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Supplementary Note 1. CVD grown MoS, on SiO,/Si substrate

Supplementary Note 1.1 Growth and transfer. As an alternative to sapphire, we have considered
the CVD growth of MoS; on top of SiO; substrates. In particular, the MoS, flakes were obtained
using the liquid precursor CVD (LPCVD) growth method . First, two aqueous solutions (solution
A and solution B) containing ammonium heptamolybdate (AHM, SigmaAldrich, 431346), as Mo
precursor, and NaOH, as growth promoter, were prepared by dissolving 0.4 g of AHM in 30 ml
deionized (DI) water and 0.1 g of NaOH in 40 ml of DI water, respectively. Then, solution A,
solution B and iodixanol (Sigma-Aldrich, Opti Prep, D1556) were mixed using a ratioof 1 : 1.5: 1
and spin coated on Si/SiO, substrate, which was previously cleaned in acetone, isopropanol and
treated with oxygen plasma for 5 minutes. The growth was carried out in a two-zone horizontal
furnace, where the spin coated substrate was heated at 700 °C in atmospheric pressure for 15
minutes under constant Ar flux, while sulphur was maintained at 200 °C. After growth, the MoS,
flakes were transferred on paper using a semi-dry transfer approach as reported in % Specifically,
the sample was covered by a polymeric membrane of PMMA baked at 90 °C for 2 minutes. Then,
the sample was covered using a PDMS frame and left in water at 60 °C until complete detachment
of the membrane. After detachment, the free-standing membrane was transferred on the ceramic
paper using a transfer set up, as previously reported *. Finally, the transferred sample was cleaned in

acetone overnight until complete removal of PMMA.



51  Supplementary Note 1.2 Characterization of MoS; monolayers before and after transfer.
52 Scanning Raman spectroscopy was performed with a Renishaw InVia spectrometer equipped with a
53  confocal optical microscope and a 532 nm excitation laser. The spectral resolution of the system is
54 1 cm’. Raman experiments were carried out employing a 50X objective (N.A. 0.6), laser power of
55 5 mW and an acquisition time of 2 s. The pixel size is | um x 1 um. The Raman map of the
56  separation of the E,, and A;, modes, reported in Supplementary Figure 1, indicates a highly
57 homogenous monolayer MoS, crystal. It is worth noting that the black spots with a separation
58  higher than 21 cm™ can be related to bilayer terraces.
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60 Supplementary Figure 1 | Raman map showing the separation of the E,, and A;, Raman modes.

61  Supplementary Figure 2 shows the Raman maps of A, / E», intensity ratio modes MoS; monolayer
62 (ML) on the growth substrate (a) and on paper after transfer (b). The statistical analysis, reported in
63  Supplementary Figure 2c highlights the increases of the A, / Ej, intensity ratio, suggesting an

64  increase of sulphur vacancies concentration in the MoS; ML after the transfer process.
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66 Supplementary Figure 2 | a, Raman map showing the A, /E,, ratio of MoS, flake on the growth substrate. b, Raman
67 map showing the A, /E,, ratio of MoS; flake on paper after transfer. ¢, Statistical analysis of the A, / Ey, ratio before
68 and after the transfer.

69



70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

Supplementary Note 1.3 Electrical Characterization. Supplementary Figure 3a shows a single
flake of MoS,, which constitutes the device channel, in between the inkjet-printed silver source and
drain contacts. The purple dotted line highlights the edges of the flake. Supplementary Figure 3b
shows the complete device after printing the hBN dielectric film and the silver gate contact. The
inks and the fabrication procedures for all the different components are the same as the reported in
the main text (see Methods). A representative transfer characteristic curve is shown in
Supplementary Figure 3c. Considering that the channel width of this transistor (W = 50 pm) is
significantly smaller than that of the device shown in Figure 2a, b, c, d, the current densities (i.e.
Ips/'W, where Ipg is the channel current) of the two devices are comparable. However, several non-
idealities can be observed as, for example, a quite high /orr current. The threshold voltage is
slightly negative in this case (around -1.1 V), i.e. the transistor works in depletion mode. Moreover,
the mobility calculated for this transistor (0.5 em® V! s7) is smaller than the ones extracted for the
other devices based on MoS; grown on sapphire substrate, on which the results of the main text are
based on. This could be probably due to the presence of sulfur vacancies, detrimental for the

transport, as highlighted through the Raman analysis.
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Supplementary Figure 3 | Device based on single-layer CVD grown MoS,. a, Optical image of single flake of MoS,
in between silver contacts. The scale bar corresponds to 50 um. b, optical micrograph of the final device, after printing
the hBN dielectric film and the silver gate contact. The scale bar corresponds to 250 um. ¢, Typical transfer
characteristic of a transistor based on single-layer MoS,.
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Supplementary Note 2. Atomic force microscopy of MoS; film on sapphire.
Supplementary Figure 4 shows an atomic force microscopy micrograph of the CVD-grown MoS,
film, obtained from solid precursor, on sapphire before the transfer, characterized by a root mean

square roughness of around 50 pm.
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Supplementary Figure 4 | Atomic force microscopy micrograph of the CVD MoS,. The film is characterized on
sapphire before the transfer. The images on the sides are zooms of 5 um x 5 pm of surface area.
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Supplementary Note 3. Capacitance measurement.

The measurements of the insulator capacitance are carried out using parallel plate capacitor
structures, as described in the main text. In order to measure the capacitance at low frequency (i.e.
in quasi-static conditions), the circuit shown in Supplementary Figure Sa is used.

The capacitor under test, C, forms a capacitive voltage divider with a commercial test capacitor, Cr,
with known value on the non-inverting input of an operational amplifier (Op-Amp). The Op-Amp is

connected in non-inverting configuration, and has a voltage gain:

Ay = 1+ = Supplementary Equation 1

where R; and R; are two resistances, chosen to have a voltage gain of 4, in order to properly amplify
the input signal. The waveform generator provides a low frequency (down to 5 mHz) sine wave V,,
that is applied to an input of the oscilloscope and to the capacitor under test. The voltage at the Op-

Amp input, given by:
<
n cicp

vt = Supplementary Equation 2

is amplified to obtain the output voltage V,,, = A, V™, this voltage is sent to an input of the
oscilloscope. However, it is necessary to take into account that C is not an ideal capacitor; in order
to have a more realistic model, the capacitor is represented with the equivalent circuit shown in
Supplementary Figure 5b, according to * C, represents the capacitive part of the capacitor, while the
resistor R, takes into account the dielectric leakage. Therefore, the output voltage is modified as

follows:

RpCps*tl y — g (S)Vin Supplementary Information 3

Voo, = A, —PP2"" 1.
t 1%
ou Rp(CT+Cp)s+1 '

where s is the Laplace generalized frequency and H(s) is the transfer function between V;, and V,,,.
Supplementary Figure 5S¢ shows the voltages V;, and V,,, measured with the oscilloscope. The phase
shift ¢y between the two sine waves, highlighted in Supplementary Figure 5d, is due to the presence

of the resistance R,,.

The measurement of the output voltage amplitude and the phase shift ¢y, i.e. of the module and
phase of the transfer function H(f) (f is the frequency), allows to solve the system of non-linear

equations:

/szcpz(an)Zﬂ
|H()| =

\/RPZ(CT+Cp)Z(2n'f)2+1 Supplementary Equation 4
¢H(f) = atan(R,C,2nf) — atan(R,(Cr + Cp)2nf)

6
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and, therefore, to obtain the resistance R, and the capacitance C,. The insulator areal capacitance is
obtained dividing the extracted capacitance value by the area of the test capacitor.

The extracted average value of 230 nF cm™ explains the low threshold voltages of the devices. In
quasi-static conditions, the presence of both water molecules (water is the solvent of the hBN ink
employed in this work °) and impurities (moisture absorbance, mobile ions) in the films could

influence the charging processes thus increasing its permittivity, as widely observed for both

organic and hybrid materials 678910
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Supplementary Figure 5 | Capacitance measurement setup. a, schematic of the electronic circuit used for the
measurement of the capacitance. b, equivalent circuit of the capacitor under measurement. ¢, input and output voltages
as a function of time. d, magnification of the measured signals showing the phase shift between the input and output
voltages.
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Supplementary Note 4. Detailed electrical characterization.

The values of threshold voltage and field-effect mobility reported in the main text are evaluated
using the following procedures. Supplementary Figure 6 shows the square root of the channel
current as a function of the gate voltage for a representative device. The value of threshold voltage
is extrapolated as the x axis intercept of the straight line fitting the square root of the drain current,
as shown in the figure. The field-effect mobility has been extracted using the formula in saturation

regime [equation (1) of the main text].
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Supplementary Figure 6 | Extraction of the MoS2 FET electrical parameters. Square root of the drain current as a
function of the gate voltage. Fit line in red illustrates the range used to fit the data and extract the threshold voltage and
the filed-effect mobility value.

In Supplementary Figure 7 the electrical characterization of 26 MoS, FETs is reported.
Supplementary Figure 7a and Supplementary Figure 7b show the transfer characteristic curves and
the gate current vs gate voltage curves for each devices, respectively. A yield of 80% was obtained.
As a criterion, we have excluded devices with I;.,; > 5 nA. A possible explanation for the high /; ..«
observed in some devices, is likely related to non-uniformities in the insulating layers, which can
lead to the presence of pinholes in the printed film .

The distribution of the threshold voltages and the field-effect mobility values in the forward sweep
are reported Supplementary Figure 7c¢ and Supplementary Figure 7d, respectively. The distribution
of the threshold voltages and the field-effect mobility values in the backward sweep are reported
Supplementary Figure 7e and Supplementary Figure 7f, respectively. The variability of the
threshold voltages and the mobility values are, in general, a function of the dielectric, the

. . 12
semiconductor, and their interface

. The on currents vary from 1 pA to nearly 50pA. This is
probably related to inhomogeneities in the CVD MoS, films and the presence of MoS, grain
boundaries '*. Charge carriers interacting with shallow traps, possibly at the MoS,/dielectric

interface can be the cause, of the anticlockwise hysteresis shown in Supplementary Figure 7a and,



181  consequently, of the variation in the threshold voltage (the average value Vryporwara 1s (0.38 £ 0.07)
182 'V, the average value Vigpaciwara 1S (0.14 = 0.06) V.
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184  Supplementary Figure 7 | Electrical characterization of 26 MoS; FETSs. a, Transfer characteristic curves. b, Gate
185 current vs gate voltage curve. ¢, Distribution of treshold voltage values (forward). d, Distribution of field-effect

186  mobility values (forward). e, Distribution of treshold voltage values (backward). f, Distribution of field-effect mobility
187 values (backward).
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Supplementary Note 4.1 Bending test. To test the devices under tensile strain conditions, the
paper substrate is wrapped around rigid jigs of different radii (R: 32 mm, 20 mm, 12 mm, and 8
mm) and the electrical performance are characterized using the same setup (probe tips, ambient
condition) reported in Methods. The tensile strain S to the bent channel can be calculated using the
following equation *'*:

§ = Mos2ttrotal 4 Supplementary Equation 5

Where )52, tom, and R are the thickness of the MoS; layer, the thickness of the device, and the
bending radius, respectively. The paper employed in this work is characterized by a thickness of
275 um; thus, t,.; can be considered equal to the substrate thickness. Tensile strains of 0.43%,

0.69%, 1.15%, and 1.72% are obtained from Supplementary Equation 5.
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Supplementary Note 5. Comparison with MoS,-based FETs on flexible substrates.

Supplementary Figure 8 shows ugr and (lon/Iorr)/Vpp for our devices compared with those
previously reported in the literature: the closer the points to the top-right corner, the better the
performance. MoS,-based transistors fully fabricated on flexible substrates or transferred on flexible
substrates after fabrication are considered. The Ion/Iorr values are re-calculated considering the
ITRS definition '°, and then divided by Vpp. Supplementary Data 2 reports the substrates, materials
and deposition techniques, Vgs supply, ure, and (Ion/lorr)/Vpp for the manuscripts reported in
Figure S8. The devices have been divided into 3 groups, according to the MoS, fabrication process.

The key challenge for the development of high-performing flexible electronics is the use of optimal
semiconductors that show good mechanical flexibility, that can be processed using low-temperature
approaches, and, most importantly, exploited in large-scale integrated circuits 33, For these reasons,

i i 33,34,35,36,37,38,39
devices in the grey area ~777 777

, which all present remarkable performances and are
fabricated using mechanical exfoliated MoS,, cannot be considered as a valid option. Although
devices in the green area don’t show competitive performances, they have been included in this
graph because they are all fabricated using quite challenging deposition techniques for the
semiconductor #4429 1y 2017, for example, Kelly et al. 40 demonstrated a low-voltage FET
characterized by a mobility of 0.15 cm® V™' s™ and Ion/lorr value of around 20, using spray coating
for the deposition of the active layer. All the transistors reported in the pink area are fabricated with

13,16,44,45,46,47,48,49,50,51,52,53 .
”””””” . As can be seen, our devices are well

CVD MoS, semiconducting layers
placed in terms of performance as compared to the others, and they are the only ones that
simultaneously present inkjet-printed insulating and contacts layers, are fabricated on paper, and

can be operated using low-voltages.

11
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Supplementary Figure 8 | Field-effect mobility and (I on/l orr)/Vop for MoS,-based FETs characterized on flexible
substrates previously reported in the literature. Vpp is the supply voltage for each device. Blue stars, this work,
inkjet-printed silver contacts; purple star, this work, inkjet-printed graphene contacts; grey dots, mechanical exfoliated
MosS; (33, 34, 35, 36, 37, 38, 39); green dots, other deposition methods (17, 40, 41, 42, 43); fuchsia dots, CVD MoS,
(13,16, 44, 45, 46,47, 48, 49, 50, 51, 52, 53). A detail comparison is reported in Supplementary Data 2.
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Supplementary Note 6. PEL P60 details.

PEL P60 (purchased from Printed Electronics Limited) is a cellulose-based paper (of a thickness of
around 250 pum) coated with a microporous ceramic slurry (of a thickness of around 25 pm).

Supplementary Figure 9 shows the profile of the paper surface.
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Supplementary Figure 9 | Variation of the surface of the paper substrate employed in this work.
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287  Supplementary Note 7. FET geometrical dimensions.

288 Supplementary Table 1 | Widths and lengths of 26 MoS, FETs.

Device number Width (um) Lenght (nm)
Device 1 505 55
Device 2 370 40
Device 3 460 50
Device 4 470 50
Device 5 500 55
Device 6 500 55
Device 7 500 50
Device 8 510 55
Device 9 250 30

Device 10 250 30
Device 11 500 50
Device 12 500 55
Device 13 505 50
Device 14 500 55
Device 15 500 55
Device 16 500 50
Device 17 510 55
Device 18 500 55
Device 19 500 60
Device 20 510 50
Device 21 505 50
Device 22 490 50
Device 23 500 50
Device 24 515 40
Device 25 500 50
Device 26 505 50

289
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