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Solvent-free Vacuum Growth of Oriented HKUST-1 Thin Films
Sungmin Han,? Ryan A. Ciufo,® Melissa L. Meyerson,? Benjamin K. Keitz,? C. Buddie Mullins®®*

Thin films of ultrahigh porous metal organic frameworks (MOFs) are highly desirable because the unique characteristics of
MOFs could then be incorporated into micro-electronic devices, sensors, and membranes. Here we report a new thin film
growth method for highly oriented Cus(BTC). (HKUST-1) under vacuum without the use of solvents. Using layer-by-layer
(LBL) growth, we sequentially deposited HsBTC from a chemical vapor deposition process and Cu from a physical vapor
deposition process. Adopting this methodology, we grew thin films of HKUST-1 by sequentially depositing one monolayer
(ML) of Cu after each HsBTC deposition cycle. The transition of Cu® to Cu?* by forming paddle-wheel units of HKUST-1 was
confirmed by XPS, and is facilitated by background gas molecules, Oz and H.0, with no indication of copper oxide formation.
Our HKUST-1 thin films have two distinct planes, the (220) plane detected by glancing angle XRD and the (222) plane
identified by in-plane XRD, which indicates that the HKUST-1 thin films are highly oriented. Moreover, the thickness of the
HKUST-1 thin films linearly increased with the number of LBL cycles by ~ 20 nm for each LBL cycle as measured by AFM.
Finally, we measured H.0 desorption in a 100nm HKUST-1 film and observed the existence of strongly bound H.0 molecules
absorbed within the HKUST-1 film, which predominantly desorb at ~398 K. Overall, we show how to control the growth of
highly oriented HKUST-1 thin films through a bottom-up approach by directly depositing HsBTC and Cu under high vacuum.

1. Introduction

Metal-organic frameworks (MOFs) are a new class of
microporous materials, which consist of metal containing
inorganic nodes and organic linkers.%2 Because of their
ultrahigh porosity and tunability, they have been widely applied
in gas storage,32 CO; capture,19-14 hydrocarbon separation,15-21
catalysis,?224 and as microporous magnets25-2%, In addition to
these applications, the growth of MOF thin films has received
significant attention because it could facilitate the direct
fabrication of MOFs into microelectronic devices, such as gas
sensors,3032 electronic & opto-electronic devices,33-35 and also
drug delivery3637, MOF thin films can be also applied to
microporous membranes for gas separations.38-4° The majority
of MOF thin film deposition methods that have been developed
thus far have been adapted from powder-type MOF preparation
methods using various solvents. In particular it has been
reported that solvent based MOF thin film growth methods can
be widely applied in the field of gas sensors by directly
fabricating the MOF on the surface of electrodes and other
supports.2?41-4> However the solvent based MOF growth
methods have limits regarding direct applications in the
semiconductor micro-chip fabrication process which is typically
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conducted under vacuum. Primarily because the aqueous
solvents can contaminate the vacuum chambers and also
corrode the fabrication system. Furthermore, the used solvents
become environmentally harmful chemical wastes, involving
additional costs for their safe disposal.

To overcome these disadvantages, vapor-based methods for
growing MOF films are required. Stassen et al. has recently
reported a solid-vapor based ZIF-8 thin film growth method
using chemical vapor deposition (CVD) of 2-methylimidazole
(HmIm).#647 In this study, the ZnO layers grown by an atomic
layer deposition (ALD) technique were exposed to HmIm vapor
for the transformation of ZnO to ZIF-8 on the basis of a
neutralization reaction (ZnO + Hmim =>» ZIF-8 + H,0). They
showed that patterned ZIF-8 films could be prepared employing
patterned ZnO layers. An analogous ZIF-8 growth method was
used to grow gas separation membranes by converting ZnO
layers to ZIF-8 on permeable Al,O3 substrates.4® Because these
techniques for ZIF-8 film growth involve the conversion of ZnO
precursor layers to the ZIF-8 structure, which is a top-down
approach, they are susceptible to self-inhibition when thick ZnO
layers are used. Specifically, in both studies,4%4¢ the authors
found that the continuous diffusion of HmIm to the bottom ZIF-
8 - ZnO interface is slower and limited by initially converted ZIF-
8 layers, which are on the top of the ZnO layers. These studies
highlight the need for improved methods to control MOF thin
film synthesis.

HKUST-1, [Cu3(BTC),] (BTC: Benzene-1,3,5,-tricarboxylic acid),
is one of several commercialized MOFs and is widely studied
because of its coordinately unsaturated open metal sites.484°
The open metal sites in HKUST-1 function as chemically active
centers, and thus, HKUST-1 has shown various interesting
applications such as selective gas adsorption and separation,>%-



Journal of-‘Materials'Chemistry A

54 Lewis acid catalysis,>® and proton transfer channels.>¢ Thin
films of HKUST-1 have also been widely investigated primarily
regarding highly-oriented growth using self-assembled organic
monolayers (SAMs).5758 The SAMs are famous for their
relatively easy preparation and can be patterned using facile
micro contact printing. Thus, employing the SAMs can allow the
synthesis of surface bound thin film SURMOFs (SURfaceMOFs)
which are homogeneous and atomically flat. Specifically, the -
COOH or -OH or -CH3 terminated SAMs, which are the main
functional groups in the organic linker for HKUST-1 (H3BTC), can
promote the successful growth of 2D thin film HKUST-1 via
immersing SAM coated films in the metal ion (e.g., Cu?* or Zn?*)
and the ligand (BTC) containing solutions sequentially.57-38 This
SAM based method leads to the growth of highly-oriented
HKUST-1 films (the -COOH for the {200} planes and the -OH for
the {222} planes). HKUST-1 MOF thin films can also be directly
grown on basic metal oxide interfaces (e.g., Al,O3) without
SAMs,>® and the overall growth can be controlled using UV
irradiation.®® Similar to the case of ZnO, copper oxides and
copper hydroxides can be precursors for HKUST-1 thin film
growth on various substrates.>?:61.62 Although SAMs and other
oxide interfaces provide growth sites for the deposition of
HKUST-1 thin films, they are still solution-based methods
basically following the HKUST-1 powder preparation method.
As a new approach, we report the physical vapor deposition
(PVD) of Cu® and the chemical vapor deposition (CVD) of H3BTC
on a Si0,/Si(100) substrate for the solvent-free growth of
HKUST-1 thin films (~20-200 nm in thickness) in a high vacuum
chamber (base pressure 2.0 x 10-8 Torr), which is also expected
to be applicable in the microelectronic fabrication process. (See
Scheme 1). Similar to the suggested growth concept in this
study, the combined method of PVD of metal atoms and CVD of
organic ligands has been applied to forming “so-called” 2D-
metal organic networks on various metal surfaces previously
(typically one layer in thickness).63%> Improving this 2D based
method, the layer-by-layer (LBL) growth concept was adopted
in this study as a way of achieving bottom-up thin film growth.
Our successfully grown HKUST-1 thin films have polycrystalline
features, but they are preferentially grown and show the (220)
and (222) planes as their primary planes measured from
glancing angle XRD and in-plane XRD respectively. We have
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Scheme 1. Schematic description of HKUST-1 thin film growth in the high vacuum
chamber
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further analyzed our HKUST-1 thin films using XPS and AFM and
also successfully measured the adsorption and desorption of
H,0 on our HKUST-1 thin films under high vacuum. Overall, we
suggest a new growth method of highly oriented HKUST-1 thin
films by controlling the depositions of H3BTC and Cu under high
vacuum.

2. Experimental Section

HKUST-1 thin films were grown in a high vacuum system with a
base pressure of ~2.0 x 108 Torr. Our high vacuum system
consists of two different parts. One part is a sample growth
chamber equipped with an e-beam evaporator for the PVD of
Cu and a thermal evaporator for the CVD of H3BTC. The other
partis a sample loading and thermal analysis chamber equipped
with a quadrupole mass spectrometer (QMS). We used a
Si0,/Si(100) wafer from MTI as a substrate for the growth of
HKUST-1 thin films, where 300 nm SiO, layers were grown on a
Si(100) substrate. A piece of the Si0O,/Si(100) wafer, which has
the dimensions 0.9 cm x 0.9 cm x 0.5mm, was loaded on to a
sample holder composed of a tantalum plate located in the
sample loading chamber. The sample holder is mounted to two
tantalum wires which can resistively heat the loaded sample
and also provide a thermal contact between the sample and a
liquid nitrogen bath for cooling. The sample temperature was
measured by a K-type thermocouple spot-welded to the top
edge of the tantalum plate.

As mentioned earlier, we used an e-beam evaporator for the
PVD of Cu. The electrons from a tungsten filament were
directed (via biasing) to metallic Cu pellets filled in a
molybdenum (Mo) crucible. The Cu deposition rate was held at
0.05 A/s, as calibrated by a quartz crystal microbalance (QCM)
and its controller (Inficon SQM-160) assuming the thickness of
1 ML (monolayer) Cu to be 2.56 A. To perform the CVD of H3BTC,
95% H3BTC powders (from Sigma Aldrich) were placed in a Al,03
crucible and resistively heated while also monitoring its
temperature by a K-type thermocouple. The H3BTC
temperature was fixed at 473 K (200 °C) during the deposition
process. Using manual shutters in front of both the Cu and
H3BTC evaporators, it was possible to control the deposition
time of each evaporator. Before the beginning of the HKUST-1
thin film growth, the sample growth chamber was back-filled
with H,O (2.5 x 10 Torr) and O, (2.5 x 10 Torr), which
increased the chamber pressure to 5.0 x 10> Torr. 4 ML Cu were
initially deposited on the SiO,/Si(100) wafer sample, and then
H3BTC and Cu were exposed sequentially. The sample was held
at 323 K during the deposition of Cu and H3BTC, followed by
annealing at 343 K for 15 minutes after completion of the
deposition process while maintaining the back-filled H,O and O,
in the chamber at 5.0 x 10> Torr. Successfully grown HKUST-1
thin film samples were further characterized by ex-situ analysis
using X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and atomic force microscopy (AFM). To minimize
complications due to the SiO,/Si(100) substrate during XRD
analysis, we adopted two different XRD techniques with Cu K4
radiation in the Rigaku Ultima IV; glancing-angle XRD (GAXRD)
and in-plane XRD (IPXRD), which allow us to observe the
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crystallinity of the HKUST-1 thin films. The GAXRD was
conducted with a scan rate of 0.5°/min in 0.02° steps, and the
IPXRD was operated with a scan rate of 0.1°/min in 0.02° steps.
Surface chemical states and bonds were identified by a Kratos
Axis Ultra XPS system using a monochromatic Al-K, X-ray source
(1486.6 eV), and the spectra were calibrated by the C1s peak at
284.6 eV as a standard. Casa XPS analysis software was used to
conduct peak deconvolution of measured XPS spectra adopting
a Shirley background and line shapes with a combination of the
Gaussian and Lorentzian functions, which keeps the full-width
at half maximum (FWHM) of deconvoluted peaks in all XPS
spectra lower than 2.5 eV. The thickness and roughness of the
HKUST-1 thin films were characterized by a non-contact atomic
force microscope (XE-100). We also measured H,O adsorption
and desorption capability of the HKUST-1 thin films employing
temperature programmed desorption (TPD). To conduct the
TPD experiments, we first activated the HKUST-1 thin film
sample by heating it from 298 K to 398 K at a temperature ramp
rate of 0.5 K/s and then holding it at 398 K for 20 minutes, at
which time there was no longer any further H,O desorption as
detected by the QMS. The activated HKUST-1 thin film was then
cooled to 120 K and exposed to back-filled H,O molecules at 2.0
x 106 Torr for 30 minutes. After that, the H,O exposed HKUST-
1 thin film was heated from 120 K to 398 K at a rate of 0.5 K/s
and held at 398 K for 20 minutes to complete the H,0
desorption. During this process, a m/z* =18 signal was recorded
by the QMS (Extorr xt100m). We did not increase the HKUST-1
sample temperature above 398 K in order to prevent the
decomposition of the deposited HKUST-1 structures.

3. Results and discussion

As shown in Scheme 1, the CVD of H3BTC and the PVD of Cu are
performed to grow the HKUST-1 thin film on a SiO,/Si(100)
substrate under vacuum. Oxidized Cu precursor layers (e.g.,
CuxOy, Cu(OH),)>%61.62 were not required to grow the HKUST-1
film. Adopting a bottom-up growth concept, H3BTC and Cu were
directly exposed to the substrate sequentially establishing a
layer-by-layer (LBL) growth protocol. At the beginning of the
growth, 4 ML of Cu (~ 1 nm thick) was deposited directly on the
Si0,/Si(100) substrate. This initial Cu layer was mainly used as
a substrate upon which H3BTC molecules in the first deposition
cycle can be organized. It is known that H3BTC molecules can
form porous supramolecular structures not only by themselves
but also on various surfaces, such as Cu, Ag, Au and graphite.®¢-
74 We were inspired by these studies to use the supramolecular
structures of H3BTC as templates to grow the HKUST-1 thin
films.

We found the optimized growth conditions to consist of an
exposure time of H3BTC of 3 minutes in each cycle while holding
the evaporation temperature of H3BTC at 473 K (200 °C). The
vacuum chamber was back-filled with H,O and O, to a total
pressure of 5.0 x 10> Torr. During the growth, the sample was
held at 323 K, which was followed by annealing at 343 K for 15
minutes all with 5.0 X 10> Torr of H,0 and O,. As shown in Figure
1, we optimized the amount of Cu in each cycle using a 5 LBL
cycled HKUST-1 thin film as a representative case by measuring

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. XPS analysis for the Cu2p region of 5 LBL cycles of HKUST-1 thin films. To
optimize the amount of Cu in each layer, the 5 cycled HKUST-1 thin films were
grown by using 0.5 ML Cu (purple), 1.0 ML Cu (green), and 1.5 ML Cu (red) in each
LBL cycle. We highlighted the main peak for Cu?* (~ 934 eV) and its sub peak with
light-blue and the Cul*/Cu® peak (~ 932 eV) and its sub peak with brown.

the oxidation state of Cu via XPS, which is a widely used analysis
method for confirming the Cu?* state in HKUST-1.3475-82
Specifically, a 1 ML Cu deposition in each cycle for the 5 cycled
film shows the highest ratio of Cu?* to Cul*(or Cu®), 92 % and 8
% respectively by integrating the deconvoluted peak area of
Cu?* (~ 934 eV, light-blue line) and Cu*/Cu® (~ 932 eV, brown
line), which also has clear satellite peaks by Cu2* from 936 eV —
946 eV. This Cu?* to Cul*/Cu® ratio is similar to previously
reported values from the HKUST-1 powders and thin films.81.82
When we decreased the amount of Cu to 0.5 ML, the Cu?* peak
intensity is about a half of the 1.0 ML case, which indicates that
0.5 ML Cu does not fully saturate the H3BTC layers. However, a
deposition of 1.5 ML Cu in each cycle causes over-saturation of
the H3BTC layers, as it shows a higher intensity of the Cu*/Cu®
ratio with almost the same intensity of Cu2* compared to the 1.0
ML Cu case. This result indicates that the extra Cu atoms are
partially oxidized or remain unreacted. Based on these results,
we fixed the deposition amount of Cu in each cycle at 1 ML.
There was no indication of copper oxide formation in any of the
tests since their O1s XPS spectra do not show any components
in the range of 530.5 eV - 529.5 eV as shown in Figure S1, which
is a typical range for the O1s feature from Cu,0 and Cu0Q.76.83,84

As mentioned above, Cu and H3BTC deposited samples were
annealed at 343 K for 15 mins to complete the HKUST-1 film
growth. After finishing growth, we measured the crystallinity of
our samples using glancing-angle XRD (GAXRD). GAXRD is a
widely adopted asymmetric out-of-plane XRD technique, which
can analyze variously oriented planes in thin films with less
interruption from their supporting substrates and the
techniques have also been adopted for HKUST-1 thin film
analysis previously.33.3485-87 Qur HKUST-1 thin films displayed
peaks at ~9.2° and ~ 18.5° in the GAXRD (gray line in Figure 2a),
which corresponds to the (220) and (440) planes of HKUST-1
respectively. (We will further discuss its crystallinity in the
following section.) The unannealed 5 cycles of H3BTC (blue line

J. Name., 2013, 00, 1-3 | 3
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Figure 2. (a) XRD patterns for the 5 cycles of unannealed H3BTC (blue, 5 times of

H3BTC deposition for 3 minutes in each), the 5 cycles of HKUST-1 films (gray), and
the 5 cycles of annealed H3BTC at 343 K for 15 mins (red). (b) and (c) show the XPS
spectra of O1s and C1s regions respectively for the 5 cycles of annealed H3BTC and
the 5 cycles of HKUST-1 film.

in Figure 2a, five consecutive rounds of H3BTC deposition on the
substrate for 3 mins each, 15 mins in total), which is directly
grown on the initial Cu layer without including Cu deposition
between each H3BTC deposition, shows very similar XRD
patterns compared to the HKUST-1 thin films even though there

4| J. Name., 2012, 00, 1-3

are still some differences between these two XRD patterns
above 25°in 20 as shown in Figure S2. The unannealed 5 cycled
H3BTC fully covers the top surface of the substrate, which shows
a different color compared to a blank SiO,/Si(100) substrate.
(Figure S3) Moreover we did not detect Cu features in the Cu2p
region in its XPS spectrum in Figure S2b, which would appear if
the H3BTC molecules did not fully cover the 4 ML Cu deposited
Si0,/Si(100) substrate. This means there are multilayers of
H3BTC forming 3D structures by themselves. From the XRD
results, we propose that the deposited H3BTC molecules are
long-range ordered on the initial Cu layer (~ 1 nm of thickness)
on the SiO,/Si(100) substrate to form the supramolecular
structures based on hydrogen bonds (H-bonds) which leads to
the HKUST-1 like structures. Similar to this study, it has been
found that the Cu layer on the Au(111) surface provides binding
and regular organization sites for H3BTC molecules without
changing the oxidation state of the Cu atoms.88

Since the H3BTC molecules are connected to each other only
by H-bonds, they lose their crystallinity after annealing at 343 K
for 15 mins (red line in Figure 2a), likely being converted into
randomly ordered H-bonded clusters. Even though the 5 cycles
of H3BTC were annealed at 343 K, it is not a high enough
temperature to cause the desorption of multilayers of H3BTC,
which needs to be heated to ~ 573 K as previously found.8°
There is also no color change between the unannealed and
annealed films as shown in Figure S3, and it was possible to
detect the H3BTC molecules on the annealed surface by Ols and
C1s XPS measurements (which will be discussed in the following
section). The lack of crystallinity in the annealed 5 cycled H3BTC
sample (see Figure 2a) supports the notion that Cu atoms in the
initial 4 ML Cu layer do not broadly diffuse into the H3BTC layers
to form a HKUST-1 structure and also there is no trace of Cu in
the Cu2p region in XPS as described in Figure S2b. This lack of
crystallinity is very interesting since an HKUST-1 structure can
be annealed to 343 K and retain its crystallinity after annealing.
As we mentioned above, the XRD patterns of the 5 cycled
HKUST-1 are similar to the unannealed 5 cycled H3BTC. Both
cases have a main peak at ~ 9.2° of 26. The full-width half
maximum (FWHM) of this peak in the unannealed 5 cycled
H3BTC is ~ 0.3°, which is slightly smaller than the FWHM of the
same peak in the 5 cycled HKUST-1 (~ 0.37°) indicating the
decrease of average grain sizes. Relatedly, deposited Cu atoms
in each cycle react with H3BTC molecules, which shrinks the
structure by forming coordinate bonds between Cu and H3BTC,
which leads to the FWHM of the HKUST-1 film at ~ 9.2° being
increased. We can also see that the unannealed 5 cycled H3BTC
have a stronger peak at ~ 9.2° than the corresponding peak on
the HKUST-1 film, but its peak at 18.5° is weaker than the one
on the HKUST-1 film related to the (440) plane of HKUST-1.
These results indicate that the crystal structures of the HKUST-
1 thin film are originating from the 3D supramolecular
structures of H3BTC, but there are still some structural changes
caused by the 1.0 ML Cu deposition after each H3;BTC
deposition. Furthermore, it has been found that H3;BTC
molecules can be densely packed and regularly organized on Cu
surfaces by forming chain structures composed of up-right
oriented H3BTC molecules anchored on Cu atoms, and then

This journal is © The Royal Society of Chemistry 20xx
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extra H3BTC molecules form 3D structures based on hydrogen
bonds (H-bonds) with each other.8%.20

We also compared differences in Ols and Cl1s XPS spectra of
the annealed 5 cycles of H3BTC (the same growth conditions as
the HKUST-1 thin film except with no Cu deposition between
H3BTC cycles) and the 5 cycled HKUST-1 thin film in order to
prove that the deposited Cu atoms interact with the H3BTC
structure. The O1s spectrum of the annealed 5 cycles of H3BTC
shows two peaks having similar intensities at 531.5 eV for
C=0/0-C=0 bonds by carboxyl groups and its split peak at 532.8
eV for C-OH bonds,7?21-93 which is similar to previously
observed H-bonded H3BTC molecules on a Ag coated Au(111)
surface and a Cu(100) surface.’?28 However, the 5 cycled
HKUST-1 films has a peak at 533.1 eV for C-O bonds (ester type
oxygen) and the other peak is at 531.5 eV for C=0/0-C=0 bonds
(carboxylate type oxygen).7991-93 Consistent with previous
HKUST-1 studies,892192 the C-O bond peak shows lower
intensity than the C=0/0-C=0 bond peak. This ester type C-O
bond can be formed when the H3BTC is deprotonated and forms
coordinate bonds with CuZ*, Cu-O-C. These results also confirm
that H3BTC molecules in the annealed 5 cycled H3BTC are not
fully deprotonated to make new covalent bonded clusters by
forming ester type C-O bonds with each other, but they still exist
as H-bonded clusters. The Cl1s XPS spectra of H3BTC and HKUST-
1 also shows clear differences depending on their chemical
status (see Figure 2c). The annealed 5 cycles of H3BTC mainly
shows C-C sp2 bonds at 284.6 eV7521.94.95 gnd also has a peak for
0O-C=0(~ 288.7 eV) bonds from the carboxyl group of
H3BT(C91.9496,97 \When we compare these results to the 5 cycled
HKUST-1 thin film, the HKUST-1 sample has a peak at 284.6 eV
for C-C bonds and shows the formation of C-O bonds at ~ 285.9
eV by the ester type bond formation with Cu?* ions (Cu-O-C) as
previously observed,?1.9495 which also has been detected in the

Srowth T cyer Jeuricud] Cu?*

(x10°% Torr)|ratio (%) [ratio (%) \ - .
: Cu™/Cu

0,(2.5)| 41 59
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Figure 3. XPS analysis for the Cu2p region of 5 LBL cycles (1 ML Cu deposited in each
cycle) of HKUST-1 thin films grown with H,0 + O, background gases at total pressure
of 5.0 x 10> Torr (2.5 x 10> Torr in each), pure O, at 5.0 x 10 Torr, and pure O, at
2.5x 10 Torr. We highlighted the main peak for Cu?* (~ 934 eV) and its satellite peak
(~ 954 eV) with light-blue and the main Cul*/Cu® peak (~ 932 eV) and its satellite peak
(~ 952 eV) with brown.
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O1s spectrum. Furthermore, there is a peak at 288.3 eV
indicating C=0 bonds,°19497 which is 0.4 eV lower than the peak
of carboxyl groups (O-C=0) observed in the annealed H3BTC
sample, so it also supports the deprotonation of H3BTC to form
the Cu-O-C bond in HKUST-1.

As we explained above, we directly deposited Cu® atoms on
the H3BTC covered surface instead of using other Cu based solid
precursors, such as CuO and Cu(OH),, which have been used in
previous studies.>%:61.62 However, we adopted O, as a
background gas expecting it to work as the ionization agent of
Cu and the deprotonation agent of H3BTC. Furthermore, it has
been found that water vapor enhances the solid state
conversion of ZnO to ZIF-8.%6 To investigate the synergistic
effect of the background gases, H,O and O,, we grew HKUST-1
films under two different pure O, back-filled conditions (2.5 x
103 Torr and 5.0 x 10-° Torr) and compared them to the sample
grown under a H,0 and O, mixed condition (total pressure: 5.0
x 10> Torr, H,0 (2.5 x 10°> Torr) + O3 (2.5 x 10-> Torr)). Since the
formation of copper oxide has not been found in XPS in any of
our tests (see Figure S1 and S4), we assumed that the oxidation
of Cu® to Cu?* is caused by the formation of the paddle-wheel
units of HKUST-1, which consist of BTC3- (deprotonated H3BTC)
and Cu?*. As shown in Figure 3, it is possible to detect CuZ* in
XPS even by back-filling the chamber with the pure O.,.
However, there are differences in the ratio of Cu?* to Cul*(or
Cu%) depending on the applied pressure of O,. When the O,
pressure is increased from 2.5 x 10-5 to 5.0 x 103, there is more
Cu?* formation, which means the O, molecules are involved in
the oxidation of the Cu atoms. There is still no indication of any
Cu oxides based on the O1s XPS in each case (Figure S4), so the
0, molecules mainly work to ionize Cu and deprotonate H3BTC.
The H,0 and O, mixed case showed the highest ratio of Cu2*
compared to others. This phenomenon can be caused by the
solvation effect of water, for which it has been
thermodynamically proven that the coordinated H,O molecules
stabilize the paddle-wheel units of the HKUST-1.98-100 |n
particular, it is also known that the deprotonation of ligands is
essential in the growth of various MOFs,101 so we suspect that
the background H,O molecules facilitate the deprotonation of
H3BTC, which allows more facile oxidation of Cu® to Cu?*.

We also grew 2, 5, and 10 cycled samples to check their
crystallinity by adopting two different XRD techniques, the
glancing-angle XRD (GAXRD) and the in-plane XRD (IPXRD) as
shown in Figure 4a and 4b respectively. These samples are
uniformly coated on the substrates and highly reflective, like a
mirror, which show different color depending on the number of
growth cycles as indicated in Figure S5. In overall XRD
measurements, the (220) plane at 9.2° in 20 shows the
strongest intensity in the GAXRD (Figure 4a), and the (222)
plane at 10.8°in 26 is a dominant plane in the IPXRD (Figure 4b),
which  means our HKUST-1 thin films are highly
oriented.33:3448102 However, additional peaks for HKUST-1
above 20° appear as indicated in Figure S6, which are due to the
polycrystalline properties of our HKUST-1 thin films. The XRD
peaks in both measurements are slightly shifted towards lower
angles compared with HKUST-1 simulated peaks*® It has been
found that the top surface compositions of the substrate
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Figure 4. (a) the glancing-angle and (b) the in-plane XRD measurements for 2, 5, 10
LBL cycles of HKUST-1 thin films with simulated HKUST-1 XRD patterns (black lines
at the bottom of each figure). (c) shows the thickness of these HKUST-1 thin films
measured by AFM. Top and lateral views of the 10 cycled HKUST-1 film are also

included as insets.

directly affect the thin film structures grown on it.193 Thus, we
suspect that the XRD peak shifts could be related to the
alignment of H3BTC molecules on the Cu covered SiO,/Si(100)
substrate since we have already found that the HKUST-1
structure is derived from the deposited H3BTC layers as shown
in Figure 2. Moreover, there would be some accumulated
strains within the H3BTC-Cu-SiO,/Si(100) structures, which
possibly affects the HKUST-1 thin film structures.103-105
Specifically in the GAXRD measurements, the peak intensity for
the (220) plane at 9.2° continuously gets bigger with increasing
number of LBL cycles, but the FWHM of this peak stays almost
the same, ~ 0.37°, in all tested HKUST-1 films. The (440) plane is
also observed at ~ 18.5°, which is a sub-plane of (220). However,
our samples do not show other main planes for HKUST-1, such
as peaks at ~ 6.5° for the (220) plane and ~ 11.5° for the (222)
plane. For the IPXRD, the peak for the (220) plane located
between 9° and 10° is not observed, but all the samples have a
peak at 10.8°, which is close to the (222) plane of HKUST-1. As
with the (220) peak in the GAXRD, the thicker the sample is, the
more intense the peak for the (222) plane, with a similar FWHM
value (~ 0.36°). From the 5 cycled samples, XRD peaks for the
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(200) and (300) planes are also observed at ~6.5° and ~ 13°
respectively, and they also get larger on the 10 cycled sample.
Although the (222) plane is detected as a main plane in the
IPXRD measurement, which shows our HKUST-1 thin films are
highly oriented, the observation of the (200) plane on thicker
films indicates a polycrystalline character for our samples. The
two dominant planes in our measurements, (220) and (222),
have also been observed in a previous study in which octahedral
shaped HKUST-1 particles grown along the <100> direction are
well organized on a gold substrate.102

After analyzing the structural properties of our HKUST-1 thin
films, we investigated their thickness and surface characteristics
using atomic force microscopy (AFM). As shown in Figure 4c, the
thickness of our 2, 5, and 10 cycled HKUST-1 thin films are
analyzed. (more detailed results are in Figure S7) To conduct
these measurements, we masked some portions of the
substrates and then grew the HKUST-1 films. With more LBL
cycles, the thickness of our samples linearly increases, as
expected, with a R2 value of 0.99. Specifically, the 2, 5, and 10
cycled samples have average thicknesses of 37.5, 97, and 210
nm respectively, where each LBL cycle deposits a ~ 20 nm-thick
HKUST-1 film. The root mean square (RMS) roughness also
increases depending on the number of LBL cycles as with other
MOF thin film growth studies,1% but our samples are quite flat
since even the 200 nm thick sample (10 cycles) has ~ 1 nm for
the RMS roughness. This can be observed from the top view and
lateral view of the 10 cycled HKUST-1 film in the inset to Figure
4c. The top view shows its continuous and homogeneous top
surface. In the lateral view, it is interesting to see that the
densely packed nano rods on the surface are regularly
organized in an up-right orientation. These AFM observations
are further evidence for the highly-oriented structure of our
HKUST-1 thin films.

It is known that the HKUST-1 is an exceptional H,O sensor,
which tends to be adsorbed at the 9 A main cages of HKUST-
1.32,207-109 Although the adsorption energy of H,0 is known to
be 48 - 55 kJ/mol,110-113 previous H,0 isotherm measurements
have shown hysteresis during the H,0 desorption process,114115
which indicates some water molecules are strongly
chemisorbed in the HKUST-1 structure. These strongly
chemisorbed H,0 molecules can be removed by an activation
process, which typically involves holding the HKUST-1 structure
at ~ 120 °C under vacuum.®0.112115 Fyrthermore it has been
found that the weight of HKUST-1 powders rapidly decreases
from the evaporation of strongly bound H,0 and other solvent
molecules when the temperature increases from 25 °C to 150
°Cin previous TGA analysis.”®116 |n our study, we also tested the
adsorption and desorption of H,O in order to measure the
porosity and gas uptake properties of our HKUST-1 thin films.
To conduct this experiment, the activated 5 cycled HKUST-1 thin
film was exposed to back-filled H,O molecules (2.0 x 10 Torr).
This is a constant pressure H,O adsorption experiment at a
significantly lower pressure compared to previous isotherm
tests using HKUST-1 powders in which the vapor pressures of
H,O were varied up to its saturated vapor pressure (~23 Torr) at
room temperature.110-115 We first tested the adsorption of H,0
while the sample was held at 120 K for 30 mins. Shown in Figure

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) The desorption spectra of H,0 molecules exposed to the 5 cycled HKUST-1 thin film at 120 K (red), 200 K (blue), and 240 K (orange) for 30 mins at 2 x 10 Torr H,0
for each. As a reference, we also added the desorption spectrum of H,0 exposed to the sample holder (made of tantalum) at 120 K for 30 mins at 2 x 106 Torr H,0 (black). After
the H,0 adsorption at different temperatures, the samples were held at 120 K for 2 mins and then heated to 398 K at 0.5 K/s to conduct temperature programmed desorption
(TPD). The inset describes a 5 times magnified temperature range of 130 K to 300 K. When the samples reached at 398 K, they were kept at 398 K for 20 mins for the isothermal
H,0 desorption. (b) Zoomed out H,0 desorption spectra. (c) Relative amount of H,0 desorption by different H,O exposure times at 200 K. (30, 15, 8, and 4 mins)

5a are the results of temperature programmed desorption
(TPD) measurements. Our measurement protocol is similar to
that used extensively in surface science experiments performed
under ultrahigh vacuum conditions. Here we measured the
desorption of H,0 by heating the sample from 120 K to 398 K at
a rate of 0.5 K/s to 398 K and then holding the sample at 398 K
for 20 mins to complete the desorption of water [again, we did
not heat the sample above 398 K to prevent decomposition of
the HKUST-1 film]. It is the same heating process used for the
activation of our HKUST-1 thin films in this study. The H,0
desorption shown in Figure 5a and Figure 5b first displays a
desorption peak at 190 K, which starts from 150 K. This peak is
due to the multilayers of H,O on the HKUST-1 surface and is
characterized by the H,O signal intensity increasing sharply
from ~ 150 K and then rapidly dropping right after 190 K. This
desorption behavior is similar to the zeroth order desorption by
multilayers of H,O molecules on metal and metal oxide surfaces
as previously studied.117.118 Although the H,O molecules
continuously desorb until 270 K, the desorption behavior is
slightly changed after finishing the multilayer H,O desorption at
involve another desorption feature.
Moreover, the sample holder itself, which is made of tantalum
(Ta), shows multilayer H,O desorption at ~ 190 K (black line in
Figure 5a), but its intensity quickly drops above 190 K, and also
has a lower intensity compared to the 5 cycled HKUST-1, which
is indicated in the inset of Figure 5a and Figure S8. Thus, we also
tested the adsorption of H,O at 200 K with the same H,O
pressure and exposure time as with the 120 K experiments to
avoid the formation of H,O multilayers. Water adsorption at
200 K will not create a multilayer so no desorption feature for

190 K, which could

multilayer water is expected.

During the desorption test of H,O adsorbed on the 5 cycled
HKUST-1 film at 200 K, there is a new broad desorption peak at
~ 240 K. Its desorption range (200 K to 270 K) corresponds to
the temperature range in which the desorption behavior of H,0
adsorbed at 120 K was changed. The H,0 molecules desorbing
in this temperature range could be molecularly adsorbed H,0
molecules near the MOF-vacuum interface.''? If we assume that
these H,0 molecules desorb from the near surface, a Redhead

This journal is © The Royal Society of Chemistry 20xx

analysis can be adopted to estimate the desorption energy of
the H,0,120 and this analysis yields a value of ~ 60 kJ/mol. This
value is close to previously measured H,0 adsorption energies
for HKUST-1 (48 - 55 kJ/mol).110-113 As shown in Figure S8,
chemisorbed H,O molecules on our Ta sample holder desorb
from 215 K to 290 K when the Ta sample holder is solely exposed
to H,0 at 200 K. Although this temperature range is a little bit
higher than the low temperature H,O desorption feature
observed in the HKUST-1 sample, it could contribute to the H,0
desorption from the 5 cycled HKUST-1 film. However, we have
already observed in the H,O adsorption tests at 120 K that the
5 cycled HKUST-1 film shows more H,0 desorption above 190 K
compared to the Ta sample holder. Furthermore, the top
surface of the sample holder was covered by a HKUST-1 thin film
sample during the H,O0 adsorption and desorption tests of the
HKUST-1 thin film. Thus the H,O generation during the TPD of
the HKUST-1 thin film can be mainly attributed to the HKUST-1
structures. When adsorption of H,0 is conducted at 240 K, the
relatively small desorption feature between 200 and 270 K
disappears as indicated in Figure 5 (blue traces).

In all the H,0 desorption tests, with H,O molecules adsorbed
at 120 K, 200 K, and 240 K, the remaining strongly chemisorbed
H,O molecules begin to desorb from ~ 320 K and continue the
desorption through 398 K. In particular, most of the H,0
desorption occurs while the sample is held at 398 K, which is
further evidence for the gas capture capability of our HKUST-1
thin films, since the Ta sample holder itself does not show any
H,O desorption features above 190 K. This H,O desorption
temperature range is similar to the previous TGA analysis of
HKUST-1,78116 which shows a rapid weight loss from 25 °C (298

K) to 150 °C (423 K) by water and other solvents. The number of

adsorbed H,0 molecules is also controllable based on the H,O
exposure time as shown in Figure 5c for an adsorption
temperature of 200 K. Here we arbitrarily define the relative
quantity of desorbing H,O molecules for the 30 minute H,0
exposure case as 1.0. With decreasing H,0 exposure time from
30 mins to 4 mins, the quantity of desorbing H,O molecules
linearly decreases, with a R? value of 0.99. After these H,0
adsorption and desorption tests, GAXRD of the HKUST-1 film
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showed the same XRD diffraction patterns as the fresh sample
(shown in Figure S9). These results indicate that our HKUST-1
thin films grown under vacuum also have the capability to
repeatably capture gas molecules in their pores similar to
HKUST-1 powder samples. Our results demonstrate that TPD is
an effective experimental method for analyzing the desorption
behavior of strongly adsorbed gas molecules on MOFs under
vacuum at various temperatures, some of which may be difficult
to be detected in conventional isotherm experiments.

Conclusions

We developed a new solvent-free HKUST-1 thin film growth
method employed under vacuum by adopting a LBL deposition
strategy involving the sequential physical vapor deposition of
Cu followed by chemical vapor deposition of H3BTC. After back-
filling O2 and H,O gases up to 5.0 x 10 Torr, we initially
deposited 4 ML of Cu (~ 1 nm) on a SiO,/Si(100) substrate and
then exposed H3BTC and Cu in turn using layer-by-layer (LBL)
growth. The H3BTC source evaporator was held at 200 °C during
the growth, and we fixed the amount of evaporation time of
H3BTC in each cycle at 3 mins. Based on this fixed amount of
H3BTC, we optimized the amount of Cu in each cycle by growing
5 cycled samples and measuring XPS to verify the oxidation
state of Cu. As determined by XPS, 1 ML Cu deposition after
each H3BTC deposition cycle showed the best Cu?* to Cul*/Cu®
ratio compared to other tested amounts of Cu (0.5 ML and 1.5
ML) in our experimental setup, and there was no trace of copper
oxide formation. We also found that the unannealed 5 cycles of
H3BTC formed supramolecular structures which exhibited
similar XRD patterns to the 5 cycles of the HKUST-1 film.
However, after annealing the 5 cycled H3BTC at 343 K for 15
mins, which is the same annealing process to finalize the growth
of our HKUST-1 films, they no longer showed crystallinity and
became randomly ordered. This suggests that the HKUST-1 thin
film structures are derived from the 3D supramolecular
structures of H3BTC molecules, and deposited Cu atoms work as
joints for the H3BTC ligand to keep their HKUST-1 like structure.
For investigating the effect of background gases of O, and H,0
during HKUST-1 growth, we grew several 5 cycled HKUST-1 films
with different background gas conditions and discovered that
H,0 molecules clearly enhance the conversion of Cu® to CuZ*in
the HKUST-1 film deposition. In the analysis of the crystallinity
of the HKUST-1 thin films, the (220) and (222) planes were
determined to be dominant planes in the GAXRD and IPXRD
measurements respectively, which shows that our HKUST-1 thin
films are highly oriented. Furthermore, the thickness of HKUST-
1 thin films increased linearly depending on the number of LBL
cycles, ~ 20 nm for each LBL cycle as verified by AFM. We also
conducted H,0 adsorption and desorption tests on a 5 cycled
HKUST-1 film, which has a thickness of ~ 100 nm. The H,0
adsorption was conducted at 120 K, 200 K, and 240 K by back-
filling the vacuum chamber with 2.0 x 106 Torr of H,0 for 30
mins. The H,0 desorption measured by QMS showed that most
of the H,O desorption occurred when the sample was
isothermally heated at 398 K (125 °C). These results correspond
to previous TGA measurements on HKUST-1 and indicate that

8| J. Name., 2012, 00, 1-3

these constant pressure H,O adsorption and desorption tests
under vacuum are able to detect strongly bound H,0 molecules
in HKUST-1. Therefore, this study suggests that HKUST-1 thin
films can be grown under vacuum without the use of any
solvents, where its thickness is also controllable within ~ 20 nm
scale. We expect this vacuum based MOF growth can be applied
in various fields such as semiconductors, sensors and
membranes.
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