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Study of tunneling mechanism of Au nanocrystals in HfAlO matrix
as floating gate memory
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A floating gate memory structure containing HfAlO control gate, self-organized Au nanocrystals
�NCs�, and a HfAlO tunnel layer has been fabricated by pulsed-laser deposition. Owing to the
charging effects of Au NCs, a significant threshold voltage shift has been obtained and the memory
window up to 10.0 V and stored charge density up to 1�1014 /cm2 has been achieved. Fowler–
Nordheim tunneling mechanism is used to analyze the capacitance-voltage characteristics of the
trilayer memory structure, and it is found that higher density and smaller size of the Au NCs result
in a higher tunneling coefficient and a larger memory window. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2936847�

Due to strong demands for increasing information stor-
age, nonvolatile memory devices have emerged to attract a
great deal of attention and extensive research has been car-
ried out to realize the nonvolatile memory �NVM� using
metal nanocrystals �NCs�.1,2 As the quantum confined struc-
tures have potentials to fulfill the demands for small size,
low current, and enough on/off voltage gap, many metals,
such as Au, Ag, Pt, Ni, Co, etc. are currently under investi-
gation as a potential candidate as the storage node material
for NVM.2,3 Among the reported metals being studied as
storage nodes, Au is chosen because of several reasons.4,5

For instance, it is chemically more stable compared to other
metals, yet the energy perturbation is smaller.3 In addition,
the relatively large work function of Au NCs makes a deep
quantum well between the control oxide and tunnel oxide,
which is desirable as the floating gate for charge trapping. It
can also enhance the process of Fowler–Nordheim �F-N� tun-
neling which is the major mechanism for write.6,7 For erase,
even direct tunneling is more sensitive to the barrier width
than the barrier height. Using Au NCs could reduce the leak-
age current by two to four order of magnitudes.3

The motivation for integrating the Au NCs with HfAlO
is its potential for implementation in the advanced comple-
mentary metal-oxide-semiconductor technology with high-k
gate dielectrics. HfAlO is chosen as the tunnel and control
layers, owing to its good thermal stability8 and large poten-
tial for high-k gate dielectrics, and also its unique band
asymmetry in the programing and retention modes.9 In addi-
tion, the crystallized nature of HfO2 makes it difficult to
identify the Au NCs. Thus, in this letter we only report the
result with HfAlO dielectric as the tunneling and control
layers.

There has been a lot of work on the formation and elec-
trical properties of Au NCs,2,4,9 and there is also plenty of
research on the write/erase mechanisms where Au NCs are
used as floating gate memory nodes.10,11 However, there is
not much emphasis being put on comparing the experimental
results of memory characterizations with the F-N tunneling
mechanisms, and hence optimizing the formation of the

Au NCs in the trilayer floating gate memory. In fact, the
tunneling mechanism is not well addressed yet in such float-
ing gate memory system. In this letter, we investigate the
effect of tunneling probability on the charge into the Au NCs
by different biasing voltages.

In this study, HfAlO /Au NCs/HfAlO trilayer structure
on the p-type Si wafer was fabricated by pulsed-laser depo-
sition �PLD� followed by postdeposition thermal annealing.
After it was etched by HF acid, approximately 15 nm thick
HfAlO layer as a tunneling oxide was deposited by PLD at
550 °C; while the laser fluence used was 5 J /cm2. Then a
very thin layer of Au NCs was deposited, and finally about
30 nm thick HfAlO layer as control oxide was sequentially
deposited. Au NCs are formed by PLD owing to the collision
of Au atoms with Ar atoms where 6 Pa Ar gas pressure has
been used. The quenching effect and relatively low substrate
temperature results in the formation of Au NCs instead of Au
thin films. Different Au growth temperatures �300 and
550 °C� have been used. The samples were finally annealed
at 850 °C for 30 min in N2 ambient, and Pt dot electrodes
with a diameter of 200 �m were subsequently deposited.
The trilayer structure was investigated by high-resolution
transmission electron microscope �HRTEM�, and the
memory characteristics of Au NCs embedded capacitors
were characterized by capacitance-voltage �C-V� measure-
ment with HP4294A.

Figure 1�a� shows cross-sectional TEM image of the
HfAlO /Au NCs/HfAlO trilayer structure on p-Si substrate.
One can see that the Au NCs are uniformly distributed be-
tween the HfAlO control layer and the tunnel layer. The
thicknesses of the tunnel layer and the control layer are about
15 and 30 nm, respectively. The interface between the
HfAlO tunnel layer and the silicon substrate is mainly due to
the oxygen diffusion into the sample after postdeposition an-
nealing. Different condition deposited Au NCs show negli-
gible difference in the cross-sectional TEM images, so we
only show one typical TEM image here. Figures 1�b� and
1�c� are the plane-view TEM images of samples with Au
NCs deposited at 300 and 500 °C, respectively. It is apparent
that most of the Au NCs are spherical in shape and their
mean diameters are 4 and 6 nm, with the density of 4.0
�1012 and 1.6�1012 cm−2, respectively.

a�Author to whom correspondence should be addressed. Electronic mail:
apdaijy@inet.polyu.edu.hk.
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Figure 2 shows the high-frequency �1 MHz� C-V curves
measured from the trilayer structure grown at different con-
ditions. The C-V relations were obtained at room tempera-
ture with gate voltage swept from accumulation to inversion
and then reverse with an ac oscillation level of 500 mV. The
counterclockwise loops are resulted from the substrate injec-
tion of charges into the NCs.6,11 From the figure, the storage
charge density could be calculated based on the formula
given by Tiwari1 and Kim et al.12 The largest flatband volt-
age shift ��VFB� obtained is larger than 10.0 V, correspond-
ing to the stored charge density up to 1�1014 cm−2, which is
one of the largest values that have ever been reported. As the
control sample without Au NCs shows a negligible C-V
hysteresis loop, it is assumed that the influence of oxide
trap charges or mobile ions is negligible in the following
discussion.

From the C-V curves of the two samples, we found that
a relatively lower growth temperature �300 °C� of NCs re-
sults in a larger memory window. This can be interpreted that
higher temperature �550 °C� increases the surface mobility,
and the formation of larger Au NCs would be more favor-
able. As the cluster size increases, the density decreases and
therefore there may be fewer charges being stored. In addi-
tion, the C-V loops are less shifted to the negative direction
compared to the control sample, suggesting that the electrons

are injected to the Au NCs during writing, and the effect of
holes injection is minimized.

Figure 3�a� shows the F-N plots of experimental �sym-
bols� and calculated �line� currents using a barrier height
between HfAlO and Au. It can be seen the high voltage
assisted tunneling process, obtained from experimental re-
sults, fits the calculated values well and this proves that the
tunneling mechanism in this structure is mainly by F-N. Fig-
ure 3�b� shows the relation between the tunneling coefficient
and voltage �T-E�. One can see that the curves are basically
symmetrical with “positive” and “negative” electric field,
where the positive and negative represent different polariza-
tions of the electric fields. From Fig. 3�b�, it can also be seen
that the slopes for the two curves are different, suggesting
that although Au NCs are used in both structures, the values
of effective mass and energy barrier height may be different.
The reason is that as the thickness of the HfAlO varies from
sample to sample, the effective mass of the electrons are
different. Also, as the sizes and densities of the Au NCs are
different as seen from the plane-view TEM images, the value
of energy barrier height varies as well due to the size-related
quantum confinement and Coulomb blockade effects.

Since there has been plenty of discussions about how to
obtain the F-N tunneling equation,13,14 the derivation of the
F-N tunneling equation is only briefly introduced here. In
order to find the tunneling probability by an easier approach,
only the barrier height measured between the Fermi surface
and the conduction band of the dielectric is considered; while
the misalignment of the dielectric due to the metal electrodes
is excluded �refer to Fig. 4�.15 It is assumed that the floating
gate layer can provide enough available states so that elec-
trons can tunnel in or out of the dielectric completely. From
time independent Schrödinger equation and Wentzel–
Kramers–Brillouin approximation,13 tunneling probability
can be obtained as

FIG. 1. �a� Cross-sectional HRTEM image analysis of trilayer nonvolatile
memory structure with Au NCs embedded in the HfAlO and plane-view
TEM images of samples with Au NC fabricated at �b� 300° C and �c�
550° C.

FIG. 2. �Color online� C-V hysteresis of the trilayer nonvolatile memory
structure under +12 gate voltage operation with Au NCs embedded in the
HfAlO fabricated at 300 and 550° C, and control sample.

FIG. 3. �Color online� �a� Tunneling coefficients against applied voltage
during erase �negative applied voltage� and write �positive applied voltage�
of the trilayer memory structure with Au NCs embedded in the HfAlO
fabricated at 300 and 550° C. �b� F-N plots of experimental �symbols� and
calculated �line� currents using a barrier height between HfAlO and Au.
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where �B is the barrier height measured from the Fermi sur-
face in the metal to the conduction band of the dielectric
�refer to Fig. 4�; while in the electric field E=�B /L= �Vapp

−Vfb� / tox, Vapp and Vfb are the applied voltage and flatband
voltage shift, respectively.

From this equation, it is apparent that the tunneling co-
efficient exponentially depends on the electric field with a
relation of E=b / ln T, where b is a constant which is a func-
tion of �B. This equation implicitly tells that the tunneling
coefficient depends on the electron effective mass �m*�, the
geometrical property �tox� of dielectric layer, and the intrinsic
property of the metal NCs ��B�. Though the tunneling coef-
ficient seems to be independent of the geometrical property
of the Au NCs, in which the geometrical properties are usu-
ally governed by the growth condition, the change in size
and density of the Au NCs may lead to the change of �B due
to the quantum confinement and Coulomb blockade effects.

In order to investigate the retention characteristic of this
memory floating gate structure, the memory capacitors were
first charged for 20 s at a bias voltage of 10 V. Then, the
capacitance decay measurements were carried out at flat
band bias voltages of zero and 3 V, respectively, for the
samples with Au NCs deposited at 300 and 550 °C. The
normalized capacitance-time �C-t� curves are shown in
Fig. 5. One can see that after 104 s of stress, the decayed
capacitance for the memory capacitor with Au NCs depos-
ited at 500 °C is only 10%, suggesting very good charge
retention characteristic. However, for the sample with Au
NCs fabricated at 300 °C, the drop in capacitance after 104 s
of stress is about 25%. We believe that the possible reasons
for this difference in retention are due to the lateral channel
leakage mechanism, proposed by Kim et al.12 and the
Coulomb repulsion in NCs, proposed by Winkler et al.16

From the plane-view TEM images, we can see that the mean
distance in the NCs deposited in 300 °C are shorter, leading
to relatively larger leakage from lateral channel formed by
Au NCs. In addition, the smaller Au NC size in this sample

results in relatively stronger quantum confinement and Cou-
lomb blockade effects, also leading to poor retention. The
C-V and T-E results suggest that, generally, a larger C-V
loop of the sample corresponds to a larger tunneling prob-
ability but maybe a poorer retention of the memory effect.
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