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Abstract We have grown Ge nanocrystals (NCs)
(4.0-9.0 nm in diameter) embedded in high-k HfO,
matrix for applications in floating gate memory
devices. X-ray photoelectron spectroscopy has been
used to probe the local chemical bonding of Ge NCs.
The analysis of Ge—Ge phonon vibration using Raman
spectroscopy has shown the formation of compres-
sively stressed Ge NCs in HfO, matrix. Frequency
dependent electrical properties of HfO,/Ge-NCs in
HfO,/HfO, sandwich structures have been studied. An
anticlockwise hysteresis in the capacitance—voltage
characteristics suggests electron injection and trapping
in embedded Ge NCs. The role of interface states and
deep traps in the devices has been thoroughly exam-
ined and has been shown to be negligible on the overall
device performance.
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Introduction

Nanocrystal floating gate devices are attractive due to
their potential applications in next generation inte-
grated flash memories. In these devices, metal or
semiconductor nanocrystals (NCs) are embedded as
charge-storage nodes in an oxide layer between the
control gate and the tunneling layer to replace the
continuous floating gate layers in conventional flash
memories (Hanafi et al. 1996; Hori et al. 1992). The use
of NCs as floating gates offers smaller operating
voltages, better endurance characteristics and faster
write/erase speeds as compared to conventional flash
memories (Hanafietal. 1996; Kim et al. 2003a; Blauwe
2002). Semiconductors as well as metals such as Si,
Ge, SiGe, Ni, Au and Ag have been considered as
promising candidates for the charge storage nodes in
nanocrystal floating gate devices (Hanafi et al. 1996;
Hori et al. 1992; Kim et al. 2003a; Blauwe 2002; Choi
et al. 2002; Das et al. 2004; Park et al. 2006; Tan et al.
2005; Wang et al. 2007). Due to the smaller band-gap,
superior carrier mobilities and higher excitonic Bohr
radius compared to Si, Ge NCs are considered to be
ideal nodes for use in complementary metal-oxide-
semiconductor compatible memory circuits. They can
be embedded in a high-k dielectric, which acts as the
control oxide of a memory device with enhanced gate
coupling to the tunneling oxide, resulting in an
enhancement of memory window at a lower program-
ming voltage (Compagnoni et al. 2003). Ge NCs
embedded in Hf-based dielectrics, one of the most
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attractive and promising high-k dielectrics, have been
studied only recently (Chen et al. 2005; Zhang et al.
2006; Das et al. 2007b). Being physically much thicker
than SiO,, the leakage current of HfO, is several orders
of magnitude smaller than SiO, for the same equivalent
oxide thickness (EOT) (Lee et al. 2000), resulting in
superior data retention behavior. On the other hand,
HfO, can provide a larger tunneling current than SiO,
during program operation, due to the lower electron
barrier height of HfO, (1.2 eV) (Zhu et al. 2002) as
compared to SiO, (3.1 eV).

Capacitance—voltage (C—V) measurement of mem-
ory capacitors has been an attractive method for
obtaining device characteristics due to the ease of
experimental setup and data analysis. However the
conductance—voltage (G—V) characteristics of metal—
oxide—semiconductor (MOS) capacitor is known to
provide information directly related to the energy
loss, in response to the applied ac signal, during the
capture and emission of carriers by interface traps.
Recently, a few groups (Huang et al. 2003; Ng et al.
2006) have reported energy loss by NCs during
G-V measurements of memory capacitor. In this
article, we present a detailed investigation of the
charging, discharging and charge-retention behaviors
in a trilayer HfO,/Ge-NCs-embedded HfO,/HfO,
sandwiched memory capacitor using C-V and
G-V measurements. The stress developed within the
Ge NCs during solidification has been estimated by
Raman spectroscopy.

Experiment

The memory structures used in this study was MOS
capacitors with a dielectric stack consisting of Ge
NCs sandwiched between tunneling and capping
layers of HfO,. P-type (100) Si substrate with
resistivity 7-14 ( cm was initially cleaned by Piranha
process followed by dipping in dilute HF for 1 min to
remove the native oxide from the surface. First, a thin
tunneling layer of HfO, (~4 nm) was deposited on
Si by rf magnetron sputtering technique from a 3 inch
diameter HfO, (99.999% pure) target at 50 W rf
power for 8 min in Ar + O, ambient. The interme-
diate layer was then deposited by co-sputtering of
HfO, and Ge for 30 min under the same condition
followed by the deposition of a final cap layer for
40 min. The trilayer structure was then subjected to
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thermal annealing in nitrogen ambient at 800 and
900 °C for 30 min.

High-resolution transmission electron microscopy
(HRTEM) was carried out using a JEM 2100F (JEOL)
field emission system with an operating voltage of
200 kV to study the micro-structural properties of Ge
NCs in the trilayer structure. X-ray photoelectron
spectroscopy (XPS) was used to probe the chemical
bonding of the deposited films. XPS data was acquired
using a SCIENTA ESCA 300 photoelectron (Al Ko
radiation) spectrometer with an energy resolution of
0.4 eV using a pass energy of 150 eV and slit width
0.8 mm. Lower energy electrons (<3 eV) were sup-
plied from a flood gun to prevent the charging. Raman
spectra of the sample was obtained with a Renishaw
Raman microscope equipped with a He—Ne laser
excitation source emitting at a wavelength of
632.8 nm and a Peltier cooled (—70 °C) charge-
coupled device (CCD) camera. The holographic
grating (1,800 grooves/mm) and the slit provided a
spectral resolution of 1 cm™". The electrical properties
of the trilayer structure were carried out using fabri-
cated Al-gate (area: 1.96 x 107> cm?) MOS capacitor
with programmable Keithley-590 C-V analyzer,
Keithley-485 pico-ammeter and Advantest-R6144 con-
stant dc voltage source. The C—V measurement of MOS
capacitor at different frequencies was performed using
a HP 4294A LCR meter.

Results and discussion
Microstructural studies

The microstructural property of Ge nanocrystal
floating gate memory device was studied using
cross-sectional HRTEM. Figure la shows a cross-
sectional micrograph of sample annealed at 800 °C
for 30 min in N, atmosphere. The dark patches are
Ge NCs of 4-6 nm diameters in the HfO, matrix. The
NCs are almost spherical and are well dispersed in
the HfO, matrix. Figure 1a also suggests clustering of
neighboring NCs in annealed sample. Figure 1b
shows the TEM micrograph of a sample after
annealed at 900 °C for 30 min. It shows Ge NCs
with diameters 6-9 nm. Inset of Fig. 1b shows one
such NC with clear lattice fringe. Note that there are
few bigger clusters in Fig. 1b. Since the change in
Gibbs free energy (AG) of the formation of GeO,
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Fig. 1 Cross-sectional
TEM micrograph of Ge
NCs embedded in HfO, for
a 800 °C and b 900 °C
annealed sample

Ge-NC

(—111.8 kcal/mol) is smaller than that of HfO,
(—=260.1 kcal/mol), AG is negative in solid reaction
of GeO, + Hf — HfO, + Ge. Hence, the mixture of
HfO, and Ge has the lower Gibbs free energy in the
co-sputtered film, resulting in the oxidation of Hf and
agglomeration of Ge atoms into NCs in HfO, matrix.

The crystallization of all the films was investigated
by X-ray diffraction (XRD) under grazing incidence.
Figure 2 shows the XRD pattern of as deposited and
annealed samples. The as-deposited sample has a
broad scattering peak indicating its amorphous
nature. Three peaks in both the annealed samples
marked as (111), (220) and (311) in Fig. 2 correspond
to the Bragg reflection of randomly oriented crystal-
lites of Ge FCC structure. The broadening of the
Bragg peak depends upon the crystallite size, strain
and instrumentation broadening. The strain for the
two annealed samples being different, it is very
difficult to estimate the average crystallite size from
only two data points, although instrumentation
broadening can be deconvoluted. For annealed sam-
ples, germanium suboxides phases were present along
with Ge cubic phase. We have not found any XRD
peak related to HfO, phase.

Chemical bonding of Ge nanocrystals

Figure 3 shows a typical Ge 3d X-ray photoelectron
spectrum of the 900 °C annealed trilayer structure
after 23 nm of sputter etching of the film. Five
oxidation states, Ge"" (n = 0—4) responsible for the
Ge 3d XPS peak could exist in Ge-embedded
oxides. Ge 3d XPS peaks from elemental Ge (Geo)
and GeO, are usually observed at ~29 and
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Fig. 2 X-ray diffraction pattern of as deposited and annealed
samples

~32.2 eV, respectively. The shift of the Ge 3d
peak (with respect to Ge®) has been attributed to the
formation of Ge—O, Ge-Hf-O and Ge-Hf bonds, as
shown in the study of the Ge sub-oxides (Pourtois
et al. 2008; Renault et al. 2007) and Ge/HfO,
interface (Molle et al. 2006). The background of
XPS spectrum in Figure 3 has been removed using a
linear subtraction method and fitted by three
Gaussian peaks at energy positions in agreement
with the literature (Renault et al. 2007). The first
one is assigned to the metallic Ge (Ge®) around the
binding energy 28.8 eV, and other two are oxide
components of Ge. The peak shifted by 1.6 eV with
respect to Ge® is related to Ge atoms in a 2+
oxidation state (GeO) and the other is assigned to
Ge atoms in a GeO,-like environment with 3.4 eV
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Fig. 3 Ge 3d XPS spectrum of 900 °C annealed sample after
23 nm of sputter etching

chemical shift. The chemical shifts found for both
GeO and GeO, oxide states are consistent with an
oxygen-induced core-level shift per Ge—O bond of
0.8 eV, in agreement with the previously reported
value (Schmeisser et al. 1986). Ge™ and Ge>" states
are not observed most probably due to instability of
the sub-oxide phases, favoring the formation of
Ge*™ and Ge®" states. A relatively high proportion
of GeO, and GeO in our samples agree with those
reported in SiO,-embedded Ge (Das et al. 2007a).
The result shows that germanium sub-oxides are
formed at the interface between Ge NCs and HfO,
matrix in co-sputtered intermediate layer.

Raman spectroscopy

Quantitative structural analysis can be achieved by
Raman spectroscopy. Figure 4a shows the Raman
spectra of HfO,-embedded Ge NCs in the as-grown
state and after post growth thermal annealing at 800
and 900 °C for 30 min in N, atmosphere. Raman
spectra of NCs are characterized by size-dependent
phonon confinement effects which, for the case of Si
and Ge, are manifested by asymmetric line broadening
and red shift of the peak due to breakdown of the k = 0
selection rule for Stokes scattering. The scattering
peak at around 300 cm ™' is attributed to the crystalline
Ge—-Ge phonon vibration mode, indicating the forma-
tion of Ge NCs. The spectrum exhibits the expected
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asymmetric broadening in the lower wave number due
to phonon confinement. However, the blue shift of the
peak position with respect to that of the bulk reference
spectrum is in disagreement with the prediction of
phonon confinement theory. A similar blue shift of
Raman spectra of silica-embedded (Sharp et al. 2005;
Wellner et al. 2003) and sapphire-embedded (Sharp
et al. 2006) Ge NCs has been reported, and is attributed
to matrix-induced compressive stress on embedded
NCs. The stress could arise due to the volumetric
expansion of Ge during solidification (Wellner et al.
2003), fast growth rate experienced by NCs as a result
of enhanced diffusivity (Choi et al. 2006) and from the
interface energy. The hydrostatic pressure P in the
NCs can be estimated as (Cerdeira et al. 1972)

_ ((Ustressed - wrelaxed) (1)
SVwo(Sll + 2512) ’

where Wgresseds Prelaxed aNd g are the Raman shifts
of stressed NCs embedded in HfO,, relaxed NCs and
pure bulk Ge, respectively; y = 0.89 (Choi et al.
2006) is the mode-Griineisen parameter, and S;; and
S, are components of the elastic compliance tensor
with S;; + 2S5, = 0.44 x 107'% dyne™' cm? (Choi
et al. 2006). Since no suitable selective etchant for
HfO, is available, the relaxed line position has been
calculated using the phonon confinement model
developed by Richter et al. (Richter et al. 1981).
According to this model, the first order Raman
spectrum of a NC can be described as a weighted
contribution of phonon Lorentzians:

C(0,9))°

o)« | O, )
[0 — ()] +(3)

where ¢ is the wave vector, w(g) is the phonon

dispersion curve, I'y is the natural line width of the

corresponding bulk material and C(g) is the Fourier
coefficient of the weighting function described as

1672

c0.0 = exp(£5,). o)

where L is the NC diameter. An expression for the
average phonon dispersion of Ge within the Brill-
ouin zone, m(q), was calculated by Wellner et al.
(2003), using the Brout sum method and neutron
scattering data of Nilsson and Nelin, as (Wellner
et al. 2003)
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where g, = (a/2m)q is the reduced wave vector, a is
the lattice parameter of bulk Ge, and wy is the bulk
zone center optical phonon frequency for isotopically
enriched bulk *Ge. Figure 4b shows the experimen-
tal Raman spectrum of 900 °C annealed sample along
with a simulated spectrum (solid line) calculated
according to Eq. 2 with Fourier coefficients and
phonon dispersion curve given by Egs. 3 and 4, by
taking 7 nm as the NCs average diameter. Calculated
Raman peak for relaxed Ge (simulated curve) is
found to be 296.3 cm™' in comparison to the
experimental value for embedded Ge of 304.6 cm™'
(circular symbol). The hydrostatic pressure P calcu-
lated using the above values from Eq. 1 is found to be
about 2.4 GPa. From the Fig. 4a, it was also observed
that the intensity of Ge—Ge phonon peak increases
after post growth annealing. Although no stress
relaxation is observed after either post growth
annealing, which is generally observed for silica-
embedded Ge NCs (Sharp et al. 2005). Same type of
results also observed by Sharp et al. (2006) in
sapphire-embedded Ge NCs. It is very important to
understand stress development in high-k dielectric-
embedded germanium nanocrystals as they have
potential for memory device.

Charge injection and trapping in Ge nanocrystals

Ge nanocrystal trilayer capacitors have been utilized
to capture the injected carriers from the channel,
which cause a variation in the threshold voltage of the
memory device. A relatively thicker blocking oxide is
useful to prevent the carriers from gate electrode

injecting into the charge trapping layer by Fowler—
Nordheim tunneling. The schematic energy band
diagram of the trilayer structure at flatband condition
and under the 4ve/—ve gate bias is shown in Fig. 5.
The numerical values of band-gap and band offset are
taken from the literature (Zhu et al. 2002; Chen et al.
2008). Under the +ve gate bias, electron current from
the Si conduction band is enhanced using high-k
HfO, as a blocking oxide. While in the —ve gate bias,
the hole injection from the Si valance band can be
enhanced and the electron current from the gate
electrode can be suppressed using high-k HfO, as a
blocking oxide. To get a high program/erase speed,
the difference between electron and hole current
should be higher. It is important to note that the back
tunneling current can be suppressed using a large
barrier height and high permittivity blocking oxide.
Therefore, the high-k HfO, layer not only improves
the charge trapping properties but also can improve
the program/erase speed to facilitate device scaling.

Figure 6 shows the high frequency (100 kHz)
C-V curves for 900 and 800 °C annealed sample
for a sweep voltage of £5.0 V. An anti-clockwise
hysteresis characteristic is observed for both the
sample indicating net electron trapping in the Ge
NCs-embedded sandwich structure. A small flat-band
voltage shift of 0.12 V is observed for the control
sample without Ge NCs. However, a large memory
window of 3.4 and 2.1 V are observed for 900 and
800 °C annealed sample, respectively, for a voltage
sweep of £5.0 V. Thus the effect of mobile ions on
the charge trapping can be neglected. This suggests
that the origin of C-V hysteresis can be attributed to
injected charges mainly in NCs or at the interfaces
between the NCs and the surrounding oxides, rather
than the traps in HfO,. A maximum flat band voltage

Fig. 4 a Raman spectra of
the trilayer structure in the
as-grown and annealed
state. b Raman spectra of
Ge NCs embedded in HfO,
for 900 °C annealed sample
(open circle), and solid line
is the phonon confinement
simulation for the case of
fully relaxed NCs
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Fig. 5 Schematic energy band diagrams of p-Si/HfO,/Ge-NC/
HfO,/Al memory structure at a flatband condition, and under
b +ve and ¢ —ve gate voltage
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Fig. 6 High-frequency C-V characteristics of MOS capacitor
with Ge nanocrystals in high-k HfO, matrix for 800 and
900 °C annealed sample

shift of 3.4 and 2.1 V obtained for NC-MOS devices
give rise to a stored charge density Ncharge Of
7.9 x 10" and 4.8 x 10" cm ™, respectively, using
(Hori et al. 1992)

AVFB
Ncharge - @7 (5)
0 \éco = éNC

where AVgg is the flatband voltage shift, g is the
magnitude of the electronic charge, tco and &co are
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the thickness and relative permittivity of the control
oxide, respectively, fyc and exc are the diameter and
relative permittivity of the NC, respectively and ¢ is
the permittivity of the free space.

Although C-V measurement has been widely
studied to obtain device characteristics due to the
ease of experimental setup and data analysis, the
G-V measurement is a relatively sensitive method
and can provide further insights into the electrical
operation of the devices (Sharp et al. 2005). Recently,
Huang et al. (2003) and Ng et al. (2006) have
reported energy loss by NCs during G-V measure-
ments. Figure 7a and b shows the C-V and
G-V characteristics of the trilayer MOS capacitor
(900 °C annealed sample) for different sweep volt-
ages. G-V curves show large conductance peak (Gp)
shift and a large magnitude during the forward and
reverse sweeping. This is explained by the larger gate
capacitive coupling factor resulting from the higher
dielectric constant HfO, cap layer. Since a higher
electric field is channeled to the NCs from the applied
gate bias, this results in more NCs being active in the
conduction process (Ng et al. 2006). Conductance
peak magnitude is also slightly larger for the reverse
sweep as compared to that for the forward sweep.
This could possibly be explained by the slightly
larger electric field across the gate structure during
the reverse sweep. From the C-V plot in Fig. 7a, the
flatband voltage Vgg is determined for each sweep
range and compared with the gate voltage value
(Vpear), where the conductance peak occurs in the
G-V plot in Fig. 7b. As observed in Fig. 8, Vgp tracks
Vpeak Closely, that is the conductance peak occurs
close to flatband voltage and in the depletion bias
regime. This is because at depletion, the minority
carrier density at the silicon tunnel dielectric interface
is reduced. As a result, carrier capture rates slow
down and Ge NCs cannot keep pace with the AC gate
voltage, resulting in an energy loss. Hence, the
energy loss is highest, when the conductance between
the gate and silicon substrate peaks at a gate bias
close to Vgg.

For a better understanding of the trapping charac-
teristics, the frequency dependent C—V behavior has
also been investigated for 900 °C annealed sample.
Almost similar anti-clockwise C-V hysteresis in the
frequency range 10 kHz to 10 MHz was observed in
Fig. 9, which suggests that the hysteresis arises from
the same origin. Moreover, there is no stretch-out in
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Fig. 8 Plot of the gate voltage corresponding to the conduc-
tance peak (Vpear) and flatband voltage (Veg) from (C-V plot)
versus the gate sweep voltage

the C-V characteristics along the gate voltage axis for
the entire experimental frequency range at room
temperature. This is consistent with the fact that the
hysteresis is not due to interface traps, as they
generally give rise to frequency dependent C-V char-
acteristics (Nicollian and Brews 1982). The observed
frequency dispersion at higher frequencies in the
accumulation region agrees well with the character-
istics of HfO, based MOS capacitors. It is noted that
these C-V curve have slightly different shape (e.g.
slightly stretched) compared to those in Fig. 7a. This
may be due to instrument variation, as we have
performed frequency dependent C-V using a HP
4294A LCR meter and C-V for different sweep
voltage by Keithley-590 C-V analyzer.

In order to investigate the discharging mechanism
of charges in Ge NCs, capacitance versus time
(C-t) measurement has been recorded and the result

Fig. 9 Frequency dependent C-V characteristics at room
temperature for 900 °C annealed sample

is presented in Fig. 10. Ge NCs-embedded MOS
capacitor was initially charged for 5 s at a bias of
-5V, followed by C—t measurements by changing
the gate voltage to the flat-band value. The discharg-
ing process is found to be logarithmic with time. The
C—t curve consists of two regimes: the first is the
initial fast decay, which may be due to the lateral
charge loss (Winkler et al. 2002) and the Coulomb
repulsion between electrons confined in NCs (Kim
et al. 2003b). The slow decay in the second region is
attributed to the leakage via tunneling barrier (Kim
et al. 2003b). After 3.5 x 10° s, the capacitance
decay is about 21 and 12% for 800 and 900 °C
annealed sample, respectively. It has been seen that
for higher temperature annealed sample, the initial
fast decay is suppressed due to the complete isolation
of Ge NCs (Kim et al. 2003b). To study the device
stability, we have measured the endurance character-
istics in Fig. 11 with +£5V sweep voltage. We
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Fig. 10 Charge retention characteristics of the trilayer mem-
ory devices annealed at different temperature
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Fig. 11 Endurance characteristics of the memory devices for
both 800 and 900 °C annealed samples

observed a slight decrease in the hysteresis after 10°
cycles.

Conclusions

We have fabricated a trilayer HfO,/Ge-NCs-embed-
ded HfO,/HfO, sandwiched memory structure using
rf magnetron sputtering. The formation of spherically
shaped NCs of 4.0-9.0 nm diameter has been
observed using TEM microscopy. The probing of
Ge 3d binding energy in XPS spectrum has indicated
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the presence of Ge NCs along with different oxida-
tion states of Ge. The observed Ge phonon peak
position in Raman spectra is influenced by the
compressive stress and phonon confinement. The
calculated stress of about 2.4 GPa originates from a
liquid-solid phase transition of Ge during cooling.
Sensitive electrical measurements of C-V and
G-V have been utilized to investigate charging and
discharging characteristics in Ge NCs. The observed
shift in flatband voltage for C-V and conductance
peak in G-V curves has been attributed to electron
trapping in Ge NCs. Experimental data have shown
that neither an interface defect nor a deep defect is
dominant for the corresponding charging and dis-
charging process. An improved memory retention
time is observed in Ge NCs annealed under an
optimum condition.
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