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on self-limiting gas-surface reactions 
of two different precursors sequentially 
pulsed into the reactor, and yields—as 
the benchmark of the technique—highly 
conformal, large-area homogeneous, and 
pinhole-free coatings with precise thick-
ness control. However, under certain 
conditions, this fundamental scheme 
can be intentionally broken such that 
the film growth can be selectively lim-
ited to predetermined surface areas 
only. Currently, this area-selective ALD  
(AS-ALD) approach is attracting increasing 
interest, as it has the capacity to address 
the long-term dream of bottom-up fabrica-
tion of the active material components.[2–5] 
Compared with the conventional top-down 
photolithography technology, consisting 
of multiple demanding processing steps, 
bottom-up patterning is much simpler in 

principle. Moreover, it helps to minimize pattern placement 
errors, which have become increasingly important as device 
dimensions continue to shrink.

Unfortunately, targeted lateral control of the film growth con-
tradicts the fundamental principle of ALD. To address this contra-
diction, surface chemistries are spatially manipulated in AS-ALD 
to create local differences, so that the film growth can be limited 
to the desired areas only; this has been attempted by a variety of 
different approaches.[6–11] The degree of selectivity, defined by the 
difference in the growth rates on the fast-growth and limited-
growth areas, can be considered the most crucial criterion for 
an AS-ALD process. The next items on the wish-list would be 
flexibility regarding the pattern design (shapes, sizes, frequen-
cies, etc.) and versatility regarding the variety of compatible ALD 
processes.

A majority of the AS-ALD processes are based on the deac-
tivation of certain areas on the substrate, using, e.g., small-
molecule inhibitors, plasma treatments, ion implantation, or—
most commonly—so-called self-assembled monolayers (SAMs) 
of linear organic molecules with appropriate tail groups.[4] In 
practice, there are numerous issues related to these approaches, 
such as the loss of selectivity during the film deposition and 
the fact that such techniques are limited to ultrathin films. 
Moreover, most of the deactivation-based AS-ALD approaches 
require multiple processing steps. A significantly simpler 
approach regarding the required processing steps would be to 
rely on local activation instead of local deactivation.[4] A prime 
example is the use of catalytic seed layers to accelerate the film 

Area-selective atomic layer deposition (ALD) is a promising “bottom-up” 
alternative to current nanopatterning techniques. While it has been success-
fully implemented in traditional microelectronic processes, selective nuclea-
tion of ALD on 2D materials has so far remained an unsolved challenge. In 
this article, a precise control of the selective deposition of ZnO on graphene 
at low temperatures (<250 °C) is demonstrated. Maskless femtosecond laser 
writing is used to locally activate predefined surface areas (down to 300 nm) 
by functionalizing graphene to achieve excellent ALD selectivity (up to 100%) 
in these regions for 6-nm-thick ZnO films. The intrinsic conductive proper-
ties of graphene can be restored by thermal annealing at low temperature 
(300 °C) without destroying the deposited ZnO patterns. As the graphene 
layer can be transferred onto other material surfaces, the present patterning 
technique opens new attractive ways for various applications in which the 
functionalized graphene is utilized as a template layer for selective deposition 
of desired materials.
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1. Introduction

Atomic layer deposition (ALD) is one of the cornerstones of 
the semiconductor industry.[1] In ALD, the film growth relies 

© 2022 The Authors. Advanced Materials Interfaces published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution-NonCommercial License, which permits 
use, distribution and reproduction in any medium, provided the original 
work is properly cited and is not used for commercial purposes.
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growth on the selected areas.[12] However, these approaches typ-
ically suffer from lower selectivity.

Metal oxide films are key active materials in various appli-
cations. Notably, the metal oxide/carbon surface junction has 
attracted increasing attention as a promising platform for pho-
todetectors,[13] gas-sensors,[14] electrodes for supercapacitors,[15] 
and photocatalysts,[16] and using graphene as the carbon source 
is of interest in particular thanks to its extraordinary proper-
ties.[17,18] Nonetheless, the use of pristine graphene for the ALD 
is quite challenging, as its sp2-hybridized carbon atoms are 
intrinsically free of the reactive surface sites required for the 
ALD nucleation. Different procedures have been used to over-
come the inertness of graphene toward ALD precursors, such 
as chemical pretreatment,[19] noncovalent functionalization with 
organic molecules,[20,21] or plasma exposure prior to or during 
the ALD.[22]

A promising approach for increasing surface reactivity of 
graphene is its functionalization with oxygen species. Theo-
retical calculations have predicted that among the different 
chemical species used to functionalize carbon nanomaterials, 
carboxyl (COOH) and carbonyl groups (CO) are key 
nucleation centers that improve the ALD process of ZnO at low 
temperatures.[23] In addition, species containing OH groups 
cause the formation of metal-oxide supports in graphite and 
graphene, as they function as proton exchangers with the metal 
precursor ligands. Furthermore, the chemical activity and selec-
tivity of different functional groups contribute to obtaining a 
precise thickness control and high uniformity; thus, the density 
of active sites plays an important role.[24]

Previously, our group has demonstrated a femtosecond laser 
irradiation technique based on a two-photon oxidation (2-PO) 
process, wherein oxygen containing groups are incorporated 
into the graphene lattice through exposure to femtosecond 
laser pulses under ambient atmosphere.[25–27] This leads to the 
formation of hydroxyl and epoxy groups on the graphene sur-
face under moderate laser exposures and carboxyl groups at 
near-to-ablation exposure levels.[28] This technique allows for 
tuning the oxidation level of the graphene[28] and for the pos-
sibility of preparing arbitrary patterns with high spatial resolu-
tion (300  nm). Additionally, all-optical patterning is a simple 
and chemical-free direct write method.

In this article, we present the proof-of-concept for the 
AS-ALD on monolayer graphene consisting of three steps: 
(i) area-activation via two-photon oxidation, (ii) ALD, and  
(iii) thermal annealing, schematically represented in Figure  1. 
The laser-induced functional groups in graphene acted as 
the active sites that facilitate the nucleation of the precursors 
during the ALD step, while pristine graphene served as an ideal 
nongrowth surface for locally deactivated AS-ALD. Hence, the 
oxidized patterns exhibited superior selectivity to ALD with 
respect to pristine graphene. We chose the diethyl zinc (DEZ) 
plus water process for our proof-of-concept experiments, not 
only because it is one of the original prototype ALD processes 
but also because ZnO, as a wide and direct bandgap semicon-
ductor, has tunable optical and electronic properties that are 
attractive for various applications.[29] Thin ZnO layers (<7 nm) 
were selectively deposited on oxidized patterns on graphene 
with a tested range of defect (active site) density, nD, from  
1.4 × 1011 up to 7.5 × 1011 cm−2. Thus, the metal oxide could be 
deposited on graphene with properties tuned from conductive 
to nearly insulating.[25,30] Higher laser irradiation doses led to a 
more uniform, smoother layer deposition due to a higher den-
sity of active sites. Moreover, we show that graphene properties 
could be restored after ALD treatment using thermal annealing, 
without altering the deposited metal oxide layer. A recovery of 
graphene properties is important for metal oxide/graphene 
composite device integration, providing improved optical and 
electronic properties.

2. Results and Discussion

We fabricated 5 × 5 mm2 Si chips with a 295-nm-thick SiO2 
layer, deposited Pd grids, and transferred a graphene layer onto 
the top via a polymethyl methacrylate (PMMA)-assisted method 
(see Experimental section). A chosen area of 30 × 25 µm2 was 
cleaned of the residual PMMA and amorphous carbon with an 
atomic force microscope (AFM) tip in contact mode prior to the 
two-photon oxidation, as these residues could act as undesired 
nucleation sites for ALD on pristine graphene.[31] To activate the 
chosen areas for the selective ALD, we used 2-PO induced by 
femtosecond laser exposure in ambient atmosphere. For that, a 

Figure 1.  Scheme of AS-ALD on monolayer graphene. i) Area-activation via two-photon oxidation, ii) atomic layer deposition of ZnO, and iii) thermal 
annealing.
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matrix of nine-oxidized squares (2 × 2 µm2 each) was prepared 
with photon doses from 90 up to 625 pJ2 s, where the dose is 
described as the squared pulse energy multiplied by an expo-
sure time per spot. The thus-patterned sample was exposed 
to 63 ALD (DEZ+H2O) cycles at 200 °C, followed by thermal 
annealing at 300 °C for 2 h in an argon atmosphere.
Figure 2a–c shows optical images of the sample taken after 

each sample preparation step, i.e., 2-PO, ALD, and thermal 
annealing. The first striking observation was that the oxidized 
patterns, which were originally not visible under an optical 
microscope, became easily distinguishable from the pristine gra-
phene after ALD, and remained visible after thermal annealing. 
The emerging contrast between the patterned and pristine areas 
indicates the increased height of the patterned regions.

To ensure that this difference was caused by the 2-PO tech-
nique, detailed AFM measurements were performed to follow 

the surface modifications introduced by each step of sample 
preparation. Figure  2d shows the topography image of pat-
terns prepared with 2-PO. The oxidized patterns were slightly 
elevated (≈2  nm) compared with pristine graphene. It was 
reported previously that the island-like structures observed 
in regions exposed to very low optical doses merged into a 
smooth, slightly elevated layer in moderately oxidized gra-
phene.[26] Figure 2e shows the AFM topography image for the 
same sample after the 63 ALD cycles. It was apparent that the 
ZnO deposition selectively covered only the oxidized patterns, 
producing metal oxide film on top of the oxidized areas that 
were a few nanometer thick. This was due to the fact that the 
oxygen groups incorporated with 2-PO reacted with the DEZ 
precursor, thus allowing its nucleation. For ALD at 200 °C, no 
deposition of ZnO was seen on pristine graphene, which was 
not exposed to femtosecond laser pulses (Figure S1, Supporting 

Figure 2.  Area-selective ALD on graphene template. a–c) Optical microscope and d–f) AFM topography images after each step of sample prepara-
tion: a,d) two-photon oxidation, b,e) 63 cycles of ALD at 200 °C, and c,f) thermal annealing for 2 h at 300 °C in Ar atmosphere. The laser doses (pJ2 s) 
used for oxidizing the squares are marked on top of the squares in (d). Few examples of tiny SiO2 regions exposed due to rupture of graphene layer 
during AFM contact mode cleaning are indicated with the green arrows (d) before and (e) after ALD. Scale bars on AFM images are 2 µm. g) Narrow 
cross-sections (averaged across 200 nm) drawn through the middle of the patterns created with laser doses of 158, 280, and 438 pJ2 s. h) Height and 
i) root-mean-square roughness as a function of dose, extracted for each step of sample preparation.

Adv. Mater. Interfaces 2022, 9, 2201110
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Information). The chosen ALD experimental parameters also 
reduced the deposition on the wrinkles outside of the patterned 
region, due to reduced physisorption of the precursor. The 
growth on folds is lesser than on the laser-activated areas. The 
minor deposition is related to the remaining impurities, which 
are trapped on the folds during the contact mode cleaning. 
An additional contact mode cleaning by scanning at different 
direction should further improve cleanness of the sample. A 
small degree of deposition was visible on the substrate (SiO2) 
that was exposed due to damage to the graphene film during 
contact mode cleaning. Four such areas are marked by green 
arrows in Figure 2d,e. To avoid damage of the graphene film, 
the smaller forces need to be used while scanning in contact 
mode. There was no visible topography change after thermal 
annealing (Figure 2f).

The quality and cleanliness of graphene are crucial for selec-
tive deposition over the target area. The selectivity may be hin-
dered by the presence of impurities on the sample surface that 
can provide additional nucleation sites. Loss of selectivity due 
to surface contamination by polymer residues was found to be 
more pronounced for the ALD deposition performed at a lower 
temperature (Figures S1 and S2, Supporting Information). 
This brings attention to the importance of ultraclean graphene 
preparation. Even commonly established synthesis and transfer 
methods leave contamination on the surface of the graphene,[32] 
which affects not only its properties but also the postdeposition 
treatment steps.

In Figure 2g, narrow cross-section of patterns prepared with 
photon doses of 158, 280, and 438 pJ2 s are compared. Most 
remarkably, ZnO was deposited only epitaxially, without any 
expansion of the patterns in lateral direction. The lack of lat-
eral growth is of immense importance for the precise device 
fabrication (e.g., no misalignment problem). Patterns pre-
pared with higher doses presented more uniform deposition. 
The average heights of patterns created with 2-PO and subse-
quent ALD and thermal annealing steps, extracted from the 
AFM height images, are presented as a function of dose in 
Figure  2h; to obtain the thickness of the deposited ZnO, the 
pattern height after the 2-PO needs to be subtracted from the 
total height. The data show that the thinnest ZnO deposition 
(3.3  nm) occurred for the area prepared with the lowest laser 
photon dose (90 pJ2 s). The thickness increased with increasing 
dose, until it reached a plateau at 6 nm for the pattern prepared 
with 225 pJ2 s. As the ZnO depositions were carried out with 
63 ALD cycles, the maximum ZnO deposition height of ≈6 nm 
translates into the growth-per-cycle (GPC) value of ≈1 Å for the 
patterned regions, while the growth was completely suppressed  
for the pristine graphene areas. This GPC value on the pat-
terned regions was smaller than the growth on the reference 
silicon wafer (a GPC  ≈ 1.6 Å; measured with XRR). For the 
ZnO ALD process, it is well known that the GPC decreases with 
increasing deposition temperature,[33] and this was also seen for 
our tests with higher temperature depositions on patterned gra-
phene (Note S2 and Figure S2, Supporting Information).

Figure  2i shows the extracted root-mean-square (RMS) 
roughness as a function of laser dose. Pristine graphene had a 
roughness of 0.3 nm. The 2-PO patterns prepared with low laser 
doses exhibited higher roughness (RMS = 0.85 nm for 90 pJ2 s) 
consistent with the formation of island-like structures through 

the incorporation of oxygen-containing groups. For higher 
doses, the islands merged and consequently the sample rough-
ness decreased (RMS = 0.29 nm for dose 625 pJ2 s). A substan-
tial increase in roughness was observed for all patterns after the 
ALD; however, a higher degree of roughness was found in the 
patterns prepared with low doses. Increased roughness was 
caused by the nucleation at the functional groups. We can infer 
that ZnO deposition followed a Volmer–Weber (island) growth 
mode, with nucleation following the functional group distribu-
tion. Deposited ZnO clustered in the form of pillars for low 
laser dose (RMS  = 2.36  nm for dose 90 pJ2 s) and coalesced 
to a more uniform layer for patterns prepared with higher 
doses (RMS ≈ 0.8 nm for doses ≥438 pJ2 s) that contained more 
densely packed functional groups. Hence, the use of higher 
doses was beneficial for achieving a uniform, pinhole-free thin 
layer of ALD material. The same growth mode was reported for 
the deposition of ZnO on graphene/SiO2 and graphene oxide/
SiO2 using thermal evaporation of metallic Zn under an oxygen 
atmosphere at room temperature.[34] The roughness decreased 
slightly after thermal annealing. This could have been due to 
improved ZnO crystallinity.

Raman spectroscopy was used to assess the effect of each 
step of sample preparation on the properties of the graphene 
through investigation of the various characteristic peaks and 
relations between them. The G band (≈1580 cm−1) is common 
to all graphitic materials, and it corresponds to the in-plane sp2 
CC stretching mode. The 2D band (≈2685 cm−1) originates 
from the in-plane breathing-like mode of the carbon ring. The 
G and 2D band positions shift due to stress or doping of the 
graphene.[35] Additionally, the disorder-induced D (≈1350 cm−1) 
and D' (≈1620 cm−1) bands are activated in the presence of 
defects (e.g., sp3-type defects). The area of the D band/area of the 
G band (AD/AG) is a good measure of defect concentration.[36] It 
is found to increase for higher photons/ions exposures,[27,28,36] 
indicating a change of crystalline graphene into a nanocrystal-
line phase (stage 1).[35] Further increase to the exposure causes 
higher lattice disorder (stage 2),[35] observed as a decrease of AD/
AG with simultaneous broadening of the G band.[27,28,36]

The creation of active sites to facilitate the nucleation is neces-
sary to perform ALD on a graphene surface. It has been shown 
that laser-induced 2-PO breaks the sp2-bonds in graphene and 
forms sp3-type defects with out-of-plane covalent functional 
groups.[28] The level of defect formation is controlled by irradia-
tion dose, which then is reflected in the strength of the D band 
in Raman spectra. The effect of laser irradiation is illustrated 
in Figure 3a, by plotting the Raman spectra (λLaser  = 532  nm)  
collected from the pristine graphene region and at the center 
of the patterns prepared with doses of 158, 280, and 438 pJ2 s. 
Pristine graphene exhibited good quality prior to any treatment, 
with a negligible D band (nD ≈ 3.3 × 1010 cm-2). The small but 
broad signal at ≈1200–1600 cm−1 was assigned to the carbon-
ized form of PMMA, which remained on graphene surface 
from the sample preparation step.[32] Interestingly, it could be 
partially removed with laser exposure (Figure S3, Supporting 
Information). After 2-PO, the D band at 1345 cm−1 and the D' 
band at ≈1620 cm−1 were clearly visible. Increasing the laser 
dose increased the intensity of these bands, while the 2D band 
became weaker, showing an increase of defect concentration 
and higher lattice disorder. Patterns prepared with doses of 

Adv. Mater. Interfaces 2022, 9, 2201110
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158, 280, and 438 pJ2 s had, respectively, AD/AG ratios of 1.45, 
2.30, and 3.32, and a defect density of 3.3 × 1011, 5.2 × 1011, 
and 7.5 × 1011 cm−2. The defect sites are mainly hydroxyl and 
epoxy groups for moderate laser doses, and carboxyl groups at  
near-to-ablation exposures.[28] The hydroxyl and carboxyl groups 
are good nucleation centers for ALD, and therefore can act as 
an active template for the subsequent ZnO growth.

After ALD, the D and D' bands decreased and the 2D band 
increased in intensity (Figure  3b), which was interpreted to 
originate from the partial removal of defects. These observations 
show that the ALD step did not deteriorate the quality of gra-
phene. On the contrary, it somewhat improved graphene prop-
erties. This could be related to the dissociation of the functional 
groups during the purging step or due to ALD being performed 
at elevated temperature (200 °C), leading to simultaneous 
healing of defects. Furthermore, we did not observe a signifi-
cant shift of the G and 2D bands, which would have indicated 
a strong interaction of graphene with the deposited ZnO films 
(e.g., charge density modulation or mechanical strain). We did 
not observe Raman peaks characteristic for ZnO in the spectra 
using 532 nm laser. This is probably due to the ZnO layers being 
too thin, which results in a signal that is too weak to be detected.

When the sample was thermally annealed after the ALD step 
(at 300 °C for 2  h in Ar atmosphere), a clear decrease of the 

D and D' bands and an even further increase of the 2D band 
were observed (Figure 3c). This important finding showed that 
graphene transformed from the oxidized form to pristine form. 
Additionally, a small blue shift of the G band (up to 6 cm−1) and 
the 2D band (up to 5 cm−1) was observed, which could be trig-
gered by the weak compressive stress of recrystallized thin film 
on the graphene underneath[37,38] or doping induced by carboni-
zation of PMMA residues.

Figure 3d presents AD/AG ratio as a function of the full width 
at half maximum (ΓG) of the G band for all patterns and for the 
pristine region. The applied laser doses created patterns in both 
disorder stages: stage 1 (low dose) and stage 2 (moderate dose). 
After the ALD, a small decrease of AD/AG and narrowing of ΓG 
was observed. Thermal annealing further reduced AD/AG with 
simultaneous narrowing of the G band, indicating the removal 
of laser-induced sp3-type defects and an improved crystalline 
graphene lattice, i.e., the healing of graphene.

The ratio (A2D/AG), shown in Figure  3e, provides infor-
mation about the crystallinity of graphene. The highest ratio 
was found in the pristine graphene (2.53), and after 2-PO the 
A2D/AG decreased, with the lowest A2D/AG (0.42) taken from 
the pattern prepared with 625 pJ2 s dose. The ALD (for low 
doses) and thermal annealing (except the highest dose) led 
to an increase of A2D/AG, bringing it close to the value of the 

Figure 3.  Raman spectroscopy analyses. The Raman spectra collected from graphene chip after each step of sample preparation: a) two-photon oxida-
tion, b) 63 cycles of ALD at 200 °C, and c) thermal annealing at 300 °C for 2 h in Ar atmosphere. Spectra were collected at the center of the squares 
produced with indicated doses and in the pristine region. Spectra were background-corrected and normalized in relation to the G band. Spectra 
were offset for clarity. The AD/AG ratio is marked next to each spectrum. d) AD/AG as a function of the full width at half maximum of the G band, ΓG.  
The solid line represents point defect (see Cançado et al.[36] for more details). e) A2D/AG and f) defect density, nD, as a function of dose. Legend the 
same as in (d). The extracted data were obtained by fitting the Raman spectra with Lorentzian curves to the D, G, and 2D bands.

Adv. Mater. Interfaces 2022, 9, 2201110
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pristine graphene showing that the crystallinity of graphene 
was restored.

Figure  3f shows the defect density as a function of laser 
dose, extracted from the AD/AG ratio.[36] Upon irradiation, nD 
increased up to 23 times compared with pristine graphene  
(3.3 × 1010 cm−2). Even the lowest dose (90 pJ2 s, nD = 1.4 × 1011 cm−2,  
AD/AG  = 0.63) led to the deposition of a dense but not fully 
uniform ZnO layer. It showed that low level oxidation could 
improve nucleation, while underlaying graphene retains rather 
unaffected properties close to pristine graphene. Higher defect 
concentrations (more densely packed groups) led to more uni-
form ZnO film (smaller roughness). The following ALD step 
only slightly lowered the defect concentration. Therefore, a layer 
of a few-nanometer-thick metal oxide on top of graphene with 
different conductive properties is feasible via controllable defect 
engineering. On the other hand, thermal annealing consider-
ably reduced the defect concentration down to 3–5 × 1010 cm−2, 
which was very close to the defect density of pristine graphene. 
Thus, 2 h of thermal annealing at 300 °C under argon atmos-
phere was sufficient to almost recover the graphene properties 
as they were before 2-PO functionalization. Longer annealing 
time would presumably lead to the full recovery of the gra-
phene layer. It is worth mentioning that thermal annealing is 
commonly used for defect healing of defects introduced into 
the graphene lattice. However, typically the process requires a 
highly elevated temperature (e.g., 1000 °C, in vacuum)[39] for 
full graphene recovery, while in our approach 300 °C was suffi-
cient to repair the graphene lattice. Lower healing temperatures 
were also reported for graphene samples where defects were 
created by aluminum oxide plasma.[38] It seems that attached 
metal oxides may facilitate healing process in graphene. Our 
finding shows that graphene properties can be regained after 
completing the AS-ALD process, which is important for elec-
tronic device applications. For example, it was shown that a 
ZnO/graphene composite thin-film transistor exhibits higher 
conductivity with enhanced carrier mobility when compared 
with a ZnO thin-film transistor.[40]

We used energy-dispersive X-ray spectroscopy (EDS) to con-
firm the presence of ZnO on the surface of the sample. The 
spectral contribution of detected elements is presented in 
Figure S4 (Supporting Information). The carbon (Kα = 0.28 eV), 
oxygen (Kα  = 0.53  eV), and silicon (Kα  = 1.74  eV) transitions 
were found on the pristine and patterned region. Additionally, 
a weak Zn signal (Lα = 1.12 eV) was detected on the patterned 
squares. No Zn signal was detected on pristine graphene. Even 
though EDS is not very sensitive to signals from thin layers, the 
lack of the Zn peak in the EDS spectrum in the pristine region 
together with the AFM images analysis allows us to conclude 
that pristine graphene was free of metal oxide. In Figure S4 
(Supporting Information), we show the dependence of the Zn 
wt% deposited onto the graphene surface versus the irradiation 
dose of the fs laser. The trend for Zn wt% and for Zn/C ratio 
showed behavior similar to height of ZnO measured via AFM, 
in that it increased as the dose rose from 0 to 300 pJ2 s, then 
plateaued. Thus, we can conclude that the optimal irradiation 
parameters for smooth and continuous ZnO films deposition 
lay between 300 and 600 pJ2 s at 200 °C.

In Figure 4, we demonstrate the suitability of our approach 
for depositing metal oxide over arbitrary template prepared 
with 2-PO on graphene. The AFM height images after two-
photon oxidation and consequent ALD are presented in 
Figure  4a,b, respectively. The patterns prepared under various 
laser exposures had heights up to 2 nm (Figure 4c, for experi-
mental conditions see Figure S5, Supporting Information), and 
the oxidation level and line width increased with increasing the 
laser exposure, as described previously. The presently achieved 
spatial resolution of ≈300 nm was limited by the optics in the 
current setup[25] but can be improved by tighter focusing of the 
laser beam. The ALD of ZnO carried out here for 63 cycles at 
200 °C led to selective deposition of an up to 6-nm-thick layer 
of ZnO on the 2-PO-fabricated patterns (Figure 4c), depending 
on the oxidation level. The thin ZnO film deposition excellently 
preserved the original shape, position, and spatial resolution of 
the oxidized areas. The oxidized patterns guided the deposition 

Figure 4.  Area-selective atomic layer deposition on arbitrary patterned graphene. 2D and 3D AFM images of laser oxidized patterns: a) before and  
b) after 63 ALD cycles at 200 °C, and c) corresponding narrow cross-sections drawn through the middle of the patterns (see color-coded arrows). Green 
asterisks indicate few examples of the SiO2 exposed due to rupture of graphene layer during AFM contact mode cleaning.
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with high precision, therefore, allowing to avoid a pattern place-
ment error, which is a frequent problem in the fabrication of 
nanoscale devices. Minor deposition was observed on the gra-
phene wrinkles and SiO2 exposed during the rupture of gra-
phene film during the contact mode cleaning. Our procedure 
can be beneficial in the miniaturization of electronic devices, 
where precise and selective preparation of well-defined patterns 
with nanoscale features is important. Near-field optics may be 
exploited to further reduce the spatial resolution. By focusing 
pulsed laser beam on an AFM tip, one should be able to gen-
erate a near field effect, which will allow for local graphene oxi-
dation with a line width of ≈30  nm. The near field effect has 
already been demonstrated for 2D materials.[41–43]

Besides scaling down feature size, our approach has great 
potential for scaling-up sample fabrication. We demonstrated 
this with large 30 × 30 µm2 patterns prepared with laser beam 
spot size of ≈25 µm (Figure S6, Supporting Information). The 
speed of the direct laser writing can be increased up to several 
cm per second for quick fabrication of enlarged active surface 
areas for ALD.

3. Conclusion

We demonstrated area-selective atomic layer deposition of ZnO 
on a laser-patterned graphene. ZnO was selectively deposited on 
the graphene areas that had been lightly to moderately oxidized 
by laser irradiation, while the growth on the pristine graphene 
surface was negligible. The densely packed functional groups 
created by the laser-induced two-photon oxidation procedure 
facilitated the precursor nucleation on the desired predefined 
areas. After the area-selective ALD process, oxidized graphene 
was converted back to pristine graphene by thermal annealing, 
without affecting the deposited ZnO film on the top of it, thus 
enabling tuning of the conductive properties of graphene. This 
shows that graphene is not only useful as a supporting growth 
layer for AS-ALD but can also be used as an active layer in 
device fabrication to increase the conductive properties of the 
system. The developed method has the potential for prepara-
tion of well-defined arbitrary patterns with feature sizes ranging 
from 300 nm up to centimeter scale. However, the lower reso-
lution limit can be pushed down to ≈30  nm, by employing 
the near-field optics. Moreover, the procedure is suitable for 
the preparation of freestanding thin metal oxide films, where 
suspended graphene is used as growth-supporting layer and 
etched away after ALD. Finally, we envision the extension of our 
approach from the graphene-based devices to a wider variety of 
applications by using graphene as a transferable template for 
AS-ALD on other surfaces. As graphene can be transferred onto 
many other materials, this procedure may be appreciably versa-
tile provided that the surface is compatible with the two-photon 
oxidation conditions.

4. Experimental Section
Sample Fabrication: The graphene was synthesized on Cu (111) thin 

films evaporated onto single-crystal sapphire (0001) substrates. The 
catalyst film was annealed at 1060 °C under gas flows of 470 sccm 

argon and 27 sccm hydrogen for 30 min to promote monocrystallinity 
through secondary grain growth. After annealing, the graphene growth 
was initiated by adding 6.8 sccm of 1% methane in argon to the furnace 
while keeping the temperature at 1060 °C. The growth time was 20 min. 
After the growth, the samples were taken out of the hot zone of the 
furnace and allowed to cool down. The graphene films were transferred 
by a standard PMMA transfer method[44] onto a target substrate, which 
was a silicon chip with a 300-nm thermal oxide film and a metal marker 
grid deposited on top. To transfer the graphene, a spin-coated PMMA 
layer acted as the graphene-support film and the copper was etched 
in 0.5  m ammonium persulfate solution leaving the graphene/PMMA 
stack floating on the liquid. Then, the graphene was rinsed in DI water, 
placed in 12% HCl to remove possible metal residues, rinsed again in 
DI water, and placed onto the Si/SiO2 substrate. The PMMA film was 
removed with trichloroethylene (60  min at 40 °C). Finally, the sample 
was annealed at 300 °C in Ar/H2 atmosphere for 2 h to remove PMMA 
residues.

Two-Photon Oxidation: Two-photon oxidation of graphene was 
performed with 515 nm femtosecond laser (Pharos-10, Light Conversion 
Ltd., 600  kHz repetition rate, 250 fs pulse duration) in ambient 
atmosphere at a relative humidity of 35%. Experiments were performed 
in two configurations:

–  Small beam oxidation. The femtosecond laser was focused with an 
objective lens (N.A. = 0.8) to a single Gaussian spot (a diameter at 1/e2  
of ≈1.2  µm). Graphene was irradiated using a range of laser pulse 
energies (10–25 pJ) and an exposure time of up to 1 s per spot, to 
produce patterns with different oxidation levels. The matrices of squares 
with sizes of ≈2 × 2 µm2 were patterned by step-by-step irradiation, with 
0.1 µm separation between consecutive laser spots.

–  Large beam oxidation. To oxidize large areas, 2x objective was used 
with a spot diameter of ≈25 µm. The pulse energies ranged from 1 to 6.5 nJ  
and the time was from 0.1 to 1.5 s per spot. We made 30 × 30 µm2  
2-PO patterns with 4 µm separation between each two spots.

Atomic Layer Deposition: For the ALD deposition of ZnO using 
DEZ and water, a commercial flow-type hot-wall ALD reactor (F-120 
by ASM Ltd) was used. Both DEZ precursor (Zn (CH2CH3)2; Sigma-
Aldrich, ≥ 52  wt% Zn basis) and the deionized water cylinders were 
kept outside the reactor at room temperature. Nitrogen (N2, 99.999%, 
flow rate at 300 SCCM) was used as both the precursor carrier gas 
and the purge gas between the precursor pulses. The reactor pressure 
was kept between 3 and 5 mbar. The ZnO films were deposited at 150, 
200, and 250 °C on both graphene and on Si (100) substrates with a 
native oxide layer, the latter was used for the thickness determination. 
The precursor pulse lengths were based on our previous studies using 
same precursors and the reactor.[45] Since the deposition temperature 
was lower in comparison, long purges were applied in order to make 
sure that there was only one precursor in the reactor at a time. 
The following pulse/purge lengths were used; 1 s DEZ/4 s N2/1.5 s  
H2O/6 s N2. The total number of ALD cycles was chosen according to 
the target thickness.

X-Ray Reflection: The thicknesses of ZnO films grown on silicon were 
determined with X-ray reflection (XRR; Panalytical XPert diffractometer, 
Cu Kα source) followed by fitting the data with X'Pert Reflectivity 
software by PANalytical.

Atomic Force Microscopy: Cleaning residuals from the samples after 
transfer was accomplished using contact mode on a Bruker Dimension 
Icon atomic force microscope. Soft NSG03 cantilevers with force 
constant less than 1 N m−1 from NT-MDT were used to minimize the 
defect introduction during the cleaning. AFM imaging was carried 
out on a Bruker Dimension Icon atomic force microscope using Peak 
Force Tapping mode. ScanAsyst-Air probes from Bruker were used 
during imaging with the peak force set to 2.0 nN. All AFM images were 
processed with Gwyddion software.

Raman Spectroscopy: A DXR Raman (Thermo Scientific) with a 50x 
objective was used for mapping and spectra acquisition. The laser power 
was 1 mW and 532 nm of excitation was utilized.

Energy-Dispersive X-Ray Spectroscopy (EDS): A Zeiss EVO-50XVP 
scanning electron microscope was used in combination with a Bruker 
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Quantax 400 EDS system. The electron high tension was kept at 5  kV. 
The time per point in single-point experiments was 1 min and 15 s per 
point during the mapping.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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