
Improvement of Al2O3 Films on Graphene Grown by Atomic Layer
Deposition with Pre‑H2O Treatment
Li Zheng,†,‡ Xinhong Cheng,*,† Duo Cao,†,‡ Gang Wang,† Zhongjian Wang,† Dawei Xu,†,‡ Chao Xia,†,‡

Lingyan Shen,†,‡ Yuehui Yu,† and Dashen Shen§

†State Key Laboratory of Functional Materials for Informatics, SIMIT, Chinese Academy of Sciences, Shanghai 200050, China
‡University of Chinese Academy of Sciences, Beijing 100049, China
§University of Alabama in Huntsville, Huntsville, Alabama 35899, United States

*S Supporting Information

ABSTRACT: We improve the surface of graphene by atomic layer
deposition (ALD) without the assistance of a transition layer or surface
functionalization. By controlling gas−solid physical adsorption between
water molecules and graphene through the optimization of pre-H2O
treatment and two-step temperature growth, we directly grew uniform and
compact Al2O3 films onto graphene by ALD. Al2O3 films, deposited with 4-
cycle pre-H2O treatment and 100−200 °C two-step growing process,
presented a relative permittivity of 7.2 and a breakdown critical electrical
field of 9 MV/cm. Moreover, the deposition of Al2O3 did not introduce
any detective defects or disorders in graphene.

KEYWORDS: graphene, pre-H2O treatment, Al2O3 films, gas−solid absorption

■ INTRODUCTION
As a two-dimensional building block for sp2 carbon allotropes
of every other dimensionality, graphene can be stacked into
three-dimensional graphite, rolled into one-dimensional nano-
tubes, and wrapped into zero-dimensional fullerenes. Its
excellent properties such as ballistic transport and high mobility
make it an ideal material for nanoelectronics.1−7 Furthermore,
its optical absorption is only 2.3% and the Young’s modulus of
graphene is 1 TPa, which are ideal for micro- and nano-
mechanical systems, transparent and conductive electrodes, and
flexible and printable optoelectronics.3−7 To realize graphene-
based devices, high-quality dielectric films on top of graphene
are required as electrostatic gate dielectrics or tunnel barriers
for spin injection.8,9 With the purpose of effectively controlling
channel carriers, dielectric layers should be as thin as a few
nanometers, and of uniform coverage on graphene without any
pinholes. Fortunately, ALD can satisfy these requirements.
However, the surface of graphene is chemical insert and there
are no dangling bonds which are necessary for surface chemical
reactions during the conventional ALD processes. The existing
method to overcome this challenge is functionalization of
graphene surface (chemical modification, a thin oxidized metal
layer, or a polymer buffer layer),10−15 which either increases the
thickness of dielectrics or induces defects into graphene. For
these reasons, several attempts were tried to grow dielectric
films directly on graphene.15−20 For example, Rammula et al.15

reported that Al2O3 could be deposited directly onto graphene
by O3-based ALD. However, graphene was partial oxidized after

this process due to strong oxidizing property of O3. In most
conventional H2O-based ALD processes, uniform metal oxide
layers on pristine graphene is difficult to yield. Nevertheless,
Dlubak et.al16 reported a large improvement in the wetting
ability of ALD Al2O3 films by the assistance of a metallic
substrate. This enhanced wetting was achieved by greatly
increasing the nucleation density through the use of polar traps
induced on the graphene surface by an underlying metallic
substrate. Alles et al.17 used a two-step process (a HfO2 seed
layer was deposited at low temperature and the rest of the layer
at high temperature) to grow HfO2 films on graphene directly
with a surface root mean square (RMS) 1.7 nm because of
uneven nucleation of HfO2 at low temperature. In our recent
work,18−20 Al2O3 could be deposited directly onto graphene
(mechanically transferred to SiO2/Si substrate) by H2O-based
ALD at low growing temperature (100−130 °C), where
physically absorbed water molecules on graphene contributed
to Al2O3 growth, and Al2O3 was uniform with a RMS of 0.23
nm. However, the critical electric field and dielectric constant
were low for loose Al2O3 microstructure and rich of OH−

bonds coming from low temperature growth. In this work,
H2O-based ALD technique would be further explored and
optimized to obtain uniform and compact Al2O3 films on
graphene through adjusting the ALD cycle numbers of pre-H2O
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treatment and regulating two-step temperature growing
process. Atomic force microscope (AFM) was carried out to
show how the surface morphology changed with adjusting the
ALD cycle numbers of pre-H2O treatment. Raman spectrosco-
py was performed to detect characteristic peaks of graphene
and see whether graphene was destroyed. Transmission
electron microscopy (TEM) and high-resolution TEM
(HRTEM) were employed to manifest the microstructure of
Al2O3 on graphene. X-ray photoelectron spectroscopy (XPS)
was investigated to analyze the elemental compositions of
Al2O3 films on graphene. Electrical measurements were also
implemented to show the high quality of Al2O3 films deposited
directly by ALD.

■ RESULTS AND DISCUSSION
Graphene surface is chemical inert and lack of dangle bonds,
yet H2O molecules can be physically absorbed onto it by van
der Waals forces. Moreover, graphene is hydrophobic and
difficult to be uniformly covered with H2O molecules. This
layer H2O would act as deposition sites and its continuity will
determine the morphology of Al2O3 seed layer. To solve this
problem, we take the advantage of gas-solid physical absorption
instead of liquid-solid absorption to make H2O molecules
distribute uniformly on graphene. In this process, the final H2O
molecules state is determined by three factors: the adsorption
energy of H2O molecules, the chamber temperature and the
H2O dosage. The adsorption energy is determined by the
polarizability of the substrate.21 Theoretically, as a two-
dimensional material, graphene has no polarization because of
its perfect symmetry. However, the interaction of graphene
with SiO2 will induce polar traps on the graphene surface and
make the carbon atom tolerate asymmetric forces from its
surrounding atomics,22 leading to a residual force field, and
absorb nearby H2O molecules. The chamber temperature is
correlated with the thermal energy of the H2O molecules. At
lower temperatures, due to the large dipole momentum of H2O
molecules, H2O has a high surface affinity and is easy to form
globules due to inter-molecular attraction, resulting in uneven

nucleation sites; while at higher temperatures, the thermal
energy of H2O molecules is great and excites H2O molecules to
escape from graphene surface, leading to few nucleation sites
for Al2O3 films. In addition, The physical adsorption of H2O
molecules on graphene is similar to the process of water vapor
liquefying on graphene surface and this process happens easily
when the temperature of H2O reaches to its liquefaction point
(100°C).23 Consequently, the initial ALD chamber temper-
ature is set to 100 °C so that H2O molecules can adhere easily
to graphene by gas−solid physical absorption. Before Al2O3
deposition, liquid water is introduced into the ALD chamber by
nitrogen and the pulse time is 10s, which is enough for water
transformation between two phases (liquid and gas) and to be
absorbed onto graphene. The H2O dosage is determined by
pre-H2O treatment ALD cycle numbers. H2O molecules act as
nucleation sites and the process of pre-H2O treatment
determines the morphology of the following Al2O3 films, and
H2O distribution on graphene can be presented by subsequent
Al2O3 surface morphology.
For comparison, the number of pre-H2O treatment ALD

cycles changed from 1 to 6, and the following cycle number of
Al2O3 was fixed at 60 and the temperature was set to 100°C.
The expected thickness of Al2O3 was 4 nm. Figures 1(a)-(f)
show AFM images of Al2O3 films on graphene with 1-6 ALD
cycles of pre-H2O treatment, respectively. The Al2O3 films were
not continuous and pinholes were obvious with only 1 cycle of
pre-H2O treatment, and the RMS roughness was 0.8 nm
(Figure 1a). When the ALD cycles increased, Al2O3 films
became continuous and pinholes reduced significantly (Figure
1b, c). For the sample with 4 cycles of pre-H2O treatment, the
pinholes were few and the RMS roughness was only 0.3 nm, as
shown in Figure 1d, comparable to the surface of SiO2/Si.

24

Continuing to increase the pre-H2O treatment cycles to 5 or 6,
the pinhole defects reappeared, as shown in images e and f in
Figure 1. And the RMS roughness deteriorated to 1.1 and 1.5
nm, respectively. The poor morphology of Al2O3 films was due
to excessive adsorption of H2O molecules on graphene. If
graphene was over treated by pre-H2O treatment, the van der

Figure 1. AFM images of Al2O3 films (60 ALD cycles) on graphene with different cycles of pre-H2O treatment at 100 °C. (a) 1, (b) 2, (c) 3, (d) 4,
(e) 5, and (f) 6 cycles.
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Waals force between H2O molecules and graphene was not
enough to overcome the inter-molecular attraction and surface
tension of H2O molecules, and H2O molecules were not
uniform on graphene, resulting in poor morphology of
subsequent ALD-Al2O3 films. As a consequence, 4 cycles of
pre-H2O treatment is optimal for ALD-Al2O3 film growth on
graphene.
Although the growing temperature of 100°C contributed to

physical adsorption of H2O molecules on graphene and
forming uniform sites for the nucleation of Al2O3 films during
the ALD process, Al2O3 was loose and the dielectric capacitance
was small as 0.6 μF/cm2, shown in Figure 2g (blue curve).

Thus, to obtain compact gate dielectrics with high permittivity
and critical electrical field, we tried increasing the deposition
temperature. However, when the growing temperature was
above 100 °C, the thermal activation energy was high for H2O
molecules, and their thermal movement became strong,
preventing physical absorption of H2O molecules on graphene.
Therefore, two-step temperature growth was essential to
directly deposit Al2O3 films on graphene and the regulation
of high- and low-temperature ALD cycle numbers became
particular meaningful. As shown in Table 1, totally, 135 cycles
of Al2O3 were deposited with different assignments of ALD
cycles at 100 and 200 °C for 5 samples. The thickness of 15

Figure 2. (a−f) AFM images of Al2O3 films on graphene with different assignments of ALD cycles at first-step temperature (100 °C) and second-
step temperature (200 °C); 135 ALD cycles in total. (a) 15 cycles/120 cycles, (b) 30 cycles/105 cycles, (c) 45 cycles/90 cycles, (d) 60 cycles/75
cycles, (e) 75 cycles/60 cycles, (f) 90 cycles/45 cycles, (g) C−V measurements of 9 nm Al2O3 films on graphene under two different growth
conditions. One was at 100 °C (blue curve) and the other condition was that first 4 nm Al2O3 was deposited at 100 °C, whereas the subsequent 5
nm Al2O3 was deposited at 200 °C (red curve). (h) I−Vbd measurements of Al2O3 films on graphene with different assignments of ALD cycles at
first-step temperature (100 °C) and second-step temperature (200 °C). (i) TEM image of Al2O3 films on graphene (sample 4). (j) HRTEM image
of Al2O3 films on graphene (sample 4).
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cycles of Al2O3 was about 1 nm at 100 °C. For the sample with
15 first-step cycles of Al2O3 grown at 100 °C and 120 second-
step cycles at 200°C, the surface morphology (Figure 2b) was
actually the same as pristine graphene (Figure 2a), besides a
small portion covered with Al2O3 islands, and its leakage
current was serious (Sample 1 in Figure 2h). This result was
due to ALD Al2O3 growth mechanism. At the initial stage, the
growth of Al2O3 was insular. With ALD cycles increasing, the
Al2O3 islands gradually closed to their adjacent ones and
formed continuous Al2O3 films. 15 cycles of Al2O3 (∼1 nm)
were not enough to form continuous Al2O3 films; moreover,
when the growing temperature rose to 200 °C, the movement
of H2O molecules was aggravate and not easy to be absorbed
on graphene, resulting in few deposition sites for the second-
step 120 cycles ALD-Al2O3 growth. Elevating the number of
the first-step ALD-Al2O3 cycles to 30 (∼2 nm) at 100 °C, the
Al2O3 coverage improved while pinholes were obvious (Figure
2c), leading to a high leakage current (Sample 2 in Figure 2h).
When the fist-step ALD-Al2O3 cycles added to 45 (∼3 nm) at
100 °C, Al2O3 films covered the graphene surface. Nonetheless,
the leakage current was still high (sample 3 in Figure 2h)
because of the existing pinholes in Al2O3 films (Figure 2d).
Continuing to increase the first-step ALD-Al2O3 cycles at 100
°C to 60 (∼4 nm), pinholes vanished, and the Al2O3 films

turned impact (Figure 2e) with a very low leakage current of 1
× 10−8 A/cm2 at the biases of less than 2 V (Sample 4 in Figure
h). With more first-step ALD-Al2O3 cycles at 100°C, (75 cycles,
∼5 nm), pinholes reappeared (Figure 2f), accompanied by a
relative high leakage current (Sample 5 in Figure 2h). First-step
ALD cycles at 100 °C contributed to continuity of Al2O3 films,
whereas second-step ALD cycles at 200 °C conduced to the
compactness of Al2O3 films. If first-step ALD cycles blindly
increased, the Al2O3 films would be loose, leading to a high
leakage current. On the contrary, if first-step ALD cycles were
insufficient, there would not be enough deposition sites for
second-step Al2O3 growth, which also led to a high leakage
current. Therefore, 60 ALD cycles of first-step Al2O3 at 100 °C
were necessary and enough for subsequent second-step Al2O3
deposition at 200 °C. The Al2O3 film was compact with a
capacitance of 0.7 μF/cm2 as shown in Figure 2g (red curve).
Its relative permittivity and the breakdown electrical field were
7.2 and 9 MV/cm, respectively, comparable with the best
quality of Al2O3 films on Si.25 The Al2O3 films deposited with
60 ALD cycles at 100 °C and 75 ALD cycles at 200 °C were
also characterized by TEM and HRTEM. As shown in images i
and j in Figure 2, the first-step Al2O3 films deposited at 100 °C
were 4 nm and covered the graphene surface, which was
beneficial to the compactness and uniformity of the second-step
5 nm Al2O3 films deposited at 200 °C. It is worth noting that
no interfacial layer was observed after ALD Al2O3 growth on
graphene.
The chemical compositions of Al2O3 films grown at two-step

temperatures (60 ALD cycles at 100 °C and 75 ALD cycles at
200 °C) were characterized by XPS as shown in Figure 3a−c,
proving the existence of Al2O3 films on graphene and analyzing
the relationship between the chemical states of Al3O3/graphene
films and their electrical performance. For comparison, Al2O3
films deposited on graphene at 100°C with 135 ALD cycles was
also analyzed by XPS as shown in Figure 3d−f. All the XPS
peaks were calibrated with the C 1s peak position at 284.8 eV.

Table 1. Five Graphene Samples with Different Assignment
of ALD-Al2O3 Cycles at 100 and 200 °C

sample 1 sample 2 sample 3 sample 4 sample 5

ALD
cycles
at 100
°C

15
(∼1 nm)

30
(∼2 nm)

45
(∼3 nm)

60
(∼4 nm)

75
(∼5 nm)

ALD
cycles
at 200
°C

120 105 90 75 60

Figure 3. XPS spectra of Al2O3 films deposited on graphene at different temperatures. (a) Al 2p, (b) O 1s, and (c) energy-loss spectra of Al2O3
deposited on graphene at two-step temperatures (60 ALD cycles at 100 °C and 75 ALD cycles at 200 °C). (d) Al 2p, (e) O 1s and (f) energy-loss
spectra of Al2O3 deposited on graphene at 100 °C (135 cycles).
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For both samples, Al 2p peak could be fitted as symmetric
single peaks at 74.3 eV. For the sample grown at two-step
mode, O 1s peak centered at 531.7 eV and had a slight
asymmetry. Further deconvolution revealed two distinct
components, the stronger peak locating at 531.4 eV originated
from Al−O bonds, and the other weak peak 532.9 eV
associated with Al−O−H hydroxyl groups due to the
incomplete reaction of TMA/H2O at the first-step temperature
(100 °C). The binding energy difference between Al 2p and O
1s was 457.4 eV, in agreement with reported values of fully
oxidized amorphous Al2O3.

26,27 The O/Al atomic ratio was
calculated to be 1.45, close to stoichiometric Al2O3 of 1.5. O 1s
energy-loss spectrum was also performed to calculate the band
gap of Al2O3 on graphene (Figure 3c).28,29 The obtained value
of 7.3 eV was close to the band gap of 8.8 eV reported for pure
Al2O3,

30 and the band gap difference resulted from a few
hydroxyl groups generated at the first-step temperature. For
control sample, Al2O3 films deposited on graphene at 100 °C,
the peak at 532.9 eV for O 1s spectrum became stronger than
that in Figure 3b, the O/Al atomic ratio was 1.34, and the band
gap reduced to 6.3 eV as shown in Figure 3f. The degraded
performances for the control sample originated from the rich
hydroxyl groups and defects introduced during the low-
temperature (100 °C) growing process, which led to loose
structure and low permittivity of Al2O3 films. Therefore, two-
step temperatures were beneficial to Al2O3 structure and its
electrical performance on graphene.
To understand whether H2O-based ALD brought defects

into graphene or not, we performed Raman spectroscopy to
detect characteristic peaks of graphene. The Raman spectrum
of monolayer graphene consists of distinct bands as shown in
Figure 4, and the appearance of D and D′ peaks represents the

presence of point defects or structural disorders in
graphene.31,32 Al2O3 films were deposited by two-step temper-
ature method for three samples. 60 ALD cycles of first-step
Al2O3 were grown at 100°C, followed by 75 cycles of second-
step Al2O3 grown at 200, 250, and 300 °C, respectively. When
the second-step temperature regime was 200 °C, the character-
istic peaks of graphene were hardly changed (Figure 4b),
compared with pristine graphene (Figure 4a). Elevating the
second-step temperature to 250 °C, D band heightened (Figure
4c), indicating that several defects were introduced into
graphene. A significant D′ peak came out (Figure 4d) when
second-step temperature increased to 300 °C, giving evidence
of graphene structural disruption. The high temperature of
ALD chamber was responsible for defects introduction. Oxygen

diffused from Al2O3 to graphene interface and destroyed
graphene structure when the second-step chamber temperature
rose. As a result, 200 °C is a proper second-step temperature
regime selection for Al2O3 films deposition. It is worth
mentioning that Raman spectra also reveal the phenomenon
of graphene G band blueshift. The blueshift of G band is due to
the compressive strain in graphene developed during the ALD
process,33,34 which indicates strong adhesion of Al2O3 on
graphene.

■ CONCLUSION
In this work, we investigated a pre-H2O treatment and two-step
temperature growing ALD technique to directly deposit Al2O3
films on graphene, where ALD cycles of pre-H2O treatment,
two-step temperature window, and ALD cycles for certain
temperaure regime were optimized to control gas−solid
physical adsorption. This ALD technique, introducing no
detective defects or disorders into graphene, can produce
uniform and compact Al2O3 films on graphene with a relative
permittivity of 7.2 and a breakdown electrical field of 9 MV/cm.
The quality of obtained Al2O3 films on graphene is comparable
with the best quality of Al2O3 films on Si and it has great
potential for future graphene application in microelectronics.
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