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Characterization of plasma-enhanced atomic layer deposition of Al,O3;

using dimethylaluminum isopropoxide
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In this research, Al,O; films were grown by remote plasma-enhanced atomic layer deposition using a
nonpyrophoric precursor, dimethylaluminum isopropoxide (DMAI), and oxygen plasma. After
optimization, the growth rate was determined to be ~1.5 A/cycle within a growth window of
25-220°C; the higher growth rate than reported for thermal atomic layer deposition was ascribed to
the higher reactivity of the plasma species compared with H,O and the adsorption of active oxygen at
the surface, which was residual from the oxygen plasma exposure. Both effects enhance DMAI
chemisorption and increase the saturation density. In addition, a longer oxygen plasma time was
required at room temperature to complete the reaction and decrease the carbon contamination below
the detection limit of x-ray photoemission spectroscopy. The properties of the subsequent Al,O5 films
were measured for different temperatures. When deposited at 25°C and 200°C, the ALLO; films
demonstrated a single Al-O bonding state as measured by x-ray photoemission spectroscopy, a similar
band gap of 6.80.2eV as determined by energy loss spectroscopy, a similar index of refraction of
1.62+0.02 as determined by spectroscopic ellipsometry, and uniform growth with a similar surface
roughness before and after growth as confirmed by atomic force microscopy. However, the room
temperature deposited Al,O films had a lower mass density (2.7 g/cm® compared with 3.0 g/cm?) and
a higher atomic ratio of O to Al (2.1 compared with 1.6) as indicated by x-ray reflectivity and
Rutherford backscattering spectroscopy, respectively. © 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4866378]

I. INTRODUCTION

Thin films of Al,O3; have been used as dielectric layers
for Si and III-V microelectronics.'™ The potential of Al,O;
for this application is linked to advantageous dielectric prop-
erties such as a large band gap (~6.5eV),%” relatively high
dielectric constant (~8),'% high breakdown field (~10
MV/cm), chemical and thermal stability, and adhesion to
many surfaces. In addition to metal-oxide-semiconductor
structures, Al,O5; has also been considered for a range of
applications, including corrosion protection on metallic sub-
strates,”'” passivation of solar cells,'"'? coatings of optical
devices,'>'* and diffusion barriers in organic electron-
ics.'>!1® Given the significant potential and range of applica-
tions associated with Al,O;, there has been considerable
effort during the last several decades to establish and de-
velop methods for Al,O; deposition, including chemical
vapor deposition (CVD),"” physical vapor deposition,'> and,
one of the most promising, atomic layer deposition (ALD).
ALD has often been preferred as an advanced thin film depo-
sition technique due to the high-quality films obtained. More
specifically, ALD films have been achieved at low tempera-
tures with low impurity content and uniform and conformal

coverage. .
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ALD is based on the sequential use of gas phase chemical
processes;"'® assuming a binary reaction mechanism, there
are two precursors that interact with the surface independ-
ently as they are separated by purge steps. Consequently,
this process results in flux-independent, self-limiting, layer-
by-layer deposition with precise atomic-scale thickness con-
trol of conformal and uniform films on large diameter and/or
high aspect ratio substrates.'®?° Explicitly, this ALD process
includes the following four steps: first, a self-limiting reac-
tion between the surface —OH groups and precursor; second,
a purge step to remove nonreacted precursor and gaseous by-
products; third, a self-limiting reaction between a H,O reac-
tant and the surface groups; and lastly, a second purge step,
resulting in a fresh starting surface for subsequent cycles.

For ALD of Al,O3, the binary reaction between trimethy-
laluminum (TMA, Al(CHs3);) and H,O in thermal ALD
remains one of the most extensively studied''®

||=OH aq5) + AL(CHz)3(5) — ||_OA1(CH3)2(ads) + CHagg)
|| = AICH3 (ags) + H2O(g) — ||~ Al(OH) (ya) + CHyg).
(1

In these equations, “||—" represents surface bound species,
“ads” chemisorbed molecules, and “g” gas phase chemicals
and by-products. This is an advantageous process as the

© 2014 American Vacuum Society 021514-1
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reactivity results in self-limiting behavior. Furthermore,
TMA is thermally stable with a high vapor pressure at room
temperature [9 Torr at 16.8 °C (Ref. 21)], leading to reliable
chemisorption, and the by-products of the reaction (e.g.,
CH,) do not interfere with the deposition or purity of the
film.

Despite the extensive use of TMA-based ALD processes,
the safety of TMA remains a concern; it is not only pyro-
phoric but also highly reactive with H,O. Reports from
Eindhoven University of Technology have presented a
detailed study of ALD Al,O5 using TMA (Refs. 22-25) and
alternative nonpyrophoric precursor, dimethylaluminum iso-
propoxide (DMAI, [(CH3),AIOCH(CHj3),],).%"!

The properties of TMA and DMATI have been reported.!
DMALI has a vapor pressure appropriate for ALD processes,
it is not pyrophoric, and it is more stable than TMA. Unlike
TMA, DMALI is not a symmetric molecule. Thus, there are
several surface reactions that may occur during ALD; the
most likely have been reported as

|~y + 5 [(CH3),AIOCH(CH3),
— || —~OAI(CH3)OCH(CHs ), 4, + CHyg)

||~ AIOCH(CH3), aas) + H2O(g) — ||~ AL(OH) (45
+HOCH(CH), o , 2)

and/or

1
|| —OH (aq5) + 5 [(CH3),AIOCH(CH3), ()
— |[=OAI(CHj3), ;) + HOCH(CH3 )y,
Il 7A1(CH3)(ads) + HyO) — ||*A1(OH)(ads) + CHy(g)-
3)

Evidence suggests that these different surface reactions [e.g.,
Egs. (2) and (3)] occur simultaneously.21

In addition to altering the precursor, researchers at
Eindhoven University of Technology have also evaluated
the effects of various oxidizers. The study was completed
using both TMA and DMAI to deposit Al,O; in plasma
enhanced atomic layer deposition (PEALD). PEALD is an
energy enhanced ALD method™'? that uses an activated
plasma species (e.g., O,* and O*) as the oxidizer rather than
H,0. The plasma process offers advantages over the thermal
process, where the reactivity of the oxygen species results in
not only an increased growth rate and film density but also a
decreased impurity concentration and growth tempera-
ture.®*” Consequently, PEALD with O, plasma allows for a
wider range of substrates that may require a low temperature
deposition process, such as plastic based flexible displays
and polymers,”*’ as well as more stable precursors that
may not be reactive with H,0.'® Additionally, O, is more
readily purged than H,O, which improves the growth effi-
ciency and reduces cycle time. PEALD also enables better
control of film composition than thermal ALD as the tech-

nique permits the admixing of gases into the plasma'®® or
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adjusting other parameters such as plasma power and work-
ing pressure.'?-303!

For plasma-enhanced atomic layer deposition, Langereis
et al*® and Potts et al.*' identified the following reactions
using TMA as:

||=OHads) + Al(CH3)5() = [[=OAI(CH3)y(55) + CHaq)

H —AlCH3(ads) + 40&) — || —AI(OH)(adS) + HQO(g)

+ COz(g>, 4)
and DMALI as

1
||—OH 545) + 3 [(CH3),AIOCH(CH3), |, (o)

— || —OA](CH3)OCH(CH3)2<adS) + CH4(g)
|| = AIOCH(CH3 ), (ags) + 9 O — || —Al(OH) gy

+3C0y) +3 Hgo(g), 5
and/or
1
||—OH nq5) + 5 [(CH3),AIOCH(CH3), ], ¢)
— ||—OA1(CH3)2(adS) + HOCH(CH3)2(g>
|| _AI(CH3)(ads) +4 Ozkg) - ||_A1(OH) (ads)
+ COz(g) + HZO(g), (6)

where these two binary reactions [e.g., Egs. (5) and (6)] are
likely to occur simultaneously.?' This indicates that the sur-
face is presumable terminated by —OH groups after O,
plasma exposure.

While plasma-enhanced ALD processes have the
potential to alter the chemical reactions and the surface
reaction mechanisms, there are a range of results that
appear inconsistent. For instance, thermal ALD with
DMAI has a reported Al,O; growth rate that is greater
than that for PEALD with DMAL?*' More significantly,
the growth rate of Al,O; using PEALD and DMAI
(~0.9-1.2 /&/cycle) has been reported to be lower than
PEALD using TMA (1.4 lok/cycle).ﬂ’3 2 X-ray photoemis-
sion spectroscopy (XPS) studies of the different films
have shown multiple O bonding configurations and in
some cases multiple Al bonding configurations.”' The
same studies have shown differences in the residual car-
bon concentrations.

Even with the extensive prior studies, there is still dis-
agreement or apparently conflicting results on (1) the
PEALD growth rate using DMAI; (2) the bonding configura-
tions of the deposited Al atoms; and (3) the presence of car-
bon impurities. These uncertainties may have limited the
acceptance of DMAI for ALD applications.

In this research, the uncertainties noted above have been
addressed through a detailed study of PEALD-DMAI Al,03
film deposition with a specific focus on the O, plasma condi-
tions, which has not been extensively reported to date. In
addition, this study includes results on film morphology and
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band gap measurement to better characterize the films. Our
results establish that the growth rate of the PEALD DMAI
process could be equivalent to the PEALD TMA process;
the growth rate of the plasma process could be higher than
the thermal process; the films exhibit predominantly a single
Al bonding configuration; the carbon contamination could
be reduced to the XPS detection limit; the film morphology
reflected the substrate roughness; and the band gap was com-
parable to the ALD Al,O3 using TMA.

Il. EXPERIMENT

Al O3 films were deposited by remote PEALD using
DMALI and O, plasma on oxidized n-type Si (100) substrates.
The PEALD Al,O; was completed in a custom system
shown schematically in Fig. 1.°>® The system base pressure
was ~6.0x10"° Torr, and during deposition, the pressure
increased to ~100 mTorr as controlled by a throttle valve in
front of the turbo pump. The DMALI precursor was heated to
90 °C in the bubbler to provide sufficient vapor pressure and
was delivered to the chamber with an Ar carrier gas at a flow
rate of 90 standard cubic centimeters per minute (sccm). To
prevent condensation during precursor exposure, the cham-
ber and delivery lines were maintained at ~110 °C. Research
grade N, with a flow rate of 35 sccm was used as the purge
gas, and ultrahigh purity grade O, with a flow rate of 35
sccm was used as the oxidizer. A 6s O, purge preceded
exciting the plasma. The remote plasma was generated by an
inductively coupled rf-source (200W and 13.56 MHz)
~?25cm above the sample, which reduces the ion concentra-
tion while providing a sufficient flux of excited molecular
species and radicals.

The timing of the gas pulses and plasma power were first
varied to ensure saturated adsorption and self-limiting
growth for a substrate temperature expected to be within the
growth window. The ALD growth window was then deter-
mined, where the substrate temperature was varied between
25°C and 350°C (measured using a thermocouple and

Ar carrier gas
—_—

N, purge gas 0,gas
pilal —

To pump To pump
Ar carrier gas Remote plasma
e generator
Sample PEALD
—
— chamber
w Heater (~110° C)
Turbo- (~180° €)
drag
pump Throttle
5),2n LLl L} valve
(~-17.2°C) To oil pump

Cylindrical precursor containers

Fic. 1. (Color online) Schematic of the remote plasma-enhanced atomic
layer deposition chamber.
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infrared pyrometer). For room temperature growth, both the
substrate and chamber temperature were reduced to room
temperature, but the bubbler and delivery line were main-
tained at 90 and 110 °C to provide consistent vapor pressure
and prevent precursor condensation. However, even with the
elevated precursor temperature, the thermocouple near the
sample consistently indicated room temperature during
deposition.

Film thicknesses were determined with an in-situ quartz
crystal microbalance (QCM) and XPS core level intensities
and corroborated by comparison with ex-situ x-ray reflectiv-
ity (XRR), Rutherford backscattering spectroscopy (RBS),
and spectroscopic ellipsometry (SE). The chemical states
and composition of the films were then analyzed using in-
situ  XPS and ultraviolet photoemission spectroscopy
(UPS).>** Other material properties such as thin film den-
sity, surface morphology, index of refraction, and band gap
energy were determined from XRR, AFM, SE, and energy
loss spectroscopy (ELS), respectively.

lll. RESULTS AND DISCUSSION
A. PEALD Al,O3; growth
1. Self-limiting growth

To ensure uniform and conformal ALD growth, each
half-reaction must be fully saturated and self-limiting within
the ALD growth window; therefore, PEALD of Al,O; using
DMALI was first optimized with regards to the timing of the
reactants and purge gases for a substrate temperature of
200 °C, which was within the reported growth window.>'*?

As shown in Fig. 2(a), the growth rate of Al,O3 at 200°C
reached self-limiting behavior when the DMAI precursor
pulse was >0.2 s, the O, plasma was generated for >6s, and
the N, purge time was >18s. Therefore, a 0.6 s DMAI pre-
cursor pulse and 8 s O, plasma exposure were employed for
other processes at 200 °C. This timing ensured DMAI chemi-
sorption was saturated, and O, plasma reacted fully with the
adsorbed species at this temperature. A longer N, pulse time
(20's) was chosen to ensure ample purge time, thus limiting
CVD-like reactions between the reactants and removing
gas-phase by-products from the chamber. The relationship
between the growth rate and O, plasma power was also
investigated in this study as shown in Fig. 2(b). The results
indicated that the growth rate increased with plasma power
between 30 and 150 W and stabilized for power >150 W.
Consequently, a plasma power of 200 W was adopted for
subsequent growth conditions.

Film thicknesses, and thus the growth per cycle (GPC),
were determined in-situ by QCM and XPS core level inten-
sities. These measurements were then corroborated with
XRR, RBS, and SE of thicker Al,O; films (>25nm) grown
under the same conditions. Figure 3 shows the XRR data for
200 cycles Al,O5 deposited at 200°C, indicating a film
thickness of 30.4nm. These results thus imply a GPC of
~1.5 A/cycle.

This growth rate is higher than the growth rates measured
by other groups using DMAI for thermal ALD,
~0.7-1.2 A/cycle at temperatures ~150-200°C.>"* The
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FiG. 2. (Color online) Al,O5; growth rate vs (a) DMAI dose time (squares),
N, purge time (triangles), and O, plasma exposure time (circles); (b) vs
plasma power (diamonds) at a substrate temperature of 200 °C.

larger growth rate associated with PEALD has been previ-
ously documented and related to the higher reactivity of the
oxygen species compared with H,O and active oxygen
groups remaining on the surface after the plasma
step.?!242936 There are three mechanisms that could account
for the increased growth rate:*'*3¢ an increase in the reac-
tivity of the oxygen species, an increase in the density of sur-
face reactive sites, and/or a reduction of steric hindrance,
where the ligands of the DMAI monomer or dimer (e.g., iso-
propoxide group) overlap with available reactive sites and
prevent chemisorptions.”'*”*® The increased reactivity rep-
resents an increase in the kinetics of the process, while the
other effects increase the available absorption sites. The
excess active oxygen groups, perhaps —OH groups, could
serve as additional reactive sites and thus increase the den-
sity of chemisorbed DMAI molecules. In addition, the active
oxygen species could react with ligands from depositing pre-
cursor molecules, thus reducing steric hindrance and expos-
ing additional reactive sites for chemisorption or generating
additional surface sites. Consequently, the active oxygen
plasma species could accelerate the surface reactions,
increase the surface density of —OH sites, and/or reduce

J. Vac. Sci. Technol. A, Vol. 32, No. 2, Mar/Apr 2014
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FiG. 3. (Color online) XRR of ~30nm Al,O5 film deposited with optimized
growth parameters on Si. The line with noise refers to the measured data,
and the smooth line refers to the fitted results.

steric hindrance through reactions with precursor ligands.
This hypothesis may also explain the relationship between
the growth rate and O, plasma power, where the increase in
plasma power increases the concentration of activated oxy-
gen species and thus the growth rate. Under the experimental
conditions, the PEALD growth rate using DMAI was
improved by 30-80% compared with some prior studies®'~**
and is then comparable with PEALD using a TMA process
(1.4 l&/cycle).32

One of the concerns about the enhanced growth rate of
PEALD is that it could result in nonuniform growth. AFM
was thus used to determine the morphology of the surfaces
before and after growth of 6 nm and 33 nm thick PEALD
Al,O5 films grown at 200 °C and 25 °C, respectively. These
results are shown in Fig. 4. The RMS roughness was
~0.77x0.05nm for the cleaned Si wafer [Fig. 4(a)],
0.760.05 nm for Al,Oj3 films grown at 200 °C [Fig. 4(b)],
and 0.86+0.05nm for Al,O;3 films deposited at 25 °C [Fig.
4(c)]. These results indicated uniform and conformal deposi-
tion of Al,O; films, where neither the O, plasma nor the
increased growth rate resulted in increased surface
roughness.

2. PEALD growth window

To further explore the growth properties at different con-
ditions, the number of Al atoms deposited per cycle at differ-
ent growth temperatures was determined by RBS, and the
results are shown in Fig. 5(a). The Al atoms deposited per
cycle increased with temperature above 200°C, and
decreased when the temperature was reduced below 100 °C.
Within the temperature range of 150-200 °C, the Al atoms
deposited per cycle was similar.

The substrate temperature growth window was also inves-
tigated. As shown in Fig. 6, these growth conditions resulted
in a PEALD temperature window of ~25-220°C. Within
the temperature window, the growth is self-limiting with a
constant growth rate, as shown by the linear relationship
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FiG. 4. (Color online) AFM images of (a) degreased Si wafer, (b) as-grown
6 nm Al,O; film deposited at 200 °C, and (c) as-grown 33 nm Al,O; film de-
posited at 25°C. Images are 5um x 5um. The RMS roughnesses were
~0.77%0.05, 0.76£0.05, and 0.86+0.05 nm, respectively.

between the film thickness and number of PEALD cycles at
200 °C. At temperatures >220 °C, the growth rate increased
with substrate temperature, suggesting DMAI thermally
decomposed on the surface. In contrast, at room temperature,
the growth rate was slightly reduced, suggesting an incom-
plete reaction. In this case, an incomplete reaction could
refer to when DMAI molecules were not effectively bonded
to the surface groups and thus purged out of the chamber,
and/or the O, plasma did not complete the oxidation reaction
as a result of insufficient thermal energy.
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Fic. 5. Number of Al atoms deposited per cycle (a) as determined by RBS
and the film mass density, and (b) as measured by XRR for PEALD Al,0O3
film using DMALI at different temperatures.

For the room temperature growth, if the DMAI chemi-
sorption was not complete, then increasing the DMAI pulse
time may lead to an increased growth rate. Conversely, if the
incomplete reactions were limited by the oxidation process,
then increasing the oxygen plasma exposure could lead to an
increased growth rate. To investigate this point, Al,O3 films
were grown with an increased DMAI dosing time of 1.2s
and N, purge time of 30-50s to prevent CVD-like reactions.
These deposition parameters again resulted in a growth rate
of ~1.4 A/Cycle at room temperature, which suggested the
longer DMAI dose time did not increase the DMAI chemi-
sorption at this temperature. (The growth rate of Al,Oj at
200 °C under these same conditions remained at 1.5 A/cycle,
further confirming saturation at 200 °C.) On the other hand,
increasing the O, plasma exposure from 8 to 40s increased
the 25 °C Al,O5 growth rate by ~10% to ~1.5 A/cycle. This
suggested that a longer oxygen plasma time is required to
drive the chemical reaction at the lower temperature.

Comparing the Al,O; films deposited at 25°C and
200 °C, even though the concentration of Al atoms per cycle
deposited at 25°C was 26% smaller than that at 200°C
(3.9+0.2 at. nm “cycle”! compared with 5.3%0.3 at.
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FiG. 6. (Color online) Al,O3 growth rate vs substrate temperature, determin-
ing the ALD window of 25 °C-220°C. The square represents the increased
growth rate with the longer plasma pulse time. The inset shows the film
thickness vs number of PEALD cycles for the sample at 200 °C.

nm “cycle "), the growth rates were similar. Other charac-
teristics of the 25°C growth were a 10% lower film density
(~2.7 g/lem® compared with 3.0 g/cm®) and higher O to Al
ratio (2.1 compared with 1.6) compared to the 200°C
growth. The molar mass for films deposited at 25°C and
200 °C would be defined by the formula weight of the films.
At 25 °C the Al,O4, formula mass is 15.2% larger than that
of Al,O3, at 200 °C. Consequently, this analysis suggests a
growth rate of 1.5 A/cycle at 200°C and a growth rate of
~1.4 A/cycle at 25 °C, which are consistent with the meas-
ured results. Consequently, the higher O to Al atomic ratio
and lower thin film density compensate for the lower value
of Al atoms deposited per cycle and similar growth rates are
obtained at both 25 and 200 °C.

Given the complicated relationship between the deposi-
tion parameters and the growth window, it is difficult to
compare growth rates across studies. For example, for
PEALD using DMAI, one study reported a growth rate of
~0.9 /ok/cycle within 25-400 oC,21 while another reported
1.2 ;\/cycle within 160-250°C.*? Both vary from the results
reported in this study. These differences in growth rate may
be due to the different plasma power, plasma time, flow rate,
chamber pressure, equipment setup, all of which may affect
the concentration of active oxygen plasma species and thus
the growth rate, or the different bubbler temperature. It is
evident that a more systematic approach needs to be taken.
Unfortunately, these factors are often overlooked, and thus,
such disparities in growth rate and window are not uncom-
mon. Even for the well-established TMA-H,O process,
reported values for the growth rate at some temperatures can
fluctuate up to 0.5 /(’%/cycle.23

B. Spectroscopic measurement of thin film properties

Since the atomic ratios and the film densities were de-
pendent on temperature even within the growth window, it
was reasonable to suggest that other film properties may also
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be dependent on the deposition conditions. Thus, additional
characterization techniques were used to determine the film
properties of Al,O3 deposited within the growth window.
More specifically, XPS was used to determine film composi-
tion and chemical states, ELS to determine the band gap,
UPS to determine the electron affinity, and SE to determine
the index of refraction. The goal of these measurements was
to obtain a better understanding of the relation between dep-
osition parameters and film properties, and ultimately enable
tuning of desired film characteristics.

Film composition and impurity concentrations were
determined by XPS on three different samples. Figure 7
shows the respective XPS survey scan (a), and core level
peaks for C 1s (b), Al 2p (c¢), and O 1s (d) of (i) an as-grown
10nm Al,O; film deposited at 200 °C and (ii) after 600 °C
annealing, and an as-grown 10nm Al,O; film deposited at
25°C with (iii) 8s and (iv) 40s O, plasma exposure dura-
tions. In the survey scan, only Al and O signals were evident
with the carbon contamination at or below the XPS detection
limit. A low C impurity density was indicated for the 200 °C
PEALD AlL,O; growth process as shown in Fig. 7(b).
However, sample (iii) had a weak C peak, which was
ascribed to carboxide groups. Compared with sample (iv),
the longer oxygen plasma process led to a reduction of the C
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S o . .
(i) _a| g (STETRRUI. o/A
SASR——
3 3
: - i
© e o U g (i)
S vaat SLECR VTV AR TY MM TRV IPRNY T AINY
VL“ PPN
A A R A R "l"'l"'l"‘l'T‘l
1000 800 600 400 200 0 292 288 284 280 276
Binding Energy (eV) Binding Energy (eV)
(c)Al2p (d)0 1s
j\ (iv) A (iv)
% J\ (iii) % % } (iii)
5 5
8 8
(ii) (ii)
J\ _ )] J\\ (i)

& 80
Binding Energy (eV)

i B e R A E Emw e
76 72 68 544 540 536 532 528
Binding Energy (eV)

Fic. 7. (Color online) Respective XPS survey scans (a), and core level peaks
for C 1s (b), Al 2p (c), and O 1s (d) of (i) an as-grown 10 nm Al,O; film de-
posited at 200 °C and (ii) after 600 °C annealing, and as-grown 10 nm Al,O3
films deposited at 25°C with (iii) 8s and (iv) 40s O, plasma exposure
durations.
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TaBLE I. XPS Al 2p and O 1s core level of Al,O; films deposited at 200 °C and 25 °C before and after annealing. The main core levels and shoulder peaks are
differentiated with the full width at half maximum (FWHM) included. All energies given in eV.

As-grown Al,O3 Annealed Al,O4
Growth temperature Main FWHM Shoulder FWHM Main FWHM Shoulder FWHM
200°C Al 2p 75.2 1.8 - - 76.4 1.8 - -
(85 O, plasma) Ols 531.6 2.1 5333 22 5329 2.0 535.4 1.7
25°C Al 2p 76.2 1.8 - -
(8s O, plasma) O Is 532.7 2.1 534.0 2.1
25°C Al 2p 75.3 1.8 - - 76.6 1.8 - -
(405 O, plasma) O Is 531.9 2.1 5332 22 533.2 2.1 535.7 1.9

peak. Therefore, the conditions of the oxygen plasma can be
tuned to improve the film quality and reduce the C impurity
density.

Through fitting the peaks with Gaussian—Lorentzian
curves, the spectral composition and positions of the Al 2p
and O 1s peaks were determined and summarized in Table 1.
All the samples were characterized by a single Al-O bonding
state. This result differs from other results of PEALD Al,O;
using DMAL?! in which Al(OH);, AIO(OH), and AI(COy)y
configurations were detected for room temperature Al,O;,
but agrees with another study of room temperature
ECR-PEALD Al,O5 using TMA.* The difference in the
bonding states and impurities was likely a result of the dif-
ferent plasma conditions.

On the other hand, the O 1s peaks showed evidence of
multiple oxygen bonding states with a distinct shoulder peak
at higher binding energy. This peak was likely due to excess
oxygen in the film, probably —OH groups. For the 25°C
Al,O5 film, the O 1s peak was much broader than that of the
200 °C Al,O3 film, which indicated an enhanced oxygen con-
centration. There may also be a small amount of carbon-based
oxide groups, which could be reduced by the longer oxygen
plasma process. The increased oxygen concentration was evi-
dent in the O to Al atomic ratio, which varied from ~2.1 to
1.9 for the 8 and 40 s O, plasma processed 25 °C Al,Oj films.
This is to be compared with ~1.6 for the 200°C Al,O; film.
It has been suggested that the —OH groups may not be readily
removed at lower temperatures,”' which potentially accounts
for the increased oxygen concentration.

The Al 2p and O 1s peak positions were not the same for
all the samples. However, the binding energy difference
between these two peaks was always 456.5+0.1 eV, which

TasLE II. Al,O5 film properties on Si substrates grown by remote PEALD
and DMAI at 25°C and 200 °C.

PEALD 25°C 200°C

Growth per cycle 1.5 A/Cycle 1.5 A/cycle

Al atoms per cycle 3.970.3 at.im “cycle ' 5.3+0.3 at.nm “cycle !
Mass density 2.69+0.04 g/cm® 2.96+0.02 g/cm®
[O/[Al ratio 2.1x0.1 1.6%0.1
Refractive index (630 nm) 1.61£0.01 1.63+0.02

Band gap 6.9%0.1eV 6.7+0.1eV
Electron affinity - 2.2*0.1eV

JVST A - Vacuum, Surfaces, and Films

indicated the shifts were caused by different band bending in
the SiO,/Si layers. A previous study has suggested the oxy-
gen plasma process could introduce acceptorlike defects,
which may lead to electron transfer from the Si substrate and
the formation of an electric field across the SiO, layer.***!
In this study, the core level of the 200 °C Al,Oj3 film shifted
to higher binding energy by ~1.2eV after 600 °C annealing,
suggesting these states could be removed with the annealing
process. In the mean time, the relative intensity of the excess
oxygen peak decreased from ~10% to 3% after annealing,
indicating these acceptorlike states may be related to excess
oxygen.** For the 25°C Al,O; film, the shorter oxygen
plasma exposure time may induce fewer acceptorlike
defects, which apparently resulted in reduced shifts.
Additional characterization was completed for Al,O3 de-
posited on Si at 25 °C and 200 °C as summarized in Table II.
ELS was used to determine the band gap. Since ALD Al,O;
is amorphous,®"** the band gap is typically significantly
smaller than that of crystalline sapphire (~8.8eV) and has
been shown to be dependent on the growth method.***** In
this study, the O 1s ELS was used to deduce the band gap of
Al,O3 as shown in Fig. 8. The O 1s ELS measurement was
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— | )
3 ; ;
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Fic. 8. (Color online) O 1s energy loss spectra from 10 nm Al,O3 on Si de-
posited at 200 °C and annealed at 600 °C. The zero loss energy represents
the O 1s core level. Ev is the valence band maximum; Ec is the conduction
band minimum; and Eg is the band gap (Ref. 46).
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FiG. 9. UPS scan of 1.5nm Al,O5 on Si deposited at 200 °C and annealed at
600 °C. The zero binding energy represents the Fermi level, and the low
energy cutoff is the valence band maximum. Ef is the Fermi level; Evac is
the vacuum level; and y is the electron affinity.

obtained from a 10 nm Al,O; film deposited on Si at 200 °C
and annealed at 600 °C. A fraction of the emitted O 1s photo-
electrons suffer energy loss due to collective oscillations
(plasmons) and single particle excitations (band to band tran-
sitions).*>*® The plasmon loss showed a smooth and broad
spectral component related to the O 1s core level but shifted
to higher binding energy by the plasmon energy. Aligning
the O 1s peak to the point of zero energy loss, the onset
energy of electron excitations from valence band to conduc-
tion band indicated the energy band gap of the films. The
band gap was thus determined to be 6.7*+0.1eV. For the
annealed, room temperature Al,O5; with 40s O, plasma pro-
cess, the band gap was 6.9+0.1eV. These values are compa-
rable to other results (6.5-7.0eV).54647

The band gap value could then be used in conjunction
with UPS to determine the electron affinity. The UPS spec-
trum of 1.5nm annealed Al,O3 on Si deposited at 200 °C
shown in Fig. 9 is similar to that reported for y-Al,O3
films.** The high and low binding energy cutoff could be
determined by an extrapolation of a linear fit to the UPS
spectrum. The photo threshold energy or ionization energy
of VBM electrons was calculated to be 8.9eV for Al,O3
films, which was determined from the energy difference
between the photon energy (He I=21.2eV) and the UPS
spectral width (12.3eV). This is also the sum of the band
gap and electron affinity, as shown schematically in Fig. 9.
Using the measured band gap of Al,Oj3, the electron affinity
of Al,O3 grown at 200 °C was determined to be 2.2*0.1eV,
which is similar to other reports.®*’

Additionally, the optical properties of the films were deter-
mined by SE, where the index of refraction was 1.63+0.02
for films deposited at 200 °C and 1.61%0.01 for films depos-
ited at 25 °C, which was also consistent with reported results
(1.62+0.02) for PEALD-DMAI Al,05.2! This slight increase
with temperature also followed a trend for thermal ALD
growth of Al,O; (using TMA).% In that case, the index of
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refraction increased slightly with growth temperature (from
1.57 to 1.60), and a corresponding increase of the film density
from 2.7 to 3.0 g/cm® was also observed.

IV. CONCLUSION

In this study, Al,O; films were grown on Si by remote
PEALD using O, plasma and DMAI as an alternative to pyro-
phoric TMA. The growth parameters—including the DMAI
pulse time, O, plasma exposure time, N, purge time, O,
plasma power, and substrate temperature—were varied to
achieve self-limiting saturated growth, giving a growth rate of
~1.5 A/cycle within the growth window of 25 °C-220°C. The
growth rate increased with an increase of plasma exposure
time and power until the reaction was saturated. This increase
was attributed to an increased concentration of active oxygen
species on the surface. For deposition at room temperature, a
longer plasma pulse time was required to achieve saturated
growth. Furthermore, the room temperature deposited Al,O3
film with a longer O, plasma process displayed a single Al-O
bonding state and carbon contamination below the XPS detec-
tion limit. Within these optimized growth parameters, confor-
mal, uniform, and nearly stoichiometric Al,O5 films were
obtained at 200°C with a film density of ~2.96+0.02 g/cm®,
an index of refraction of 1.63#+0.2, and a band gap of
6.7+0.1eV. Conformal and uniform Al,Os films were also
obtained at room temperature with a higher O:Al ratio of 2.1, a
film density of ~2.69+0.04 g/cm>, and an index of refraction
of 1.61=0.1. The PEALD-DMALI process, with the significant
advantage of a nonpyrophoric precursor, is comparable to
PEALD-TMA in both process parameters and film properties.
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