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Photothermal Laser Printing of Sub-Micrometer Crystalline
ZnO Structures

Matthias Steurer, Paul Somers, Kristian Kraft, Lukas Grünewald, Steven Kraus,
Florian Feist, Bastian Weinert, Erich Müller, Stefanie Dehnen, Claus Feldmann,*
Yolita M. Eggeler,* Christopher Barner-Kowollik,* and Martin Wegener*

During light-driven 3D additive manufacturing, an object represented in
digital form is initially translated into a spatial distribution of light intensity
(sequentially or in parallel), which then results in a spatial material
distribution. To date, this process typically proceeds by photoexcitation of
small functional molecules, leading to photochemically induced crosslinking
of soft materials. Alternatively, thermal triggers can be employed, yet thermal
processes are often slow and provide only low spatial localization.
Nevertheless, sub-micrometer ZnO structures for functional microelectronic
devices have recently been laser-printed. Herein, the photothermal
laser-printing of ZnO is advanced by i) introducing single-crystalline rather
than amorphous sub-micrometer ZnO shapes that crystallize in the hexagonal
ZnO wurtzite structure, ii) employing dimethyl sulfoxide (DMSO) instead of
water, enabling higher local process temperatures without micro-bubble
formation, and iii) using substrates tailored for light absorption and heat
management, resolving the challenge of light to heat conversion. Finally, the
herein-demonstrated ZnO printing requires no post-processing and is a
cleanroom-free technique for the fabrication of crystalline semiconductors.
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1. Introduction

Multi-photon 3D laser printing of poly-
mers has become a mature and widespread
technology for the manufacturing of com-
plex architectures on the μm- and nm-
scale, with applications covering micro-
optical components,[1] micro-robots,[2] scaf-
folds for cell culture,[3] and mechanical
metamaterials.[2,4] In essence, a tightly fo-
cused laser beam is sent into a transparent
and liquid ink and scanned in 3D along a
desired path. Inside of the ink and the laser
focus, the light interacts with an absorbing
component, triggering a photochemical re-
action that leads to the local solidification
of the ink on the substrate’s surface. After
completing the printing step, the remaining
unconsolidated still-liquid material is sim-
ply rinsed off or dissolved.

Recently, efforts have been made to fur-
ther enrich and complement (rather than
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replace) the materials possibilities of this technology by ex-
panding it from organic to inorganic materials to improve
the electric, mechanical, and optical properties of printed
microstructures.[5–9] One common approach to this is using an
ink containing preformed nanoparticles of the target inorganic
material.[10,11] The majority of these efforts, however, require
post-processing such as sintering of the printed structures at
temperatures frequently exceeding 1000 °C.[12] While the nec-
essary temperatures have lately decreased significantly,[13] this
post-processing method still complicates the development of het-
erogeneous multi-material architectures, as it makes the integra-
tion of materials with different responses to heat treatments chal-
lenging. For example, one initially prints a polymer part using
an organic ink. The polymer subsequently undergoes modifica-
tion and transforms into a carbon-based backbone due to subse-
quent high-temperature process steps, thereby losing its original
polymer properties.[14] Likewise, inorganic multi-material archi-
tectures with different post-processing conditions and tempera-
tures for the ingredient materials appear difficult to realize and
their production remains time-consuming.

Semiconducting ZnO deposited by laser-induced hydrother-
mal synthesis with sub-μm feature sizes has recently allowed for
the direct laser printing of functional microelectronics devices
and circuits in a facile process based on a transparent aqueous ink
(with no nanoparticles).[15] Importantly, the printed structures
did not require any post-processing other than a washing step to
rinse off the unused ink. A 532 nm continuous-wave (CW) laser at
power levels of merely a few mW was sufficient to print.[15] Prior
to printing the ZnO, metals such as Pt and Ag were printed via
a different approach, namely by two-photon reduction of metal
salts in an aqueous solution.[15] While neither of these materials
was printed in a truly 3D manner (containing overhanging parts),
3D layer-by-layer heterostructures were realized, for example, ver-
tical electrical diodes.[15] We emphasize again that these process
steps are completely compatible with established multi-photon
3D polymer laser printing.

Herein, we investigate an alternative approach to photother-
mal sub-μm laser printing of ZnO, featuring four key aspects to
serve as a cleanroom-free technique for processing fully laser-
printed circuits. First – and perhaps most importantly – we
demonstrate the deposition of sub-μm thin wires that crystallize
in the hexagonal ZnO wurtzite structure as single crystals, rather
than amorphous or polycrystalline material. This is locally eval-
uated and confirmed for various printed ZnO shapes using ana-
lytical electron microscopy and diffraction techniques. The lack
of centrosymmetry of these hexagonal ZnO unit cells[16] opens
the door for secondharmonic generation, to the linear electro-
optic effect and to printed piezoelectric elements. To avoid mis-
understandings, we note that ZnO crystals of various shapes have
been generated by numerous means in the literature.[17–25] How-
ever, our simple additive approach allows for the controlled po-
sitioning of ZnO crystals at targeted locations and with sub-μm
wire widths – completely without the need for lithographic pro-
cesses in a cleanroom and post-processing heat treatments. Sec-
ond, by moving from a water-based ZnO ink[15] to one based
on DMSO, the boiling point increases from 100 to 189 °C, en-
abling higher local laser-induced temperatures, and thereby a
larger process window without bubble formation. Third, any pho-
tothermal approach necessarily requires a light-absorbing ma-

terial. Previously,[15] this meant that we could not print an iso-
lated ZnO wire on the substrate, which was a transparent glass.
Here, we introduce substrates tailored for photothermal printing
in terms of light absorption and – at the same time – for heat man-
agement. The latter is critical for the printing of sub-μm struc-
tures. Fourth, we print in the so-called sandwich mode rather
than through the substrate,[15] potentially enabling the facile laser
printing of multi-material architectures in a single light-focusing
mode, e.g., inside of a microfluidic cell[26] suitable for laser print-
ing under conditions of high optical numerical aperture (NA).

2. Results and Discussion

2.1. Photothermal Laser-Induced Printing of ZnO

Photothermal laser-induced printing has been used to fabricate
metals and semiconductors by converting light from an incident
CW laser into a tight temperature maximum, leading to a chem-
ical reaction if the peak temperature is sufficiently large. This
printing process is desirable as it removes the need of bulky, ex-
pensive fs-pulsed lasers. In one example of photothermal print-
ing, Zarzar et al.[27] utilized a 750 nm CW laser to heat previ-
ously printed Pt wires by photoreduction with a fs-pulsed laser
and deposit transition metal oxides as well as transition metals.
We recently showed the potential of photothermal laser-induced
printing of amorphous ZnO using Pt wires as an absorber for a
532 nm CW laser to fabricate electronic devices such as diodes
and memristors.[15] In both cases, the structuring of the pho-
tothermally printed material was limited to the locations and di-
mensions of the preprinted metal absorber.

Our herein-developed approach (Figure 1a) makes use of a
532 nm CW laser tightly focused on the surface of a Si/SiO2
coated borosilicate glass coverslip (22×22×0.17 mm) which is in-
serted in the printing system in the sandwich mode. In the sand-
wich mode, the ink is located between a glass window and the
substrate with the laser light passing through the ink to reach
the substrate. We chose this orientation to enable future poten-
tial laser printing of multi-material architectures in a single light-
focusing mode. The thin amorphous Si layer acting as an ab-
sorber for the 532 nm CW laser converts the laser light to heat,
with a steep temperature gradient between the laser focal point
and the surroundings. At sufficiently high laser powers, this re-
sults in spatially confined thermally driven reactions, e.g., the de-
composition or oxidation on the ink/substrate interface. To pro-
vide and maintain the steep temperature gradient, the absorbing
layer is chosen to feature a low thermal conductivity. Thus, we
chose amorphous Si as the absorber for the 532 nm wavelength
light. At the same time, the 532 nm laser radiation is not absorbed
by the ink, ensuring that there is no photochemical process hap-
pening (see Section S1, Supporting Information). A thin layer
of SiO2 (18 nm measured by transmission electron microscopy
(TEM)) is sputtered on top of the Si resulting in an insulating
surface for the fabrication of microelectronic devices. By moving
the sample relative to the incident laser beam, any 2D structure,
e.g., wires or circles can be fabricated. Here, we print sub-μm
singlecrystalline ZnO wires (refer to the example in Figure 1b)
with a linewidth of close to 0.5 μm using laser powers around
2 mW (2.25 MW cm−2) and a laser scanning speed of 1 μm s−1

by the decomposition of zinc formate (Zn(HCO2)2) in DMSO. We
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Figure 1. a) Scheme of photothermally laser printing ZnO. A CW laser at 532 nm wavelength is tightly focused on the surface of a Si/SiO2 coated glass
substrate using a microscope objective lens (NA = 1.4). The DMSO-based (Zn(HCO2)2) ink is contained between a microscope cover glass and the
substrate in the sandwich printing mode. Upon absorption of the laser light by the amorphous Si layer (a-Si, 265 nm) a thermal reaction of (Zn(HCO2)2)
to ZnO occurs. A thin layer of SiO2 (18 nm) provides an electrically insulating layer on the substrate. b) Scanning electron microscope (SEM) of example
single crystal laser-printed ZnO with sub-μm linewidth. Schematic representation of hexagonal wurtzite ZnO lattice (Zn orange, O blue). The bold, black
lines indicate a unit cell. The gray area represents the base plane. Atomic radii are not to scale.

chose this printing speed to facilitate the growth of single crystals
which prefer a slow growth rate.[28] We note that, in photopoly-
merization reactions, the printing speed can be significantly in-
creased with higher light intensities as the chemical reactions
continue to proceed after the energy has been deposited.[29] The
crystal growth process here is diffusion-limited and therefore
runs into problems at higher laser scan speeds (refer to Sec-
tion S4, Supporting Information). A pulsed laser source could
possibly be beneficial to better modulate the temperature pro-
file during photothermal printing, allowing more control during
the printing.[30,31] However, we do not explore this aspect in this
work. The printing process is completed with a simple rinsing
procedure using common solvents and no other postprocessing.

The choice of substrate is non-trivial. Along with Si/SiO2
coated glass coverslips, we investigated the printing of ZnO di-
rectly on a commercially available Si wafer. We observed no ZnO
printed on the Si wafer up to the max printing laser power tested
(few 10s of mW). We attribute this observation primarily to two
aspects. First, the absorption is lower and the thermal conduc-
tivity is higher in crystalline Si (wafer) than in amorphous Si

(sputtered layer).[32] Second, relative to the size of the laser fo-
cus region, the wafer provides an entire half-space that can con-
duct heat away whereas the thin film conducts heat primarily in
a 2D plane as the underneath glass coverslip acts strongly as an
insulating layer. When the generated heat is rapidly conducted
away from the laser focal point, a sufficiently large temperature
is not reached to initiate the chemical reaction (refer to Section
S2, Supporting Information). Substrates with Si thicknesses up
to 265 nm were successfully fabricated, while cracking of the Si
layer was observed for thicker coatings in our system. The 265 nm
(determined by TEM) Si layer was used moving forward as it re-
quired the least laser power to print, attributed to the thicker layer
providing more material to absorb more of the laser. In all cases,
as the laser power increases, more heat is generated and the di-
mensions of the structures increase from ≈0.5 μm to several μm
(refer to the printing parameter sweep Sections S3 and S4, Figure
S5, Supporting Information). Thus, the dimensions of the in-
tended structures can be tuned regarding the laser power to en-
able repeatable printing of small uninterrupted sub-μm linewidth
single-crystalline ZnO structures (Figure 1b).
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Photothermal laser-induced printing previously used a solu-
tion of a metal precursor and a reducing or oxidizing agent in
water,[7,9] requiring changing of the pH of the ink by adding acids
or bases such as hydrochloric acid or ammonia to dissolve or
modify the metal precursor.[15] Additionally, this contributed to
an undesirable incompatibility between different inks/materials
and limited the application of the ink.[15] As for the solvent,
water has a low boiling point of 100 °C, which often causes
bubbles to form during the printing that disrupt the printing
process.[33] Such interference can lead to an increased feature
size or interrupt the patterning completely. Here, we improved
the ink formulation for printing ZnO using a saturated solution
of (Zn(HCO2)2) in DMSO. Zinc formate readily decomposes to
the Zn2+ precursor and DMSO exhibits a higher boiling point
than water at 189 °C allowing a larger processing temperature
before bubble formation. We propose that the temperature in-
crease caused by the laser irradiation leads to decomposition
of Zn(HCO2)2 and forms ZnO accompanied by gaseous prod-
ucts, observed for the thermal decomposition of Zn(HCO2)2 in
the literature, of H2O, COx

[34,35] and HCO2CH3
[36,37] produced

by the Tishchenko reaction of HCHO in the presence of weakly
basic ZnO (Figure 1a). Furthermore, the formation of ZnO by
thermal decomposition of Zn(HCO2)2 is observed in an oxygen-
rich atmosphere as well as under anoxic conditions.[38,39] The
proposed mechanism of ZnO formation follows two steps de-
scribed in the literature (determined by thermogravimetry of bulk
Zn(HCO2)2.[38,40] First, a dehydration process of Zn(HCO2)2 di-
hydrate at temperatures exceeding 100 °C takes place. Second,
the anhydrous Zn(HCO2)2 decomposes at temperatures around
270–310 °C leading to ZnO. In the literature[36] the chemical re-
actions describing the decomposition step are divided into two
stages. In Stage I, the formate anion decomposes to an inter-
mediate hydride anion and carbon dioxide. In Stage II, the hy-
dride anion then reacts with the formate anion likely leading
to H2CO2

2−,[36,37] which spontaneously decomposes to O2− and
HCHO yielding ZnO. The zinc oxide formation is enhanced by
the decrease of the ink viscosity during laser irradiation,[41,42]

enabling fast diffusion of surrounding O2 to the heated sub-
strate surface. In general, we observe no microbubble formation
through in situ optical imaging during printing. This indicates
that the formation of gaseous products is small and not an issue
as well as indicating that the process temperature does not boil
the DMSO, suggesting that the dehydration- and decomposition
temperatures in DMSO are lower than observed for the decom-
position of bulk Zn(HCO2)2 in the literature.[38,40] Finally, DMSO
also has a closer refractive index to the objective lens design (i.e.,
that of the glass coverslip) than other highly polar solvents,[43]

allowing for better focusing of the laser light (i.e., a smaller fo-
cus spot, see Section S5 and Figure S6, Supporting Information)
through the ink in the sandwich mode. We investigate the mi-
crostructure and chemical composition of the printed ZnO ma-
terial in the following.

2.2. Crystallinity of Printed ZnO Objects

A detailed characterization was performed to reveal the crys-
talline structure of the printed ZnO objects. A workflow was
developed to derive structural information at high resolution

on comparably large lateral scales, succeeding our previous ex-
ploratory efforts.[44] After polishing the μm-sized ZnO struc-
tures by focused-ion-beam (FIB) milling, we apply electron
backscatter diffraction (EBSD), a surface-sensitive diffraction
technique in the scanning electron microscope (SEM), on printed
wires, circles, and angles to analyze their crystallinity on the
μm-scale.

Initially, the crystallinity and structural integrity were analyzed
along the entire length of a printed ZnO wire with a nominal
length of 10 μm using EBSD, as shown in Figure 2. The top-
view secondary electron (SE) image reveals an actual length of
10.4 μm of the ZnO wire and shows the FIB-polished surface
(Figure 2a) needed to perform EBSD mapping within the marked
rectangular area. However, the length of the polished EBSD sur-
face is 9.4 μm. One must emphasize that EBSD analysis requires
a predefined outer coordinate system to draw connections to the
material’s crystalline orientation. The outer coordinate system (x,
y, z) was chosen as shown in (Figure 2a), where x and y are the
lateral directions parallel to the surface and z is the surface nor-
mal. For this wire, the printing direction is -x. The directions x,
y, and z have the same meaning in the inverse pole figure (IPF)
maps (Figure 2b–d), within the IPF (Figure 2g), and within the
pole figures (PF)s (Figure 2h–j).

The color code for the IPF maps shows the crystalline orien-
tation (given by the stereographic triangle in Figure 2f) parallel
to one of the given real-space directions (x, y, or z). Only the
central, FIB-polished area of the ZnO wire yielded useful EBSD
patterns for subsequent automated indexing, resulting in unin-
dexed patterns (white pixels) toward the edges of the IPF maps
(Figure 2b–d). Nanometer-sized pores in the ZnO structure were
observed (not shown here, cf. Section S6, Supporting Informa-
tion), which may locally contribute to a poor EBSD pattern qual-
ity that cannot be indexed anymore. The automated indexing pro-
cedure was successful for the hexagonal ZnO wurtzite structure
(P63mc, space group 186, schematically shown in Figure 1b) upon
all indexed patterns in the various measured printed ZnO objects.

One single general color in each IPF map indicates that
one large ZnO grain, or, in other words, a single crystal has
formed, as opposed to a polycrystalline or an amorphous struc-
ture (Figure 2b–d). However, within the single crystal, a color
gradient along the printing direction is observed in all three IPF
maps (Figure 2b–d), indicating that the crystal orientation of the
ZnO grain varies along the ZnO wire.

This aspect becomes clearer by calculating and displaying the
overall scalar misorientation between all orientations in the map
to a reference orientation (defining 0°) chosen at the start of the
printing (Figure 2e). The misorientation values increase toward
the highest measured angles at the final printing position. Note
that the scalar misorientation values correspond to the minimum
value of all symmetrically equivalent orientations. The total scalar
misorientation was measured to be ≈16° over the entire printed
wire, corresponding to an average rotation rate of 1.7° μm−1. For
the printed ZnO wire in Figure 2, the lattice rotates continuously
as the mean rotation rate is linear. In contrast, we also observed
non-constant rotation rates on other wires (refer to Section S7
and Figure S10, Supporting Information).

A similar continuous rotation of the crystal lattice has been
observed, e.g., for branches of spherulitic crystals,[45,46] transro-
tational crystals,[47,48] or in laser-heated glasses.[49,50] For other
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Figure 2. Analysis of the crystallinity of a photothermally laser-printed 10.4 μm long ZnO wire by electron microscopy and diffraction. a) Top-view SE-SEM
image shows the wire with an FIB polished surface necessary for conducting EBSD measurements. The outer coordinate system (x, y, z) was chosen as
shown in (Figure 2a), where x and y are the lateral directions parallel to the surface and z is the surface normal. For this wire, the printing direction is
-x, as indicated. b–d) Color-coded IPF maps of the polished ZnO surface, with the corresponding color legend given in the stereographic triangle shown
in (f). e) Misorientation plot of ZnO relative to the reference orientation located at the start of the printing process (marked with a cross in b–d). The
total scalar misorientation is ≈16° with a misorientation rate of 1.7° μm−1. Schematics of the local orientation of the hexagonal lattice at three positions
are overlaid. f) Color legend for IPF maps of ZnO. g) IPFs in printing direction (-x). h-j PF for the [0001], [1̄21̄0], and [1̄100] directions. The arrows in the
(inverse) PFs indicate the direction of the crystal rotation.

liquid inkbased printing of ZnO,[51,52] agglomerated nanowires
were observed.

To understand the growth of the ZnO wurtzite single crystal
in the direct laser writing process, we first investigate the initial
heterogeneous nucleation of the crystal on the amorphous sub-
strate. This investigation is exemplified by the printed ZnO wire
shown in Figure 2 and is representative of the 24 wires analyzed
(refer to Section S8 and Figures S12–S17, Supporting Informa-
tion for texture analyses of all wires). In Figure 2, the orienta-
tion of the crystal in the IPF-X map at the print starting point
(marked with a cross in Figure 2b), is initially aligned in a ran-
dom crystallographic direction (here around [9̄ 11 2̄ 10]) at the
start of the printing process and rotates toward the [1̄21̄0] direc-
tion until the end of the printed wire (Figure 2g). Alternatively,
the rotation of the crystal lattice can also be observed in the PFs
(Figure 2h–j). The values in the PFs are color-coded with their
misorientation values shown in Figure 2e. The PF in the [1̄100]
direction (Figure 2j) indicates that the crystal’s ⟨1̄100⟩-direction
is initially closely aligned with the z-direction. With progressing
crystal growth following the laser writing direction the crystal lat-
tice then approximately rotates clockwise around this crystal di-
rection (marked with arrows Figure 2j), that is, an in-plane rota-
tion (in the xy-plane) of the (1̄100) planes parallel to the surface
around the z-direction. The rotation behavior of the lattice is de-
picted using color-coded scalar misorientation values, as shown
in Figure 2e. For a more intuitive visualization of lattice rotation,
Figure 2e illustrates the corresponding rotation of a schematic
hexagonal ZnO unit cell in real space at three positions along the
printed wire.

Another interesting crystallographic direction is [0001], which
is depicted in the PF in (Figure 2h). For the ZnO wurtzite
structure, the c-axis, here referred to as the [0001] direction, is
known to crystallize the fastest.[53] As a result, ZnO nanowires[52]

(and another similar example)[51] tend to have their longest
axis along the [0001] direction. Additionally, ZnO films exhibit

lamellar growth, with the [0001] direction parallel to the surface
normal.[40] In our case, the [0001] direction of the crystal rotates
toward the -y real-space direction around the z-direction (marked
with an arrow in Figure 2h). Notably, the [0001] direction does
not rotate toward the surface normal z for the shown ZnO wire,
indicating that the preferred crystallographic growth direction
[0001] in ZnO does not necessarily align with the surface nor-
mal (z-direction) during printing. However, some investigated
ZnO wires showed a tendency toward [0001]||z-oriented growth
along the printing direction (see Section S8 and Figure S12, Sup-
porting Information), suggesting that [0001]||z growth is possi-
ble in the laser writing process depending on the initial orienta-
tion during nucleation at the starting point of printing and subse-
quently growth depending on the laser-printing direction relative
to lattice orientation.[49] In addition, the [0001] direction also does
not tend toward the printing direction x (Figure 2g; Section S8,
Figure S15, Supporting Information for other wires), indicating
that the growth front is not parallel to x but instead inclined rela-
tive to the printing direction due to interactions with the substrate
surface. For completeness, the PF in the [1̄21̄0] direction is also
shown (Figure 2i).

The laser-printed single crystalline straight wires have demon-
strated, on average, that they nucleate with an unspecified initial
orientation on the amorphous substrate, and the lattice subse-
quently undergoes continuous rotation during growth. To further
investigate the influence of the printing direction, we examined
different printed ZnO structures, including i) shapes with vary-
ing angles and ii) circles with different diameters, as shown in
Figure 3; Section S7, Figures S9 and S11 (Supporting Informa-
tion). This also confirms that our approach can print shapes other
than straight wires.

As previously, the starting point of the printing process is de-
noted by a cross. Initially, for all angles, printing commences
with the horizontal part along the real-space x-direction. Sub-
sequently, it progresses toward predefined angles (45, 90, and
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Figure 3. EBSD analysis of different laser-printed ZnO shapes. a) SE-SEM top-view images of ZnO structures featuring 45, 90, and 135° angles, as well
as a circle with a 1 μm radius, printed in a clockwise direction. Scale bars correspond to 5 μm for the angles and 1 μm for the circle. The starting positions
of the printing process are marked in the SEM images, IPF maps, and PFs with a cross. The chosen outer coordinate system indicates the real-space
directions (x, y, z). b–d) Color-coded IPF maps for the three angles and one circle. Small ZnO grains are at the start position in the magnified IPF-X
maps of the angles. e) PF for the [0001] direction. The arrows in the PFs indicate the direction of the crystal rotation. f) Stereographic triangle with a
color legend for IPF maps (b–d).

135°), with the printing direction marked for the 135° angle in
Figure 3a. For the circle, the printing starts at the 12o’clock po-
sition and continues clockwise. The radius of the shown circle is
1 μm, but other radii were investigated as well (refer to Section
S7 and Figure S11, Supporting Information). Similar to Figure 2,
all IPF maps show smooth color gradients suggesting primarily a
single large ZnO grain with a rotating lattice and an independent
primary starting orientation (Figure 3b–d, IPF map legend given
in Figure 3f). However, closer inspection of the IPF maps reveals
a few extra smaller grains located at the starting point of the print-
ing (refer to the enlarged inset in Figure 3b–d). The polycrys-
talline structure observed at the starting point may be attributed
to the initial ZnO nucleation on the amorphous substrate. The
absence of structural guidance from the substrate results in ran-
dom nucleation and growth of ZnO grains,[47] possibly caused by
the initial temperature: if the temperature is higher in the initial
phase of printing, the formation of smaller grains and a higher
nucleation density are more prominent. Multiple nucleated ZnO
grains with different orientations grow at the starting position of
the laser, which are visible as dots in the PF (refer to the dashed
arrows in Figure 3e) before only one of these initial orientations,
i.e., a single, primary orientation, proceeds to grow and rotate
during the printing process. The resulting orientation is denoted
as “primary orientation” in the following.

The short wire in Figure 2 shows only one primary orientation
without extra grains in the beginning, indicating that the extra
grains at the starting point do not form every time or even slight
differences in printing parameters change the local temperature
conditions hence trigger different solid nucleation mechanisms.
Comparing the different printed shapes, we observed that the pri-
mary orientation of the crystal differs in each case (Figure 3b–d).
This suggests that the initial orientation of the ZnO seed form-

ing the primary ZnO orientation along the printed structure is
likely random. Additional measurements on other ZnO struc-
tures shown in the Supporting Information support this obser-
vation (Section S8, Supporting Information) as the starting ori-
entation of the primary orientation is always different.

The total scalar misorientations for the 45, 90, 135° angles and
the 1 μm-circle are 60.54, 52.37, 49.25, and 3.63°, respectively.
The total lengths of the angles or circumference of the circle are
21.46, 21.02, 20.08, and 4.41 μm, which corresponds to average
rotations rates of 2.82, 2.49, 2.45, and 0.83° μm−1 for 45, 90, 135°

angles and the 1 μm-circle, respectively. Note, that the reference
positions for the misorientation calculations are chosen from the
start of the primary orientation rather than a random grain at the
(possibly) polycrystalline starting point of the printing. The total
scalar misorientation and rotation rates for the shown angles are
higher than for the short ZnO wire (1.7° μm−1, Figure 2). How-
ever, no clear trend in differences in average rotation rates be-
tween straight wires, angles, and circles was observed within ex-
perimental errors and statistics of our measured samples. The ro-
tation rates for the additionally measured 21 wires in the Support-
ing Information (Figure S12, Supporting Information) vary from
0.19 to 6.66° μm−1. The average rotation rates for angles from
Figure 3 and Figure S9 (Supporting Information) are between
0.73 and 2.99° μm−1 and those of the circles from Figure 3 and
Figure S11 (Supporting Information) are between 0.83 and 1.81°

μm−1. A statistical t-test for independent sampling was used to
check whether the differences in the mean values of the rotation
rates of the wires (3.13 ± 1.56)° μm−1, angles (2.26 ± 1.04)° μm−1

and circles (1.30 ± 0.49)° μm−1 are statistically significant. The
errors indicate the standard deviations for N = 21, N = 4, and
N = 3 for wires, angles, and circles, respectively. A significance
level of 0.05 and a homogeneous variance were assumed. The
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two-tailed p-value for the comparison between wires and circles
is 0.06, for wires and angles is 0.30, and for circles and angles is
0.21. Since the values are all higher than 0.05, the observed differ-
ences between the measurements are not statistically significant.
The aforementioned otherwise-grown rotating crystals with rotat-
ing lattices exhibit rotation rates up to 90° μm−1,[45,48,50] while ro-
tating crystals with lower thickness tend to rotate faster.[40] There-
fore, the differences in rotation rate are likely affected by the to-
tal height of the printed objects parallel to the surface normal z,
which itself is also affected by the printing speed and laser power
(refer to Section S4 and Figure S5, Supporting Information). In
addition, differences in the crystal structure, preferred growth di-
rections, and the presence of pores in our printed objects may
alter the rotation rate.

Finally, the rotation rate also depends on the laser-writing di-
rection. However, we found no consistent changes in lattice ro-
tation, regardless of the printing direction. This is likely because
the crystalline ZnO is printed on an amorphous substrate, lead-
ing to random initial orientations. Therefore, the substrate does
not predefine the crystal orientation and the printing direction
does not matter. However, when printing from an already-formed
crystal seed, changes in the printing direction influence the lat-
tice rotation direction and rotation rate, with variations depend-
ing on the current orientation relative to the printing direction,
as observed for the printed angles. The average rotation rates for
the horizontal part of 45, 90, and 135° angles are 4.90, 3.93, and
3.35° μm−1. In contrast, the average rotation rates for the diago-
nal part of the 45, 90, and 135° angles are 2.98, 3.13, and 4.99°

μm−1. Thus, the rotation rate is smaller for the 45 and 90° an-
gles after bending and slightly larger for the 135° angle. This
indicates that the rotation of the ZnO crystals depends on the
direction of printing. Further angles and their rotation rates are
shown in Section S7 and Figure S9 (Supporting Information).
Such a dependence of the crystal rotation and rotation rate on
the printing direction has been also observed for rotating Sb2S3
crystals.[49]

Indeed, the printed angles have a clearly defined change in
printing direction, whereas the straight wires display no change
or the circles have a continuous change in printing direction,
respectively. Therefore, the angles provide insights into the in-
terplay between lattice rotation and printing direction. Video S1
(Supporting Information) shows background-subtracted EBSD
patterns at different positions along the angles. A significant
change in the moving direction of the EBSD patterns is observed
for all angles when the printing direction changes. This demon-
strates that the latter influences the direction of the lattice rota-
tion and, as a result, also the rotation rate, in agreement with
literature for laser-printed Sb2O3 in glass.[49,54] The directional
change in EBSD-pattern movement seems to correlate with the
angle value. For example, for the 90° angle, the EBSD-pattern
movement is initially roughly horizontal at the horizontal part
of the wire. After the 90° angle, the EBSD pattern moves in the
vertical direction, i.e., a ≈90° rotation is observed for the patterns
similar to the printed 90° angle (Video S1, Supporting Informa-
tion). As a result, clear changes in the corresponding (inverse)
PFs for the angles for a change in orientation are observed, and
example [0001] PFs for the three shown angles are displayed in
Figure 3e. Note that the exact angle between the focus-scan direc-
tion and the orientation change in the PFs does not necessarily

agree due to i) the stereographic projection and ii) the chosen PF
direction (here [0001]).

Besides the representative ZnO structures in Figures 2 and 3,
similar EBSD measurements were performed on more exam-
ples, and additional printing parameters are shown in the Sup-
porting Information (refer to Sections S4, S7, and S9, Figures
S4, S9, and S11, Supporting Information). For instance, to deter-
mine whether the lattice rotation reaches saturation, a straight
ZnO wire with a length of 103.5 μm, ten times longer than the
wire printed in Figure 2, was measured. However, the length of
the polished EBSD surface is 98.6 μm. The lattice rotation rate re-
mains constant over the entire length and exhibits a total scalar
misorientation of 18.7°. This corresponds to an average rotation
rate of 0.19° μm−1 (refer to Section S9, Supporting Information).
Along with the printing direction, the printing speed and laser
power are fabrication parameters that influence the quality of the
ZnO crystals. Increasing laser power results in more deposition
of ZnO material on the substrate, which decreases the printable
resolution. Conversely, higher printing speeds lead to reduced
material deposition and an increase in unindexed patterns, indi-
cating lower-quality ZnO crystals (refer to Section S4, Supporting
Information).

We summarize the EBSD results as follows. The printed ZnO
structures are single-crystalline with a continuous lattice rota-
tion. The rotation rate and direction were different for each in-
vestigated ZnO structure. The rotation direction is influenced
by the printing direction, but other than that, no clear mecha-
nism or preference for the rotation rate and direction can be es-
tablished based on the exhibited results. The initial ZnO orien-
tation is random on the amorphous SiO2 substrate. A single- or
polycrystalline starting point may form and a primary orientation
is subsequently established upon printing. For a polycrystalline
seed, the primary orientation may be influenced by the spatial lo-
cation of the initial grain relative to the printing direction. Specif-
ically, the grain closest to the moving laser focus tends to prefer-
entially grow and establish the primary orientation. Another pos-
sibility is that the favorable primary ZnO orientation is chosen
based on the ability of the crystal to release stress in the crystal
lattice by the formation of point defects and dislocations[45,55,56]

or alternatively a gradual change in interatomic distances with
forming dislocations.[48] In any case, the crystal then continues
to grow with the primary orientation but also i) changes toward
a different crystallographic orientation and ii) interacts with the
substrate and surrounding ink, which ultimately results in the
observed rotating lattice. A systematically preferred growth direc-
tion of [0001]||printing-direction or alternatively [0001]||z of the
ZnO wires, angles, and circles was not observed (refer to Section
S8 and Figures S12, S15 and S16, Supporting Information). The
growth front may not be aligned with either of these orientations
due to interaction with the substrate.

Regarding preferential orientations, hexagonal ZnO typically
grows fastest along the [0001] orientation as observed for laser-
grown[52,53] or otherwise produced, e.g., ZnO nanowires.[53,57,58]

The preferred growth direction of the ZnO nanowire is the [0001]-
axis parallel to the growth direction, which is typically the sub-
strate surface normal (here z). As the sample surface-sensitive
EBSD[59,60] will not provide information down to the ZnO/SiO2
interface, complementary cross-section TEM was performed and
is discussed in the following section.
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Figure 4. Analytical TEM analyses of the ZnO wire cross-section conducted after the EBSD measurements shown in Figure 2.a) Cross-section overview
HAADF-STEM image showing the porous ZnO film and the deposited SiO2 and Si layers. High-resolution (S)TEM images of the ZnO film b) in the
middle and c) close to the ZnO/SiO2 interface (cf. dashed arrow) showing a single ZnO ⟨2„1„10⟩ zone-axis orientation. The insets show b) the FFT of
the HRTEM image with overlaid simulated spot positions and c) a magnified region of the HAADF-STEM image with the Zn atomic columns appearing
as white dots. d) HAADF-STEM signal and corresponding elemental maps. The maps marked with a star (*) were denoised with PCA. The Ga, Si, and
Pt signals do not vary along the horizontal direction, so only one-third of each map is shown for brevity. A 10 nm thin Ga-rich surface layer is observed
which is created by the FIB polishing process for the preceding EBSD measurements.

2.3. High-Resolution Analytical TEM Diagnostic of the Inner
Structural Arrangement of the Printed ZnO

Additional cross-section scanning transmission electron mi-
croscopy (STEM) analyses were conducted after EBSD measure-
ments on the ZnO wire shown in Figure 2a to analyze the crystal
structure and chemical composition (Figure 4). High-angle annu-
lar dark-field (HAADF) STEM overview imaging shows a homo-
geneous ZnO layer thickness of about ≈180 nm for this particular
TEM sample (Figure 4a). The ZnO surface observed in Figure 4a
is especially flat and not representative of the as-printed ZnO sur-
face roughness due to the applied FIB polishing nearly parallel
to the surface for the preceding EBSD measurements. In con-
trast, as-printed ZnO wires have slight thickness variations (see
Section S10 and Figure S19b, Supporting Information). The SiO2
layer thickness is close to 20 nm. The Si layer below SiO2 is about
265 nm thick (refer to Section S10, Supporting Information). The
Pt/C layer on top of ZnO is deposited during TEMsample prepa-
ration and acts as a protection layer.

A high number density of dark areas with diameters of a few
nm is observed in the HAADF-STEM image, indicative of a lo-
cally reduced scattering power (Figure 4a). This reduction in
HAADF-STEM intensity can be explained by the presence of nm-
sized pores, which are also observed in surface-sensitive SEM
imaging (refer to Section S6, Supporting Information). The pores

may be caused by the rapid cooling of the ZnO by the mov-
ing laser focal spot and the steep temperature gradient during
the photothermal laser-induced printing. Despite the pores, the
ZnO layer shows a highly oriented single-crystalline structure
as observed by representative high-resolution (S)TEM images
(Figure 4b,c). Similar to the HAADF-STEM image in Figure 4a,
the cloud-like intensity variations in the shown high-resolution
images are mainly caused by pores. The high-resolution TEM
(HRTEM) phase-contrast image of the ZnO crystal lattice in
Figure 4b shows a 95 nm × 95 nm wide field-of-view taken near
the center of the ZnO layer. The corresponding fast Fourier trans-
form (FFT, the squared modulus value of the FFT is shown) of the
whole image shows a distinct set of spots resulting from the pe-
riodicities of the lattice indicating a single ZnO orientation (see
inset in Figure 4b). The lattice spacings fit with the ZnO ⟨2„1„10⟩
zone-axis orientation by comparison of the measured lattice spac-
ing and angles with simulations.[61] The simulated spot positions
are marked with dashed circles in the FFT. In a few HRTEM im-
ages, nm-sized precipitates of either misoriented ZnO or other
Zn-containing crystal phases were detected (refer to Figure S24,
Supporting Information). These precipitates seem to be coher-
ently embedded in the ZnO matrix. Due to their small size and
relatively low number density (not determined), such precipi-
tates do not contribute significantly to the EBSD signal and were,
hence, not observed in our initial EBSD measurements.
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The denoised[62] HAADF-STEM image acquired close to the
ZnO/SiO2 interface shows the same ZnO ⟨21̄1̄0⟩ orientation as
the HRTEM image (Figure 4c, FFT not shown here). No addi-
tional ZnO orientations (or precipitates) are observed in this rep-
resentative image, confirming that the ZnO film grows primar-
ily with a single orientation from the ZnO/SiO2 interface up to
the ZnO surface. The ZnO/SiO2 interface is not atomically flat
but shows thickness variations of a few nm (see dashed arrow in
Figure 4c). The SiO2 roughness cannot be determined from our
TEM analyses since we measure a projection along the electron-
beam direction. The oriented ZnO film grows directly on the
amorphous SiO2 substrate without forming other interfacial lay-
ers in alignment with the results by Choi et al.[63] It is reported
that a polycrystalline ZnO layer may also form at the substrate in-
terface which then transforms to ⟨0001⟩-oriented ZnO for larger
film thickness.[53,58]

A small region of the HAADF-STEM image is magnified in the
inset in Figure 4c. At high magnification, the atomic columns of
Zn with Z = 30 appear bright in HAADF-STEM Z-contrast imag-
ing (Figure 4b), and their positions are in good agreement with
the ZnO ⟨2„1„10⟩ zone-axis orientation (marked with the overlaid
model generated with VESTA.[64] The atomic columns of O (Z =
8) are not visible due to the relatively low atomic number of O
compared to Zn. Additional aberration-corrected HRTEM imag-
ing at the ZnO/SiO2 interface confirmed the amorphous struc-
ture of SiO2 and Si (Section S11, Supporting Information). The
spatial distribution of elements within the cross-section sample
measured by energy-dispersive X-ray spectroscopy (EDXS) shows
the expected high Zn and O signals in the ZnO layer (Figure 4d).
The measured O concentration in ZnO is lower than the expected
value of 50 at-% O for stoichiometric ZnO (Section S10 and
Figures S20 and S21, Supporting Information). This aspect can
be mostly explained by the X-ray absorption effects of low-energy
O K𝛼 X-rays in the relatively thick TEM sample (≈120 to 150 nm).
The observed lack of photoluminescence in the visible-light spec-
trum also indicates the formation of stoichiometric ZnO without
many defects and O vacancies (refer to Section 2.4). Still, O va-
cancies may be present in the ZnO film which can modify its
electronic and optical properties.[65,66] The Zn and O signals are
reduced at the pore regions (cf. arrows in Figure 4d), indicating
that the pores are voids and not filled with Zn- or O-containing
residual ink. Minor concentrations of S and C (< 1 at-%) were de-
tected in ZnO, which likely originate from the DMSO (C2H6OS,
Section S10 and Figures S20 and S21, Supporting Information).
However, C may also result from C contamination of the TEM
sample and is therefore challenging to measure reliably in trace
concentrations. As a result, the genuine C signal from the sam-
ple is convoluted with possible C-contamination signal. Still, the
locally increased C signal seems to correlate with the pore posi-
tions, which suggests that most C is present in the pores (Figure
S22, Supporting Information). The C allotrope could not be de-
termined from STEM-EDXS measurements.

To investigate the spatial distribution of S (and Ga), we de-
noised the dataset (see methods) using principal component
analysis (PCA) to increase the signal-to-noise ratio of the STEM-
EDXS dataset. The PCA-derived elemental maps for S and Ga are
denoted with a star (*) symbol in Figure 4d. Notably, S is only de-
tected in the ZnO film, confirming that residual S is incorporated
into the printed ZnO film (cf. S map in Figure 4d). Similar to Zn

and O, the S signal is reduced near the pores. This indicates that
S is not present as residual DMSO/ink in the pores but is incor-
porated into the ZnO crystal lattice. Indeed, S-doping into ZnO
is possible without notably affecting the ZnO lattice parameters
(see, e.g., references[67–69] for S). For a few embedded nm-sized
precipitates, the observed lattice spacings fit either with ZnO or
with possible Zn-containing phases such as ZnSO4 (refer to Sec-
tion S12, Supporting Information). However, since i) the S sig-
nal is homogeneously distributed in the ZnO matrix and ii) only
a few sparsely distributed precipitates were observed, most S is
likely embedded in the ZnO lattice rather than the precipitates.
Similar to the possible presence of O vacancies, this may affect
the electronic properties of the printed ZnO film.

The elemental maps of Pt and Si in Figure 4d mostly show
the location of the protective Pt/C layer, and the Ar+-sputtered
SiO2 and Si layers. Since the elemental distribution along the hor-
izontal direction does not noticeably vary for these elements, only
one-third of each map is shown for brevity. The SiO2 layer shows
the expected Si and O signals. For the Si layer, about 2.5 at-% Ar
resulting from prolonged Ar magnetron sputtering was detected
(refer to Section S10, Figures S20 and S21, Supporting Informa-
tion). The PCA-derived Ga map shows a Ga-rich surface layer on
top of ZnO with a thickness of about 10 nm, which corresponds to
the dark line on top of ZnO visible in the HAADF-STEM images.
This layer is amorphized ZnO created during Ga+-FIB polishing
of ZnO for EBSD measurements.

As a final aspect regarding TEM, the rotation of the ZnO lattice
observed by EBSD is also observed by TEM (see Section S13, Sup-
porting Information for a detailed discussion). Overall, the TEM
measurements confirm that the laser-printed ZnO film is single-
crystalline from the ZnO/SiO2 interface up to the ZnO surface.
The absence of a polycrystalline ZnO layer at the ZnO/SiO2 inter-
face suggests that the crystal grows from the already-printed ZnO
crystal and not from new ZnO seeds on the SiO2 surface. Chemi-
cal analysis reveals that the pores are voids and that trace concen-
trations of S (and possibly C) from DMSO are embedded into the
ZnO lattice. Additional TEM analyses of an as-printed ZnO wire
(i.e., without any FIB polishing for EBSD measurements) can be
found in the supplementary information.

2.4. Non-Linear Optical Effects in Printed ZnO

Our electron microscopy analysis has clearly shown the crys-
talline nature of the laser-printed ZnO. The observed ZnO
wurtzite crystal structure is non-centrosymmetric. The lack of
a center of inversion symmetry is a critical requirement for
observing even-order non-linear optical effects such as second-
harmonic generation (SHG).[16,70–73] We evaluate this property
of our printed ZnO by focusing a fs laser with 780 nm center
wavelength onto a ZnO wire using a microscope objective lens
(NA = 0.95) and collecting the reflected/scattered light. The
measured SHG signal is shown in Figure 5a. A strong narrow
peak centered at 390 nm matches the expected frequency dou-
bling of the 780 nm laser (Figure 5b). A broader, weak emission
with a peak at 377.4 nm (using a Gaussian fit) is observed which
we attribute to band-edge luminescence.[74–76] We observed
no photoluminescence in the visible region (refer to Section
S14, Supporting Information) which would typically have been
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Figure 5. Measurements of second harmonic generation from laser printed ZnO. a) Recorded spectra of SHG from ZnO wire printed at 1 um s−1

and 1.85 mW (2.08 MW cm−2) printing laser power under 4.6 mW (0.196 TW cm−2) exposure from a 780 nm fs laser source. An exposure time of
spectrometer CCD was 500 ms. The vertical dashed line indicates 390 nm. Inset shows a zoomed-in view of an emission peak centered around 377.4 nm
using a 10× longer exposure of the CCD camera (5 s). b) Recorded spectra of the 780 nm fs laser used for generating SHG in the ZnO. The vertical dashed
line indicates 780 nm. c) Mappings of SHG signal from a laser-printed ZnO wire (printed right to left) by scanning the sample through the incident fs laser
focus. Mapping is repeated for various incident laser polarizations, indicated in the panels, where 0° corresponds to incident polarization perpendicular
to the direction of ZnO printing and 90° corresponds to incident polarization aligned with the direction of ZnO printing. The incident power varied from
4.2 mW (0.179 TW cm−2) to 3.45 mW (0.147 TW cm−2) from 0 to 90° due to some polarization-sensitive optics in the beam path. Each mapping is
normalized to its own maximum signal.

indicative of O vacancies and lattice defects.[77,78] Since the
efficiency of the SHG effect is dependent on the incident light
polarization in relation to the material crystal direction, we
performed a 2D mapping of the SHG intensity across a ZnO
wire for varying incident laser polarizations (Figure 5c). As the
incident laser polarization is rotated 90° the intensity profile of
the SHG signal subtly shifts from one end of the ZnO wire to
the other. We attribute this change in SHG efficiency along the
wire to the rotation of the crystal axis described above.

3. Conclusion

We introduce the first photothermal laser-printed sub-μm
single-crystalline semiconductor, ZnO, which requires no post-
processing and consists simply of a single precursor in a sol-
vent. Electron microscopy analyses confirm the single-crystalline
ZnO structure with a continuous ZnO lattice rotation. The lat-
ter depends on the starting orientation and relative changes in
the printing direction, but no comprehensive theory for predict-
ing the lattice rotation was found. Printing of these single semi-
conductor crystals is not limited to straight wires but can be ex-
tended to various 2D curves and geometries providing consid-
erable flexibility in the design of future devices. Furthermore,
the non-linear optical and piezoelectric properties enabled by
the crystal structure of the printed ZnO make it a new option
for the additive manufacturing of novel micro-optical and micro-
electronic devices. The relatively low laser powers required for
printing and the use of a CW laser make the capability for print-
ing site-specific single microcrystals widely accessible in a format
that can be readily translated to a multi-material printing system
utilizing, for example, a microfluidic ink-exchanging system. The

potential applications for these printed submicron single crys-
talline ZnO include micro-lasers,[79] nano-wire transistors,[80]

and nanogenerators.[81] We anticipate that our methodology will
enable the direct laser printing of microelectronics in a much
more affordable and user-friendly fashion.

4. Experimental Section
Materials: All chemicals and solvents were used as received from the

supplier without further purification. Zinc formate (98% Thermo Fisher),
DMSO (dry over 4 Å molecular sieves, 99.8% Acros Organics), iso-
propanol (≥99.9% Carl Roth GmbH), Deconex OP 146 (4 vol-%), Deconex
OP 12PA-x (2 vol-%) and Deconex 171 (2 vol-%) (Borer Chemie AG).

Ink formulation: A quantity of 500 mg (Zn(HCO2)2) (3.22 mmol) was
filled in a crimp cap vial (20 mL, 75.5 × 22.5 mm), closed, and dispersed
with 10 mL dry DMSO (septum bottle over 4 Å molecular sieves). The vial
was immersed into a sonicator for 15 min and submitted to an additional
4 h of agitation in an orbital shaker at 30 °C (400 rpm). Afterward, the
suspension is left for 12 h without agitation at ambient temperature. The
suspension is then filtered through a 0.20 μm hydrophobic PTFE syringe
filter (Ø = 25 mm, VWR) into another 20 mL crimp cap vial previously
purged with a stream of nitrogen. The ink is stored in the crimp cap vial
prior to use.

Photothermal Laser Printing: A 532 nm CW laser (Coherent, Verdi-V5)
was used for the laser printing. The laser power was modulated using an
acoustic-optic modulator (AA Opto Electronic, MT80-A1.5-VIS). The beam
was then expanded to overfill the rear aperture of an oil-immersion micro-
scope objective lens (Zeiss, Plan-APOCHROMAT 100 × /1.4 Oil) which
focused the laser, using type F (n = 1.518) immersion oil between the
lens and the glass coverslip window, onto the substrate for printing. The
objective was mounted on a piezoelectric stage (Physik Instrumente, P-
733.ZCL, 100 μm travel) to translate the focus along the optical axis. The
sample was translated horizontally using a combination of a piezo stage
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(Physik Instrumente, P-734.2CL, 100 μm × 100 μm travel) and a motor-
ized stage (Physik Instrumente, PM686.D64, 25 mm × 25 mm travel). The
sample interface was determined by using reflection of a weak 675 nm
diode laser (Thorlabs, LPS-PM675-FC), introduced via dichroic beamsplit-
ter (AHF, zt 640 RDC), off the sample surface in a confocal detection
scheme. In situ monitoring of the print process was done in transmis-
sion illumination mode using a USB camera (FLIR, BFS-U3-50S4C-C) and
a red LED source (Thorlabs, M625F2). Quoted laser powers correspond
to the measured power passing through an ≈5.5 mm aperture placed at
the objective lens location. The intensity values provided are the peak val-
ues at the laser focus assuming a Gaussian profile with the full-width half
maximum determined via gold bead scanning (see Section S5, Support-
ing Information) and an assumed transmission of the objective lens of
93%. The scanning speed during printing was 1 μm s−1 unless otherwise
noted. The printing system was controlled via custom software using MAT-
LAB and NI data acquisition cards (National Instruments, PCIe-6351 and
PCIe-6353).

Sample Preparation and Development: For printing substrates, borosil-
icate glass coverslips (Marienfeld, 1.5H 22 mm × 22 mm × 0.17 mm)
were first cleaned by sonication at 60 °C in individual aqueous solutions
of 4 vol-% Deconex OP 146, 2 vol-% Deconex OP 12PA-x, and 2 vol-% De-
conex OP 171, respectively. Each cleaning step was followed by sonication
in water. All sonication steps were for 10 min and only ultrapure water was
used. Substrates were then blown dry with nitrogen and baked at 120 °C to
remove residual water. A Si layer was then deposited onto the substrates
using magnetron sputtering (BOC Edwards, Auto 500) with a power of
200 W and 3.5 SCCM argon inflow. A second sputtering step of 100 W
and 7.5 SCCM of atmosphere inflow was used to deposit 18 nm SiO2 on
top of the Si. Substrates were mounted in the sandwich mode for printing
with the ink contained between the sputtered side of the substrates and an
additional unmodified coverslip using one layer of Kapton tape (thickness
61 μm) as a spacer. After printing, samples were developed in 20 mL baths
of DMSO for 10 min, isopropanol for 10 min, and again in isopropanol for
10 min. Samples were then blown dry with nitrogen.

Sample Characterization—Second Harmonic Generation (SHG): For
the SHG measurements, a 780 nm fs laser (Coherent, Chameleon Ultra
II) was introduced into the same setup used for printing. The 780 nm
laser was combined with the printing laser path through the interface find-
ing path via a dichroic mirror (AHF, T 680 DCSPXR). The laser power
was modulated using an acousto-optic modulator (AA Opto Electronic,
MTS40A3750.850) and expanded to overfill the rear aperture of an air mi-
croscope objective lens (Leica, HC PL FLUOTAR 100 × /0.95 CORR). The
developed samples after printing were remounted in the sandwich mode
without ink (air gap). Light from the sample was recollected by the objec-
tive lens and 10% (AHF, F21-032SG) was diverted for detection. Spectrom-
eter measurements from the sample were recorded by focusing the light
with a 50 mm focal length lens into a spectrometer with a liquid nitrogen-
cooled CCD (CHROMEX, Inc., 250i; Princeton Instruments, 7509–0002).
The entrance slit of the spectrometer was 10 μm and internal grating was
set to blaze 390 nm. Two glass 335–610 nm bandpass filters (Thorlabs,
FGB37 M) were used before the lens to reject any residual fundamental
780 nm light. For the SHG mappings, the diverted light was instead passed
through a glass bandpass filter (Thorlabs, FGB37 M) and a 390 nm narrow
bandpass filter (Thorlabs, FBH390-10) before focusing with a lens (Thor-
labs, AC254-030-A-ML) onto an avalanche photodetector (APD) (Laser
Components, A-Cube-SU500-01). During the measurements, the laser was
modulated at 4 kHz with a 50% duty cycle square wave. The APD sig-
nal was measured with a lock-in amplifier (Stanford Research Systems,
SR830). All quoted laser powers are measured through a 6 mm aperture
located at the objective lens position using 100% duty cycle of the laser.
The 780 nm fundamental laser spectrum was measured by scattering the
laser into a compact spectrometer (Ocean Optics, USB4000, 100 ms inte-
gration time). The intensity values provided are the peak values at the laser
focus assuming a Gaussian profile with the full-width half maximum deter-
mined via gold bead scanning (see Section S5, Supporting Information), a
140 fs pulse width, 80 MHz repetition rate, and an assumed transmission
of the objective lens of 88%.

Sample Characterization—Electron Backscatter Diffraction Analysis
(EBSD): A Thermo Scientific Helios G4 FX combined FIB and SEM
dual beam system was used to characterize the crystallinity and crystal
orientation of the printed ZnO with EBSD. The latter technique requires
a polished sample surface, for which FIB milling was used. First, the
sample is mounted on a 45° pre-inclined holder. Then, the sample is
tilted so that the sample surface is aligned at an angle of 0.3° relative
to the FIB pole piece. The sample is then polished at this angle using
a low nominal FIB current between 26 and 90 pA at 30 keV. Following
the polishing process, the sample is mounted on a 10° inclined holder
and tilted at an angle of 60°, and a working distance of 15 mm is set.[82]

The effective sample tilt is then 70°. The EBSD patterns were acquired
at an electron energy of 20 keV and a nominal electron-beam current of
6.4 nA using a Bruker eFlash HD detector. The Bruker Esprit 2.1 software
was used for the collection of the EBSD patterns. EBSD data processing
was performed with the Bruker Esprit 2.3 software. The Kikuchi wires in
the EBSD patterns were indexed using the Hough transform. The lattice
parameters a, b, and c, utilized for indexing the hexagonal ZnO wurtzite
structure (P63mc, space group 186), are 3.243, 3.243, and 5.195 Å. Only
patterns with a minimum of 6 indexed bands and a maximum deviation
angle of 1.5° were considered for subsequent orientation analysis using
the MTEX toolbox (version 5.10.2)[83] for MATLAB. The analysis of these
patterns provides PF, IPF maps, and misorientations.[84] PFs are shown
in upper and equal-angle projections. Kikuchipy[85] and Fiji[86] were used
for indexing and creating the video of (indexed) EBSD patterns for the
different printed angles.

Sample Characterization—Transmission Electron Microscopy (TEM):
Cross-section samples for TEM were prepared using the in situ lift-out
technique in an FEI Strata 400S Ga+-ion FIB/SEM instrument.[87] First,
two wires were milled with a small nominal FIB current of 9 pA on the
sides of the printed ZnO wires to mark the center of the ZnO wires for the
final thinning steps (refer to Figure S27, Supporting Information). Then,
Pt/C protection layers were deposited by SEM and FIB to protect the un-
derlying material during FIB milling. A low Ga+-ion energy of 3 keV was
used during the final polishing steps to minimize the thickness of amor-
phous surface layers on the TEM sample caused by FIB milling.[88,89]

HRTEM images and selected-area electron diffraction (SAED) patterns
were acquired on an FEI Titan3 80–300 operated at 300 keV on a TVIPS
TemCamXF-416 (R) camera. The ZnO crystal structure was analyzed by
comparing experimental and simulated diffraction patterns and Fourier
transforms (FT) from HRTEM images. ReciPro[61] was used to index and
simulate the diffraction patterns with crystallographic information files ob-
tained from the inorganic crystal structure database (ICSD).[90]

An FEI Tecnai Osiris equipped with ChemiSTEM technology[91] op-
erated at 200 keV was used for STEM-EDXS measurements and high-
resolution HAADF-STEM imaging. The high-resolution HAADF-STEM im-
ages were denoised using a pre-trained deep-learning model.[62] A conver-
gence semi-angle of about 10.7 mrad was used. The HAADF-STEM sig-
nal (collection semi-angle of about 57–200 mrad) was used for sample-
drift correction during STEM-EDXS acquisition with the Bruker Esprit 1.9
software. Subsequent STEM-EDXS data processing was performed us-
ing Bruker Esprit 2.3 and HyperSpy.[92] The shown elemental maps dis-
play background-corrected X-ray-peak intensities. For showing the distri-
bution of low-concentration elements such as S and Ga in Figure 4, a
5 × 5 pixel binning was first applied, followed by a weighting of neighbor-
ing EDS spectra with a Gaussian kernel, and PCA to increase the signal-
to-noise ratio of the STEM-EDXS dataset.[93,94] Peak fitting is then used
to separate overlapping X-ray transitions, e.g., S K𝛼 (2.31 keV) and Pt M𝛾

(2.33 keV). The chemical concentrations were quantified from summed-
up raw EDS spectra using a standardless Cliff-Lorimer approach.[95]

No absorption correction was applied since the sample thickness and
density of the different sample layers were not known with reasonable
accuracy.

Sample Characterization—Scanning Electron Microscopy (SEM): Some
SEM imaging was performed with a Zeiss Leo 1530 scanning-electron mi-
croscope operated at 10 keV electron energy. Prior to imaging, the samples
were coated by a ≈10 nm thin Au layer.
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Statistical Analysis: Average rotation rates in degree per μm were cal-
culated from i) the scalar misorientation values calculated by MTEX and
ii) the distance between two selected points in the misorientation maps
(start and end of the primary orientation). The exact positions were cho-
sen manually and a possible polycrystalline region at the start was treated
as an outlier and neglected. No further pre-processing of the data was per-
formed. The average rotation rates for the same structure and processing
parameters (wires, angles, or circles) were averaged. The statistical de-
pendence of these averaged rotation rates was evaluated with a two-sided
t-test for two independent samples and a significance level of 𝛼 = 0.05
using the scipy Python library (scipy.stats.ttest_ind function).[96] A homo-
geneous variance was assumed, which was checked and confirmed us-
ing Bartlett (scipy.stats.bartlett) and Levene (scipy.stats.levene) tests. In all
tested cases, the resulting p-value was greater than 𝛼, meaning that the ob-
served differences in average rotation rates between the different printed
structures are not statistically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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[37] A. Górski, A. Kraśnicka, J. Thermal Analys. 1987, 32, 1243.
[38] K. A. Buzdov, B. D. Antonov, Russ. J. Inorg. Chem. 2012, 57, 1599.
[39] P. Baraldi, Spectrochimica Acta Part A: Molecul. Spectr. 1979, 35,

1003.
[40] R. M. Pasquarelli, C. J. Curtis, A. Miedaner, M. F. Van Hest, R. P.

OHayre, D. S. Ginley, Inorg. Chem. 2010, 49, 5424.
[41] J. Hong, G. Son, D. Kim, Int. J. Thermophys. 2012, 33, 121.
[42] S. Zhang, X. Sun, D. Zheng, C. Liu, X. Miao, K. Zhao, Laser Phys. Lett.

2022, 19, 126003.
[43] I. Z. Kozma, P. Krok, E. Riedle, J. Opt. Soc. Am. B 2005, 22, 1479.
[44] L. Grünewald, K. Kraft, M. Steurer, P. Somers, S. Kraus, F. Feist, B.

Weinert, E. Müller, S. Dehnen, C. Feldmann, C. Barner-Kowollik, M.
Wegener, Y. M. Eggeler, Microsc. Microanal. 2024, 30, ozae044.616.

[45] N. R. Lutjes, S. Zhou, J. Antoja-Lleonart, B. Noheda, V. Ocelík, Sci.
Rep. 2021, 11, 14888.

[46] A. G. Shtukenberg, Y. O. Punin, E. Gunn, B. Kahr, Chem. Rev. 2012,
112, 1805.

[47] B. J. Kooi, J. T. De Hosson, J. Appl. Phys. 2004, 95, 4714.
[48] V. Y. Kolosov, A. R. Thölén, Acta Mater. 2000, 48, 1829.
[49] D. Savytskii, H. Jain, N. Tamura, V. Dierolf, Sci. Rep. 2016, 6, 36449.
[50] E. J. Musterman, V. Dierolf, H. Jain, Int. J. Appl. Glass Sci. 2022, 13,

402.
[51] J. Bin In, H. J. Kwon, D. Lee, S. H. Ko, C. P. Grigoropoulos, Small 2014,

10, 741.
[52] S. Hong, J. Yeo, W. Manorotkul, H. W. Kang, J. Lee, S. Han, Y. Rho, Y.

D. Suh, H. J. Sung, S. H. Ko, Nanoscale 2013, 5, 3698.
[53] M. Podlogar, J. J. Richardson, D. Vengust, N. Daneu, Z. Samardžija,
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