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PFM Measurements

During PFM measurement, the ITO seed layer was directly connected to the chuck
of the AFM system using copper tape. The tip was put in contact with the ZnO NWs sam-
ple, and an alternating current (AC) bias was applied to the tip during the scanning pro-
cess. The frequency was kept at 14 kHz to avoid any electrostatic contribution (typically
above 50 kHz) in a range of frequency in which amplitude and phase are more stable (see
Figure S1). Accordingly, the top of ZnO NWs undergoes a deformation owing to the con-
verse piezoelectric effect. This results in the deflection of the cantilever tip which is de-
tected by a photodiode and subsequently analyzed by a lock-in amplifier system. Overall,
two quantities were measured during PFM characterization: the amplitude of the defor-
mation and the phase. The former is the result of an expansion of the analyzed domain
when both vectors (i.e., electric field and polarization) are aligned, thus deflecting the can-
tilever tip, whereas the latter is due to the alignment angle between the electric field of the
applied alternating signal, and the polarization vector of the piezoelectric domains pre-
sent within the sample.

Normally, the PFM measurement operates in continuous mechanical contact be-
tween the tip and sample during the scanning process, but some difficulties were found
using this technique. Multiple collisions between the tip and the ZnO NWs were produced
since the sample has a high roughness because of the free space that exists between NWs.
To overcome this difficulty, the DataCube mode was used to measure the amplitude and
phase. The measurements were carried out over large areas (around 2 pm x 2 pm) on top
of the surfaces of the ZnO NW arrays. Before measuring with the DataCube mode, the
topography of the sample was acquired using a tapping mode technique to determine the
surface roughness parameters, which were then used as input parameter for the Z ramp
size in the DataCube mode. In the DataCube mode, the tip is placed locally over the top
surface of ZnO NW, keeping its position under control by adjusting two parameters,
namely, the Z ramp size and the force applied (controlled by the tip deflection parameters)
for each scanned pixel. In addition, all PEFM measurements were made with a constant tip
deflection of 20 nm. Simultaneously, the amplitude and phase quantities were measured
during a dwell time (or hold time) of 80 ms. Furthermore, during

this time, 208 frames of a 2 um x 2 um surface area were recorded to analyze both
amplitude and phase. To improve the measurement accuracy and image quality, 20
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frames of the amplitude and phase values were randomly taken from the hold time range
of recorded the DataCube file using the Nanoscope software (Bruker Corporation, Biller-
ica (Massachusetts), United States) and then averages of the 20 frames were compiled into
a single image for both amplitude and phase using the Python software (Python Software
Foundation, Wilmington (Delaware), United States) program (see Figure S2).

Finally, Figure S3 shows the piezoelectric phase distribution value for the Si/ITO and

PET/ITO substrates.
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Figure S1. Sweep of the drive frequency value for the AC bias signal for the PFM amplitude and phase values in different
frequency ranges.
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Figure S2. A single frame of (a) amplitude and (b) phase measurement and average values of 20 frames of (c) amplitude
and (d) phase.
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Figure S3. Piezoelectric phase distribution values of ZnO NWs grown on (a) ZnO (ALD)/ITO/Si and (b) the as-printed
(not sintered) ZnO seed layer/ITO/PET substrates. The red curve is the fitting curve using Gaussian mixture models.

Table S1 reports the arithmetical mean deviation values (Ra) and root squared values
(Rq) measured by AFM for the different substrates (Figure S4b and Figure S4c) and man-
ufactured ZnO seed layers.

Thin Film Characterization

Table S1. Arithmetical mean deviation values (Ra) and root squared values (Rq) measured for the different substrates and
manufactured ZnO seed layers.

Samples Ra (nm) Rq (nm)
ITO/Si 1.70 2.14
ZnO seed layer (ALD) /ITO/Si 1.04 1.35
ITO/PET 1.50 2.11
Not sintered ZnO seed layer (gravure) /ITO/PET 1.49 1.97
4h sintered ZnO seed layer (gravure) /ITO/PET 10.9 13.5

The sheet resistance of the ITO (0.18um)/Si was measured by a 4-point probe method,
giving a value of 34 Q/Sq, while for the ITO (0.13 um)/PET the sheet resistance was 58
Q/Sq.
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Figure S4. Height distribution of the top surface of (a) ITO over PET, (b) ITO over Si, and (c) the ZnO seed layer (deposited
by ALD) over ITO/Si to extract the roughness parameters by AFM.
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Figure S5. Diameter distribution of ZnO NWs grown on (a) ZnO (ALD)/ITO/Si and (b) the as-printed (not sintered) ZnO
seed layer/ITO/PET substrates. The red curve is the Gaussian fitting function.
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Figure S6. SEM image of the cross section of the ZnO NWs grown on the (a) ITO/SI and (b) ITO/PET substrates.
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Table S2. Comparison of ZnO NWs grown by chemical bath deposition (CBD) from recent articles.

Seed Laver Seed Layer/NW
Diameter  Length NW Ori- . Seed Layer Ay Growth Solu-
. Substrate  Flexible . Deposition Ref.
(nm) (um) entation Material . tion Tempera-
Technique
ture
266 1.2 Poor ITO - - - —-/85°C [1]
580 6.7 Good Si No Au  Vacuumevap- o eq e 2]
oration
Room tempera-
. . . ture (RT) depo-
Z
50 0.74 Good Si No e ac.etate Spin coa.t e sition, then an- [3]
solution annealing .
nealing at 400
°C/83 °C
Radio fre-  Seed layer an-
180 3 Glass No ZnO quency (RF) nealed at [4]
sputtering 400 °C/-
RT deposition,
- - Good Si No ZnaOrzzr; o Sol-gel then annealing [5]
P at 300 °C/95 °C
E- -
150 2 Good Si No ZnO beam evapo- oo 6]
ration
Glass co Soaking in
210 2 Poor ) No MnOOH KMnOs4 KMnOsat 90 °C/ [7]
verslip
85 °C
Deposition on
50 0.3 Good ZnO/I;FO/PE Yes ZnO RF sputtering PET at 120 °C/ [8]
75 °C
Si as a tem- Thermal eva RT deposition
100-250 2 Good  porary sub- Yes Au/Ti . P™ then annealing [9]
oration
strate at 300 °C/-
RT deposition
500 5 Good PES Yes ZnO Sol-gel then annealing [10]
at 150 °C/90 °C
RT deposition
70 2 Poor PI Yes ZnO Rou,'tf,'rou then annealing  [11]
PIHRS  at350 °c/92 °C
Soaking in Soaking in
74 15 Poor Copper PCB Yes MnOOH & KMnOsat90°C/  [12]
KMnOs
85 °C
., RT printing then
210 3.5 Good ITO/PET Yes ZnO Gravu.re print- annealing at Present
ing Work

100 °C/85 °C

Raman Spectroscopy

Raman spectroscopy was used to study the crystal structure of the ZnO films depos-

ited by gravure printing onto aluminium. The Raman spectra of ZnO measured before
and after sintering treatment (4h) in the region from 300 to 700cm™!, are reported in Figure
S7. For all the samples two principal phonon bands, centered at 438 and 578 cm™ are well



7 of 8

visible. According to the literature [13-18] they can be associated to phonon modes in ZnO
structures as shown in Table S3. In particular, the intensity of the strong band centered at
438cm™ is, associated to a non-polar Ezhigh (O) phonon mode of the oxygen anions present
in wurtzite hexagonal phase of ZnO. [16]

Table S3. Assignments for the Raman bands marked in Figure S7 to specific vibrations of ZnO structures.

Vibration mode

Wavenumber (cm™) Ref.
438 E2 (high) [13][15][17][18]
578 LO quasimode with mixed Al and E1 symmetry [19]
_ 438 Sintering time: .
L t=0 4
——t=4h

Intensity (a.u.)

350 400 450 500 550 600 650
Raman Shift (cm™)

Figure S7. Raman spectra of ZnO seed layer films deposited onto aluminium by gravure printing as measured before and
after 4 h of sintering.
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