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Inkjet-printed p-type CuBr,l,_,: wearable thin-film transistors

We develop stable and printable inks consisting of mixtures
of binary CuBr and Cul salts. The precursor inks show a
good jetting ability to form crystalline Cu(Br,l._,) alloys after
printing and annealing at a low temperature. The printed
films show targeted elemental composition and crystal
structures as dictated by the designed ink stoichiometry.
Increasing the amount of Br reduces the carrier density of
the alloys. The low-temperature printing capability enables
us to fabricate a functioning p-type TFT on polyester fabrics.
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Printing enabled solution processing of semiconductors, especially Cu-based films, is an inexpensive and
low-energy fabrication route for p-type thin-film transistors that are critical components of printed
electronics. The state-of-the-art route is limited by a gap between ink compositions that are printable
and ink compositions that enable high electrical performance at low processing temperatures. We
overcome this gap based on the insight that the hole density of Cul can be tuned by alloying with CuBr
while achieving a higher on/off ratio due to the lower formation energy of copper vacancies in CuBr
than in Cul. We develop stable and printable precursor inks from binary metal halides that undergo
post-printing recrystallization into a dense CuBrl thin film at temperatures as low as 60 °C. Adjusting the
Cul/CuBr ratio affects the electrical properties. CuBrglg g films achieve the highest field-effect mobility
among Cul based thin-film transistors (9.06 + 1.94 cm? V= s) and an average on/off ratio of 10>-10°
at a temperature of 150 °C. This performance is comparable to printed n-type Cu-based TFT that needs
temperatures as high as 400 °C. (mobility = 0.22 cm? V1 571, on/off ratio = 10%). The developed low-
temperature processing capability is used to inkjet print textile-based CuBrl thin-film transistors at a low
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temperature of 60 °C to demonstrate the potential for printing complementary circuits in wearable

rsc.li/materials-advances electronic textiles.

P-type inorganic TFTs are a critical component of comple-
mentary circuits that enable low power dissipation and high

1. Introduction

Solution processing techniques enable critical cost and energy
reductions in manufacturing electronic and optoelectronic
devices compared to vacuum-based technology, which generally
requires a vacuum, high expended energy density, and additional
masking steps."™ Inkjet printing, a direct writing method that is
often complementary to solution processing, offers the benefits of
mask-less selective deposition and waste elimination.”™® These
features of solution processing and printing have been leveraged
to fabricate thin-film transistor components such as gate dielec-
tric layers, channel layers, and source and drain electrode
layers."™® With the increasing interest in wearable electronic
textiles, low-temperature printing and solution processing that
avoid thermal damage to low-cost and temperature-sensitive
fabrics are highly desirable.
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noise resistance.'® Current efforts in the solution processing of
the active material for p-type TFTs primarily focused on p-type
metal oxide semiconductors, including binary (Cu,0,"”72°
Cu0,”** sn0,”* and NiO**?’) and ternary (CuCrO,”® and
CuAl0,*°) compositions. Vaseem et al. fabricated printed CuO
TFTs using CuO quantum dots (5-8 nm) as an ink source. The
mass loading of CuO QD and printing layers influenced the
uniformity of the printed film and the optimal thickness. The
fabricated TFT possessed a field-effect mobility of 31.2 cm®* V' s7*
after microwave-assisted annealing.®® Inkjet-printed CMOS
composed of In,O; NMOS and CuO PMOS FETs were reported
by Garlapati et al. Their CMOS operated at extremely low supply
voltages, high signal gain, and nominal static power dissipation.”
Compared to a Cu-based oxide, nickel oxide (NiO) has a higher
bandgap and is a promising candidate for fabricating transparent
TFTs. Hu et al. employed the inkjet printing technology to fabricate
nickel oxide TFTs using a sol-gel precursor ink. The morphology of
the printed layer was optimized by restraining the typical “coffee
ring” effect after modifying the rheology properties of the ink. The
improved TFT performance achieved was up to 0.78 cm> V' s7*
with an on/off ratio of 5.3 x 10* with a high-k Al,O; dielectric.*”
TFTs based on metal chalcogenide (CulnSe,) and telluride
(CuInTe,) thin films have yielded a saturation mobility of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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11.8 cm” V' s" and an on/off ratio of 10°, which is comparable to
those of n-type oxide TFTs.>*** However, the precursor solution is
formulated in the toxic and highly reactive hydrazine solvent. A key
issue with the above methods is the high annealing temperature, at
least 300 °C, which limits the compatibility of these methods with
inexpensive thermally sensitive textiles.

Efforts on low-temperature solution-based fabrication have
focused on p-type CuSCN and CuSeCN.**"*® However, the peak
mobility (0.18 cm® V' s7*) for spin-coated CuSCN after CqoFs0
doping was much lower than that for metal oxide semiconductors.
Different dopants, such as Cul,*® SnCl,,* yttrium*" have been used
to improve the device performance of CuSCN. Yttrium-doped
CuSCN TFTs show the highest mobility of 0.36 cm*> V' 57" to
date with an on/off ratio of 10*. Liu et al. used spin coating to
fabricate a Cul thin film transistor at room temperature.*>
A 6 nm thick film shows the best performance with mobility
of 0.44 cm® V' s and on/off ratio of 10%. The field-effect
mobility was increased to 1.93 cm® V' 57" at a low operating
voltage by replacing the SiO, dielectric layer with a high-k ZrO,
layer. Lee et al. demonstrated the p-type Cul thin film transistor
with mobility as high as 45.12 4 22.19 ecm® V™' s~ ' by initiating
the formation of electrical double layer using an ion gel
electrical gating.**> However, low on/off modulation caused by
the high intrinsic hole mobility of Cul (n2 >10" cm™?),
restrains the performance of the device. A solution-based
doping approach was demonstrated to reduce the number of
holes by selecting a suitable metal cation as a hole suppressor
for Cul. The substitutional doping of the semiconductor with
different-valence atoms, such as Ga**, zn**, Ni**, Bi**, Pb**, and
Sn**, can be used to control the carrier concentration of Cul. By
performing 5% Zn>* doping, the spin-coated CuZnI-based TFT
exhibited a high mobility of 5 cm® V™' s™* and a high on/off
ratio of 10”.** These low-temperature fabrication efforts are
confined to spin coating, which needs photolithography to
define the active channel.

The above observations indicate a gap between inks that
are inkjet printable and ink compositions that enable high
performance and low-temperature fabrication. Choi et al. were
the first to inkjet print Cul as an active layer for a p-type TFT.*>
The TFT with a channel layer, deposited at 60 °C, showed the
highest field-effect mobility of 4.4 cm®> V™" s~ with an on/off
ratio of 10'-10%. However, the high hole density inhibited the
performance, as described above. Cumulatively, the above
efforts show that substitutional doping (albeit with spin coating)
can control the hole density in Cul films to achieve high-
performance transistors and a printable Cul ink can be formu-
lated. Furthermore, the hole density of Cul can be widely tuned
by alloying with CuBr while concurrently achieving a higher on/
off ratio, thanks to the lower formation energy of copper
vacancies in CuBr as compared to Cul.*® This work leverages
the above observations to create a low-temperature pathway for
printing based fabrication of p-type inorganic TFTs via solution-
based alloying of Cul and CuBr. A key innovation is the creation
of printable inks via solute dissolution of binary metal halide
salts that undergo recrystallization into dense CuBrI thin films
after printing at a temperature as low as 60 °C. It bridges the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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aforementioned gap between printable inks and high-
performance inks for the active layer of p-type TFTs. We study
the optical and electrical properties, crystal structure and
elemental composition of CuBrl thin film to investigate the
effect of various Br/I ratios. The stable and printable ink is
created to fabricate the CuBr,I;_, semiconductor as a channel
layer of p-type inorganic TFTs, with a bottom gate and top
contact structure on silicon. The device’s output and transfer
curves are characterized to investigate the improvement of on/off
ratio and field-effect mobility. Printed TFT on polyester textile is
demonstrated at 60 °C processing temperature, a first demonstra-
tion of the potential of CuBrI for printed wearable electronics.

2. Experimental section
2.1 Precursor solution and thin film preparation

CuBr,l, , precursor solution was synthesized by dissolving Cul
and CuBr in acetonitrile. Ink concentrations of 0.1 M and
0.05 M were used for spin coating and inkjet printing. The
solution was ultrasonicated for 20 minutes and filtered through
a polytetrafluoroethylene (PTFE) membrane (0.2 um). The glass
substrate was first cleaned in a sequential Acetone/DIW/
Isopropyl alcohol path and dried with air, followed by a one-
minute oxygen plasma treatment at 50 W. CuBr,l;_, films for
characterization of the material properties were fabricated by
spin coating the precursor at 3000 rpm for 60 seconds, followed
by annealing in nitrogen gas at 150 °C for 30 min. Polyvinyl
alcohol (PVA) solution for TFT fabrication was synthesized by
adding PVA powder (57 000-66 000 a.m.u.) in deionized water at
the concentration of 60 mg ml~". The solution was fully dis-
solved in DI water at 90 °C while continuously stirring. It was
spin-coated at various speeds from 500 rpm to 3000 rpm for the
60 s, followed by annealing at 60 °C overnight in a vacuum oven.

2.2 Printing TFTs based on SiO,

The substrate with Au(30 nm)/SiO,(230 nm)/n-doped Si (n ~ 3 x
10" em ®)/ITO(10 nm)/Au(30 nm) was purchased from Fraun-
hofer Inc. The substrate was cleaned with acetone and isopropyl
alcohol with 10 minutes of sonication, respectively. Oxygen
plasma at 50 W for 1 minute was used to clean and wet the
surface before printing. Printing was performed using a desktop
Fuyjifilm Dimatix inkjet printer (DMP 2831) at a platen tempera-
ture of 60 °C and a cartridge temperature of 21 °C. A firing
voltage of 15-20 V was used to jet the precursor ink at 1 kHz with
a nozzle number from 1 to 16. The drop spacing was adjusted
from 20 to 60 um with single printing layers. The DI water
waveform provided by Fujifilm was used with a maximum jetting
frequency restricted to 1 kHz. The TFT was annealed at 150° for
30 minutes. A Su8 photoresist was deposited on the channel to
protect the device, followed by annealing at 150° for 30 min and
UV treatment before device characterization.

2.3 Fabrication of textile-based TFTs

A 100 nm thick aluminum bottom gate electrode was thermally
evaporated on polyurethane laminated polyester for printed

Mater. Adv,, 2022, 3, 7538-7545 | 7539
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TFT on fabric. Then, the PVA solution was spin-coated
(500 rpm) to form the polymer dielectric layer, followed by
the 10/50 nm thermal evaporation of Cr and Au respectively as a
top source and drain electrode. Then, CuBrlI precursor ink was
inkjet printed as an active channel layer and was thermally
annealed in a vacuum oven overnight at 60 °C, followed by
encapsulation with Su8. Finally, the film was treated by UV light
with 245 nm for 10 minutes.

2.4 Thin film and device characterization

A UV-vis spectrophotometer equipped with a double-beam
single monochromator (V-570, 300-800 nm, JASCO) was used to
measure the absorbance of the printed CuBrl. X-ray diffraction
analysis (Bruker D8-Discover) was performed using scan angle
ranges from 20 to 60° at 5° min~" at room temperature. XPS
spectra (X-ray Photoelectron Spectroscopy) were obtained using a
PHI 5600 MultiTechnique system where monochromatized Al Ko
radiation (hv = 1486.6 eV, 300 W, 15 kV) was used to obtain C 1s, O
1s, Cu 2p, Br 3p, I 3d, and N 1s spectra for the sample coated and
annealed in the nitrogen-filled glove box. The morphology of
printed CuBrlI was measured using Quanta 600 FEG SEM. A TA
Instruments Q500 analyzer was used for thermogravimetric (TGA)
analysis of the CuBrI powder. This powder (~ 20 mg) was made by
drying the CuBIl ink inside the vacuum oven (Thermo, Model
5831) at 60° until the solvent was fully evaporated. The powder
was loaded into the platinum basket and heated at a 20 °C min "
ramp rate from room temperature to 700 °C. A Hall effect
measurement system (ECOPIA, HMS-5000) was used to test the
electrical properties of the samples. A van der Pauw geometry was
formed by thermally evaporating gold to create an ohmic contact
between the electrode and the CuBrl film. The film’s size was
~3 X 3 cm, and the input current was ~1 pA. All electrical
characterization was performed using the Agilent 4284A semicon-
ductor analyzer and a manual Alessi probe-station with Au coated
platen and 12 pm tungsten probes in the dark. The drain voltage
was swept from 0 to —15 V while increasing the gate voltage from
0 to —15 V. A constant drain voltage of V4=—10V and — 1 V were
applied for transfer curve measurement of TFTs using interdigi-
tated structure and textiles, respectively.

3. Results and discussion

Th current routes to synthesize CuBr/Cul alloys are based on
vacuum-based methods that need high temperatures of up to
600 °C.***” Solution processing methods have also been devel-
oped, e.g., based on dissolving a mixture of CuBr and Cul in
2-methoxyethanol (2-ME), monoethanolamine (MEA) at various
mixing ratios, followed by deposition and annealing in a
nitrogen atmosphere at 170 °C.*® We use acetonitrile as the
primary precursor solvent for the following reasons. First, the
high solubility of Cul and CuBr in acetonitrile leads to fast
solute dissolution without additives that might introduce
unexpected residues. Second, the relatively high vapor pressure
of the resulting ink (boiling point of 82 °C) can reduce the
annealing temperature in film formation and crystallization.

7540 | Mater. Adv, 2022, 3, 7538-7545
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CuBr,l;_, forms after solvent evaporation, as explained by eqn (1),
where x corresponds to the molar coefficient of CuBr and Cul.

(1 — x)Cul + xCuBr — CuBr,l;_, (1)

The copper vacancy is considered the main acceptor defect in
Cul and CuBr, which indicates the direct relationship between
the conductivity/hole density and the number of defect forma-
tions in those materials. It has been calculated that the
formation energy of copper vacancy in Cul is higher than that
in CuBr.*® Based on the fact that low on/off ratios might hinder
the switching ability of thin film transistor, Cul and CuBr alloys
will be studied and characterized in terms of their electrical and
optical properties. The crystal structure of the spin-coated
CuBr,l,_, film was characterized by using X-ray diffraction
(XRD) analysis at room temperature. As shown in Fig. 1a, the
diffraction peak for x = 0 and x = 1 matches the dominant (111)
spacing of Cul and CuBr. By increasing the percentage of CuBr,
the (111) peak was shifted to a higher diffraction angle,
indicating the preferential orientation of printed thin-film alloy
along the (111) crystal axis.*® These results confirm the for-
mation of the crystalline CuBrl alloy from crystallization of
binary molecules instead of separate phases when the solvent
evaporates during the heating process. This shows the ability to
perform low-temperature processing by simple precursor dis-
solution and recrystallization on the substrate.

The transmittance spectra of spin-coated CuBr,l; , thin
films (Fig. 1b) shows over 80% transparency in the visible
range, indicating its potential application for emerging active
transparent electronics.”® The strong exciton absorption at
wavelength below 450 nm indicates high crystallinity.*® The
bandgap energy was determined via Tauc plots (eqn (2) and
Fig. S2, ESIt) where % is the Planck constant, v is the photon
frequency, E, is the bandgap energy, B is a constant and y = 0.5.
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Fig. 1 (a) X-ray diffraction (XRD) patterns for CuBr,l;_ thin films at various
x values ranging from 0 to 1. (b) Transmittance spectra and expanded view
around exciton absorption of CuBr,l;_, thin films. X-ray Photoelectron
Spectroscopy (XPS) of (c) the survey scan of CuBrg 4106 On Si substrate. (d)
The Cu 2p core-level scan of the sample annealed either in air or under the
N, protection.
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The elemental composition of the spin-coated CuBrI films
fabricated in a nitrogen-filled glove box was measured using
XPS. The peaks of Br, I, and Cu are identified in Fig. 1c. The
oxygen peak at binding energy around 531 to 523 eV can be
attributed to the C-O and Si-O bonding due to the small carbon
contamination from the chamber and the silicon substrate.”®
In the XPS Cu 2P spectrum (Fig. 1d), whether the film was
annealed in air or under inert conditions, a firm peak appeared
at 931.9 eV and 933.8. This peak is due to the Cu* binding with
iodide or bromide, indicating the formation of CuBrl. No N 1s
peak was observed (Fig. S1, ESIt), thus demonstrating complete
solvent evaporation.

As noticed in Fig. S3 (ESIY), the fabricated film on the glass
substrate through spin coating has thickness varying from
around 150 to 300 nm. The carrier density of the film decreased
with increasing x, indicating a reduction in the hole density of
the Cul film due to alloying with CuBr thanks to the higher
formation energy of the copper vacancy in CuBr compared to
that in Cul.*® The electrical conductivity decreased as well,
demonstrating the effect of the higher resistance of CuBr. The
Hall mobility of Cul (i.e., x = 0) was 2.87 &+ 0.07 cm*> V"' s,
comparable to printed Cul films.*> Upon increasing the
amount of CuBr (x > 0) the mobility dropped due to the lower
hole mobility of CuBr, which is due to the narrower spread of
the bromide 4p-orbitals in CuBr than that of iodine 5p-orbitals
in CuI.46,52,53

Regarding the fabrication of thin-film transistors, an area-
selective deposition method, such as inkjet printing or direct
ink writing, is preferred compared to the spin coating method.
For instance, by controlling the jetting parameters, the cost of
the material can be reduced based on using a drop-on-demand
(DoD) printer head. In addition, the mobility overestimation
and leakage current that usually happens with spin coating can
be eliminated by controlling the dimension of the active
channel layer.

The CuBr,l; , precursor inks showed stable printing
(Fig. 2a). The ink has good compatibility with print heads
and can be jetted continuously with ease. Some satellite dro-
plets were observed depending on the jetting velocity and are
because acetonitrile has a lower viscosity than typical viscous
ink (e.g., 2-methoxyethanol). Adding a co-solvent with a higher
viscosity than acetonitrile may help reduce satellite droplets but
also yield carbon-based impurities which detract from perfor-
mance, particularly for low-temperature processed films.>* The
jetting velocity plays a vital role in addressing this issue by
affecting the ability of satellite droplets to join the main drops.
For our inks, the jetting velocity that minimized satellite
formation is 5 m s~'. The TGA results for the dried and
crystallized CuBr,I;_, powder are shown in Fig. 2b. No weight
loss was observed in a temperature range lower than 500 °C.
This indicates complete evaporation of the acetonitrile solvent.
The weight loss observed at temperatures above 500 °C demon-
strates evaporation of CuBrl, which reflects good thermal
stability of the material.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Stroboscopic snapshots of CuBrl ink droplets jetted from the
inkjet printhead, along with the fabricated CuBr,l;_, precursor ink based
on various mixing ratios x. (b) Thermogravimetric analysis of vacuum-dried
CUBro_4|0_6 at 60 °C.

Fig. 3 shows representative SEM images of CuBrI thin films
inkjet printed at 60 °C, with various Br/I ratios. The good
packing of the particles created an electrically conductive path
for the film regardless of the film stoichiometry. From both
SEM and height profile (Fig. S4, ESIt), it is clear that the film
overlapping happens because of the high mass loading at small
drop spacing (less than or equal to a 20 pm drop spacing),
which increased the roughness of the film. The SEM also
reveals surface morphology variation in addition to the compo-
sitional difference. For example, the Cul sample shows rela-
tively large grains with several void regions. On the other hand,
the CuBr, 5], s sample reveals a very small grain size without a
void region. It is critical to have a uniform and continuous layer
with a smaller number of presented voids in terms of the
performance of the transistor. We found that the edge’s channel
layer with thicker thickness can lead to failed devices with poor
gate modulation and high off current. Fig. S4 (ESIt) shows the
height profile of printed CuBr,I, _, at various ratios of x on SiO,;
drop spacings from 20 to 50 pm were tested for each ratio. By
increasing the drop spacing, the material aggregation from
overlapping can be reduced. The drop spacing at 40 or 50 um
is optimal to reduce the particle agglomeration on the edge of
the channel and voids. The CuBr,l;_, with an average 100 nm

CuBrg4loe

Fig. 3 Scanning Electron Microscopy (SEM) micrographs of printed Cul,
Cuo.los. CuBroaloe and CuBrgglos Cupzlog CuBr, with the corres-
ponding image at the bottom with various drop spacings for CuBrg 4lo6.

Mater. Adv., 2022, 3, 7538-7545 | 7541
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thickness at various Br/I ratios can be printed stably at the drop
spacing of 40 pm (Fig. S5, ESIt).

A transistor with a bottom gate and top contact structure
with CuBr,l; , printed as an active layer is shown in Fig. 4a.
The interdigitated gold electrode had a 10 mm channel length
and 20 pm width (Fig. 4a). The transfer curve for printed
pristine Cul TFT (Fig. 4b) shows a high off-current and a low
on/off ratio, with a corresponding output curve, as shown in
Fig. S7 (ESIt). The high off-current represents the high con-
ductance of thin film at zero gate bias, related to the intrinsic
property of the film, such as high hole density and conductance.
By alloying with CuBr with higher transition energy of copper
vacancy, the decreased conductivity of printed channels was
observed by increasing the CuBr amount (Fig. 4b). Benefiting
from lowered off-current, the CuBr, gl , can go below 1 x 10 *°.
This shows that the hole density of CuBr,l;_, is tunable across a
wide range via changing the amount of alloying with CuBr. In
addition, the on/off ratio increases monotonically with the
increasing CuBr ratio (Fig. 4c). TFTs with a Br/I ratio of 4 achieve
the highest on/off ratio of 1.4 x 10°. This shows the ability to
also tune the on/off ratio by adjusting the composition of
CuBr,l;_,. The mobility of the device with x = 0.2 is higher than
that of the device with a Cul channel. However, device with
channel layer at x = 0.4 has significantly lower mobility. Further
increasing CuBr to x = 0.6 and 0.8 results in TFTs with low
mobilities of around 0.02 em” V™" s™". This observation matches
the variation in the Hall-effect mobilities shown in Fig. 1c. The
printed CuBr,,lpg has optimal saturation mobility of 9.06 +
1.94 cm” V' 57" with an on/off ratio of 10°. With inkjet printing
on the substrate pre-heated at 60 °C, the formed film could
be highly oriented and textured in the lateral direction (the
direction of printing). In contrast, the spin-coated film at room
temperature might form randomly orientated polycrystals. We
think the higher mobility can be achieved based on the
improved crystal morphology. Fig. S8 (ESIt) shows biasing
stability testing results. The off-drain current has been increased

-

5=

Au Printed CuBrl
(b) (c)
04 5 3 ¢ |
< 3
=3 £ 1 . o
H E . e
£ s 3 5
. z 5
- ] °
8 é 04 . 10
° $ 3
10" 0.01 102
-10 R 0 5 10 0.0 0.2 04 06 08
Gate Voltage (V) xin CuBrJ, ,

Fig. 4 (a) Scheme and optical image of printed CuBrl TFT structure. (b)
Transfer characteristics for printed Cul, CuBrg,lgg, CuBrg4lo.s, CuBrogloa,
and CuBrqglo» TFT. (c) The change in field-effect cm? V1 st and on/off
ratio as a function of alloy composition.
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within two orders of magnitude after the first measurement.
We believe that the adsorbed water in the channel layer might
cause the observed bias instability. Further investigations are
needed to verify the cause of this instability and to improve the
device stability.

Table 1 summarizes Cul-based p-channel TFTs from the
literature. Solution-processed Cul thin-film transistors first
reported by Chang et al. are in a US patent.”” In 2016, Choi
et al. inkjet-printed Cul TFTs with a platen temperature range
between room temperature and 60 °C. Devices with saturation
output characteristics were obtained by applying SU8 as surface
encapsulation layers. Liu et al. improved the Cul TFT perfor-
mance by either using a high-k dielectric (ZrO,) layer or a cation
doping method. In addition, it has been demonstrated that
mobility higher than 90 cm® V' s " can be realized with ion gel
applied as an electrical gate. In this work, the Cul based device
can be further improved by alloying with CuBr to adjust the
channel hole density, leading to an improved and wide adjus-
table on/off ratio. The mobility of 9.06 + 1.94 cm> V ! s7*
demonstrates the highest value reported to date for inkjet-
printed Cul-based thin-film transistors.

As compared to the rigid device on glass or silicon, the
textile-based TFT have features of bendability, light weight, and
stretchability. Several difficulties, such as those in achieving
device compatibility and stability, have been reported®® along
with the appropriate method for successfully integrating textiles.
In addition, the roughness of textile surface can be reduced by
introducing the surface planarization technology using poly-
erms, such as polyurethane (PU) or polyvinylpyrrolidone
(PVP).”” Benefiting from the advantage of low-temperature pro-
cessing, we printed p-type Cu-Br-I-based wearable thin-film
transistors as follows. PU-treated polyester was used because of
its mechanical flexibility and reduced surface roughness. A
schematic of the printed CuBrlI TFT is shown in Fig. 5a. PVA is
a water-soluble polymer that can be processed at low
temperatures.”® ®® PVA dielectric layers exhibit a k value between
5 and 8 at 10-10° Hz,** comparable to solution-processed Al,O;
dielectrics.®> A vertical MIM (Metal Insulator Metal) structure
was fabricated to analyze the dielectric properties of PVA by spin-
coating PVA on FTO glass, followed by thermal evaporation of
aluminium as the top electrode. The current-voltage curve was
measured, showing a leakage current of 10’ A at a bias of +30V
(Fig. S6a, ESIt). We measured the Capacitance-Frequency char-
acteristics, and the dielectric constant of coated 200 nm PVA film
was calculated to be around 6.46 at 20 Hz (Fig. Séb, ESIY). A spin-
coating speed of 500 RPM was used to fabricate thick PVA on
polyester with leakage currents as low as 10 ** (Fig. Séc, ESI{).
The complete TFT was fabricated by inkjet printing a CuBry I, ¢
channel layer on top of the above PVA dielectric layer, followed
by thermal evaporation of gold layer as a source and drain
(Fig. 5a). Unlike the device on interdigitated electrodes, the
typical 2 parallel electrodes were made to test the PVA dielectric
layer capability. Therefore, a dropped drain current from the
transfer curve is expected. The low-temperature post-deposition
annealing at 60 °C prevents thermal damage of the polyester.
The TFT’s electrical characteristics show typical output curves

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Device Method Dielectric Temperature (°C) On/off Mobility Ref.
Cul Inkjet printing Sio, 150 10'-10> 1.86 + 1.6 45
Cul Spin coating ZrO, Room temperature 5 x 10* 1.93 42
Cul Spin coating Ion gel 100 1.52 x 10° 45.12 + 22.19 43
Cul:Zn Spin coating Sio, 80 107 5 44
CuBr,I;_, Inkjet printing SiO, 150 10%-10° 0.02-9.06 This work
without needing the high processing temperatures (few 100 °C)
(a) (b) e that make these other methods incompatible with inexpensive
o0 but thermally sensitive substrates that are beginning to dominate
PVA - z — wearable electronics. This low-temperature printing capability is
Al(100nm) § i combined with a PVA dielectric layer to fabricate a functioning
Pu § oo p-type TFT on polyester fabric without thermally damaging the
- Vg=0to 45 fabric. This shows the potential of our approach for printing high-

-10 8 6 4 2 0
Drain Voltage (V)

~
o
~

1.0x107

Current (A)
Gate Current (A)

1.0x10¢

Gate Voltage (V)

Fig. 5 (a) Side view and top view of printed CuBrl TFT on textile. (b)
Output characteristic curves of printed CuBrgzlog TFTs. (c) Transfer
characteristic curves of printed CuBrg,lgg TFTs.

for drain currents ranging from 0 to —15 V (Fig. 5b). The transfer
curve (Fig. 5¢) shows a p-type response with a low leakage current
from the TFT. The non-saturation region was observed in the
output curve; this result is likely caused by the presence of
adsorbed water on the film since our devices were fabricated
under ambient conditions and Cu(Br,]) is moisture sensitive.

4. Conclusions

This work develops printable inks consisting of mixtures of
binary CuBr and Cul salts that form crystalline Cu (Br,I;_,)
alloys after printing and annealing at a low temperature of
60 °C. The precursor inks have good jetting ability and are
compatible with a typical inkjet printhead. The printed films
show targeted elemental composition and crystal structures as
dictated by the designed ink stoichiometry. Increasing the
amount of CuBr reduces the carrier density of the films due to
the higher energy of formation of vacancies in CuBr than in Cul.
The carrier mobility drops due to the lower hole mobility of
CuBr, thanks to the narrower spread of the bromide 4p-orbitals
in CuBr than the spread of iodine 5p-orbitals in Cul.*®**> TFTs
fabricated using CuBr, ], g channels yield an on/off ratio up to
10® and a high mobility of 9.06 & 1.94 cm® V"' s, with on/off
ratios as high as 10 possible with lower mobilities. This
performance is comparable to that achieved by other solution-
based processing methods for Cu oxide semiconductors, but

© 2022 The Author(s). Published by the Royal Society of Chemistry

performance wearable complementary circuits.
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