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ABSTRACT: We investigated nucleation and growth charac-
teristics of atomic layer deposition (ALD) HfO2 on exfoliated
and chemical vapor deposition (CVD) graphene by using two
Hf precursors, tetrakis(dimethylamino)hafnium (TDMAH)
and hafnium tetrachloride (HfCl4). Experimental results and
theoretical calculations indicate that HfO2 nucleation is more
favorable on CVD graphene than on exfoliated graphene due
to the existence of defect sites. Also, the TDMAH precursor
showed much more unfavorable nucleation and growth than
HfCl4 due to different initial adsorption mechanisms, affecting
lower leakage currents and breakdown electric field. ALD
growth characteristics of HfO2 will be fundamentally and
practically significant for realizing the fabrication of graphene-
based electronic devices.

■ INTRODUCTION

Graphene has attracted a great deal of attention for potential
applications in electronic devices due to its novel electrical
properties, such as high electron and hole mobility above
100,000 cm2/(V s).1 In order to realize graphene-based
electronic devices, high quality high-k dielectric thin films are
required.2 However, since conventional techniques of thin film
deposition employ energetic radicals in the plasma state for
sputtering or chemical reactions of precursors for chemical
vapor deposition (CVD), the physical properties of graphene
which is composed of an ideal single atomic layer are easily
affected by deposition environments.3 Thus, the damage-free
deposition method is needed to form high-k dielectrics on
graphene. Compared to other deposition techniques, atomic
layer deposition (ALD) produces dense and pinhole-free since
ALD films are formed through a layer-by-layer growth manner
based on the surface self-saturated reaction of precursors. In
addition, damages on an original surface in ALD are less
significant than those in CVD and physical vapor deposition
(PVD).4 Therefore, ALD has been one of the essential
fabrication methods for graphene-based devices and has been
widely used.
In earlier studies, ALD dielectrics such as Al2O3 and HfO2

were attempted on graphite surfaces which have chemically

identical surface properties to those of graphene.5−10 Selective
growth of ALD dielectrics along the step edge sites of highly
ordered pyrolytic graphite (HOPG) was observed since the
step edge sites are chemically more reactive than the basal
planes.5−7 In the following studies, dielectric deposition by
ALD on graphene prepared from the exfoliation of HOPG
shows similar results to previous reports about ALD on HOPG
since there was no chemically available adsorption site on
graphene surfaces.8−10 In other research, interestingly, on
graphene synthesized by CVD, there was no selectivity in the
growth of ALD dielectrics rather island growth over all the
surface.11−13 Different growth behaviors of ALD dielectrics on
graphene surfaces are probably affected by nonideal surface
properties of graphene originating from different synthesis
methods and preparation processes. Although exfoliated
graphene from HOPG and CVD-grown graphene have been
widely used to prepare graphene, however, there has been no
systematic and comprehensive study on surface reactions
between ALD precursors and graphene synthesized by various
ways.
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In addition, since it is hard to form a continuous high k
dielectric layer on graphene which is essential to fabricate
electronic devices using graphene, researchers have tried several
surface treatments on graphene to improve nucleation of ALD
high k layer: the deposition and oxidation of metal films,14−19

functionalization of graphene via ozone,20,21 O2 plasma,
22 and

nitrogen dioxide,23 and the spin-coating of polymer films24,25

and self-assembled monolayers26 as seeding layers. However,
the fundamental explanation and understanding of the surface
reaction between precursors and graphene during ALD have
remained unclear although the surface reaction is a key
mechanism of ALD.
In this article, we mainly focused on the nucleation and

growth mechanism of ALD HfO2 on exfoliated graphene from
HOPG and synthesized graphene by CVD. Based on the
results, we extended our investigation to the effects of precursor
on growth and nucleation by using two Hf precursors,
tetrakis(dimethylamino)hafnium (TDMAH) and hafnium
tetrachloride (HfCl4). Surface morphologies of ALD HfO2 on
graphene were characterized with increasing cycles. Nucleation
and growth mechanism were studied by the correlation with
analysis results including vibrational energy states, atomic scale
image, crystallinity, and surface chemistry. In addition,
activation energy and energetic of reaction pathways during
the ALD process were investigated by quantum chemical
calculations. The experimental results are discussed with the
theoretical calculation results. Graphene-based devices using
ALD HfO2 dielectric were fabricated, and device performances
were investigated by correlating the growth behaviors of ALD
HfO2. This comparative research with experimental and
theoretical results should have significant impacts on the
fabrication of graphene-based electronic devices.

■ EXPERIMENTAL SECTION
Graphene Preparation. Graphene is prepared in two ways: one is

mechanical exfoliation from HOPG and the other one is the CVD
method. A piece of Scotch Tape was placed on HOPG and peeled
away. The tape with graphite flakes detached from HOPG was folded
and unfolded several times to reduce the adhesive force between the
tape and flakes. The tape with flakes was placed on 300 nm SiO2/Si
substrate, and the surface of the tape was gently rubbed with tweezers
for a few minutes to transfer graphene layers from the tape to the
substrate.27 The transferred graphene layers on the SiO2 substrate
were confirmed by contrast difference in optical microscope images.
Single layer graphene was synthesized by low pressure CVD which has
been many times reported elsewhere.28 A 25-μm-thick Cu foil as a
metal catalyst was placed at the center of a quartz tube of the CVD
system and heated up to 1035 °C with a 25 °C/min ramping rate,
under hydrogen ambient (flow rate of H2 = 10 sccm). The Cu foil was
annealed at 1035 °C in the same hydrogen flow for 2 h to eliminate a
native copper oxide. After annealing, the Cu foil was exposed to CH4
gas with the flow rate of 0.4 sccm for 4 h 30 min and cooled down to
room temperature in the CVD chamber without any disturbance.
Poly(methyl methacrylate) (PMMA) was spin-coated on the as-grown
single layer graphene on the Cu foil, and the copper foil was etched
out by using 0.1 M of ammonium persulfate etchant. The sample was
rinsed in deionized water several times to remove residual etchant, and
the PMMA/graphene layer was transferred to the SiO2 substrate.29

The PMMA supporting layer was removed by immersing the sample
in acetone for ∼12 h. For transmission electron microscopy (TEM)
analysis before and after ALD on graphene, the graphene was
transferred onto Quanti-foil TEM grids using a direct transfer
method.30 To bond graphene and the amorphous carbon (a-C) film
of the TEM grid, the TEM grid is placed on the top of graphene on
Cu, and isopropyl alcohol (IPA) is gently dropped on the top of the
grid to wet both the a-C and graphene films. After surface tension

generates the contact between graphene and a-C by IPA evaporation,
the sample was floated on the FeCl3 aqueous solution (0.1 g/mL) to
etch the Cu foil. After the transfer method, the grids were transferred
to the ALD chamber, and then they were picked by Cu tongs to hold
their positions during the ALD process. Graphene samples were
loaded in the ALD chamber (NCD Co., Lucida M100-PL) and
annealed at 450 °C with H2 and Ar (flow rate of H2 = 10 sccm and Ar
= 10 sccm) to remove residual PMMA prior to ALD HfO2.

ALD Process. TDMAH and HfCl4 precursors contained in a
stainless-steel bubbler were evaporated at 40 and 170 °C, respectively,
to obtain sufficient vapor pressure. Manifold lines were heated to 10−
15 °C higher than the temperature of the bubbler to prevent precursor
condensation. Evaporated precursor vapors were carried into the ALD
chamber with Ar carrier gas of which the flow rate was controlled by a
mass flow controller (MFC). Ar gas with the same flow rate was also
used for the ALD purge step between each precursor and reactant
exposure step. H2O was used for a counter reactant for both HfCl4 and
TDMAH. The substrate temperature was kept at 250 °C. On
exfoliated and CVD graphene substrates, HfO2 were deposited for
various ALD cycles.

Characterization of HfO2 on Graphene. Morphologies of ALD
HfO2 on graphene with increasing ALD cycles were characterized
using atomic force microscopy (AFM; VEECO Co., Multimode
model), field emission scanning electron microscopy (FE-SEM; JEOL
Ltd., JSM-7001F model), and high resolution-TEM (HR-TEM; FEI
Titan Cube G2 60-300) equipped with an image-aberration corrector
and monochromator. The HR-TEM was operated at an accelerating
voltage of 80 kV. In addition, HR-TEM images and the corresponding
Fast Fourier Transform (FFT) patterns of the HfO2 on graphene were
obtained. The number of graphene layers, the presence of sp2−sp3
hybridization, and defects were analyzed by using Raman spectroscopy
(WITEC CRM200) with a 600 grooves/mm grating. The laser
wavelength and power were 532 nm (Elaser = 2.33 eV) and 1.0 mW,
respectively. Since the lateral analysis size of Raman spectrocopy is
about 2 μm × 2 μm, graphene layers of which the lateral size was larger
than 5 μm × 5 μm were picked from optical microscope analysis
(Olympus bx41 with ×100 LWD Plan objective lens, working distance
= 2 mm). The chemical composition and bonding structure were
analyzed by X-ray photoelectron spectroscopy (XPS; Thermo
Scientific Co., K-Alpha model) with 1486.6 eV Al Kα monochromatic
source. HOPG was used instead of exfoliated graphene because the
beam size of X-ray in the XPS system is bigger than the size of
exfoliated graphene of which pieces are sparsely dispersed on the SiO2
substrate.

Quantum Chemical Calculation. Full structural optimization
computations at the density functional level of theory (DFT) were
performed by the PBE030,31 functional with the standard split-valence
+ polarization (def-SVP)32,33 basis set and without symmetry
constraints. Quasirelativistic effective core potentials (ECP) were
utilized for 60 core electrons of Hf.21 The graphene basal plane was
simulated by a C24H16 cluster with H-terminated edges.34 These
clusters have been previously utilized in the investigation of Pt ALD on
graphene.35 A C50H16 cluster with H-terminated edges and a diameter
of about 1.5 nm was utilized to represent the local atomic structure of
graphene grain boundary with pentagon−heptagon pairs. The MP2
calculations within the Resolution-of-the-Identity (RI)36,37 approx-
imation were performed by the TURBOMOLE38 program package
and by using a def2-TZVP34,39 basis set as implemented in
TURBOMOLE. Full structural RI-MP2 optimizations were performed
on the DFT-optimized systems. The RI method means expansions of
products of virtual and occupied orbitals by expansions of auxiliary
functions, simplifying the computation and resulting in more efficient
calculations as compared to standard MP2. The adsorption process of
molecules on a surface can be divided into several subreactions, which
is usually called a reaction pathway, for instance initial physisorption,
transition site, product physisorbed, and final product. Energy barriers
of each reaction step are calculated to find the total energy difference
between initial chemical species and final products. In the reaction
pathway calculations, verification of the transition states having only
one imaginary vibrational mode and the stationary points being true
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local minima took place by performing frequency calculations on the
optimized structures. Both DFT and RI-MP2 energetics are given as
reference to isolated gas phase reactants of HfCl4, TDMAHf, and H2O
and the graphene clusters.
Electrical Characterization. Metal−insulator−graphene (MIG)

capacitors were fabricated to evaluate dielectric and insulating
properties of ALD HfO2 on graphene. CVD graphene transferred on
300 nm SiO2/Si was used as a bottom layer of a capacitor. ALD HfO2
films using HfCl4 and TDMAH were deposited for 1000 cycles on the
CVD graphene/SiO2/Si substrate. The thickness of 1000 cycles of
HfO2 measured by SEM is 98 nm for HfCl4 and 74 nm for TDMAH.
Then, Al top electrode was defined with the size of 3.14 × 104 μm2 by
evaporation by using a shadow mask. The current−voltage (I−V)
characterizations were performed by using an Agilent 4155C
semiconductor parameter analyzer, respectively. The time-zero
dielectric breakdown (TZDB) at various stress conditions was
measured by the ramp-voltage breakdown test, and breakdown field
distributions for HfO2 using HfCl4 and TDMAH were compared.

■ RESULTS AND DISCUSSION

HfO2 Using HfCl4 on Graphene with Different Syn-
thesis Processes. To investigate nucleation and growth of
ALD HfO2 depending on graphene synthesis methods, ALD
HfO2 is deposited on both CVD and exfoliated graphene using
HfCl4. On exfoliated graphene, most of the ALD HfO2 nuclei
grow along certain lines and a few islands form apart from 1D
line deposits in Figure 1(a). On the contrary, although similar
line shapes of ALD HfO2 are observed, many HfO2 nuclei have
0D dot shape on CVD graphene in Figure 1(b). Surface areal

coverage of HfO2 on CVD graphene is 39%, two times larger
than 19% on exfoliated graphene (Figure 1(c)). To understand
different nucleation and growth characteristics, the morpho-
logical evolution of ALD HfO2 with the increasing ALD cycle
number was investigated (Figure 1(d)−1(i) for exfoliated
graphene and Figure 1(j)−1(o) for CVD graphene). ALD
HfO2 was selectively formed with a line shape on exfoliated
graphene after 10 cycles, while small HfO2 particle-like nuclei
were observed on CVD graphene. With increasing the cycle
number on exfoliated graphene, additional nucleation of HfO2
was rarely observed in the region where the line shape HfO2
did not exist, but ALD HfO2 grows and branches out from the
pre-existing line shape HfO2 with an increasing cycle number
on exfoliated graphene. In contrast, small particle-like HfO2
nuclei grow, and additional nucleation of HfO2 occurs on CVD
graphene with increasing cycles.
The inset of Figure 1(d) shows a line profile along the white

dashed line in Figure 1(d). There is a step across the exfoliated
graphene surface of which the height is approximately 0.7 nm.
Graphene prepared from exfoliation could have multilayers
unlike single layer CVD graphene,40 so that the step observed
in Figure 1(d) is an edge of an upper graphene layer of
multilayers. In addition, it was reported that step edges of
HOPG have higher chemical reactivity than basal plans,5

resulting in selective formation of ALD deposit on step edges.41

Therefore, ALD HfO2 selectively nucleates on the step edges of
multilayered exfoliated graphene, resulting in the formation of
line shape HfO2. In contrast to selective line growth on
exfoliated graphene, particle shape ALD HfO2 forms on CVD
graphene. Since ideal graphene does not have chemically
available bonding for ALD nucleation, ALD growth cannot
occur on the ideal surface of graphene. In addition, because
CVD graphene is a single layer, there is no step edge. So, the
formation of particle shape ALD HfO2 indicates that there are
nonideal sites and surface species which initiate ALD
nucleation. Interestingly, Figure 1(b) shows that a line shape
HfO2 growth is observed besides particle shape nuclei in spite
of there being no existence of a step edge on CVD graphene.
To investigate 1D growth of ALD HfO2 on CVD graphene

in atomic scale, high-resolution scanning transmission electron
microscopy (HR-STEM) was employed (Figure 2(a)−2(e)).
Figure 2(a) clearly shows that the ALD HfO2 grows along a
line, and no growth occurs in other regions. Figure 2(b) and
2(c) are magnified HR-TEM images, and FFT patterns from A
and B regions are denoted in Figure 2(a), respectively.
Although the hexagonal crystal patterns of graphene are not
clearly distinguishable by the eye in Figure 2(b) and 2(c), the
FFT patterns show different orientations, 111° and 126°,
obtained from A and B regions, respectively. Since FFT
patterns mathematically are obtained from TEM images, they
have the same relative orientations with real crystal structures.42

Different crystal orientations are clearly observed in inverse
FFT images in Figure 2(d) and 2(e) from Figure 2(b) and (c),
respectively. Consistently, one orientation of hexagonal carbon
rings is tilted by ∼15° from the other. This indicates that the
two regions divided by the 1D ALD HfO2 line have different
crystal orientations; in other words, they are different crystal
grains, and ALD HfO2 is selectively formed along a grain
boundary. The expected grain boundary is denoted by a red
dashed line in Figure 2(a). Previously, grain boundaries have
been reported as an arranged intrinsic defect in CVD
graphene.43 In our previous study, ALD Pt was selectively
formed on line defects of CVD graphene, such as grain

Figure 1. AFM images of 50 cycles ALD HfO2 on (a) exfoliated
graphene and (b) CVD graphene and (c) their areal coverages. AFM
images of HfO2 on graphene with 0, 10, 30, 50, 70, and 90 cycles. (d)−
(i) HfO2 using HfCl4 on exfoliated graphene, (j)−(o) HfO2 using
HfCl4 on CVD graphene. The inset of part (d) is the line spectrum of
the height difference from the AFM image (d).
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boundaries, since the defects have higher chemical reactivity
than pristine sites.35 Similarly, ALD HfO2 nucleates along 1D
grain boundaries, and it forms the 1D line shape after further
increasing cycles.
Besides grain boundaries, the nucleation of ALD HfO2 within

a grain is due to nonideal sites and surface species. Two
graphene samples were analyzed by XPS. Figure 3(a) and 3(b)
show XPS fine scans of HOPG and CVD graphene in the C 1s
core-level, respectively. The peaks at 284.8 and 285.6 eV
correspond to CC and C−C bonding of resonance structures
of graphene, respectively.44 The single and double bonds of C
atoms observed in XPS are known to be sp2 hybridization of
carbons in the graphene surface which is the reason for the
chemical inertness of the graphene surface due to no available
dangling bond on the graphene surface.13 On the other hand,
the peaks at 286.3, 287.3, and 288.9 eV are assigned to epoxide
(C−O), carbonyl (CO), and carboxylic (OC−O) groups,
respectively. Peak area ratios of each deconvoluted peak to C

C and C−C peak area are presented in Figure 3(c). Compared
to HOPG, a larger amount of surface oxygen from C−O
bonding is clearly observed on CVD graphene. In addition,

Figure 2. (a) TEM of HfO2 20 cycles on CVD graphene. Magnified
images from (b) the white box of A and (c) the white box of B regions.
Insets in (b) and (c), FFTs from each images. Inverse FFTs with
masking from (b) and (c) and (d) and (e), respectively.

Figure 3. XPS of C 1s bonding configuration. (a) HOPG and (b)
CVD graphene. (c) Normalized amounts of oxygen bonded with
carbon in HOPG and CVD graphene. Two surface sites in graphene
are modeled: (d) the pristine site and (e) the defect site. (f) The free
energy difference of H2O chemisorption to the defect site and the
pristine site from PBE0/SVP quantum chemical calculation. ΔE is the
energy difference of adsorption energy to the defect site from
adsorption energy to the pristine site.
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CO and OC−O bondings are only detected on CVD
graphene.
Based on the growth mechanism on ALD HfO2 by HfCl4 and

H2O, −OH species on a surface should be needed to initiate
HfCl4 precursor adsorption and subsequent HfO2 growth.

45 In
the previous reports, the carbon−oxygen bondings were
detected on oxygen-functionalized graphene surface,6 and
they already contained −OH species or easily produced
−OH species after exposure to water. Since the graphene
surface is exposed to H2O during the ALD process, the C−O
bondings are changed to −OH species, leading to the
nucleation of ALD HfO2. CO and OC−O bondings
could be also changed to −OH species after water exposure.
Therefore, ALD HfO2 more easily nucleates on CVD graphene
than on exfoliated graphene due to a higher concentration of
carbon−oxygen bondings. In addition, as-synthesized CVD
graphene prior to transfer processes showed only C−O
bonding without CO and O−CO, similar to HOPG.46

After the transfer process, however, OC−OH and C−OH
were detected on CVD graphene because of using strong
oxidants during the transfer process, such as moisture, oxygen,
and acetone. In fact, an ideal graphene surface is chemically
inert, so that it is hard for carbon−oxygen bondings that are
generated from the reactions of oxidants and graphene to
occur.47 So, other sites, which are chemically reactive such as
structural defects, are required to explain the formation of
carbon−oxygen bondings.
Calculating adsorption energy of oxidants on graphene

surfaces provides the quantitive estimation of the formation of
carbon−oxygen bondings on different surfaces. The adsorption
of water is numerically investigated by computational
calculations. Two different surface sites of graphene are
modeled: one is a pristine site and the other is a defect site
as shown in Figure 3(d) and (e), respectively. The calculations
of each adsorption were performed, and the results are
presented in Figure 3(f). The reaction between graphene and
H2O produces various products including C−OH + H2, CO
+ H2, CO + 2C−H, OC−OH + 3C−H, and OC−OH
+ C−H + H2. The free energy difference on the defect site and
the pristine site shows a negative value for all the products,
indicating that the energetics for H2O adsorption on graphene
are much more favorable on the defect site than the pristine
site. Moreover, these calculations result in that H2O adsorption
produces C−OH, CO, and OC−OH bondings on defect
sites consistent with our observations from XPS results. In
addition, other evidence for high defect density of CVD
graphene were observed in Raman and TEM results (see
Figures S1 and S4 in the Supporting Information). Since H2O
more favorably chemisorbs on the defect site than on the
pristine site, surface adsorbates can be formed easily on defect
sites than on pristine sites, leading to a higher nucleation rate of
ALD HfO2 on CVD graphene. Therefore, besides 1D selective
growth on grain boundaries, a larger amount of ALD HfO2
nuclei are formed on CVD graphene than that on exfoliated
graphene. The H2O adsorption can occur during both the
graphene transfer steps and counter reactant exposure of ALD.
Since ALD reactant exposure is performed at elevated
temperature unlike the transfer process at room temperature,
it is likely that the oxidation and generations of oxygen species
are dominant during the ALD reactant exposure process.48

In addition, defects might be generated during the deposition
process. One is the defect generation by the direct reaction
between graphene and precursor and/or H2O. From the DFT

calculation, however, we observed the precursor and reactant
unfavorably react on the pristine sites of graphene. So, it is hard
to generate defects by direct reaction between graphene and
precursor/reactant during the deposition process. The other is
reaction between graphene and byproducts from the ALD
reaction, such as HCl. However, HCl physisorbed on graphene
is easily desorbed from surface rather than involved in defect
generation reactions.45 Also, it was reported that HCl could not
etch out graphene.49,50 Also, the constant nucleation rate with
increasing ALD cycle number indicates that there is no
additional generation of defects during the ALD process (see
Figure S2 in the Supporting Information). In addition, Raman
results on graphene before and after HfO2 ALD clearly show
that there is no notable difference in the D band (see Figures
S1(f), S7(a), and S7(b) in the Supporting Information).
Therefore, based on indirect and direct evidence it can be
concluded that no defect is generated during the ALD process.

HfO2 Using HfCl4 and TDMAH on CVD Graphene.
Generally, metal−organic precursors have been more widely
used for HfO2 ALD than chlorine-based precursors due to their
negative effects, such as a corrosion of reactor and chlorine
residues.51,52 In addition, selection of the precursor strongly
affects growth characteristics of ALD, so that exploring the
precursor is important to fabricate a suitable high-k layer for
graphene-based devices. So, ALD HfO2 on graphene was
investigated by using a metal−organic precursor, TDMAH. In
Figure 4(a)−(e), the apparent areal coverage of ALD HfO2
using TDMAH is smaller than that using HfCl4 shown in
Figure 1. For quantitative discussion, the areal coverage and
number of nuclei measured from AFM images are plotted in
Figure 4(f) and 4(g), respectively, at various cycle numbers.
With increasing ALD cycles up to 90, higher areal coverage of
HfCl4 (75%) is observed than that of TDMAH (34%). Over 90
cycles, the areal coverages of HfO2 continuously increased with
different change rates and reached 100% of coverage at 120
cycles for HfCl4 and 230 cycles for TDMAH (see Figure S6(f)
in the Supporting Information). Of all the cycle numbers
studied, the areal coverage of HfO2 on graphene is much
smaller than that on Si and SiO2 (see Figure S8(a) in the
Supporting Information). Because the density of the reactive
sites on Si and SiO2 surfaces for ALD nucleation, such as the
−OH group, is much greater than the density of defect sites on
graphene, the nucleation rate on Si and SiO2 is much faster
than that on graphene, leading to high surface coverage.
The number density of HfO2 nuclei gradually increases in

both HfCl4 and TDMAH plots, but it decreases over a certain
cycle number due to the coalescence of nuclei. The starting
cycle number of coalescence for HfCl4 is over 30 cycles shorter
than 50 cycles for TDMAH. The nucleation rate of ALD HfO2
extracted from the slope of the plots up to 30 cycles is 3.1/cycle
for HfCl4, higher than 2.2/cycle for TDMAH. Since the ALD
process was performed under the same conditions except for
the Hf precursor, the higher nucleation rate for HfCl4 is
ascribed to the higher reactivity of HfCl4 with graphene than
that of TDMAH. The maximum value in the number of nuclei
in Figure 4(g) can be translated to density of nucleation sites
on graphene and the densities 1.08 × 1011 cm−2 for HfCl4 and
9.33 × 1010 cm−2 for TDMAH. In addition, a density of
graphene defect which is a main nucleation site for ALD can be
extracted by using the intensity ratio of D to G peaks53,54 from
Raman (see Supporting Information Figure S1(f)), and that is
2.04 × 1010 cm−2. The differences are not too large, but they
can be explained by several reasons. Although both HfCl4 and
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TDMAH nucleate dominantly on defect sites, there still exists
the possibility of growth on the pristine site and C−OH since
HfCl4 adsorbs endothermically both on the pristine site and
C−OH, while TDMAH does on C−OH. In addition, there
exist errors in the nuclei counting in AFM images and the
calculation of defect density from Raman spectra.
In the previous section, we observed HfO2 growth using

HfCl4 due to the existence of C−OH bonding on the defect
sites of the CVD graphene. HfCl4 and TDMAH adsorptions on
the C−OH site are quantum-chemically calculated, and the
results are denoted by a red color in Figure 5(a) for HfCl4 and
Figure 5(b) for TDMAH. HfCl4 more favorably physisorbs
initially on the C−OH site (−34.6 kcal/mol) than TDMAH
(−9.5 kcal/mol) at the initial physisorption state. However,
there is a larger activation barrier for transition from initial
physisorption to the final product in the HfCl4 reaction
pathway (21.7 kcal/mol) than that in TDMAH (13.6 kcal/
mol), indicating that HCl4 adsorption on the C−OH site is less
favorable than TDMAH. Moreover, the activation energy of
TDMAH at the final product state is −21.5 kcal/mol, smaller
than that of HfCl4, −17.5 kcal/mol. Therefore, although both

HfCl4 and TDMAH adsorptions on the C−OH site are
favorable, the adsorption of TDMAH is more favorable than
HfCl4.
Interestingly, ALD HfO2 using HfCl4 shows higher areal

coverage than that using TDMAH (Figure 4(f)), which shows
an inconsistency between the experimental observation and the
calculation results. So, other nucleation sites for ALD HfO2
such as the pristine site and the defect site without oxygen
species were considered as denoted by black and blue colors in
Figure 5(a) and Figure 5(b), respectively. For HfCl4, no viable
reaction states and no energy barrier are found to the final
product state. This means that the HfCl4 adsorption process is
physisorption rather than chemisorption by changing its
tetrahedron structure at the final product state (see Figure S9
in the Supporting Information). The activation energy of HfCl4
physisorption on defect sites is −46 kcal/mol, much smaller
than that on pristine sites, −17.5 kcal/mol in Figure 6(a).
Although the activation energy of TDMAH adsorption on
defect sites is very small down to −31.8 kcal/mol, there is an
energy barrier as high as 37 kcal/mol between the initial
physisorption and the final product state (Figure 5(b)). On the
pristine site, the energy barrier is also observed, and the
activation energy at the final product state is a positive value in
TDMAH adsorption. In contrast to HfCl4, TDMAH is
chemisorbed on pristine and defect sites by breaking strong

Figure 4. (a)−(e) AFM images of HfO2 by TDMAH on CVD
graphene with 10, 30, 50, 70, and 90 cycles. (f) Areal coverage and (g)
density of nuclei of HfO2 by using HfCl4 and TDMAH on CVD
graphene from the AFM data of Figure 1 (g)−(l) and parts (a)−(e) of
this figure.

Figure 5. PBE0/SVP quantum chemical calculation of HfO2 using (a)
HfCl4 and (b) TDMAH on C−OH, the pristine site, and the defect
site of graphene.
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C−C or CC bonding of graphene, resulting in C−Hf
bonding at the transition state (see Figure S9 in the Supporting
Information). From these calculations, two important pieces of
information are obtained. Both TDMAH and HfCl4 can be
adsorbed on defect sites, even on the pristine site for HfCl4, and
the adsorption on defect sites is much more favorable that on
the pristine sites. The other one is that HfCl4 adsorption on the
defect site occurs through physisorption without transition
states instead of chemisorption. So, the higher areal coverage of
ALD HfO2 using HfCl4 can be attributed to contributions of
HfCl4 physisorption on pristine and defect sites to HfO2
nucleation.
The growth of ALD HfO2 on graphene could be changed by

varying other process parameters, such as growth temperature
and oxidant. ALD HfO2 process windows in which growth per
cycles (GPCs) are constant due to the self-saturated ALD
reaction are 130−250 °C for HfCl4 and 175−250 °C for
TDMAH (see Figure S10 in the Supporting Information). At
lower temperature than the ALD windows, precursor molecules
can physisorb on the surface through thermal condensation
instead of chemisorbing, resulting in an increase of GPC. Thus,
although ALD HfO2 noncontinuously grows on graphene with
low GPC within the ALD window, a continuous HfO2 may
form at lower temperature. In addition, the different adsorption

behavior and growth characteristics between HfCl4 and
TDMAH observed in the ALD window can be changed at
lower temperature because HfO2 films are not formed through
the self-saturated reactions which cause the difference.
However, the HfO2 deposited at lower temperature than the
ALD window has a low film quality, such as low dielectric
constant and high impurity concentration due to an incomplete
reaction. So, in other reports, the continuous growth of the low
quality ALD layer was just utilized for a seed layer, and the high
quality ALD film was deposited on that seed layer to fabricate
the continuous high-k layer of graphene-based devices.13,55 The
role of oxidants is also important. The previous DFT study of
O3-ALD Al2O3 on graphene has shown that O3 physisorbs on
graphene and initiates nucleation of Al2O3 during the ALD
process.56,57 In the following study, a uniform Al2O3 layer is
formed by physisorbed O3 in contrast to the nonuniform
growth of Al2O3 by H2O. However, the O3 oxidant might
generate an undesired p-type doping effect for graphene,56 so
careful control of O3 is needed.
Different nucleation and growth mechanism significantly

affect insulating properties of HfO2 for a graphene-based
device. Figure 6(a) shows leakage current densities between Al
top electrode and graphene. Leakage current density of HfO2 at
−1 MV of the electrical field is 8.22 × 10−9 A/cm2 for HfCl4,
almost 17 times lower than 1.36 × 10−7 A/cm2 for TDMAH.
Figure 6(b) shows cumulative failure as a function of a
breakdown electrical field. Compared to HfCl4, a lower
breakdown electrical field was observed in that by using
TDMAH. In contrast to HfCl4, several samples by using
TDMAH showed a weak breakdown property below 5 MV/cm
of the electrical field. These results indicate that ALD HfO2 by
using HfCl4 is a better insulator than that by using TDMAH.
Electrical properties can be explained by the correlation of
nucleation and growth of HfO2 depending on Hf precursors.
The nucleation rate and the number of nuclei are higher in
ALD HfO2 using HfCl4 than that using TDMAH, leading to the
faster coalescence as shown in Figure 4(g). Surface roughness
of thin film is strongly affected by initial nucleation and
coalescence, and a film with high nucleation rate and fast
coalescence has smoother surface morphology than that with
low nucleation rate and slow coalescence.58 In our experiment,
1000 cycles of HfO2 using HfCl4 produced a smoother surface
than that using TDMAH (see Figure S11 in the Supporting
Information). The rough surface forms a rough interface
between the top Al electrode and HfO2, leading to electric field
enhancement due to geometrical effects.59 The electric field is
increased at the region where the thickness of HfO2 is relatively
thin, resulting in the electron emission.60 The emitted electrons
to oxide layer generate holes at the anode. When the hole
concentration is over a critical point, accumulated holes tunnel
into the oxide layers, leading to an intrinsic breakdown.61 So,
the electric field enhancement by effects of roughness lowers
the electric breakdown field of insulating films. In addition, the
average grain size of ALD HfO2 can affect the deterioration of
the insulating property. Due to the high nucleation rate and fast
coalescence, the average grain size of ALD HfO2 using HfCl4 is
larger than that using TDMAH. At 1000 cycles, the average
grain size of ALD HfO2 using HfCl4 and TDMAH are 4.25 ×
105 nm2 and 8.73 × 104 nm2, respectively (see Figure S11(a)
and S11(b) in the Supporting Information). The large ALD
HfO2 grain using HfCl4 can more densely cover the graphene
surface than that using TDMAH, so that the size of pinholes
which are the dominant leakage path is smaller (see Figure

Figure 6. (a) I−V curves and (b) cumulative failure as a function of
the breakdown electrical field. MIG capacitors with ALD HfO2 using
HfCl4 and TDMAH deposited on CVD graphene for 1000 cycles were
fabricated.
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S11(c) and S11(d) in the Supporting Information). Thus, the
ALD HfO2 using HfCl4 is more suitable for graphene-based
electrical devices than that using TDMAH.

■ CONCLUSIONS
In this research, we investigated growth characteristics of HfO2
on exfoliated and CVD graphene by using two Hf precursors,
TDMAH and HfCl4. On exfoliated graphene, 1D growth of
ALD HfO2 using HfCl4 along the step edges was observed. On
the contrary, 0D HfO2 nucleated on CVD graphene together
with 1D HfO2 due to the existence of nonideal sites. Compared
to exfoliated graphene, CVD graphene showed a larger amount
of chemically reactive defect sites, which are effective nucleation
sites for ALD HfO2. ALD HfO2 by using TDMAH on CVD
graphene showed much more unfavorable nucleation and
growth than that by using HfCl4. From the quantum chemical
calculation, it is revealed that the higher areal coverage of ALD
HfO2 using HfCl4 than TDMAH is attributed to HfCl4
physisorption on pristine and defect sites on graphene. From
the electrical property measurements, ALD HfO2 using HfCl4
showed superior properties, such as lower leakage currents and
breakdown electric field, to that using TDMAH due to
smoother and denser surface morphology from the higher
nucleation rate and larger number of HfO2 nuclei during initial
growth. It should be noted that our findings from comparative
research of ALD HfO2 would be significant fundamentally and
practically for fabrication of graphene-based electronic devices.
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