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The structural and compositional dependence of gadolinium-aluminum oxide (GdAlO) for
application to nonvolatile memory is investigated. An addition of Gd into AlO reduces the leakage
current, which improves the erase window. The GdAIO film crystallizes into many different phases
after annealing depending on the Gd percentage when the amount of Gd exceeds 49%. The
crystallization of the GdAIO film causes a change in the band gap of the GdAIO film, resulting in
a change of the retention properties. It is also found that crystallized GdAlO is more vulnerable to
the generation of traps by electrical stress. The results indicate that careful optimization of the Gd
percentage in GdAIO is necessary to utilize the benefit of GdAIO with minimum deterioration in the
charge retention property. © 2010 American Institute of Physics. [doi:10.1063/1.3309693]

Charge-trap-type nonvolatile flash memory is considered
to be suitable for further scaling of flash memory devices.'™
Most of charge-trap-type memory flash memory devices
use the TANOS (TaN gate electrode—Al,O5 blocking
oxide—Si3N, charge trapping layer—SiO, tunnel oxide—
silicon substrate) structure.* However, the relatively low di-
electric constant (~9) of the Al,O5 blocking oxide sets a
limitation for further scaling of these devices. In order to
meet the requirements of both a fast operating speed and
good charge retention in further scaled devices, a blocking
layer with a higher k value without much sacrifice of the
conduction band offset is required.5 Among high-k oxide
candidates, gadolinium oxide possesses desirable properties
for this type of blocking layer, such as a relatively high di-
electric constant (17),° a large band gap (6.4 eV),” and a
large conduction band offset (3.1 eV).” It was shown in a
previous report that sputtered Gd,O5 had the advantages of a
faster erase speed and comparable charge retention compared
to a Al,O5 blocking layer in charge-trap-type flash memory.8
Further improvement of the charge retention characteristics
was also reported after an addition of aluminum into gado-
linium oxide through a cosputtering process.9 However,
there is no detailed study for the physical properties of
gadolinium-aluminum oxide. This paper presents the
structural and compositional dependence of gadolinium-
aluminum oxide (GdAIO) on the physical and electrical
properties of the memory devices with a GdAIO blocking
layer.

After a standard gate precleaning process, a 4.5 nm thick
tunnel oxide (SiO,) was thermally grown on a p-type Si
substrate and a 6.0 nm thick Si;N, layer was deposited by
low-pressure chemical vapor deposition to form the charge-
trapping layer. Blocking oxides of Al,O;, GdAIO, and
Gd,O; were deposited using an atomic layer deposition
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(ALD) method using the Eureka 3000 by Jusung Engineer-
ing. For the ALD process, trimethyl aluminum and
Gd('PrCp); precursors provided by UP Chemical Co. were
used to form Al,O; and Gd,O; films, respectively, with
ozone used as an oxidant. The gadolinium percentage in the
GdAIO layer was controlled by adjusting the ALD cycles of
the Al,O5 and Gd,O;. For comparison, the thickness of each
high-k blocking oxide layer was selected so that the equiva-
lent oxide thickness (EOT) of the entire gate stack was simi-
lar (~13.5 nm). A 200 nm thick TaN layer was deposited for
the metal gate by reactive sputtering. After the patterning of
the gate electrode and source/drain implantation, a rapid
thermal annealing process was done at 900 °C for 30 s in a
N, ambient for dopant activation. X-ray photoelectron spec-
troscopy (XPS) measurements were carried out to measure
the atomic concentration, band gap, and band offset. The
thickness of each high-k blocking oxide was measured by a
spectroscopic ellipsometer.

A low leakage current of the blocking oxide is important
to improve the erase speed and enhance the erase window by
minimizing the electron back-tunneling action from the gate
during erase operations. Figure 1 shows the leakage current
density of GdAIO films with a various percentages of gado-
linium. The 0% Gd and the 100% Gd concentrations in the
figure refer to pure aluminum oxide and pure gadolinium
oxide, respectively. The leakage current of the GdAIO film
was evaluated using whole gate stack (GdA1O/SisN,/SiO,
tunnel oxide) devices that simulated actual charge-trap de-
vices, as illustrated in the inset of Fig. 1. Because high-k
dielectric properties such as nucleation and interface reaction
depend on the substrate, it would be more useful to compare
the properties using the actual device structure which the
high-k is to be applied for. The Si;N, and SiO, thicknesses
were fixed at 6 nm and 4.5 nm, respectively. The result
shows that the GdAIO devices have much lower leakage cur-
rent and higher dielectric breakdown voltages compared to
the Al,O5 device. For easy recognition of the Gd percentage

®© 2010 American Institute of Physics
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FIG. 1. (Color online) The leakage current density of GdAIO devices with
0%, 18%, 35%, 49%, 71%, 82%, and 100% Gd. The leakage current was
evaluated on SizN,4(6.0 nm)/SiO,(4.5 nm) (see inset figure). All samples
were annealed at 900 °C for 30 s as the simulating source/drain annealing
step.

dependence on the dielectric properties, the leakage current
density at a fixed voltage of —20 V (filled symbols) is plotted
as a function of the Gd percentage together with the erase
window (open symbols) in Fig. 2(a). The reason for compar-
ing the erase characteristics rather than both program/erase is
that the program speed does not change much by changing
the blocking oxide layer if the EOT of the gate stack is the
same. However, when the blocking oxide is leaky, there will
be significant electron back-tunneling from the gate electrode
during erase operation, which results in early saturation of
the erase state, leading to smaller erase window. Hence, the
erase operation is more sensitive to the property of the block-
ing oxide layer. From the result in Fig. 2(a), it is interesting
to note that the leakage current density decreases with the Gd
percentage up to 35% and then bounces back for a higher Gd
percentage. The erase window also shows the similar trend,
as expected. On the other hand, the dielectric constant of the
GdAIO film increases steadily with the Gd percentage, as
shown in Fig. 2(b). As the final EOT values of the tested
GdAIO films are similar, the physical thickness of GdAIO
film with a higher Gd percentage is thicker. Despite the in-
crease in the physical thickness, the leakage current increases
beyond 35% of Gd in GdAIO.

To investigate the mechanism behind this unusual behav-
ior of the leakage current, x-ray diffraction (XRD) and XPS
analyses were performed for GdAIO with different Gd per-
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FIG. 2. (Color online) (a) Comparison of the leakage current at —20 V
(filled symbols) and erase window (open symbols) and (b) dielectric con-
stant of GAAIDQ film as a function of the Gd percentage
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FIG. 3. (Color online) (a) XRD data of GdAIO thin film with 35%, 49%,
71%, and 100% Gd. The crystallized GdAIO film shows many different
phases depending on the Gd percentage. (b) The band gap (filled symbols)
and the conduction band offset against silicon (open symbols) measured by
XPS on GdAIO film directly deposited on silicon. Crystallization of GdAIO
results in an increase in the band gap.

centages. Figure 3(a) shows the XRD results of GdAIO thin
films with 35%, 49%, 71%, and 100% Gd percentages after
annealing at 900 °C for 30 s. As expected, a higher Gd per-
centage in GdAIO resulted in crystallization of the GdAIO
film. Surprisingly, however, GdAIO films with 49%, 71%,
and 100% Gd showed different phases of orthorhombic,
monoclinic, and cubic, respectively. It is also interesting to
note that GdAIO with 35% Gd remains amorphous after an-
nealing. This percentage is coincident with the turning point
of the leakage current in Fig. 2(a). Therefore, it can be con-
cluded that the increase in the leakage current beyond 35% at
Gd is due to the crystallization of the GdAIO film. It is
known that the conductivity of the dielectric can be increased
by conduction through the grain boundaries of crystallized
dielectrics.'” The band gap and band offset of the GdAIO
thin film as a function of the Gd percentage was investigated
as well. Using the XPS O 1s energy loss spectra and the
valence band s.pectra,”_13 the band gap and valence band
offsets were measured and the conduction band offset was
determined. These results are shown in Fig. 3(b). It was ex-
pected that the band gap of the GAAIO would decrease as the
Gd percentage increased considering the reported band gap
of Al,0O5 and Gd,Os5 films. However, this was true only up to
35% of Gd. Beyond 35% of Gd, no additional decrease in the
band gap was observed. The band gap and band offset of
GdAIO increase beyond 71% of Gd. The minimum point of
the band gap is coincident with the point of the structural
change from amorphous to crystalline. The result in Fig. 3
shows that among the crystallized phases, the cubic phase of
GdAIO has the highest band gap and band offset. Such band
gap widening after crystallization and structural change was
also reported in other dielectrics, such as A1203.13’

The manner in which the structural change of GdAIO
blocking layer affects the data retention properties in charge-
trap-type nonvolatile memory was investigated. The charge
retention property was evaluated using a programmed device
by monitoring the change in the flat-band voltage (AVg,).
Here AVy, is defined as Vi (t)—V,(0), where Vi (t) is the
flat-band voltage at a certain elapse time during the retention
test, and Vg,(0) is the flat-band voltage immediately after
prrogram. Three different evaluation eriteria were used as fol-
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FIG. 4. (Color online) The charge retention property of fresh devices at
room temperature (open circle) and 150 °C (filled square) and that of a
device cycled for 1000 program/erase at 150 °C (open diamond). Due to the
increase of the band gap of the crystallized GdAIlO, the charge loss property
is improved. However, the crystallized GdAIO is more vulnerable to trap
generation during program/erase cycling.

lows: (1) AVy after 24 h at 150 °C, (2) AVy, after 11 days at
room temperature and then projected to 10 years, and (3)
1000 program and erase cycling followed by measuring AV,
after 24 h at 150 °C. The charge loss, represented by AVy, is
plotted as a function of the gadolinium percentage in Fig. 4.
The result shows that at room temperature, |AV | increases
with the Gd percentage up to 71% and then bounces back
and decreases. This indicates that the maximum charge loss
occurs at 71% Gd at room temperature. However, at the high
temperature of 150 °C, the maximum charge loss occurs at
49% of Gd. The charge loss is then reduced for higher Gd
concentrations. It is well known that at a high temperature
such as 150 °C, the thermionic emission over the conduction
band of the blocking oxide becomes even more important for
the charge loss mechanism."”> The retention data curve at
150 °C in Fig. 4 resembles very much the band gap and
band offset curve in Fig. 3(b). Therefore, the retention data is
further evidence of the increase in band gap and band offset
for the crystallized GdAIO. When the device is repeatedly
programmed and erased, charge traps are formed in the
blocking oxide, resulting in degradation of the retention
property. The charge loss properties of the GdAIO devices
were evaluated after 1000 program/erase (P/E) cycles at
150 °C. This result is shown in Fig. 4 (open diamonds).
Compared to P/E cycled and fresh devices, there is no deg-
radation after P/E cycling when the Gd percentage is below
35%. However, noticeable degradation occurs in the devices
with Gd percentages of 49% and above, which is the percent-
age range for the crystallization of GdAlO. This result indi-
cates that crystallized GdAIO is more vulnerable to charge
trap generation by electrical stress.

In conclusion, this study showed that the use of GdAIO
can significantly reduce the leakage current of the blocking

Appl. Phys. Lett. 96, 052907 (2010)

oxide owing to the physically thicker dielectrics for the same
EOT. The reduced leakage current leads to an improvement
of the erase window. When the Gd percentage is high, the
film is crystallized into many different phases depending on
the Gd percentage. The crystallization of the GdAIO film
causes a change of the band gap of the GdAIO film, resulting
in a change of the retention properties. It was also found that
once GdAIO is crystallized, the film becomes more vulner-
able to trap generation. Therefore, for the design of flash
memory devices, it is necessary to consider the trade-off re-
lationship between the erase window and retention properties
which depend on the Gd concentration in GdAIO film.
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ductor Inc. The authors would like to thank Jusung Engineer-
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