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A floating gate memory structure utilizing Ge nanocrystals embedded in LaAlO3 sLAOd high-k
dielectric films has been fabricated by pulsed-laser deposition. A cross-sectional high-resolution
transmission electron microscopy study revealed that the floating gate structure contains 5-nm-diam
spherelike Ge nanocrystals embedded in amorphous LAO. A significant memory effect with a very
high density of charge storage up to 231013/cm2 in the Ge nanocrystals and a maximum flat band
voltage shift of 3.2 V have been achieved for the trilayer structure of
LAOs8 nmd /Ge/LAOs3 nmd /Si. The memory structure utilizing the Ge nanocrystals grown in 1
min showed excellent charge retention characteristics, whereas the decay in memory capacitance
after 104 s of stress under a flat band voltage was only 8%. These results suggest that this memory
structure utilizing Ge nanocrystals embedded in a LAO dielectric offers a high potential for the
further scaling of floating gate memory devices. In addition, the effects of Ge growth time, and thus
the size and density of the Ge nanocrystals, to the charge storage and charge retention characteristics
were also studied. ©2005 American Institute of Physics. fDOI: 10.1063/1.1926414g

Metal–oxide–semiconductorsMOSd memory structures
based on Si quantum dots or nanocrystals have recently at-
tracted a great deal of interest due to the physical phenomena
and potential applications in scaled flash memory.1–4 In this
kind of memory structure, Si nanocrystals are embedded as
charge-storage nodes in an oxide layer between the control
gate and the tunneling layer, which can reduce the problem
of charge loss encountered in conventional flash memories. It
allows thinner injection oxides and, hence, smaller operating
voltages, better endurance, and faster write/erase speeds.1,2

The memory function of these devices has been attributed to
the charge exchange between the nanocrystals and inversion
layer. Most quantum dot flash memories use Si nanocrystals
to replace the continuous floating gate layer. However, re-
search results in several groups have demonstrated the supe-
rior properties of Ge-based nanocrystal memories over those
based on Si.4–6 The Ge nanocrystals offer improved nonvola-
tile charge retention time due to their smaller band gap. The
smaller band gap provides both a higher confinement barrier
for the retention mode and a smaller barrier for the program
and erase modes. Various methods of fabrication have been
reported to form the Ge dot, such as implantation of Ge ions
in SiO2,

7 the sputter deposition of Ge on the Si substrate,8

and the rapid thermal annealing of chemical–vapor–
deposited Ge layers.9 Pulsed–laser depositionsPLDd has also
proven to be very successful in the fabrication of complex
oxide materials, and is also effective in the growth of Ge
nanocrystals.

High-k gate dielectrics have been extensively investi-
gated for replacing SiO2 in future MOS field effect transis-
tors sMOSFETsd.10–12 In recent studies, high-k gate dielec-
trics were also used as the control and tunneling oxide layers
in floating gate memory structures,9,13–15 which allow for a
thinner equivalent oxide thicknesssEOTd without sacrificing
nonvolatility. Furthermore, the thicker physical thickness of

the high-k dielectrics ensures good retention characteristics,
while due to the unique band alignment of the high-k dielec-
tric with Si, a lower electron barrier height allows high cur-
rents across the tunneling oxide to be obtained at a low con-
trol gate voltage during the programming. As one of the
potential high-k gate dielectrics to replace SiO2,LaAlO3
sLAOd has been extensively studied because of its many ad-
vantages such as a medium dielectric constant, a high band
offset with Si, and good thermal stability when in contact
with Si.16–18 Furthermore, it exhibits good process compat-
ibility with the current standard complementary metal–oxide
semiconductorsCMOSd technology.19 In this Letter, LAO is
used as the control and tunneling oxide layers in the trilayer
memory structure of LAO/Ge/LAO/Si fabricated by PLD.

After wet-chemical cleaning, thep-type s100d Si sub-
strate withr=4,6 V cm was dipped into an HFs10%d so-
lution for 60 s to remove the amorphous SiO2 layer from the
silicon surface, leaving a hydrogen-terminated surface. The
Si substrate was then immediately moved into the PLD
chamber with a maximum base pressure of 2310−5 Pa. Be-
fore the film deposition, the substrate was heated to 400 °C.
Then, oxygen ambient was introduced until the pressure in
the chamber reached 0.2 Pa and the deposition was started.
First, a very thin LAO layer was deposited at 400 °C as the
tunneling oxide. After the deposition of the tunneling oxide,
Ge nanocrystals were deposited in a 1310−4 Pa vacuum.
Finally, the trilayer memory structure was built by the depo-
sition of another thicker layer of LAO onto the Ge nanocrys-
tals as the control oxide layer. The sample wasin situ an-
nealed in pure N2 ambient at an elevated temperature of
750 °C for 30 min. Pt top electrodes with an area of 3.14
310−4 cm2 were deposited on the surface of the samples
using a shadow mask to fabricate the MOS memory struc-
tures. The hysteresis loop and the charge retention character-
istics of the MOS capacitors were evaluated by capacitance–
voltage sC–Vd measurements with an Agilent 4294A
impedance analyzer at room temperature. The cross-sectionaladElectronic mail: apdaijy@inet.polyu.edu.hk
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structures of the trilayer memory stack were characterized by
high-resolution transmission electron microscopysHRTEMd.

Figure 1 shows the typical high-frequencyC–V curves
of two MOS capacitors with and without Ge nanocrystals. In
the sample with Ge nanocrystals, the thicknesses of the con-
trol and tunneling oxide layers are about 3 and 8 nm, respec-
tively, and the time of Ge nanocrystals deposition is 1 min. It
can be seen that the sample with Ge nanocrystals exhibits an
anticlockwiseC–V hysteresis loop and a very large flat band
voltage shift of 3.2 V. By contrast, the control sample with-
out Ge nanocrystals shows no obvious flat band voltage shift,
suggesting that the large memory effect observed in the
sample containing Ge nanocrystals is produced by the
charges stored in the Ge nanocrystals. Generally, the hyster-
esis may be introduced by the mixed effects of injected
charges stored in the nanocrystals, essential trap charges ex-
isting in the oxide or interface states.15 Since the processes
for fabricating the two samples are the same except for the
Ge nanocrystals, the hysteresis effect produced by the essen-
tial trap charges and interfacial states should be the same for
the two samples, and can, therefore, be ruled out. It is also
worth noting that the equivalent oxide thicknesssEOTd to
SiO2 of the memory structure is calculated to be 3.3 nm, for
a total oxide thickness of 11 nm of the structure. This will be
beneficial for the integration of this large memory structure
into smaller scale devices.

Figures 2sad and 2sbd show the cross-sectional HRTEM
images of the trilayer memory structures with 1- and 2-min
Ge deposition, respectively. The Ge nanocrystals embedded

in LAO can be clearly seen between tunnel oxide and control
oxide, and the shape of the Ge nanocrystals is almost spheri-
cal. The diameters of the Ge nanocrystals are approximately
5 and 7.5 nm, respectively, for 1- and 2-min deposition of
Ge. Based on theC–V results shown in Fig. 1, the maximum
stored charge density can be up to 2.0631013/cm2, as esti-
mated by the formula given by Tiwari1 and Kim et al.,5

which is large enough to meet the requirements of the future
flash memory application.

In order to investigate the relation between the storage
charge density, and thus the flat band voltage shift, with the
nanocrystal density embedded in the oxide layer, we also
deposited Ge nanocrystals for a longer time of 2 min, expect-
ing a larger density of Ge nanocrystals. TheC–V hysteresis
curves of the samples with 1- and 2-min Ge depositions are
shown in Fig. 3, where large hysteresis loops can be ob-
served for both samples, indicating a strong charge storage
effect in them. But contrary to expectations, the flat band
voltage shift for the sample with a longer Ge deposition time
of 2 min is only 1.2 V, which is much smaller than that of the
sample with a 1-min Ge depositions3.2 Vd. We speculate
that this decrease in the flat band voltage shift for the longer
Ge deposition sample is due to the decrease in the nanocrys-
tal density in the sample. As can be seen from Fig. 2sbd, the
Ge nanocrystals deposited for 2 min resulted in a more con-
tinuous Ge layer with a larger grain size and a shorter space
between the grains, and thus a smaller density of Ge nano-
crystals. Therefore, if one Ge nanocrystal stores only one
electron, the storage charges decrease with the decrease in
the density of the Ge nanocrystal. So the flat band voltage
shift decreases for the sample with the 2-min Ge deposition.

The memory data retention characteristics at room tem-
perature for the trilayer memory capacitors were also stud-
ied. The memory capacitors were first charged for 15 s at a
bias voltage of 10 V. Then, the capacitance decay measure-
ment was carried out under a −1 V bias voltage. Figure 4
shows the normalized capacitance–timesC–td curves of the
samples with a 1- and 2-min Ge deposition. It can be seen
that after 104 seconds of stress, the decayed capacitance for
the memory capacitor with a 1-min Ge deposition is only
8%, suggesting very good charge retention characteristics.
However, for the sample with a 2-min Ge deposition, rapid

FIG. 1. C–V hysteresis curves of memory capacitors with 1 min Ge nano-
crystal deposition and reference sample without Ge nanocrystals.

FIG. 2. Cross-sectional HRTEM images of the trilayer memory structure.
sad 1-min Ge deposition;sbd 2-min Ge deposition.

FIG. 3. C–V hysteresis curves of memory capacitors with different deposi-
tion time of Ge nanocrystals.
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decay can be clearly observed at the beginning of the stress.
The drop in capacitance after 104 seconds of stress is about
23%.

For the fast decay in the capacitance of the floating gate
memory structure, some possible mechanisms have been
proposed earlier. One is the lateral channel leakage mecha-
nism, proposed by Kim;5 and another is the Coulomb repul-
sion of several electrons in nanocrystals, proposed by Win-
kler et al.20 According to the HRTEM results in Fig. 2 and
the discussion of the results illustrated in Fig. 3, the Ge layer
in the sample with a 2-min Ge deposition is more continuous
than that of the sample with an 1 min Ge deposition. If the
fast decay in our samples is due to the lateral charge leakage,
the sample with a more continuous Ge layer should have a
larger lateral charge leakage and thus worse charge retention
characteristics. As can be seen from Fig. 4, the sample with a
1-min Ge deposition has better charge retention characteris-
tics than the sample with a 2-min Ge deposition. This experi-
mental result is consistent with the mechanism of lateral
charge leakage, suggesting that the lateral channels exist in-
side the Ge layer, leading to charge leakage and thus to the
fast decay of the capacitance of the memory capacitor. The
later slow decay may be due to the electron tunneling back to
the channel via the tunneling barrier.

In summary, the trilayer memory structure of Ge nano-
crystals embedded in a LAO high-k dielectric was fabricated
and characterized. High-density Ge nanocrystals with a di-

ameter of around 5 nm were fabricated by pulsed laser depo-
sition. Good performances in terms of charge storage and
data retention were observed for this trilayer memory struc-
ture. The memory capacitor with a 1-min Ge deposition has
better charge retention characteristics and a larger hysteresis
loop width than the memory capacitor with a 2-min Ge depo-
sition. The fast capacitance decay in the memory structure
may be mainly due to the lateral charge loss.
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FIG. 4. Normalized capacitance decay characteristics for samples with a 1-
and 2-min Ge nanocrystals deposition.
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