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ABSTRACT

Metal-organic frameworks (MOFs) in a thin film (TF) form have appeared recently as multifunctional elements
for micro- and opto-electronic devices. However, achieving the roughness of MOF TF less than 10 nm is still
a challenge, which limits their further integration with the corresponding devices. Here, we report on plasma
etching (PE) approach allowing one to improve the quality of MOF TF surfaces. We demonstrate that PE of a
spin-coated HKUST-1 TFs with a varied thickness (1.9 to 3 wm) and roughness (more than 200 nm) decreases
the film roughness by 100 times (up to 2 nm), while the chemical composition and the structure remain. As
a result, an optical quality for the TF surface can be achieved resulting to a mirror like reflectivity as well as
an optical sensitivity of water through the interference effect. The obtained results, thereby, pave the way to
a universal post-processing of MOF TFs for diverse applications where their roughness plays a key role.

1. Introduction

Metal-organic frameworks (MOFs) are a wide class of artificial
hybrid materials based on metallic nodes and organic ligands, linked
together with different chemical bonds [1]. Possessing a high level
of porosity and organic-inorganic nature, MOFs can be utilized for
diverse applications, such as gas sorption and filtration, catalysis, water
harvesting, bio and optical sensing, optical switching, data storage
and optoelectronics in general [2-4]. Thanks to the development of
modern reticular chemistry, functional MOFs can be scaled now from
the powder or single crystal to a thin film (TF) form, which paves
the way an industrial application of MOFs [5-7]. Indeed, existing
approaches of MOF TF fabrication such as spin-coating (SC), layer by
layer (LB), chemical vapour deposition (CVD) etc. provide large scale
and high quality (in terms of crystallinity and composition) films of
a varied thickness and morphology [8-10]. Moreover, the obtained
MOF TFs are usually utilized as nonlinear optical materials for light
manipulation and limiting [11-13]. However, achieving the roughness
of MOF TF less than 10 nm is still a challenge, which limits their further
integration with opto- and micro-electronic devices [14].

Here, we made an assumption that the combination of a com-
mon TF fabrication approach like SC with an industry-oriented post-
processing may overcome this challenge. As the latter, we can consider
a non-thermal plasma (NTP) providing a well-known efficient, and fast
surface treatment (via activation [15], cleaning [16,17], functional-
ization [18], and plasma etching (PE) [19]). Being a non-equilibrium
cold atmospheric pressure plasma, NTP is characterized by an electron
(10*-10° K) and a gas temperature close to a room one (up to few
hundreds Kelvin) [20,21]. Therefore, the NTP treatment proceeds by
the reactive species, appeared through the collision of electrons and
gas molecules [22]. Herein, a non-equilibrium character of the NTP
provides a gentle treatment of TFs, and hence could be considered as
a promising post-processing for MOFs [23-26].

Using such an approach, we demonstrate that the plasma etching of
a spin-coated HKUST-1 thin films (PESC HKUST-1 TFs) with a varied
thickness (1.9 to 3 pm) and roughness (more than 200 nm) decreases
the film roughness by 100 times (up to 2 nm, Fig. 1), while the
chemical composition and the structure remain. As a result, an optical
quality [27] for the MOF TF surface can be achieved resulting to a
mirror like reflectivity as well as an optical sensitivity of water through
the interference effect. The obtained results, thereby, pave the way to
a universal post-processing of MOF TFs for diverse applications where
their roughness plays a key role.
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Fig. 1. Roughness of MOF TFs, obtained by chemical vapour deposition (CVD), layer
by layer (LB), spic-coating (SC), and proposed PESC (plasma etching coupled with the
spin coating) approach. Atomic layer deposition (ALD) is for comparison.

2. Experimental section
2.1. MOF thin film fabrication

As a model MOF for thin film fabrication and plasma etching,
HKUST-1 has been selected [28]. To synthesize it, 15 mg of cop-
per(Il) acetate hydrate (Cu(AcO),H,0) and 31.5 mg of benzene-1,3,5-
tricarboxylic acid (BTC) as a ligand have been individually mixed in
50 mL of ethanol followed by stirring in an ultrasonic bath for 10 min
at room temperature. Then, each solution has been stored in syringes,
placed on an automated SC system to fabricate MOF TFs (Fig. 2a). As
a film substrate, fused silica (18 x 18 mm) has been utilized. Prior to
the TF fabrication, the substrate has been purified in isopropyl alcohol
in an ultrasonic bath for 10 min followed by O, plasma treatment. The
substrate has been glued to the SC plate with an adhesive tape (Fig. 2a).
The following parameters for TF fabrication have been set at 880 rpm,
400 and 600 synthesis cycles with no heating. As a result, the HKUST-1
TFs have been successfully obtained.

2.2. Plasma etching

For the plasma etching, an argon plasma jet has been produced by a
microwave surfatron applicator operating at atmospheric pressure. Mi-
crowave power has been delivered by a 2.45 GHz solid-state microwave
generator, while the plasma absorbed power has been set to 25 W. A
fused silica tube (6 mm inner diameter) has been inserted inside the
microwave cavity. The microwave plasma has been generated inside
this tube where a 225 scem (standard cubic centimeter per min) argon
gas flow has been injected through a mass flow meter. The tube has
been bended, so that an angle of 40° is formed between its axis and the
HKUST-1 TF surface. Experimental scheme of corresponding PE during
3 to 7 min (Figures $3-55) of HKUST-1 TFs is presented in Fig. 2b.

2.3. Structural characterization
X-ray diffraction (XRD) measurements have been performed on a

D8 Bruker AXS diffractometer in a #/20 configuration, equipped with
a Ge(111) Johansson monochromator on a primary side and a Lynxeye

Fig. 2. (a) Scheme of spin-coating (SC), (b) and plasma etching (PE) post-processing
of MOF TF.

Position Sensitive detector. Samples have been allowed to rotate at 15
rpm during the scan which have been taken with a step size of 0.021°
in 20 with 2 s/step.

The atomic-force microscopy (AFM) have been done by the Smart-
SPM 1000 (AIST-NT microscope) in semi-contact mode at ambient
conditions. Working cantilevers was HQ:NSC16/Hard/Al BS (Mikro-
Masch) with 190 kHz resonant working frequency and 45 N m~! force
constant.

The scanning electron microscopy (SEM) has been performed with
FEI Quanta Inspect S in high resolution mode by large-field detector
(LFD) at 2000x and 20 kV accelerating voltage.

2.4. Optical characterization

Optical transmission, reflection and optical sensing for HKUST-1
TFs have been measured using the confocal microspectroscopy setup
(see Figure S1) at ambient condition [29]. For the transmission, the
MOF TFs have been irradiated with a white light source (halogen
lamp HL-2000 FHSA Ocean Optics) through 10x/0.26 NA objective
(Mitutoyo M Plan APO NIR); while the transmission and reflection
signals have been collected via 50x/0.42 NA objective (Mitutoyo M
Plan APO NIR), and then analyzed using confocal Raman Spectroscopy
system (HORIBA Labram, 150 g mm~! diffraction grating and water-
cooling camera ANDOR DU 420 A - OE 325 CCD). For the optical
sensing, the MOF TFs have been irradiated with 1050 nm Yb®" laser
(TeMa, Avesta Project, 150 fs pulse duration, 80 MHz repetition rate)
via 10x/0.26 NA objective (Mitutoyo M Plan APO NIR) and with a
white light source simultaneously. Confocal Raman spectroscopy has
been also performed for HKUST-1 TFs with 632.8 nm He-Ne continuous
laser radiation (15 mW) in reflection mode through 50%/0.42 NA
objective. The collecting signal has been analyzed by Horiba Labram
Spectrometer with 600 g mm~! diffraction grating and water-cooling
ANDOR camera (DU 420 A - OE 325 CCD).

3. Results and discussion

As can be seen in Fig. 3a an optical image of as-synthesized HKUST-
1 TFs shows a homogeneous surface with a characteristic blue color
of HKUST-1 [30] which scatters the light diffusely. After the PE, the
surface of the HKUST-1 TFs changes significantly (see Fig. 3b and
Figures $2-55): First, the unique interference patterns on the surface
and the mirror like reflectivity appeared; second, the domain structure
of the HKUST-1 TFs reveals itself with an average size of 96 pm.
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Fig. 3. Optical images of as-synthesized HKUST-1 TF (a) and PESC HKUST-1 TFs (b). Scale bars, 100 pm. (c) X-ray diffraction patterns of as-synthesized and PESC HKUST-1 TFs.
(d) SEM cross-section of the as-synthesized HKUST-1 TF and (e} SEM micrograph of PESC HKUST-1 TF. Scale bars, 20 pm (d), 3 pm (e).
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Fig. 4. (a) Raman spectra for as-synthesized and PESC HKUST-1 TFs. (b) Nomalized reflectance and (c) transmittance spectra for as-synthesized and PESC HKUST-1 TFs.

The XRD analysis demonstrates that the diffraction patterns of
the PESC HKUST-1 TFs and as-synthesized HKUST-1 TFs are similar
(Fig. 3¢): the position of the diffraction peaks for both TFs preserved,
the parameters of which allowed us to estimate an average side of
domains (23 nm for as-synthesized HKUST-1 TF and 21 nm for PESC
HKUST-1 TF, see Table S1); while the intensity of the peaks for PESC
HKUST-1 TF increased with a slight decreasing of their width and
noise level (Figures 56-S8). Energy dispersive X-ray (EDX) analysis
also revealed the uniform distribution of elements over the surface of
HKUST-1 TF during the PE (Figure S13). Similar results have been also
obtained by confocal Raman spectroscopy. As one can see in Fig. 4a,
the Raman spectra of the as-synthesized HKUST-1 TF and PESC HKUST-
1 TF demonstrate the characteristic Cu—Cu bond (50 to 200 cm™),
coordination bond Cu-Ox (200 up to 700 cm™ '), and fingerprint BTC
ligand vibrations (C-H at 750 and 900 cm™!, G=C at 1000 cm™}, C-0-O
at 1485 em~! and C-O at 1550-1600 cm~1) [31]. According to XRD,
EDS, and Raman analysis we concluded that the PE be considered as a
non-damaging post-processing of HKUST-1 TFs.

Considering that the chemical mechanism is the most possible for
HKUST-1 TH etching (see SI and Figure S14), leading to improved
surface quality [19], we have performed an analysis of the HKUST-
1 TF surfaces. SEM micrographs and corresponding cross-section of
the as-synthesized HKUST-1 TFs and PESC HKUST-1 TF (Fig. 3d.e)
demonstrate a homogeneous and flat surface with the thickness var-
ied from 1.9 to 3 pum (according to the synthesis cycles). However,
comparative analysis of the surface by AFM revealed that the average
roughness of the as-synthesized HKUST-1 TF is 200 nm (Fig. 5a,c, and
Figures §9-811); while the PE of the surface reduces the roughness by

2 orders of magnitude (up to 2 nm, see Fig. 5b,d). This statement has
been also confirmed by optical profilometry, showing a high degree of
homogeneity of the PESC HKUST-1 TF (Figure S12). The latter results
bring us to an idea that PESC HKUST-1 TF surface can be characterized
with an optical quality [27].

Therefore, we have performed the optical reflectance and transmit-
tance analysis by confocal optical setup. As one can see in Fig. 4b,c,
the reflectance of the PESC HKUST-1 TFs has been increased by 30%
compared to as-synthesized HKUST-1 TFs; while the transmission has
been improved by 5 times due to suppressed diffusion scattering of
light. Herein, characteristic interference pattern appeared for the PESC
HKUST-1 TF in reflectance and transmittance regimes (Fig. 4b,c). We
have also analyzed the fringe visibility of this interference, which is
equal to 0.11, while no interference has been detected for the as-
synthesized HKUST-1 TFs. Important is that the indication of this
characteristic interference pattern for smooth PESC HKUST-1 TFs opens
up the possibility to create MOF-based TF sensors or micro- and opto-
electronic elements where the roughness plays a crucial role [32,
33].

To confirm this, we refer to the work [34] demonstrating that the
single crystals of HKUST-1 can be optically switched (color change) by
laser and returned to initial state by absorbing H,O molecules from
the ambient. Based on this, we have realized an optical interference
sensor of water based on PESC HKUST-1 TF. Fig. 6a demonstrates the
transmittance spectra of the PESC HKUST-1 TF at ambient condition
upon the action of the laser irradiation (1050 nm): no any changes
can be detected, since H,0 has been removed by heating during the
PE processing of HKUST-1 TF (dried). However, as soon as water
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Fig. 5. AFM characterization of as-synthesized (a) and PESC HKUST-1 TFs (b-d). Comparison of TF roughness for as-synthesized and PESC HKUST-1 TFs in (c). Scale bars, 5 pm
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vapor is applied (PESC HKUST-1 TF (wet) in Fig. 6b), the reversible
optical switching (15 nm shift of the interference) can be detected,

corresponding to the interaction between guest (H,0) molecules and
the framework [35].

4. Conclusion

In summary, we report on plasma etching approach allowing one to
improve the quality of MOF thin film surfaces. In details, we demon-
strate that the plasma etching of a spin-coated HKUST-1 thin films with
a varied thickness (1.9 to 3 pm) and roughness (more than 200 nm)
decreases the film roughness by 100 times (up to 2 nm), while the
chemical composition and the structure remain. As a result, an optical
quality for the film surface can be achieved, resulting to a mirror
like reflectivity as well as an optical sensitivity of water through the
interference effect. The obtained results, thereby, pave the way to a
universal post-processing of MOF thin films for diverse applications
where their roughness plays a key role.
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Figure S1. Scheme of the confocal optical setup used for sensing and characterization
experiments.
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Figure S2. Optical image of the HKUST-1 TF before plasma etching (400 cycles, 50x
maghnification).



Figure S3. Optical image of the PESC HKUST-1 TF (400 cycles, 50x magnification, 3 min of PE
treatment).
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Figure S4. Optical image of the PESC HKUST-1 TF (400 cycles, 50x magnification, 5 min of PE
treatment).
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Figure S5. Optical image of the PESC HKUST-1 TF (400 cycles, 50x magpnification, 7 min of PE
treatment).
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X-RAY DIFFRACTION ANALYSIS
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Figure S6. Comparison of the characteristic diffraction’s peaks for each HKUST-1 TF: as-
syntesized (black line) and PESC (red line), respectively. HKUST-1 TF (400 cycles (a)) and
HKUST-1 TF (600 cycles (b)).

13



1.8

B 400 cycles
B 600 cycles
1.6 |
O
1.4 4
"E |
_I’\S
~ 1.2+ T |
9 I
S
8
E 10— === == 7= == == m= o= mm e m e em e e e e e
2|t
E
0.8 1

0.6 1 +

I I 1 | I I I 1
1 2 3 4 5 6 7 8
Peak Numb.

Figure S7. Comparison of the intensity ration of the FWHM diffraction’s peaks of the HKUST-
1 TF before and after plasma etching.
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Figure S8. PXRD spectra of as-synthesized and PESC HKUST-1 TFs.
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Figure S8 shows X-ray diffraction pattern of HKUST-1 thin films (produced in this study
before and after PE). The formation of HKUST-1 was confirmed by the presence of the
characteristic peaks in each XRD pattern [S1]. The broad peaks observed in each XRD pattern
confirm that nano-crystallite films are produced. The appearance of narrow diffraction peaks
after the PE (PESC HKUST-1 TF, 400 and 600 synthesis cycles) indicates an increase in the
degree of crystallinity of the thin film. Using the Scherrer equation [S2] the average
crystallite size for as-synthesized (400 and 600 synthesis cycles) and PESC HKUST-1 TFs (400
and 600 synthesis cycles) was estimated, as shown in Table S1 including the full width at half
maximum (FWHM).

Table S1. As-synthesized HKUST-1 TF (400 and 600 cycles) and PESC HKUST-1 TF (400 and
600 cycles) crystallite sizes calculated by Scherrer Equation.

Peak Angle FWHM Calculated crystallite size Average crystallite size
(26) (26) (hm) (hm)
As-synthesized HKUST-1 TF, 400 cycles
1 6.9 0.5 14.5
2 8.9 0.2 48.1
3 9.6 0.3 26.8
4 11.8 0.5 17.4
5 13.67 0.3 25.6 27-3
6 17.6 0.3 26.8
7 22.8 0.2 41.3
8 26.1 0.4 19.7
As-synthesized HKUST-1 TF, 600 cycles
1 6.9 0.4 18.7
2 9.7 0.3 23.8
3 11.8 0.4 20.3
4 13.7 0.5 17.3
5 15.2 0.3 23.0
6 16.7 0.4 22.2 19.4
7 17.7 0.4 21.7
8 19.2 0.5 14.7
9 20.5 0.5 17.1
10 26.1 0.5 15.4
PESC HKUST-1 TF, 400 cycles

1 5.9 0.4 22.4
2 6.9 0.5 16.1
3 9.6 0.4 20.7
4 11.8 0.4 19.8
5 13.7 0.4 22.4 19.8
6 15.2 0.6 14.6
7 17.7 0.4 19.9
8 19.3 0.7 11.5
9 21.5 0.5 17.9
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10 229 0.3 29.8
11 26.2 0.4 23.2
PESC HKUST-1 TF, 600 cycles
1 5.9 0.3 25.0
2 6.9 0.3 23.0
3 9.6 0.3 25.7
4 11.8 0.4 20.3
5 13.6 0.3 22.9 21.6
6 15.2 0.4 19.7
7 17.7 0.3 23.2
8 19.2 0.5 17.4
9 26.2 0.5 17.0
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ATOMIC FORCE MICROSCOPY

Figure $10. AFM scan of the PESC HKUST-1 TF surface (Z-bar in nm scale).
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Figure S12. Optical profilometry of PESC HKUST-1 TF.
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ENERGY DISPERSIVE X-RAY (EDX) and OSE ANALYSIS

Figure S13. EDX mapping of the elements in PESC HKUST-1 TF.

As ions at atmospheric pressure do not gain enough energy to overcome the thresholds
needed for sputtering, we assumed that the thin film is etched chemically. Optical emission
spectroscopy, from 230 nm to 800 nm (Figure S14) shows the following emissions systems:

e NO-y system (AZX* - X°I)

e OH 3604 A system (A’Z" - X°I1)

e NH 3360 A system (A’IT - X°%")

e N second positif system (SPS) (C°IT, - BITy)
e ArlandOIlines

No emissions of copper, carbon, or carbon-containing molecules were observed. The
absence of these species from the film in the spectrum could be due to their lack of
excitation.

Upon comparing this spectrum with a similar one [S3], the only discernible difference is the
presence of NH emission lines. We propose that the etching mechanism of the HKUST-1 film
proceeds through hydrogen abstraction via reaction with active nitrogen species from the
discharge.

At this stage, we cannot definitively assert that oxygen is also etched from the film via NO
formation, as NO emissions are present even without the film. Further investigations are
now necessary to confirm and expand upon this scenario.
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Figure S14. Optical emission spectrum of the argon plasma in air in contact with the HKUST-
1 thin film.
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