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ABSTRACT: The growth of Al,O, films by atomic layer deposition (ALD) on model

Bare HOPG 5 cycles NO,/TMA

sp>-graphitic carbon substrates was evaluated following a nitrogen dioxide (NO,) and D - ﬂ
trimethylaluminum (TMA) pretreatment to deposit an Al,O, adhesion layer. AL,O,

ALD using TMA and water (H,0) as the reactants was used to grow ALO; films on

exfoliated highly ordered pyrolitic graphite (HOPG) at 150 °C with and without the
pretreatment procedure consisting of five NO,/TMA cycles. The ALO; films on ﬁ ﬂ
HOPG substrates were evaluated using spectroscopic ellipsometry and electrochemical

analysis to determine film thickness and quality. These experiments revealed that five

20 cycles TMA/H,0 20 cycles TMA/H,0

NO,/TMA cycles at 150 °C deposited an Al,O; adhesion layer with a thickness of 5.7

+ 3.6 A on the HOPG substrate. A larger number of NO,/TMA cycles at 150 °C deposited thicker Al,O; films until reaching a
limiting thickness of ~80 A. Electrochemical impedance spectroscopy (EIS) measurements revealed that five cycles of NO,/
TMA pretreatment enabled the growth of high quality insulating Al,O; films with high charge-transfer resistance after only 20
TMA/H,0 Al,O; ALD cycles. In contrast, with no NO,/TMA pretreatment, EIS measurements indicated that 100 TMA/H,O
AL, O; ALD cycles were necessary to produce an insulating Al,O; film with high charge-transfer resistance. Al,O; films grown
after the NO,/TMA pretreatment at 150 °C were also demonstrated to have better resistance to dissolution in an aqueous

environment.
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I. INTRODUCTION

The growth of ultrathin and continuous metal oxide films by
atomic layer deposition (ALD) on sp® carbon surfaces,
including graphene and carbon nanotubes, is important for a
variety of applications." One application is metal oxide ALD to
deposit dielectric layers for graphene or carbon nanotube
transistors.” > Another application is metal oxide ALD on
graphene or carbon nanotubes to deposit films for electro-
chemical energy storage.® Examples include metal oxide ALD
for Li ion batteries’” '* or supercapacitors."'™'® A critical
consideration for these uses of metal oxide ALD is preserving
the electrical conductivity of the sp> carbon support after the
deposition to maintain optimum device performance.1

The nucleation of metal oxide ALD films on sp* carbon
surfaces has proven very challenging. Because of the chemical
inertness of sp® carbon surfaces, ALD surface chemistry is
observed to nucleate only at defects or step edges. Al,O; ALD
utilizing trimethylaluminum (TMA) and water (H,0)
nucleates only on the defects of single and multiwalled carbon
nanotubes."*'* AL,O; and Hf02 ALD forms nanoribbons along
the step edges of graphene.'® The nucleation difficulties on sp
carbon surfaces are not limited to metal oxide ALD. Pt ALD is
also observed to form nanowires along the step edges of highly
ordered pyrolytic graphite (HOPG)."” To deposit on more
than defects and step edges, the chemically inert sp® carbon
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surface must be functionalized to obtain conformal metal oxide
ALD films.

Various techniques have been developed to functionalize sp*
carbon surfaces for subsequent metal oxide ALD."'®' For
example, TMA and ozone have been demonstrated to facilitate
Al,O; ALD on graphene without any preferential deposition at
the step edges because of surface functionalization resulting
from the reaction of ozone with graphene.”® Fluorine
functionalization using XeF, has also been shown to yield
conformal AL,O; ALD films.>" Various noncovalent organic
seeding layers have also proved effective at functionalizing
graphene for ALD.*> The organic seeding layers for ALD
include perylene tetracarboxylic acid,?® perylene-3,4,9,10-
tetracarboxylic dianhydride,** and poly(4-vinylphenol).>> Var-
ious H,O pretreatments have also been reported recently that
facilitate the growth of Al,O; ALD on g1‘aphene.26_28

Noncovalent functionalization chemistries that facilitate the
nucleation of metal oxide ALD on sp” carbon surfaces without
disrupting the graphene lattice have enabled dielectric
deposition while avoiding degraded electrical performance.
One convenient vapor phase, noncovalent functionalization
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technique involves pretreatment of carbon nanotubes using
nitrogen dioxide (NO,) and TMA.* The NO,/TMA
chemistrgr starts with NO, adsorption on the sp® carbon
surface.” This NO, adsorption is followed by TMA exposure
to cross-link the adsorbed NO, molecules and provide an
“Al,O5-like” surface that serves as an adhesion layer for
subsequent ALD film growth.”

The NO,/TMA functionalization technique was originally
performed on single-walled carbon nanotubes at 25 °C for
subsequent ALO; ALD.” Additional efforts extended this
technique to large quantities of multiwalled carbon nanotubes
at higher temperatures for ALO; ALD and W ALD."* This
NO,/TMA pretreatment has also been employed to deposit
ultrathin AL,O; ALD films on graphene.® In addition, the
NO,/TMA pretreatment has been used for metal oxide ALD
on graphene and carbon nanotubes for electrochemical energy
storage applications. Examples include the use of the
NO,/TMA pretreatment to enable TiO, ALD on graphene
to fabricate anodes for Li ion batteries” and TiO, on graphene
and carbon nanotubes to fabricate charge storage layers for
supercapacitors.'”

In this paper, we examined Al,O; adhesion layers deposited
after five cycles of the NO,/TMA pretreatment at 150 °C on
HOPG. Al,O; ALD growth on these Al,O; adhesion layers on
HOPG was then measured as a function of the number of
TMA/H,0 ALD cycles using spectroscopic ellipsometry and
electrochemical analysis. We also analyzed films deposited using
a varying number of NO,/TMA cycles at 150 °C on HOPG
and Al,O; surfaces. Comparisons with Al,O; films grown on
HOPG without the NO,/TMA pretreatment revealed the effect
of the NO,/TMA pretreatment on the thickness and quality of
the AL,Oj; films.

Il. EXPERIMENTAL SECTION

A. Sample Preparation. Model sp* carbon surfaces were prepared
by exfoliating HOPG (SPI supplies SPI-2 grade 20 X 20 X 1 mm).
This exfoliation was performed using conductive copper tape (3M
single sided Cu conductive tape, 1 in width). This exfoliation
procedure is illustrated in Figure la. The resulting HOPG film on the

Figure 1. Photographs of the procedure used to prepare model sp>
carbon surfaces: (a) exfoliation of HOPG onto copper tape, (b)
HOPG film on copper tape following exfoliation, (c) punching out a
disc of HOPG on copper tape, and (d) completed HOPG substrate on
copper tape for electrochemical analysis.

copper tape is shown in Figure 1b. ALD was then performed on these
approximately square HOPG samples. After ALD growth, a 5/8 in
diameter disc was punched out of the AL,O;/HOPG film on the
copper tape as illustrated in Figure lc. The resulting circular discs
shown in Figure 1d were used for electrochemical analysis.

Silicon witness wafers were also prepared using the following
procedure to provide a comparison with the HOPG samples. Silicon
samples with a native oxide and dimensions of ~1 in. X 1 in. were cut
from 6 in. silicon (Si) wafers (Silicon Valley Microelectronics). These
samples were rinsed with acetone (Fisher, Certified ACS) and
methanol (EMD Millipore HPLC grade) and dried using UHP
nitrogen (Airgas). These Si witness wafers were placed in the reactor
during the ALD on the HOPG samples.

B. ALD Growth. ALD was performed simultaneously on HOPG
samples and Si witness wafers in a custom viscous-flow reactor.®’ The
Al,O; ALD was performed at 150 °C under a continuous argon gas
flow (Airgas, Prepurified) at ~1 Torr. The Al,O; ALD films were
grown using sequential exposures of (A) trimethylaluminum (TMA)
(Aldrich 97%) and (B) water (H,0) (B&J Brand HPLC grade). The
peak exposure pressures for both precursors was adjusted to ~200
mTorr above base pressure. The timing sequence for (A exposure,
purge, B exposure, purge) during these TMA/H,O cycles was (0.5 s,
455,05 s, 45 s).

The NO,/TMA pretreatment was performed using (C) NO,
(Aldrich >99.5%) and (A) TMA. The NO,/TMA pretreatment was
also performed at 150 °C under continuous argon gas flow at ~1 Torr.
The peak exposure pressures for both precursors were adjusted to
~200 mTorr above argon base pressure. The timing sequence for (C
exposure, purge, A exposure, purge) during these NO,/TMA cycles
was (02's, 45 s, 0.5 s, 45 s).

C. Sample Characterization. The thickness and density of the
ALD coatings on the Si witness wafers were evaluated using X-ray
reflectivity (XRR). XRR measurements were performed using a Bede
D-1 Diffractometer. X-ray radiation with a wavelength of 1.54 A
corresponding to the Cu—Ka transition was used for these
measurements. The film thicknesses and densities were modeled
using the Bede REFS software.

The thicknesses of the ALD films on the HOPG samples were
evaluated using spectroscopic ellipsometry (SE). SE measurements
were performed using a M-2000 spectroscopic ellipsometer (J.A.
Woollam Co., Inc.). Film properties were modeled using
CompleteEASE v.4.55 (J.A. Woollam Co., Inc.). A Kramers—Kronig
consistent B-spline model was used for the HOPG substrate.> A
Cauchy model was used for the ALD films.>® The ALD film
thicknesses on the Si witness wafers were also determined by SE and
compared with the XRR measurements.

D. Electrochemical Evaluation. The porosity of insulating films
on conducting substrates can be evaluated by determining the charge-
transfer resistance at the open-circuit potential.** ¢ Electrochemical
impedance spectroscopy (EIS) and linear sweep voltammetry (LSV)
were performed on the ALD-coated HOPG samples to determine
charge-transfer resistances. These electrochemical measurements
utilized a 2-channel SP-300 potentiostat with low current probes
from BioLogic. A Faraday cage surrounded the electrochemical cell
during measurements to reduce electrical noise for low measured
currents. EIS measurements were performed from 3 MHz to 10 mHz
with a sinusoidal amplitude of 5 mV using multisine measurements for
low frequencies. The EIS data was fit using the EC-Lab software from
BioLogic.

LSV was performed at a sweep rate of 1 mV/s in a 200 mV window
surrounding the open-circuit potential. The slope of the current—
voltage (I-V) curve at zero current was used to determine the charge
transfer resistance. Electrochemical measurements were performed in
custom electrochemical cells with an internal volume of ~25 mL. A
0.10 M sodium sulfate aqueous electrolyte (pH = ~6) was prepared
using sodium sulfate powder (Alfa Aesar, 99.99% metals basis) and
deionized water (>18.2 MQ resistance). Prior to electrochemical
measurements, the electrolyte was purged for >10 min using argon
(Airgas, Prepurified) and a continuous argon purge was maintained
during the experiments. Platinum counter electrodes and saturated
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Ag/AgCl reference electrodes (BASi) were used for these electro-
chemical measurements.

Dissolution experiments were performed in the electrochemical cell.
Consequently, the electrochemical measurements could be conducted
in situ without having to transfer the sample between the dissolution
bath and the electrochemical cell. The dissolution and electrochemical
measurements were performed at room temperature. The same 0.10
M sodium sulfate aqueous solution was used throughout the course of
each dissolution experiment. In addition, the argon purge was also
maintained during the dissolution experiment.

lll. RESULTS AND DISCUSSION

A. Al,O; Film Growth on HOPG and Silicon. Figure 2
shows the film thickness after 0—200 Al,O; ALD cycles of
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Figure 2. Spectroscopic ellipsometry measurements of Al,O; film

thickness on HOPG versus Al,O; ALD cycles with and without five
cycles of NO,/TMA pretreatment at 150 °C.

TMA/H,0 with and without the NO,/TMA pretreatment on
the HOPG samples at 150 °C. The Al,O; ALD growth rate on
HOPG was determined to be 1.4 A/ cycle. This Al,O; ALD
growth rate agrees well with previously reported growth rates of
~12 A/cyde at 150 °C.*"*"*® The NO,/TMA pretreatment
using five cycles of NO, and TMA also results in an estimated
ALO; adhesion layer thickness of ~8.2 A on the HOPG
samples as determined by the y-intercept in Figure 2.

In comparison, the thickness after 0—200 Al,O; ALD cycles
of TMA/H,O with and without the NO,/TMA pretreatment
on Si witness wafers at 150 °C is shown in Figure 3. The Al,O;
ALD growth rate on Si was 1.3 A/cycle. Figure 3 shows that no
AL, O; thickness was detected and no Al,O; was deposited after
the NO,/TMA pretreatment using five cycles of NO, and
TMA on the Si witness wafers. This behavior contrasts with the
results in Figure 2. The NO,/TMA pretreatment deposits an
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Figure 3. XRR measurements of the Al,O; film thickness on Si versus
AL O; ALD cycles with and without five cycles of NO,/TMA
pretreatment at 150 °C.

Al,O; adhesion layer on the HOPG samples, but not on the Si
witness wafers.

Figure 4 shows Al,O; film growth versus NO,/TMA cycles
on both HOPG and an Al,O; ALD film at 150 °C. Consistent
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Figure 4. Al,O; film thickness versus NO,/TMA cycles at 150 °C on
HOPG substrates and on silicon wafers coated with an Al,O; ALD
film with a thickness of ~25 nm.

with the results in Figure 2, Al,O; film growth is observed on
the HOPG surface. After five cycles of NO,/TMA, the
thickness of the ALO; film on the HOPG substrates is
measured to be 5.7 & 3.6 A. This thickness is consistent with
the ~8.2 A estimated thickness obtained from the y-intercept in
Figure 2. After 10 cycles of NO,/TMA, an AL O; film with a
thickness of 14.4 + 1.3 A is deposited on the HOPG substrates.

A previous investigation employed the NO,/TMA pretreat-
ment to deposit ultrathin AL,O; ALD films on graphene.*® This
study measured an ALO, film thickness of 28 + 3 A using
transmission electron microscopy (TEM) after 10 cycles of
NO,/TMA and five cycles of TMA/H,0 using static precursor
dosing at 180 °C.** Assuming a growth rate of 1.2 A/cycle for
Al,O; ALD using TMA/H,0,>"*"® the AL O; film thickness of
28 + 3 A measured using TEM suggests that 10 NO,/TMA
cycles deposit an AL, O, film thickness of ~22 A on graphene.
This thickness is larger than the Al,O; film thickness of 14.4 +
1.3 A on HOPG observed for 10 cycles of NO,/TMA at 150
°C. The larger Al,O; film thickness on graphene could be
explained by the higher temperature of 180 °C and/or the static
dosing used for the Al,O; growth.

Figure 4 shows that the Al,O; film growth continues for 100
NO,/TMA cycles before reaching a limiting thickness of ~80
A. To verify this limiting thickness, the measurements after 200
NO,/TMA cycles on HOPG samples were repeated on nine
separate samples. These surprising results suggest that the
growth of ALO; on graphite using NO,/TMA cycles is
dependent on the adsorption of NO, on the HOPG surface.
Al O; growth using NO,/TMA may terminate when NO, can
no longer adsorb on the HOPG surface.

NO, is known to adsorb to carbon nanotube surfaces.
NO, is an electron acceptor and density functional theory
(DFT) calculations have shown that charge transfers from the
carbon nanotube to NO,.** Other DFT calculations reveal that
the adsorption of two neighboring NO, molecules on the
carbon nanotube surface is more energeticallzr favorable than
the adsorption of isolated NO, molecules.*>*' NO, is also an
electron acceptor on graphene surfaces.” Results from
graphene gas sensor experiments are consistent with electron
transfer from graphene to NO, that produce hole carriers in
graphene.*

29,39,40
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NO, has also been studied on graphite surfaces. The NO,
adsorption energy was determined to be approximately —0.4 eV
using temperature programmed desorption (TPD) studies.**
NO, also adsorbs as a dimer, N,0, on graphite.“’45
Computational studies predict that the adsorption energy of
NO, on pristine graphene is —0.5 eV. However, the adsorption
energy of NO, at a defect site on graphene could be as much as
—3 €V.* Although the adsorption energy of NO, on pristine
graphite may be low, the residence time for NO, on graphite
should be sufficiently long for NO, to react with TMA in the
presence of defects and step edges on graphite.

Adsorbed NO, is expected to react with TMA according to
the reaction

2Al(CH,); + 12NO, — 6CO, + Al,O; + 9H,0 + 6N,
(1)

This reaction has a very favorable Gibbs free energy of AG =
—1687 kcal/(mol ALO;) at 150 °C.*” This reaction may
produce islands of Al,O; deposited around defect sites on the
HOPG substrate similar to the nucleation of A,O; ALD on
carbon nanotubes.'** The Al,O; islands may then act as an
electron donor to the graphene surface resulting from the
negative fixed charge in ALO; ALD material*™>° The
accumulation of negative charge in the graphene surrounding
an Al,O; island would further enhance adsorption of electron-
accepting NO, during subsequent NO, exposures. In addition,
the combustion reaction given in eq 1 produces H,O. This
H,O product from the reaction of TMA with NO, adsorbed on
HOPG or the reaction of NO, with Al-CHj species on Al,O;
may facilitate additional Al,O; growth.

The limiting AL O, film thickness of ~80 A for NO,/TMA
growth on HOPG may be explained by the negligible Al,O;
growth using NO,/TMA cycles on an ALOj; surface as
observed in Figure 4. The starting Al,O; surface in Figure 4
was obtained by depositing 200 Al,O; ALD cycles using TMA/
H,O on a Si wafer. The thickness of this Al,O; ALD film was
259 + 2 A. For this AL,O; ALD film, only negligible Al,O, film
growth was observed even after 200 NO,/TMA cycles at 150
°C. The lack of Al,O; growth on Al,O; ALD films during NO,/
TMA cycles is attributed to weak adsorption of NO, on ALQ;.
Weak NO, adsorption decreases the residence time of NO, on
the Al,O; surface and limits Al,O; growth. This explanation is
supported by DFT calculations that showed only a —0.5 eV
adsorption energy for NO, on the (100) surface of y-ALO,!
This explanation is also supported by TPD studies that
observed <0.1 monolayer of NO, on 6-Al,O; surfaces above
160 K>

The limiting thickness of ~80 A for Al,O; growth using
NO,/TMA on HOPG is believed to be correlated with the
deposition of a continuous Al,O; film that prevents NO,
adsorption. After this continuous Al,O; film forms, NO,
cannot adsorb on the HOPG surface. At this point, the Al,O,
film on HOPG is equivalent to the thick Al,O; ALD film on
silicon. No growth of AL, O; is observed by NO,/TMA cycles
on the ALO; ALD film on silicon. The growth of AL,O; on
HOPG using NO,/TMA illustrates surface-selective and self-
terminating behavior that may be useful for future applications.

B. Electrochemical Measurements. Figure Sa shows
measured EIS spectra and model fits for the HOPG samples
with 0—200 ALO; ALD cycles without the NO,/TMA
pretreatment. In this Nyquist plot, the radius of the semicircle
is indicative of the charge-transfer resistance for the electrode/
electrolyte interface. A smaller radius indicates a lower charge-
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Figure 5. Nyquist plot of EIS results for (a) ALO; ALD on HOPG
substrates with no pretreatment and (b) AL,O; ALD on HOGP
substrates after five cycles of NO,/TMA pretreatment. The dashed
lines show model fits to the EIS data.

transfer resistance. The measured charge-transfer resistances are
smaller than the uncoated HOPG substrate after 20 and 50
ALD cycles. In contrast, the charge-transfer resistances are
larger than those of the uncoated HOPG substrate after 100
and 200 ALD cycles.

Figure Sb displays measured EIS spectra and model fits for
the HOPG samples with 0—200 Al,O; ALD cycles with the
NO,/TMA pretreatment. With the Al,O; adhesion layer, the
charge-transfer resistances are all larger than the uncoated
HOPG substrate after 20, 50, 100, and 200 Al,O; ALD cycles.
However, the EIS measurements may not have the accuracy to
distinguish  differences among these large charge-transfer
resistances.

Figure 6 shows the model circuit used to fit the EIS data.>®
“R” indicates a resistor and “Q” indicates a constant phase

Figure 6. Model equivalent circuit used to fit the EIS measurements.

element (CPE). This model circuit represents possible
electrochemical processes occurring at the electrolyte interface
of a conductor with an insulating coating containing through-
film porosity.>*™ In this circuit, R, represents the sum of ionic
resistance in the bulk electrolyte and electrical resistance in the
bulk metal substrate. Q, represents the capacitance of the
insulating film. R, represents ionic resistance in the through-
film pores of the insulating film. Q;/R; represents a Faradaic
process at the metal—electrolyte interface in the through-film
pores of the insulating film. This model circuit allows
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comparison of the through-film porosity of different insulating
coatings by fitting EIS data with this circuit.

The total charge-transfer resistances versus number of Al,O;
ALD cycles on HOPG from both the EIS and LSV
measurements are shown in Figure 7. The modeled values

10°
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8
= LSV
A |
v °
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4
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Figure 7. Charge-transfer resistance versus number of Al,O; ALD
cycles from EIS and LSV measurements for (a) ALLO; ALD on HOPG
substrates with no pretreatment and (b) ALO; ALD on HOGP
substrates after five cycles of NO,/TMA pretreatment.

from Figure Sa with no NO,/TMA pretreatment are displayed
in Figure 7a. The initial charge-transfer resistance is 0.6 MS2 by
EIS. The charge-transfer resistance increases to 14 M€ by EIS
after 200 AL,O; ALD cycles. The modeled values from Figure
Sb after the NO,/TMA pretreatment are given in Figure 7b.
The initial charge-transfer resistance is 2 M by EIS after the
NO,/TMA pretreatment. The charge-transfer resistance
increases to 27 M by EIS after 200 Al,O; ALD cycles.

With no NO,/TMA pretreatment, the Al,O; ALD chemistry
will nucleate at step edges and defect sites on the HOPG
surface."*'® The Al,0; deposition is expected to be in the form
of islands as shown schematically in Figure 8a. After a sufficient
number of ALD cycles, the islands will grow together and the
Al,O; deposition will form a continuous film as illustrated in
Figure 8a. In contrast, Al,O; islands are more rapidly formed at
defect sites on the HOPG surface after five cycles of NO,/
TMA. The higher density of Al,O; islands produces a more
continuous AlL,O; nucleation layer on the HOPG surface.
Subsequently, the TMA/H,0 ALD cycles yield a more
conformal AL O; film as illustrated in Figure 8b.

The charge-transfer resistances after 20 and 50 ALD cycles
on the HOPG substrate with no NO,/TMA pretreatment are
given in Figure 7a. These charge-transfer resistances are smaller
than the initial charge-transfer resistance. This behavior was
unexpected because Al,O; is an insulating material.>* The initial
nucleation of Al,O; at step edges and defect sites on HOPG
and subsequent growth after 20 and 50 Al,O; ALD cycles were
anticipated to lead to an increase in charge-transfer resistance.

(a) No Pretreatment

=)
o
Al,O; ALD Cycles

200
(b) 5¢ NO,/TMA

[ —
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(m]

.|

<

Q
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Figure 8. Schematic of film growth for (a) ALO; ALD on HOPG
substrates with no pretreatment and (b) ALO; ALD on HOGP
substrates after five cycles of NO,/TMA pretreatment.

On the basis of previous studies,”'*™'® these AL,O; ALD
films after 20 and 50 Al,O; ALD cycles are not expected to be
continuous on the HOPG substrate as illustrated in Figure 8a.
Without complete coverage of the HOPG surface, Al,O; ALD
films should not be effective insulators because of the pinholes
or extremely thin areas resulting from the nucleation difficulties.
The expected poor conformality for these films would account
for a relatively small increase in resistance for these films, but
does not provide an explanation for the observed decrease in
charge transfer resistance.

To interpret this decrease in charge transfer resistance,
consider the determination of these values from LSV
measurements. During LSV, the current is measured while
the potential is scanned slowly at 1 mV/s in a 200 mV window
surrounding the open-circuit potential. The charge transfer
resistance is determined from the slope of the current—voltage
curve as the current crosses zero. A greater change in current
with changing potential yields a lower charge transfer
resistance.

A lower charge transfer resistance could be attributed to a
number of explanations. (1) Hydrophilic Al,Oy islands or
extremely thin Al,O; films may help break down ion solvation
shells and enable ions to adsorb closer to the HOPG electrode
surface. (2) Specific adsorption of cations may be facilitated by
electron donation from Al,Oj; islands to the graphite surface,
enabling more cations to adsorb. (3) A redox process may be
occurring in the AL, O3, such as proton incorporation into Al,O;
or dissolution of AlL,O;. These explanations could lead to a
lower measured charge transfer resistance.

In contrast, the charge-transfer resistances versus Al,O; ALD
cycles on the HOPG sample after five NO,/TMA cycles show a
qualitatively different behavior. The charge-transfer resistances
all increase with AL,O; ALD cycles after the NO,/TMA
pretreatment. This behavior is consistent with the continuous
growth of a conformal Al,O; film with Al,O; ALD cycles as
illustrated in Figure 8b. With the NO,/TMA pretreatment, the
electron conductivity is too low for the electron transport
required for ion adsorption or redox processes.

C. Effective Film Porosities and Film Dissolution. The
total charge-transfer resistances obtained from the EIS and LSV
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measurements were used to estimate the effective porosity of
the Al,O; films according to>*

P~ Rbare
Rcoated (2)

In this equation, P is the fractional effective porosity of the
coating; Ry, is the total charge-transfer resistance of the bare
substrate (R; + R, + R;); and Rigyeq is the total charge-transfer
resistance of the coated substrate. The effective porosities of
Al O, films with no pretreatment and with a five cycle NO,/
TMA pretreatment are shown in Figures 9a and 9b,
respectively.
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Figure 9. Effective porosity versus Al,O; ALD cycles from EIS and
LSV measurements for (a) AL,O; ALD on HOPG substrates with no
pretreatment and (b) AL,O; ALD on HOGP substrates after five cycles
of NO,/TMA pretreatment.

The effective porosities in Figure 9a after 20 and 50 Al,O,
ALD cycles are >100%. These porosities larger than 100%
result from charge transfer resistances that are lower than the
initial HOPG substrate as described above. The porosities then
decrease to <10% after 100 and 200 AlL,O; ALD cycles. In
comparison, the effective porosity for all the ALO; film
thicknesses in Figure 9b after five cycles of NO,/TMA
pretreatment is <10%. The EIS measurements reveal that the
effective porosities after 100 and 200 Al,O; ALD cycles are
<1—2%. These results indicate that the NO,/TMA pretreat-
ment enables higher quality Al,O; films on the HOPG surface
than is obtained without NO,/TMA pretreatment.

Additional experiments explored the dissolution of the Al,O,
films on the HOPG substrates. The dissolution was monitored
by measuring the effective porosity of the Al,O; film versus
submersion time in water at room temperature. Figure 10
shows the effective porosity of the Al,O; films versus time in
0.10 M aqueous sodium sulfate electrolyte. Figure 10a shows
the measurements for an AlL,O; film grown on HOPG using
200 ALO; ALD cycles without the NO,/TMA pretreatment.
Figure 10b displays the measurements for an Al,O; film grown
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Figure 10. Effective porosity versus time in 0.10 M Na,SO, aqueous
electrolyte from LSV measurements on Al,O; films on HOPG after
(a) 200 AL,O; ALD cycles with no pretreatment and (b) SO Al,O4
ALD cycles with five cycles of NO,/TMA pretreatment.

on HOPG using 50 Al,O; ALD cycles after the five cycle NO,/
TMA pretreatment.

Figure 10a shows that the Al,O; film grown using 200 Al,O;
ALD cycles with no NO,/TMA pretreatment displays an
increase in porosity almost immediately. This Al,O; film had an
initial thickness of ~250 A and an effective porosity of ~4%.
The porosity increased to ~6.5% after 25 h and ~8% after 50 h.
The corrosion of Al,0; ALD films in water at 25 and 90 °C has
been observed previously.>> The earlier observation of
dissolution of Al,O; ALD films in water was performed using
optical microscopy and ellipsometry measurements.>

In contrast, Figure 10b shows that the stability is higher for
the AL,O; film grown using S0 Al,O; ALD cycles after the five
cycle NO,/TMA pretreatment. This Al,O; film had an initial
thickness of ~90 A and an effective porosity of ~2.5%. The
porosity did not increase for ~100 h. The effective porosity was
only ~5% after 175 h. These dissolution measurements indicate
that the AL,O; films grown on the HOGP substrate after the
five cycle NO,/TMA pretreatment have a higher stability in
aqueous solution.

IV. CONCLUSIONS

The growth of Al,O; ALD films on model sp*-graphitic carbon
substrates was examined after an NO,/TMA pretreatment to
deposit an Al,O; adhesion layer. TMA and H,0O were used to
grow Al,O; ALD films on exfoliated HOPG at 150 °C with and
without the pretreatment procedure consisting of five
NO,/TMA cycles. The Al,O; films on the HOPG samples
were evaluated using spectroscopic ellipsometry and electro-
chemical analysis to determine film thickness and film quality.
These experiments revealed that five cycles of NO,/TMA at
150 °C deposit an Al,O; adhesion layer with a thickness of 5.7
+ 3.6 A on HOPG.

An increased number of NO,/TMA pretreatment cycles
produced thicker AlL,O; films on HOPG until reaching a
limiting thickness of ~80 A after 100 NO,/TMA cycles. This
AlLO; growth was self-terminating with no additional Al,O;
film thickness observed after 200 NO,/TMA cycles. The
termination of AL, O; growth is believed to be caused by the
formation of a continuous Al,O; film on the HOPG substrate.
The ALO; film can grow if NO, can adsorb to the HOPG
substrate. A continuous Al,O; film on HOPG prevents NO,
adsorption and terminates growth. This explanation was
supported by negligible growth of Al,O; on Al,O; ALD films
on silicon substrates using NO,/TMA cycles.
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The EIS measurements showed that five cycles of the
NO,/TMA pretreatment produced high-quality insulating
AlLO; films with high charge-transfer resistances after as few
as 20 Al,O; ALD cycles using TMA/H,O. In contrast, the EIS
measurements revealed that 100 AL,O; ALD cycles of TMA/
H,0 were needed to produce an insulating film with high
charge-transfer resistance without the NO,/TMA pretreatment.
In addition, Al,O; films grown after the NO,/TMA pretreat-
ment at 150 °C also had much better resistance to dissolution
in aqueous solutions.
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