction of the incoming beam
to the direction of the observation of the scattered beam.

The general concept of the sample environment is shown in
Fig. 2(a). The main part of the experimental setup consists of a
cuboid housing (225 mm (vertical) x 210 mm x 210 mm) made of
stainless steel with Kapton® windows for the incident and scattered
X rays. The size of the window for the scattered X rays is 120 mm
(horizontal) x 90 mm (vertical) to cover the in-plane direction with
a maximum angle of 27.5° and the out-of-plane direction with a
maximum angle of 38°. The deposited material lands on the win-
dows during the spin-coating procedure. With the most tested setup
(40 pL, <5000 rpm), all droplets hit the windows below the X-ray
beam path. During extensive use of the spin-coating chamber, it
is recommended to change the windows frequently to avoid cross
contamination between different sample compositions.

Since the regular beam sizes are typically below 0.1 mm, they
bring very strict requirements for the vertical and angular dis-
placements of the sample table during spin-coating. Therefore, the
spinning system was optimized to have low deflection along the
axial direction. Some details on its development are discussed in
Sec. IT A. The spin-coating procedure requires a remotely controlled
liquid delivery system, which is provided by a micropipette mech-
anism. Antisolvent-assisted growth’"'® and gas-quenching’” " are
two common procedures that can be applied during spinning, and

Grazing incidence
geometry:

= 0.1° o
a=0-1 e

FIG. 1. Geometry of an X-ray scattering experiment. The (longitudinal) Sample
axis is the projection of the incoming X ray on the sample surface. The X-ray
incident angle (o) and in-plane exit angle (y) are measured from the Sample
axis. The X-ray out-of-plane exit angle (&) is measured from the sample surface.
The scattering angle 26 is measured between the incident beam and the scat-
tered beam.” Grazing incidence geometry corresponds to an angle of incidence of
a=0°-1°.
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both of them are supported in our compact environment. The atmo-
sphere monitoring system consists of humidity and oxygen sensors
placed at the height of the sample for precise measurements. The
annealing system consists of a halogen infrared (IR) lamp fixed
to a mechanism for adjusting the distance to the sample and a
pyrometer pointing at the sample surface to monitor/record the
temperature. Visual control of the thin film deposition steps is per-
formed by a camera (Pi®RASP CAM HQ CMOS) directed at the
sample surface area, which gives immediate feedback regarding thin
film solidification and color change during spinning and anneal-
ing procedures. Film thickness and estimation of optical properties
are performed by Differential Reflectance Spectroscopy (DRS) fixed
on the top lid of the chamber with its beam focused in the center
of the sample.

Experiments at synchrotron facilities ultimately require remote
control of the devices with their software being integrated into the
beamline infrastructure. This feature allows one to control all devices
related to the sample environment through the beamline control
system to automatically start spinning, antisolvent application, or
gas quenching, and subsequently anneal the sample to follow the
exact production procedure. A technical drawing of the designed
chamber and a photo of the spin-coating environment in opera-
tion at beamline P08" at DESY are shown in Figs. 2(b) and 2(c),
respectively.

A. Spin-coating system

The grazing incidence geometry brings certain limitations to
the vertical (1) and angular (2) displacements of the sample table
during rotation: (1) originates from the magnetic field of the motor,
is reproducible, and can be corrected prior to spinning, while (2)
comes from the motor rod/sample table tilt and their vibration. The
optimization of (2) for the spinning system was performed by choos-
ing a stable in-runner motor, selecting the best geometry of the
sample table, and testing out screw configurations for fixing the table
on the motor rod: three M3 screws with an angle of 120° between
them were used. Since the screw tightening induces some tilt, a coun-
terforce has to be applied by pressing the sample table while fixing
each screw to keep the table surface flat.

The spinning system consists of a motor DB42S02 from Nan-
otec fastened inside a housing and a sample table (45 mm in
diameter) fixed by three M3 screws on the rotating rod. Samples up
to a size of 17 x 17 mm” can be attached with heat-resistant sticky
tape or silver paste. The static and periodic vertical displacements
of the sample table were measured by a capacitive sensor D-510.101
PISeca from Physik Instrumente placed in proximity to the sample
table. The change in capacitance is transformed into the change in
sensor-to-sample table distance by the E-852 PISeca signal evalu-
ation electronics. Two types of vertical sample table displacement
during rotation were measured: the static part in Fig. 3(a) and the
periodic part in Fig. 3(b). Once the spinning starts, the sample table
is lifted by the magnetic force in the vertical direction. This value
is dependent on the rotation frequency and goes up to ~19.5ym.
The periodic displacement amplitude, which originates from sam-
ple table tilt and vibration, was measured at the edge of the sample
table and in the center and is, on average, 5.5 and 2.5 ym, respec-
tively. The increase in the periodic displacement above 8000 rpm
takes place because of the motor resonance. Since the vertical size of
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FIG. 2. Spin-coating chamber for in situ GIWAXS measurements: (a) general concept including all the major parts; (b) technical drawing of the chamber; (c) photo of the

chamber in operation at beamline P08 at PETRA IIl (DESY).
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FIG. 3. The sample table vertical displacement amplitude: (a) static part, which
remains constant (19.5 ym) from 4000 rpm up to 10 000 rpm, and (b) periodic part
at the edge and center during each rotation of the sample table.

the incoming X-ray beam is on the order of ~100 y m, this wobbling
will only slightly change the intensity due to the change in the inci-
dent angle. The average angular displacement of the sample table of
the spin-coater at frequencies up to 10.000 rpm is ~0.010, which is at

least one order of magnitude smaller than typical angles of incidence
for surface-sensitive GIWAXS.

B. Dispensing system

Spin-coating is a solution-based technique; therefore, liquid
delivery is a crucial step of the procedure. Once the substrate is fixed
on the sample table and the incoming X-ray beam is aligned, the pre-
cursor solution has to be deposited. As a dispensing system, we use
a remotely controlled magnet-based micropipette pressing mech-
anism that provides sub-100 ms delivery speed. Small volumes of
precursor solutions (40-60 uL) are reliably delivered by 100 or 200
uL micropipettes without spontaneous dropping.

In order to assist thin film crystallization, antisolvent-assisted
growth and gas quenching (Fig. 4 and inset, respectively) were
implemented into our compact environment. Big volumes of anti-
solvent (150-250 uL) can be reliably delivered by a 1000 pL volume
micropipette.”’ Gas-assisted thin film crystallization is supported by
a high-density polyethylene tube in a brass tube guide directed at
the sample surface and a magnetic gas valve MHJ10-S-2,5-QS-6-HF
switched with an I/O output.

C. Atmosphere control system

Some thin films, such as perovskites, are typically grown inside
a glove box flushed with nitrogen with low oxygen and humidity val-
ues. The presence of an inert atmosphere inside the compact sample
environment is provided by the inlets on the bottom and top of the
chamber and is controlled by a humidity sensor HYT939 from B + B
Sensors and an oxygen sensor SGX-VOX from SGX Sensortech
located at the sample height for precise measurements. The sensors
are vertically oriented and shielded by foil. No small droplets were
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FIG. 6. DRS measurement during the spin coating step. The dotted lines show the

AR h?a":ge" start and stop of the spin process and gas flow. At 30 s, the motor starts spinning
# P up to 3000 rpm. 45 s into the scan, a nitrogen flow is directed at the sample.

FIG. 4. Step-by-step spin-coating procedure with antisolvent application or gas
quenching (shown in the inset) and subsequent annealing.

The sample annealing procedure strongly depends on the sub-
strate material: ITO coating, for example, absorbs IR light"! and thus
serves as a heat reservoir, annealing the precursor solution from the

25 . bottom and complementing the direct heating by the lamp from
< ||+ humidity the top. Then, for the lamp-to-sample distance of 40 mm and lamp
% 20 <[©00 oxygen |4 power of 150 W, an ITO-coated glass substrate heats up to 100 °C
S in 30 s and approaches 200 °C in 180 s. During the experiment, the
E 15 temperature of the sample surface is measured by a pyrometer CT-
5 SF15 from Micro-Epsilon with a small angle of view (15°) and a
g 10 controller operated by an RS232 interface.

2 M . .
§ 5 3 E. Differential reflectance spectroscopy
0 e, OPOBOD, O O For the in situ investigation of the optical properties of
10 20 30 40 50 perovskite thin films, DRS is included in the chamber. Dur-
Time, [s] ing the experiment, light from a white light source (DH-2000

- . deuterium-tungsten halogen lamp) goes through the RP22 200 ym
FIG. 5. Humidity (black crosses) and oxygen (magenta circles) percentages mea- NA ical fib d is di d h
sured with sensors placed inside the chamber on the sample height. The green 0.22NA 250-1200 nm optical fiber and is directed onto the sam-

dashed line shows when 2 bar nitrogen was switched on. ple by an achromatic lens (Edmund Optics, focal length = 8 cm).
The reflected light is detected by a charge-coupled device (CCD,

found on the surfaces of the humidity and oxygen sensors. Typi- 2> Paccéleration period — 1000rpm
cal humidity and oxygen percentage values after switching on the —— 2000rpm
2 bar nitrogen flow can be found in Fig. 5, which shows the drop of _ 20 —— 3000rpm
humidity from 23% to 5% and oxygen from 21% to 0% within ~30 s g — 4000rpm
of nitrogen flushing. When some of the deposited material in a vapor S5
state adsorbs on the sensor surface, it may influence the readouts of §
the sensors. g 10 start N2
=
D. Annealing system
The spin-coating process frequently requires subsequent % -
annealing. For this purpose, an IR heater is installed. The heating 0 c 10 15 20 25 30 35 40 45
system consists of a halogen lamp 64 635 HLX from OSRAM with a Time [s]
golden reflector having a maximum power of 150 W and a color tem-
perature of 3200 K attached to a magnet-based custom-built lamp FIG. 7. Thickness calculated from DRS data during the spin coating process. The

motor was started at 0 s but takes 2-3 s to get to the desired rotation speed.

mechanism with adjustable lamp-to-sample distance and connected Nitrogen flow is started shortly before 30's.

to a VOLTCRAFT PPS-16005 power supply (1-36 V/DC, 0-10 A).
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FIG. 8. Communication diagram of the spin-coater devices controlled via TANGO
installed on a Raspberry Pi. The IR heater and pyrometer are directly controlled by
RS232 serial communication; the ESC running the motor is controlled via Arduino
1; all other devices are controlled by Arduino 2. The humidity sensor uses the IC
protocol, the oxygen sensor gives a voltage signal proportional to oxygen level,
and the micropipette mechanism is triggered by a 12 V signal.

USB2000+, Ocean Optics). The detector has an energy range of
E = 387-1100 nm and an optical resolution of AL = 0.1 nm. It is
possible to record up to 1000 spectra every second. As a demon-
stration, we show a DRS measurement of a typical MAPbI; thin
film growth during the gas quenching-assisted spin-coating process
in Fig. 6. By analyzing thin film interference, measured by DRS,
we can calculate the film thickness during spincoating (Fig. 7). The
measurements showed the trajectory expected from the literature.’
With this method, the thickness could be measured in a range of 1 to
22 ym. The upper limit is due to noise, and the lower limit is due to
the limited spectral range. Depending on the sample conditions, the
DRS signal can also be used to model the absorption coefficient of
the sample during preparation. With precise knowledge of the com-
plex refractive index of the spin-coated material, in principle, also

ARTICLE scitation.org/journalirsi

smaller thicknesses can be extracted by modeling and fitting the data
with, e.g., the transfer-matrix method.

F. Software infrastructure

The spin-coater setup consists of different devices, and its com-
munication diagram is shown in Fig. 8. The central part represents
TANGO device servers running on a Raspberry Pi with all devices
connected, where TANGO is a free open source device-oriented
control toolkit. This feature makes our spin-coater software compat-
ible with synchrotron facilities using TANGO and allows the device
to be controlled from the main beamline control computer and from
within the beamline control software (e.g., Spock/Sardana at P08
of PETRA III/DESY, Hamburg). The spin-coating motor is con-
trolled by an Arduino via an electronic speed controller (ESC). The
micropipette mechanism with the magnetic switch, humidity, and
oxygen sensors are controlled by a second Arduino. The dispens-
ing mechanism is triggered by switching off the electromagnet; the
humiditg sensor HYT 939 from Conrad Electronic is communicat-
ing via I°C protocol, whereas the oxygen sensor generates an output
voltage signal transformed into an oxygen level in %. The annealing
system consists of a pyrometer and a lamp power supply, both of
which use RS232 communication.

The increased amount of scattered data has led to the appli-
cation of machine learning methods for its analysis.”” *° Since the
in situ GIWAXS experiments generate a large amount of data that
must be analyzed, the designed chamber can be used in combina-
tion with deep learning-based feature detection,”” which is capable
of identifying crystal structures from Bragg peaks on the fly dur-
ing thin film crystallization. It allows one to adjust and optimize
annealing parameters in the event of incomplete conversion of
the intermediate phases into the expected crystal structure. Apart
from that, the preliminary analysis already performed during data
acquisition allows one to classify the resulting samples and makes
post-processing simpler.

«+. 0.65A7 Pbylg [

« 0.65A1Pbyly e+« 1A' MAPDI,

- 0.9 A Pbl,)

a) Spinning scan MAPbI; + IPA 160
1.2 H

2 app,']'?gtion 140 FIG. 9. Scattering intensity evolution of
g : 120 & the structures extracted from in situ
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206 ' 2 spin-coating and (b) annealing steps of
N d)! 80 5 MAPbI3 perovskite thin film fabrication.
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lll. DEMONSTRATION OF THE PERFORMANCE

As a demonstration, we show typical MAPbI; thin film
growth on a 1 mm thick 10 x 10 mm” bare glass substrate. The
experiment was conducted at the P08 beamline™ at PETRA
III/DESY. Precursor solution was prepared by dissolving 1.4 M
MAI and Pbl, in 4:1 DMFE:DMSO solvent mixture, where DMF is
dimethylformamide, (CH3)NC(O)H and DMSO is dimethyl sulfox-
ide, (CH3)2SO. The sample fabrication procedure was as follows:
40 ul of perovskite precursor solution was applied onto the argon
plasma-cleaned substrate and spin-coated for 10 s at 1000 rpm and
30 s at 4000 rpm. 200 pl of isopropanol (IPA) antisolvent was applied
10 s before the spinning was finished. In situ GIWAXS patterns were
acquired using 18 keV X rays (A = 0.69 A) with a beam size of 500
pm (horizontal) x 100 um (vertical) at an angle of incidence of 0.5°
at 0.1 s intervals by a 2D PerkinElmer detector (XRD 1621 CN3 EHS,
2048 x 2048 pixel) located at a distance L = 809 mm from the sample.

shows the peak intensity evolution of the structures growing
in the sample during (a) spin-coating and (b) annealing procedures
in the following sequence: shows the start of spinning, indi-
cating structural density increase with broad features around 0.6 A™
corresponding to scattering from a nearly amorphous precursor
phase and 2 A™! related to the bare glass substrate signal. The anti-
solvent drop at 60 s induces the removal of DMF and DMSO solvents
[ ], resulting in a fast intensity increase of an intermediate
phase, namely, a (MA),Pbsls - 2DMSO solvent complex™® (marked
as Pbsls). Its intensity was slowly increasing even after spin-coating,
indicating ongoing crystallization.Please add important details on
chemical composition: Precursor solution was prepared by dissolv-
ing 1.4 M MAI and PbI, in 4:1 DMF:DMSO solvent mixture, where
DMF is dimethylformamide, (CH3)NC(O)H and DMSO is dimethyl
sulfoxide, (CH3),SO.

The subsequent annealing procedure is shown in
The heater-to-sample distance was 40 mm, and the lamp power
was 150 W for 120 s, followed by heating at 85 W for 630 s. The
annealing initiates solvent evaporation, which results in increased
scattering intensity of diffraction rings located at 0.45, 0.51, and
0.65 A™! corresponding to the PbsIs complex™ [ ], taking
place until 120 s. Then, the intermediate phase is converted in two
steps into the MAPbI; perovskite phase with an intense diffrac-
tion ring at 1 A™'. The quick conversion has presumably started
near the surface, whereas, due to the annealing nature of an IR
heater, the bulk was crystallizing slower. After the full intermediate-
to-cubic conversion, a small amount of Pbl, with a peak at
0.9 A™" was observed [ ]. Our compact sample environment
allowed us to follow the complete process of thin film crystalliza-
tion and highlight essential steps by observing thin films with in situ
GIWAXS.

IV. CONCLUSION

We were able to meet the requirements of the in situ syn-
chrotron experiments by designing a compact spin-coating envi-
ronment with a small wobbling amplitude (~3 ym at frequencies
up to 10000 rpm) and remotely controlled systems. The present
article provides precise technical details of all components used in
the chamber; all of them are commercially available. The systems
provide appropriate conditions for the process of thin film growth.

ARTICLE scitation.org/journal/rsi

Solution delivery, antisolvent application, or gas quenching are
designed to support the spinning procedure. The annealing system
consists of an IR heater with an adjustable lamp-to-sample distance
and a pyrometer targeted at the sample surface. The chamber is
connected to the local inert gas supply lines, and the atmosphere
is monitored in real-time by humidity and oxygen sensors placed
at the sample height for precise measurements. For the inspection
of optical properties and film thickness, DRS measurements can
be performed. The software for controlling different systems has a
TANGO layer and is compatible with beamline infrastructure. Fea-
ture detection developed for tracking thin film crystallization via
deep-learning systems and identifying the resulting structures on
the fly allows us to analyze thin film quality during the growth
experiments.

The current work has demonstrated a complete crystallization
pathway of MAPDI3 perovskite with IPA antisolvent application,
which has quickly initiated intermediate phase formation during
spin-coating. The sample was subsequently annealed by an IR
heater, and the resulting film showed the presence of mainly cubic
MAPDI; perovskite and a tiny amount of Pbl,.
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