O 0O UL WN =

= e
W N~ O

UV UIUT TS B DA DDA BB DARBRDOWWWOWWWWOWWWNNNNDNRNNNRNNDR R B R
O XAV WNN R, OUVUWRRNAOULE WNR OWVONOOULAEWNREROVONANULAEWNROWLWOXIOS U M

FULL PAPERS

E. S. Muckley, L. Collins, B. R. Srijanto,
I.N. Ivanov®......ccceeevevervecnnnn. 1908010

Machine Learning-Enabled Correlation
and Modeling of Multimodal Response
of Thin Film to Environment on Macro
and Nanoscale Using “Lab-on-a-Crystal”

Labonaci

&8

W 0
e P

o - o -
WLV
b W/electriml

— "

rystal .

|, [

==
=

Schematic representation of lab-on-a-crys-
tal where macroscale optical, gravimetric,
viscoelastic and electrical measurements
can be correlated with spatially resolved
Raman, photoluminescence measure-
ments on micron scale, and nanoscale
scanning probe mechanical properties on
the same film.

0NNV WN



0N VT WN

Ul D DD BAEDNDMDBDERAEDRDRDWWWWWWWWWWNNNDNMNNNNNNNRRRRRRPRRRR RO
O OONAOAUTRAEWNRPROUVURXNGOOULAEWNR,OWVOINGOOTULAWNROWVUONGOULAWNROWVWONGSULAWNRO

FULL PAPER

FUNCTIONAL

www.afm-journal.de

Machine Learning-Enabled Correlation and Modeling
of Multimodal Response of Thin Film to Environment
on Macro and Nanoscale Using “Lab-on-a-Crystal”

Eric S. Muckley, Liam Collins, Bernadeta R. Srijanto, and llia N. lvanoy*

To close the feedback loop between artificial intellegence-controlled materials
synthesis and characterization, material functionality must be rapidly tested.
A platform for high-throughput multifunctional materials characterization

is developed using a quartz crystal microbalance with auxiliary in-plane
electrodes and a custom gas/vapor flow cell, enabling simultaneous scanning
probe microscopy and electrical, optical, gravimetric, and viscoelastic
characterization on the same film under controlled environment. The lab-on-
a-crystal in situ multifunctional output allows direct correlations between the
gravimetric/viscoelastic, electrical, and optical responses of polymer film in
response to environment. When multiple film properties are used to augment

a separate elastomer substrate (such as
polydimethylsiloxane) for mechanical
measurements, making it challenging for
simultaneous multimodal experiments.*
Mechanical testing of flexible electronics
is often carried out on hermetically
sealed devices that prohibits probing of
environmental effectsP or on highly inte-
grated flexible chips that are not suitable
for high-throughput screening.l®! Rapid
screening of thin film properties com-
monly focuses on optimization of a spe-
cific functionality®7! rather than testing

the training set for machine learning regression, prediction of material
response to environment improves by a factor of 13 when <5% of the total

dataset is used for model training.

1. Introduction

High-throughput systems for assessing thin film response
(optical, electrical, viscoelastic, gravimetric) to environment
are important for development of the understanding of mate-
rial structure—function relationships, accelerating advanced
material discovery, and development of novel applications.!
Currently multimodal testing requires specialized instrument
design.”l The last 35 years of research and development of
microfabrication, miniaturization of chemical reactors, mixing,
and separation techniques as well design of miniaturized ana-
lytical instruments (optical, electrical, electrochemical, mass-
spectrometric, nuclear magnetic resonance spectroscopy) has
led to design of microfluidic lab-on-a-chip systems in which
multiple functionalities of a single liquid sample are probed
simultaneously.l¥l While over 600 micro total analysis systems
for multimode characterization of liquid samples were
reported, we are yet to see an analog for multimodal char-
acterization of thin films. Characterization of the structure—
function relationship of thin films often requires transparent
or dielectric substrates for optoelectronic measurements and
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of multiple functions simultaneously.
Growing interest in multifunctional films
across a broad range of potential applica-
tions indicates the need for development
of a single substrate that can accommo-
date mechanical/structural, electrical, optical, and local micro-
scale measurements.[®!

In this study, we investigated a quartz crystal microbalance
(QCM) as the foundation for a multifunctional materials char-
acterization platform, enabling simultaneous macro-scale
electrical, optical, gravimetric/viscoelastic measurements, and
nanoscale characterization of the same film under controlled
environment. The QCM is a thickness-shear mode piezoelectric
resonator used for probing gravimetric” and viscoelastic pro-
pertiesl!? of thin films in vacuum, gas, and liquid environ-
ments. Its sub-nanogram mass sensitivity has made the
QCM an integral tool for thin film processing, environmental
monitoring, machine olfaction, and biomedical sensing.!'!
When used in conjunction with additional characterization
techniques, QCM enables measurements of gravimetric/vis-
coelastic film response during gas/vapor sorption, providing
valuable insight into effects of environment on the behavior of
functional thin films.[1]

Multifunctional film characterization on a QCM surface is
generally not possible using commercially available systems
because of lack of flexibility in crystal mounting hardware, flow
cell geometry, and other technical issues. To enable in-plane
electrical characterization of thin films, we deposited auxiliary
electrodes on the QCM surface. A custom 3D printed gas/vapor
flow cell was used to maintain controlled environment around
the crystal, with a quartz window for optical access to the film.
We investigated viscoelastic response of hydroscopic polymer
film  poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) under changing relative humidity (RH) while
probing simultaneous electrical, optical, and nanoscale

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

O OO NN UL A WN =

V11Ul Ulululululul ol DN BDNBDNBAEBDSDAEPBRRWWWWWWWWWWNRNRNNDNNNNNNNRRRRR B3 92 /2 93
OO NAUTLPEAE WNEFERE O U NNAOAUTLPAE WNREROVURONADAOUTLEAE WNRER OOVUONAOAULEAE WNEFE O VWU WNRO



0N VTR WN =

GuuuuunuuunununUuul D DD BAEDNDDBRARAEDRNMDRDWWWWWWWWWWNNNNMNNNNNNNRRRRRRPRRRR RO
O ONAOUTAWNRPROVRIIAOUEA WNRPRPOUOURXINAURARWNRODOUOXMNGOURARWNRODOUONOOULAWNRO

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

morphological changes in the film using multi-frequency QCM
with energy dissipation monitoring (QCM-D). PEDOT:PSS was
used as a test sample because of its importance in organic opto-
electronic devices and its reversible gravimetric/viscoelastic,!!’]
optical, and electrical response to water vapor.["?>14 The results
demonstrate viability of the lab-on-a-crystal platform for simul-
taneous measurements of electrical, optical, and gravimetric/
viscoelastic properties of thin film under controlled environ-
ment on macro and nanoscales.

2. Experimental Section

Polished 10 MHz QCM crystals with pre-patterned gold
electrodes were purchased from OpenQCM (www.openqcm.
com). Auxiliary gold electrodes were deposited on edges of the
QCM (see Figure 1) using dual gun electron beam evaporation
method followed by dry lift-off. PEDOT nanoparticle dispersion
in H,0 with dodecylbenzene sulfonic acid dopant was pur-
chased from Sigma Aldrich. Poly(4-styrene sulfonic acid) (PSS)
solution (18% by weight in H,0) was purchased from Sigma
Aldrich. The PEDOT dispersion was mixed with PSS solution in
a 1:2 ratio and sonicated for 30 min to promote mixing. A 6 uL
solution of the PEDOT:PSS mixture was drop-cast on the QCM
crystal. After drying in air for 20 min, the resulting PEDOT:PSS
thin film covered the central QCM electrode and spanned the
width of the auxiliary electrodes, allowing in-plane electrical
measurements.

SPM

°° film

-
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A schematic diagram of the experimental configuration
is shown in Figure 1la. Electrical leads were attached to the
auxiliary gold electrodes using silver paste (Ted Pella, Inc.). For
water adsorption experiments, a custom gas/vapor flow cell
was designed and printed using a Snapmaker 3D printer. The
crystal was mounted inside the flow cell using two standard
spring-loaded clips. Two ports at opposite corners of the flow
cell served as an inlet and outlet for gas/vapor. A circular
aperture in the flow cell ceiling (see Supporting Information)
was designed to accommodate an optical microscope objective
and served as a window for optical measurements. Humidity
was controlled using an L&C Science and Technology RH-200
RH generator with dry nitrogen as a carrier gas. The humidity
generator was controlled using custom software written in Lab-
VIEW. An N,/H,0 vapor mixture was injected into the a flow
cell step-wise to produce RH levels from 2% to 95%. Impedance
of the QCM crystal was measured using a SARK-110 antenna
analyzer. Analysis and modeling of QCM impedance spectra
were performed using custom software written in Python.
Photoluminescence (PL) and Raman spectroscopy were done
with a Renishaw Qontour inVia Raman microscope in back-
scattering geometry through a 50 x (NA = 0.95) objective, using
a 532 nm laser for excitation. Optical transmittance was meas-
ured using a halogen lamp as white light source and USB2000
Ocean Optics UV-vis spectrometer. A Zahner IM6 electrochem-
ical workstation was used for AC electrical measurements, and
a Keithley 2420 with custom LabVIEW software was used for
DC electrical characterization of the film. All scanning probe

optical

A
AT
: .--///electrical

QCM-D

——

Axis length (um)

2 4 , 6 8
Area (um-?)

Figure 1. a) Schematic diagram of experimental configuration. A QCM crystal with auxiliary electrodes was coated with PEDOT:PSS film and used as a
platform for macroscale electrical, optical, and gravimetric (QCM-D) probing along with local characterization by scanning probe microscopy (SPM).
b) Optical microscope image of PEDOT:PSS film on central gold QCM electrode containing dark-colored PEDOT aggregates inside PSS matrix. c) Histo-
gram of average PEDOT aggregate area, with average lengths of major and minor ellipsoid axes shown in inset. Fit lines show lognormal distributions.
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microscopy (SPM experiments were performed using a com-
mercial Cypher-ES atomic force microscope (AFM) equipped
with a BlueDrive photothermal excitation (Asylum Research—an
Oxford Instruments Company, Santa Barbara, CA). The canti-
lever used for imaging was an AC160 (Olympus, Tokyo, Japan)
with a calibrated spring constant (k = 30.427 N m™!) and reso-
nance frequency =277 kHz. A bimodal AFM technique using
a hybrid amplitude/frequency-modulated detection scheme
AMFM was used for nanomechanical mapping. Principles of
the AM-FM mode are described elsewhere.l'®! For nanome-
chanical mapping under changing RH levels, the inlet for the
environmental scanner was supplied with a continuous flow of
N,, diverted from a homemade gas humidifier. Humidity was
measured near the microscope cell by an auxiliary humidity
probe. At each humidity level, the cell environment was
stabilized for =30 min before commencement of the adhesion
measurement. All measurements were performed at room tem-
perature and atmospheric pressure.

3. Results and Discussion

3.1. Optical and SPM Characterization of PEDOT:PSS Film

Optical microscope images of PEDOT:PSS film deposited on
the gold-coated QCM crystal revealed PEDOT aggregates with
average area between =500 nm? and =10 pm?. Aggregates were
distributed uniformly across the film surface (Figure 1b). The
histogram of aggregate area followed a lognormal distribution
with average area =1.2 um? (Figure 1c). Aggregates were ellip-
soidal with average major axis length =50% larger than average
minor axis length (Figure 1c inset). Histograms of individual axis
lengths followed lognormal distributions. While many studies
report properties of commercial PEDOT:PSS dispersion (Baytron
P-V4, HC Starck) containing PEDOT domains of 50 nm dimeter
or less,l"®! we used undispersed PEDOT nanoparticles with the
goal of providing high contrast in optical and scanning probe
measurements. The resulting PEDOT:PSS film contained
well-defined PEDOT domains and exhibited a significantly

(d)
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| PL

.: modlulus modulus
0 10 20 0 6 12 18
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different electrical response to RH than our previously studied
PEDOT:PSS films deposited from commercial dispersions.['?V!
The effect of morphology on electrical properties of PEDOT:PSS
films was studied elsewhere.['’]

SPM was used to correlate local morphology and elastic
modulus with film properties obtained on the macroscale. We
note that quantification of nanomechanical measurements
on heterogenous samples is challenging due to unknown
geometry of the probe, elastic constant of the cantilever,
and validity of the contact mechanical model that describes
the indentation process. Additional complications arise due
to interactions with the underlying substrate or polymer
matrix. Here, we focus on qualitative correlations between
macroscale and local SPM measurements in order to high-
light the advantages of multiscale probing of heterogeneous
films. Figure 2 shows mapping of a PEDOT aggregate using
a) optical microscopy; b) PL, c) SPM topography; and d) elastic
modulus derived from SPM measurements. Additional SPM
results are shown in the Supporting Information. The PEDOT
aggregate consists of an ellipsoidal domain =3 um long with
a smaller rounded domain near its lower right-hand corner.
PL is localized near the center of the domains and is highest
at the center of the larger aggregate. The large PEDOT aggre-
gate protrudes from the surrounding PSS matrix. Mapping
of elastic modulus reveals that the PEDOT aggregate is softer
than the surrounding PSS matrix by =3 GPa, which is con-
sistent with previous reports.['®!

To correlate SPM measurements with macroscale optical
measurements, the height profile, elastic modulus, and PL
intensity were extracted from Figure 2b—d and compared along
two different cross-sectional profiles (shown in Figure 2a).
In profile 1 (Figure 2e), changes in PL, height, and elastic
modulus are strongly correlated across the PEDOT aggregate,
indicating consistency between different functional mapping
modes. Profile 2 shows that the presence of smaller dispersed
PEDOT aggregates to the right-hand side of the large aggregate
is detected by changes in modulus but the aggregate was not
detected in optical maps, which highlights the importance of
using complementary mapping modes.

0.0-

600 700 800
Wavelength (nm)

Figure 2. PEDOT aggregate in PSS matrix imaged by a) optical microscopy, b) photoluminescence (PL), c) SPM topography, and d) SPM-derived
elastic modulus. In panel (b), PL is normalized (black color corresponds to 0 and red color corresponds to 1). In panel (c), black color corresponds to
0 nm and white color corresponds to 500 nm. In panel (d), yellow color corresponds to 3 GPa and purple color corresponds to 0 GPa. e) Qualitative
comparison of PL, topography (height), and elastic modulus across the two profiles shown in panel (a). Vertical dashed lines correspond to the center
of the large PEDOT aggregate. The PL map in panel (b) was deconvoluted into four principal components, represented by the four spectra in panel
(f). The contribution of each component is shown in the inset of panel (f).
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We investigated PL response of the film by deconvoluting
the PL map in Figure 2b into four principal components (PCs)
that explain 98% of the variance in PL response. The four PCs
correspond to PL emission centered at 596, 630, and 650 nm,
and peaks at 576 and 627 nm assigned to Raman scattering
(Figure 2f). The contribution of each PC to the total PL map
is shown in the inset of Figure 2f. PC-1 loading is highest at
the small PEDOT aggregates to the right of the large aggregate.
The Raman signatures associated with PC-2 suggest that it is
related to semi-crystalline PEDOT in the center of the aggregate.
Contributions from the PSS spectral features are visible in PC-3
and PC-1, while contributions from the interfaces between PSS
and the large PEDOT aggregate are visible in PC-4.

The effect of humidity on optical transmittance of the film
was measured by passing light from a halogen lamp through
the PEDOT:PSS-coated QCM crystal and collecting transmitted
light at a lens on the opposite side of the flow cell using an
optical fiber and UV-vis spectrometer. As RH increased,
absorption of the transmitted light decreased, and the wave-
length of maximum intensity increased (see Supporting Infor-
mation). Changes in the intensity of transmitted light likely
occurred as a result of swelling of PSS, which increased the
optical path length through the film and led to higher attenu-
ation of the beam.

3.2. Gravimetric/Viscoelastic Response to Humidity

The 10 MHz resonant frequency QCM crystal used as a sub-
strate for PEDOT:PSS film enabled gravimetric and viscoelastic
probing of the film under changing RH conditions. A mixture
of dry N, and H,O vapor was injected into the QCM flow cell to
produce RH levels from 2% to 95% in 5% steps (bottom panel
in Figure 3a). QCM-D measurements were carried out at the
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fundamental, third, fifth, seventh, ninth, and eleventh crystal
harmonics. Normalized frequency shifts (Af/n, where n is the
crystal harmonic number) and changes in dissipation (AD/n)
exhibited roughly symmetric response during increasing and
decreasing RH levels, demonstrating reversible response of the
film to water (Figure 3a). Changes in Af/n and AD/n occurred
primarily at the first three odd crystal harmonics while ninth
and eleventh overtones showed insignificant response to RH.
Full QCM conductance spectra are shown in Figure 3b.
Spectra were normalized for direct comparison of response at
different crystal harmonics (blue = 0, red = 1). The fundamental
harmonic (10 MHz) exhibited Sauerbrey-like response,
decreasing with RH as adsorption of water led to an increase in
film mass. Conductance spectra at seventh, ninth, and eleventh
harmonics contained signatures of inharmonic spurious
overtone resonances ~10-20 kHz above and below the main res-
onant peaks that are common in high-frequency resonators.!!%]
Frequency shifts at the third, fifth, and seventh harmonics (cor-
responding to 30, 50, and 70 MHz resonances) decreased with
RH at low humidity and exhibited sharp reversible increases at
RH > 85%. Voinova et al. attributed this anomalous “missing
mass effect’ to viscous loss in the film, which is consistent
with our previous study that showed nonmonotonic change in
viscosity of PEDOT:PSS with increasing RH.I'*3 Several pre-
vious studies have attributed the missing mass effect to slip or
decoupling at the film—crystal interface.?”) To investigate the
effect further, we note that harmonic dependence of Afand AD
suggests that changes in viscoelastic behavior did not occur uni-
formly throughout the film. The penetration depth (8) at which
amplitude of the acoustic shear wave decreases to 1/e of its value
at the crystal surface is § = (n/2xfp)!/?, where 1, f, and p are vis-
cosity, resonant frequency, and density of the adsorbent film,
respectively.?!] We used a continuum mechanics model'%® to
estimate shear modulus (1) and viscosity (1) of the PEDOT:PSS
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o

&7 4
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Figure 3. a) Frequency shift (Af/n, top panel) and dissipation (AD/n, middle panel) normalized to crystal harmonic number (n) during exposure to
relative humidity (RH) increasing and decreasing step-wise from 2% to 95% as shown in bottom panel. Numbers in legend correspond to crystal
harmonic number. Plotted points are experimental data, lines show fits to Voinova model.'%l b) Full normalized conductance spectra of QCM crystal
during exposure to changing RH. Color bar shows normalized conductance (blue = 0, red = 1), vertical axes show frequency shifts (Af) of resonant
peaks, and horizontal axes show time. Each panel in (b) corresponds to a different crystal harmonic, from the fundamental harmonic (10 MHz) to the
11th harmonic (110 MHz). c) Shear modulus (1) and viscosity (1) of film as a function of time and penetration depth (8) of the QCM shear wave. The
value of & is expressed in terms of film density (p) and viscosity (7). In panels (b) and (c), the sequence of RH over time is the same as that shown
in the bottom panel of (a).

Adv. Funct. Mater. 2019, 1908010 1908010 (4 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

XNV A WN

UV DDA DNBAEBAEDMDERAARAARWWWWWWWWWWNNNNNNNNNNREERRRRRRRRRO
OO NAUVTRAR WNEFR, OUVUONOAOULAE WNRFR, OOVUOINOOULAE WNRFR,OUOURONAOULRAE WNEFR OWOVONOULREA WNREO



0N VTR WN =

Guuuuunuuuununun Ul D DD BAEDNDDBRARAEDRBMDRDWWWWWWWWWWNNNDNMNNNNNNNRRRRRPRRRR 2 O
O ONAOUTAWNRPROUVRIRIAOUEA WNRPRPOUOURXINAURARWNRODOUOXMNGOURARWNROOUONOOULAWNRO

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

film as a function of penetration depth during sorption/
desorption of water vapor (Figure 3c). Due to the complexity
of changing density and viscosity of the film as it adsorbed
water, penetration depth was reported in units of (1/p)'/?,
where 6 = 0 corresponds to the film-crystal interface. Using
constant values of p = 1.1 g cm™3% and =9 x 107* Pa 5,123
we estimated that the film depth in Figure 3c was probed from
=34 to =114 nm from the film-crystal interface. As expected,
i was highest at the film-crystal interface due to strong film-
crystal coupling and poor diffusion of water through the film.
Changes in p and 1 at & < 5 were negligible, which suggest
that film-crystal coupling at the interface was not disrupted
even at high RH. The largest viscoelastic response to water
occurred in the center of the film (8 = 6) due to viscous loss
in the PSS matrix. Water adsorption led to disruption of
hydrogen bonding between PSS, which decreased mechanical
coupling between the water-saturated film surface (6 > 7) and
the more rigidly coupled film-crystal interfacial region (6 < 5).
The interface between high-shear modulus and low-shear
modulus regions exhibited the largest viscoelastic change with
humidity, which is consistent with mechanisms proposed by
others in which adsorption leads to formation water meniscus
layers that disrupt hydrogen bonding and facilitate solva-
tion of ambient gas.?Yl The results are consistent with elastic
moduli of PEDOT and PSS in dry and wet states reported by
others,!'® including Lang et al. who showed that PEDOT:PSS
elastic modulus decreased from 2.8 to 0.9 GPa when RH
increased from 23% to 55%.[%

www.afm-journal.de

3.3. Electrical Response to Humidity

DC electrical characterization of PEDOT:PSS film was carried
out using auxiliary electrodes deposited on the QCM surface.
Electrical response was measured in-plane with 5 mm spacing
between electrodes. Current—voltage (IV) characteristics were
measured across PEDOT:PSS film on the QCM surface from
-2V to +2V bias with 20 mV s™! sweep rate. The film exhibited
roughly 4 orders of magnitude increase in current from 2% to
95% RH (Figure 4a) and showed roughly linear IV character-
istics with <5% hysteresis when voltage sweep direction was
reversed. The linear IV characteristics are in agreement with
those reported in other studies of PEDOT:PSS films.[?42’]

Figure 4b shows reversibility of the IV characteristics as
RH was cycled from 2% to 95% and back to 2% (RH is shown
in blue on the far time axis). To investigate reversibility, the
current measured at +2V was extracted from IV curves during
wetting and drying processes. The current showed reversibility
to within 50 pA after the film was returned to 2% RH condi-
tions (Figure 4c).

Recently, it was shown that films with PEDOT to PSS ratio
of 1:0.6 increases conductivity during swelling while film
with 1:4 ratio decreases conductivity during swelling.?l This
mechanism was attributed to aggregation of PEDOT cores that
increases average conductive pathway length in PEDOT-rich
PSS matrix, and increased distance between adjacent PEDOT
cores in PSS-rich film. This is consistent with the present
findings in 1:2 ratio PEDOT:PSS film.
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Figure 4. a) Log-scale IV characteristics of PEDOT:PSS film measured on surface of QCM from 2% to 95% RH. b) Linear-scale IV characteristics meas-
ured over time showing reversibility of current change with RH. Schematic of RH ramp is shown in blue spanning the time axis. ¢) Current measured
across PEDOT:PSS film under +2 V bias under increasing (blue curve) and decreasing (red curve) RH. d) Frequency-dependent electrical impedance (Z)
of PEDOT:PSS film measured from 2% to 90% RH. e) Nyquist representation of electrical impedance (imaginary impedance Z” vs real impedance Z’)
measured at 2% (red), 30% (blue), 60% (green), and 90% (yellow) RH. f) Magnitude of low-frequency electrical impedance (|Z|]) measured at 0.1 Hz
under increasing (blue) and decreasing (red) RH.
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Others also found PEDOT:PSS ratio-dependent changes in
electrical resistance and argue that initial film morphology is
primary factor that controls how conductivity changes during
film strain.l?’]

It is worth noting that some studies reported conductivity
decrease in commercial PEDOT:PSS dispersions during uptake
of water. This was attributed to swelling of the PSS matrix that
increased the distance between adjacent conductive PEDOT
domains.[?>28 Since PEDOT aggregates in the current study
are large and highly localized, electrical conductivity is domi-
nated by charge transport that occurs through the PSS matrix.
It was shown previously that water adsorption on PSS result in
formation of hydronium and charged sulfonic groups (H,O +
PSS(HSO;) — H,0" + PSS(SO;5)%), 324 leading to formation
of mobile ionic species that may contribute to charge transport.
Evidence of ionic diffusion at low frequencies was observed at
high RH in Nyquist plots in Figure 4e.

Electrical impedance of the PEDOT:PSS film was meas-
ured from 1 to 8 MHz with 50 mVAC excitation and 0 VDC
offset. Bode plot of total impedance (Z) is shown in Figure 4d.
Impedance of the film measured at 0.1 Hz decreased from
~2 GQ to 20 kQ as RH increased from 2% to 90%. Changes
in impedance were most significant at low frequencies, while
impedance measured at 1 MHz remained constant at =1 kQ
across the measured humidity range. Nyquist plots of the
impedance at different RH levels show a complex transition
from one primary semicircle at 2% RH to two semicircles at
60% RH and three semicircles at 90% RH (Figure 4e). Appear-
ance of additional semicircles in the Nyquist plots suggests that
additional conduction channels are activated as water loading
of the film increases. Formation of a water meniscus on the
film surface may provide a network for charge conduction at
RH =30%,2* while hydronium formation may enhance ionic
mobility inside the film at RH =90%,!14*24 leading to further
decrease in impedance. To quantify reversibility of the low-
frequency impedance after removal of water from the film,
impedance measured at 0.1 Hz was plotted during increasing
and decreasing RH (Figure 4f). Impedance showed reversibility
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Table 1. Measured properties of PEDOT:PSS film used for training pre-
dictive regression model.

Symbol Description and units Functional mode
AL Wavelength of maximum absorption Optical
change [nm]
Al Maximum intensity change [counts] Optical
IDC DC current at +2VDC bias [UA] Electrical
Phase AC phase at 10 Hz [rad] Electrical
Z-10 Hz AC impedance at 1 Hz [MQ] Electrical
Z-0.1 Hz AC impedance at 0.1 Hz [MQ] Electrical
An-n Viscosity change at nth QCM Gravimetric/viscoelastic
harmonic [Pa s]
Au-n Shear modulus change at nth QCM  Gravimetric/viscoelastic
harmonic [Pa]
AD-n Dissipation change at nth QCM Gravimetric/viscoelastic
harmonic [x107]
Af-n Frequency shift at nth QCM harmonic Gravimetric/viscoelastic
[kHz cm™2]
RH Relative humidity [%] Environmental

to within 90% of its initial value before exposure to humidity
and exhibited the largest hysteresis in impedance at low RH, in
agreement with current hysteresis shown in Figure 4c.

3.4. Multimode Prediction Using Machine Learning Regression

To explore the benefits of characterizing multiple film function-
alities on a single substrate, we investigated correlations between
the gravimetric/viscoelastic, electrical, and optical humidity
responses of PEDOT:PSS film. The bivariate (Pearson) correla-
tion coefficient was used to quantify linear association between
14 film parameters as they varied with RH. Descriptions of
each parameter are displayed in Table 1. The bivariate coef-
ficients are shown in Figure 5a separated by functional mode

10 g 61 3
(a) (b) 8 Optlcal optical only (C)
multi-mode — a
54 X4
I3) ~3 = A 0tO A AltoO
o = <} o EtoE ® AltoE
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Figure5. a) Bivariate (Pearson) correlations between measured gravimetric/viscoelastic (green), electrical (blue), and optical (red) properties of PEDOT:PSS
film under changing RH. The correlations are represented on a color bar from —1 to +1 in the lower right corner. Feature symbols are defined in Table 1.
b) Errors in prediction of optical (top panel), electrical (center panel), and gravimetric/viscoelastic (bottom panel) film properties using LASSO regression
when training data consist of features from a single functional mode (colored) and all measured modes (black). c) Top panel: average prediction error when
the percentage of samples used for training the model is varied. Error associated with using optical data to predict optical data (O to O) is compared to
error resulting from using all measured data to predict optical data (All to O), and similarly for electrical (E) and gravimetric/viscoelastic (G/V) features.
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(green = gravimetric/viscoelastic, blue = electrical, red = optical),
where blue correlations correspond to strong negative linear cor-
relation, red to strong positive linear correlation, and white to no
linear correlation. Features generally exhibited strong correla-
tions with other functional modes and with RH, which suggests
that many of the measured film properties can be predicted by
regression.

A least absolute shrinkage and selection operator (LASSO)
linear regression was used to predict gravimetric/viscoelastic
(A — 1), electrical (IDC), and optical (Al) responses to humidity.
These features were chosen as prediction targets because of
their nonlinearity, strong RH response, and high correlation
with other features. LASSO regression was used as a predictive
model because it eliminates insignificant regression coefficients
to improve interpretability of the regression, enabling simple
comparison between the importance of each feature in the model.
Regression results and coefficients of the LASSO model are
shown in Figure S4, Supporting Information. To utilize benefits of
multimodal characterization, we plotted prediction accuracy of the
regression when a single functional mode was used for training
data and compared it with accuracy when all measured functional
modes were used for training data (Figure 5b). In all cases, sup-
plementing training data with data from other measured modes
significantly improved accuracy of the model prediction. The
result sheds light on the benefits of supplementing measured data
with other auxiliary features for improving predictive modeling.

It is worth noting that the absolute accuracy of any regression
depends strongly on the proportion of measured data that is used
for training compared to that used for testing. This effect was
explored by varying the percentage of measured samples used for
training and those used for testing the model (Figure 5c). When
2% of the samples are used for training, the training set con-
sists of only four samples: features measured at 2%, 32%, 62%,
and 92% RH. When 50% of the samples are used for training,
the training set consists of one training sample for each integer
RH value and one testing sample for each half-integer RH value.
As the percentage of samples used for training increases from
2% to 50%, error of the predictive model decreases as expected
(Figure 5c top panel). In all cases, errors are lower when a single
functional mode is supplemented with additional functional
modes. For example, when all modes are used to predict an
optical mode (“All to O” in plot legend), error is significantly lower
than when only optical modes are used to predict optical modes
(“O to O” in legend). The enhancement in predictive accuracy is
shown in the bottom panel of Figure 5c. Supplementing electrical
and optical training sets with auxiliary modes resulted in =3.5-5%
increase in prediction accuracy, while supplementing gravimetric/
viscoelastic training resulted in =1% accuracy improvement. The
effect of supplementing training sets with additional functional
modes is highest when the training samples are sparse (<5% of
samples used for training). The results demonstrate that low-
accuracy models that rely on sparse training sets may be strongly
improved by incorporation of data from other functional modes.

4, Conclusions

We developed a lab-on-a-crystal, materials science analog
to “lab-on-a-chip”, in which multiple functional modes of a
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thin film may be probed simultaneously. The lab-on-a-crystal
platform is based on a QCM as a substrate for the meas-
urements of gravimetric, viscoelastic, electrical, and optical
properties under controlled environment on macro and
nano scales. Top access to the film surface allows for optical
probing and SFM, while auxiliary electrodes may be used for
electrical characterization. We demonstrated viability of the
lab-on-a-crystal platform for measuring functional properties
of hydroscopic polymer PEDOT:PSS under changing envi-
ronment. The effect of supplementing training sets using
additional functional modes is highest when the training
samples are sparse (<5% of samples used for training). The
results demonstrate that low-accuracy models that rely on
sparse training sets may be significantly improved by incor-
poration of data from other functional modes. We found
correlations between PL, topography, and elastic modulus
by local probing PEDOT aggregates. Significant changes in
viscoelastic properties and electrical conductivity occurred in
response to changes in humidity. The lab-on-a-crystal can be
coupled to machine learning algorithms to understand corre-
lations between different functionalities and shows promise
for artificial controlled-controlled high-throughput materials
characterization.

Supporting Information

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