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Atomic layer deposition of an Al2O3 dielectric on ultrathin graphite by using electron
beam irradiation�
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Abstract: Atomic layer deposition of an Al2O3 dielectric on ultrathin graphite is studied in order to investigate the
integration of a high k dielectric with graphite-based substrates. Electron beam irradiation on the graphite surface is
followed by a standard atomic layer deposition of Al2O3. Improvement of the Al2O3 layer deposition morphology
was observed when using this radiation exposure on graphite. This result may be attributed to the amorphous change
of the graphite layers during electron beam irradiation.
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1. Introduction

Graphene, a single layer of carbon atoms in a hexagonal
lattice, has been studied intensively since its successful experi-
mental isolation in 2004 due to its unique electrical and physi-
cal propertiesŒ1�. Its extraordinarily high room temperature car-
rier mobility, combined with superior thermodynamic and me-
chanical properties, makes it a promising candidate for nano-
electronic devices beyond the end of the Si-complementary
metal-oxide semiconductor roadmapŒ2; 3�. For these graphene-
based devices, a fine integration between graphene with the
ultrathin high-k dielectrics is needed considering their future
important roles to replace the traditional Si and Si oxide, re-
spectively, in CMOS devicesŒ4�6�.

Atomic layer deposition (ALD) is a thin film deposition
technique that is based on the sequential use of a gas phase
chemical process. The majority of ALD reactions use two
chemicals (typically called precursors). These precursors re-
act with a surface one at a time in a sequential manner. By
exposing the precursors to the growth surface repeatedly, an
ultrathin film (min. several atomic layer thickness) can be de-
posited. ALD is the most extensively utilized deposition tech-
nique for growing high-k gate dielectric layers, and it shows
significant advantages for fabricating ultrathin (< 10 nm) film
as compared with many other deposition methodsŒ7; 8�. How-
ever, the deposition of high-k dielectric layers on ultrathin
graphite using the ALD technique has been relatively limited
due to the hydrophobic and inert nature of the graphite basal
planeŒ9�11�. The deposition morphology of the ALD dielec-
tric layer on a clean graphite surface is a striated growth at
the steps between graphite layersŒ12�. Recently, some chemi-
cal pretreatments of the graphite surface using NO2, organic
acid or O3, have been proposed to improve the ALD growth
of high-k dielectricsŒ13; 14�. Here we present the observation

of the improved growth morphology of ALD-deposited Al2O3

on a highly oriented pyrolytic graphite (HOPG) surface after
electron beam (e-beam) irradiation, which shows a terraced
morphology instead of the characteristic selective and striated
one on common graphite. The results suggest that thin uniform
high-k films might be achieved with the help of e-beam irradi-
ation by an increase in nucleation sites on the basal planes.

2. Experimental details

Prior to the Al2O3 layer growth by ALD, the crystals
of graphite are obtained by mechanical exfoliation from bulk
HOPG using adhesive tape. Two treatments, i.e., vacuum an-
nealing and electron beam irradiation, were then applied to the
HOPG samples. The vacuum anneal is performed at 500 ıC
for 30 min to remove any physisorbed species, such as H2O
or other compounds. The irradiation time ranges from zero
to 35 min. An XL30 ESEM-TMP scanning system (Holland
Philips-FEI Company) with a tungsten electron gun was used
to provide electron beam irradiation. The working distance
for the samples is �8 mm away from the tip of the electron
gun, with the accelerating voltage fixed as 24 kV (adjustable
1–30 kV). The working area is �2 � 109 nm2 under the con-
tinuous electron beam with the corresponding beam current at
�1.8 � 10�10 A. The flux has been fixed for each sample in
experiments in order to guarantee that the electron dose is pro-
portional to the irradiation time.

Based on the above HOPG pretreatment, Al2O3 layers
in 50–200 cycles were then deposited on top of the HOPG
at 200 ıC with trimethylaluminum (TMA) and H2O as reac-
tants. For selected samples, O3 was also used as an oxidant
for comparison. A commercial ALD reactor (Genitech, Inc.,
prototype) was used to grow the Al2O3 films. Nitrogen was
used as a carrier and purge gas. One ALD cycle was per-
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Fig. 1. AFM images of (a) a typical fresh HOPG surface and (b) Al2O3 layer deposited on the HOPG surface which underwent 35min irradiation
(200 cycles). This step-edge growth morphology is similar to the HOPG surface without irradiation (not shown). (c) The Al2O3 layer deposited
on the HOPG surface under 5 min irradiation (50 cycles).

formed using the following sequence: TMA (3 s)–N2 purge
(5 s)–H2O/O3 (2 s)–N2 purge (5 s). During the ALD process,
the TMA precursor and the substrate were kept at 85 ıC and
200 ıC, respectively. The deposited Al2O3 layers and corre-
sponding HOPG were characterized by using atomic force mi-
croscopy (AFM), Raman spectroscopy, and X-ray photoelec-
tron spectroscopy (XPS), respectively.

3. Results and discussion

Figure 1(a) shows the AFM morphology image of a typi-
cal fresh HOPG surface, which possesses smooth basal planes
and obvious step edges. Figure 1(b) illustrates the morphol-
ogy image of the 35-min-irradiation HOPG surface on which
the Al2O3 layer was deposited by ALD with 200 cycles of
TMA/H2Oprocess. TheHOPG surfacewithout irradiation also
shows the same kind of step-edge growth morphology. It can
be concluded that sufficient long-time (35 min) irradiation has
no obvious influence on the Al2O3 coverage on HOPG, as re-
portedŒ12�. The Al2O3 layer was formed only along the step
edges and not on the inert basal planes if the HOPG did not
undergo any pretreatment. This striated growth of Al2O3 is
commonly interpreted by the one dimensional nucleation site
at step edgesŒ12�, since the key factor enabling the high-k di-
electric layer growth on graphite by ALD is the presence of
nucleation sites on the inert surface of graphiteŒ15; 16�. Inter-
estingly, the Al2O3 layer deposited on the HOPG surface with
much shorter irradiation time, as shown in Fig. 1(c), can be
formed on the basal planes except for the step edges, though
the growth does not totally cover the HOPG surface. It is noted
that the Al2O3 layer on the irradiated HOPG surface is not uni-
form except for the uncovered region, which is probably due to
the topography-induced growth-speed difference between the
basal planes with the step edges. The brightest striated regions
in Fig. 1(c) could be the Al2O3 layers which fitly grow on the
step edges, where high k is most easily accumulated, as men-
tioned above.

The morphology of the 35 min irradiated sample is the
same as the un-irradiated one, but the sample with 5 min irra-
diation shows wider coverage. It is naturally expected that the
irradiation time has a severe influence on the HOPG surface,
as shown in Fig. 2. One can find that the ratio climbs quickly

Fig. 2. Coverage ratios of Al2O3 layers on the HOPG substrates with
various irradiation times from 0 to 35 min. The open circle denotes
the corresponding average value.

during the initial short time, and then falls gradually. This ob-
servation strongly proves that the improvedAl2O3 coverage on
the basal planes of HOPG is related to the e-beam irradiation,
which leads to a dynamic change of the thin graphite. We have
investigated all of the samples, and concluded that �5 min is
the maximum point, though there is slight difference for each
sample.

In order to verify the influence of e-beam irradiation
time on the HOPG, Raman spectra of HOPG substrates with
various-time irradiation were investigated, as shown in Fig. 3.
For comparison, Raman spectrum of fresh HOPG was also
present. There are only two intense features in the spectra for
the fresh HOPG sample, which are the in-plane vibrational G
band and the two phonon 2D band, respectively. There is no D
band present in the fresh HOPG and the corresponding G band
is smaller than that of irradiated samples. These results confirm
the perfect crystal properties of the unirradiated HOPG sample.

A clear difference between the HOPG substrates be-
fore and after irradiation is that a strong D peak located at
1346 cm�1 occurs after irradiation. This Raman band is a
disorder-induced band, which is activated by a double reso-
nance effect by defects, such as in-plane substitutional hetero-
atoms, vacancies, or grain boundariesŒ17; 18�. The “substitu-
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Fig. 3. Raman spectra of HOPG substrates with various irradiation
times before Al2O3 deposition. The unirradiated fresh graphite is also
shown for comparison. The D band intensity decreases with the in-
crease of irradiation time but is invisible for fresh graphite. It shows
little difference between the sample for the Raman spectra, regard-
less of whether vacuum annealing or irradiation is applied first, and
the only slight difference is the intensity difference of D band. This
figure is the sample with “irradiation C annealing” treatment.

tional hetero-atoms and vacancies” defects could be ascribed
to the surface species (such as hydroxyl) during electron beam
irradiation. The “grain boundaries” should be due to the amor-
phous effect of irradiation on HOPG.

Meanwhile, another obvious observation in Fig. 3 is that
the intensity of the D band decreases with irradiation time after
5 min. This can be understood as being due to the amorphous
evolvement (the reduction of grain boundaries) during the e-
beam irradiation. It is noted that the evolvement tendency of
the D band intensity with irradiation time is consistent with that
of Al2O3 coverage on HOPG (Fig. 2). Therefore, it is feasible
to deduce that the nanocrystals and the corresponding bound-
aries, as nucleation sites, could be highly related to the im-
proved Al2O3 coverage on HOPG. Meanwhile, form Fig. 1(c),
the morphology of Al2O3 also seems like nanocrystal units ac-
cumulating together.

As shown in Fig. 4, the original HOPG crystal may be
scattered to nanocrystals rapidly once irradiation is applied.
With further irradiation, the HOPG is so disordered that the
nanocrystals further evolve to be in an amorphous state. Dur-
ing this process, the nucleation sites are decreased due to the
reduction of nanocrystal clusters. Therefore, the Al2O3 cov-
erage ratio on HOPG is decreased with increasing the irradia-
tion time. The function of the HOPG nanocrystals is somewhat
similar to a previous study of evaporated Al on highly oriented
pyrolytic graphite surfacesŒ9�, where the deposited nanoscale
Al crystals are also found as the nucleation point in Al2O3 de-
position.

The e-beam irradiation belongs to a physical treatment,
which is different to the chemical ones on HOPG, such as us-
ing NO2 and O3 reactive with graphite. Therefore, it could be
an advantage for this simple method that there is no new el-
ement (N) introduction compared with the NO2 pretreatment
method. However, it seems that there is no introduction of a
new element onto HOPG by using the chemical pretreatment

Fig. 4. Cursory schematic diagram for the disordering process of
HOPG due to e-beam irradiation. The original crystal is scattered to
nanocrystals and then further evolves to be in an amorphous phase.

of O3, since oxygenwill be finally introduced during the high k

(Al2O3/ deposition. It is necessary to understand the compara-
tive influences of irradiation/O3 treatment on the ALD integra-
tion of a dielectric layer with HOPG in order to understand the
characteristic of the irradiation treatment. As shown in Fig. 5,
the XPS spectra of the ALD deposited Al2O3 on an irradiated
HOPG surface is presented relative to on O3-treated graphite
ones.

The O1s spectrum of the O3 treated sample shows a wider
FWHM in contrast to the sample with irradiation treatment.
This result proves the strong oxidation ability of O3 and indi-
cates that more oxide components are formed due to the intense
O3 oxidation. Both O1s lines are mainly located at 531.4 eV,
which is consistent with the fully oxidized Al–O bondŒ19�.
This is confirmed by the corresponding Al2p lines shown in
Fig. 4(b), which consist of a fully oxidation Al–O bonding peak
centered at about 74.8 eV and no Al–C bond was observed for
both samples. Considering the fine oxidation of Al, the obser-
vation of the obvious O1s extending for the sample with O3

treatment is probably due to the formation of C oxide species.
As shown in Fig. 4(c), The C1s spectrum of the sample with
O3 treated HOPG extends to higher energy compared to that
with irradiation treated sample. An intense subpeak at about
285.3 eV is present for the O3 treated sample, which is known
as the C–O–C epoxide bonding. Therefore, the O3 treatment
could cause carbon bonding scission and oxidation. Due to the
lattice disordering as mentioned above, the O1s and C1s lines
of the irradiation-treated sample also extend to higher bonding
energy and the line shapes are not in perfect symmetry, but it is
much slighter than that of the O3-treated sample. Most impor-
tantly, we have not observed the obvious C scission behavior
under the accuracy of the XPS detection, which is believed to
be an advantage over to the O3 treatment process. However,
considering the ununiformity of theAl2O3 coverage onHOPG,
the O3 treatment method shows its own advantage as a chemi-
cal method. Therefore, it is hard to state which process is supe-
rior, but with different characteristics. Further understanding
of the e-beam irradiation on high k deposition on HOPG is on-
going.

093004-3



J. Semicond. 2012, 33(9) Jiang Ran et al.

Fig. 5. O1s, Al2p and C1s spectra of Al2O3 deposited on the HOPG treated by ozone and irradiation, respectively.

4. Conclusion

In summary, the improved ALD fabrication of an Al2O3

dielectric on HOPG due to e-beam irradiation is presented. The
irradiation will not introduce unnecessary impurities on the
HOPG surface. It is preliminary deduced that the improvement
Al2O3 deposition is highly related to the disordering evolve-
ment of HOPG under e-beam irradiation. The treatment of e-
beam irradiation on HOPG followed by ALD fabrication may
add new knowledge on the combination of a high k dielectric
with a graphite substrate.
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