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Conventional Flash memories have the

scaling limitations. The most prominent one
today is the limited potential for continued
scaling of the device structure. This scaling
limitation from the isolation layers thickness, in
particular the tunnel oxide layer. The aggressive
scaling of gate dielectric is incompatible with the
need to preserve minimum dielectric thickness in
flash devices to maintain oxide reliability. On
the other hand, the tunnel oxide needs to provide
superior isolation under retention in order to
maintain the data information over periods of up
ten years. However, flash memory cells designed
for ten years data retention requiring the use of
thick tunnel oxide that compromise both its write
and erase speed. One weak spot in the tunnel
oxide is sufficient to create a fatal discharge path,
compromising long-term nonvolatility.
Nonvolatile memory devices using nanocrystals
(NCs) as a floating gate (FG) have received
considerable attention because of its excellent
memory performance and high scalability. As

compared to conventionally stacked-gate NVM

devices, in a nanocrystal NVM device charge is
not stored on a continuous FG poly-Si layer, but
instead on a layer of discrete, mutually isolated,
crystalline nanocrystals or‘dots’to reduce the
encountered in

problems of charge loss

conventional flash memories, allowing for

thinner injection tunneling oxides without

sacrificing nonvolatility and, hence, smaller
operating voltages, better endurance, and faster
write/erase speeds because stored charges can be
less sensitive to local oxide defects and the
spacing between the dots suppresses the charge
loss through lateral path.

In this

nano-crystals (Ge NCs) as a floating gate in

work, we use germanium
silicon dioxide (SiO;) matrix, and then form a
MOS capacitor with a tri-layer structure. At First,
we present a study on the CVD growth of Ge
NCs on SiO2. The Ge NCs are grown by a
two-step process. First, Si nuclei are deposited
on Si02 surface. Then, Ge is selectively grown
on the Si nuclei. We also use a PVD method to
synthesize Ge NCs embedded in SiO2 matrix.
The Ge NCs are formed by furnace annealing of
an E-gun evaporated ultra-thin Ge layer at 900°C
for 300 s in a dry N, ambient. From SEM and
HRTEM measurements, we ensure that Ge NCs
exactly are embedded in SiO, matrix and the
lattice fringes are pronounced. For Ge NCs
grown by UHV/CVD
retention characteristics of the devices followed

system, the charge
by PDA treatment is improved. For Ge NCs
formed by furnace annealing

the better

of E-gun

evaporated Ge layer, retention
characteristic is improved by furnace annealing
in a dry O, ambient.

We also propose a single trap model based

on SRH theory by introducing another charge



loss time constant in this model. In our work, we
utilize our trap model to compare the charge
retention characteristics between the devices
with/without PMA treatment. We suggest the
defects or surface states around Ge NCs are
annealed out with PMA treatment, resulting in
smaller amount of communication of charges
between NCs/traps and caused by the reduction
of conductive paths. The recover of these defects
are belong to the shallow traps. During PMA
treatment, the shallow traps in the oxide are
annealed out, resulting in reduction of trap
capacitance and trap conductance but the charge
retention is not obviously improved due to the
charges storing in the deeper traps or deeper

potential well.
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Conventional Flash memories have the
scaling limitations. The most prominent one
today is the limited potential for continued
scaling of the device structure. This scaling
limitation from the isolation layers thickness, in
particular the tunnel oxide layer. The aggressive
scaling of gate dielectric is incompatible with the
need to preserve minimum dielectric thickness in
flash devices to maintain oxide reliability. On
the other hand, the tunnel oxide needs to provide
superior isolation under retention in order to
maintain the data information over periods of up
ten years. However, flash memory cells designed
for ten years data retention requiring the use of
thick tunnel oxide that compromise both its write
and erase speed. Nonvolatile memory devices
using nanocrystals (NCs) as a floating gate (FQG)
have received considerable attention because of
its excellent memory performance and high

scalability. As compared to conventionally

stacked-gate NVM devices, in a nanocrystal
NVM device charge is not stored on a
continuous FG poly-Si layer, but instead on a
layer of discrete, mutually isolated, crystalline
nanocrystals or ‘dots’ to reduce the problems
of charge loss encountered in conventional flash

memories, allowing for thinner injection

tunneling oxides without sacrificing

nonvolatility and, hence, smaller operating
voltages, better endurance, and faster write/erase
speeds because stored charges can be less
sensitive to local oxide defects and the spacing
between the dots suppresses the charge loss

through lateral path.
Compared to Si, Ge has a narrower band

gap to provide superior retention time, and has
high thermal condensation ability during high
temperature process. Otherwise, the formation of
Ge nanocrystals is compatible to the typical
CMOS process. Y.-C. King et al. proposed a
technique of Ge NCs formation in gate dielectric
of a MOSFET through a sequence of thermal
oxidation of Si;Gey at various temperature
followed by high-temperature annealing [1].
Besides, the Ge NCs are usually formed by
various other methods, such as a rapid thermal
annealing (RTA) of co-sputtering Ge +SiO, layer
[2], Ge implantation into SiO, films [3], H;
Ge-oxide [4],

ultra-thin electron-beam evaporated Ge layer

reduction of Si;.GeO, or

embedded in SiO; [5]. Thus co-sputtering allows
one to vary the Ge content in a vary broad range.
Ion implantation allows incorporating more Ge
species into the Si0,, but makes some damage in
Si0; matrix. For previous fabrication methods, it
is difficult to control the thickness of the
tunneling and control oxide layer, as well as the
density and size of the Ge NCs. Recently, Ge



NCs or SiGe dots on SiO; or a high - £ dielectric
have been performed by chemical
deposition [6][7].
schematic of various fabrication methods of Ge

vapor
Figure 1-1-4 shows the
nanocrystals embedded in the SiO; matrix in the
literatures.

In our work, the key process is the
formation of Ge nanocrystals embedded in SiO,
matrix. The difficulty of the NCs formation is
the size control and density. We use the two
methods include chemical vapor deposition and
physical vapor deposition to form Ge NCs. For
CVD methods, we use a two-step process with
ultrahigh vacuum chemical vapor deposition
system. In addition, we use electron-gun thermal
evaporator to evaporate ultrathin amorphous Ge
film on thermal oxide and then cap with SiO,
film on Ge film to form tri-layer structure
followed by thermal annealing treatment. Then,
we form the MOS capacitor to be nonvolatile
memory structure. The electrical performance of
charge storage and retention characteristics will
be discussed. Finally, we analyze the
experimental results using a trap model to study
the charge exchange from communication
between Ge NCs and Si substrate and charge
loss mechanism in the evaporated Ge NCs based
nonvolatile memory capacitor for comparison
between the devices with/without PMA
treatment.

In the past literatures, the formation of Ge
nanocrystals is extensively investigated in
different methods consist of Ge ion implantation
into Si0, matrix, oxidation of poly SixGe; film
on Si substrate or thin SiO, layer, and
co-sputtering of Ge + SiO, followed by thermal
treatment, etc. For previous fabrication methods,

it is difficult to control the thickness of the

tunneling and control oxide layer, as well as the
density and size of the Ge NCs. In our work, we
propose a two step process using a commercial
ultra-high vacuum / chemical vapor deposition
(UHV/CVD) system. This two-step process has
been proposed using LPCVD (low temperature
chemical vapor deposition) by T. Baron et al. in
2003 [8]. The UHV/CVD
demonstrated by Meyerson in 1986 [9]. The

system consists of a growth chamber, a loading

system  was

chamber, and a computer-control gas source
switching box. The reaction chamber utilizes a
hot-wall isothermal furnace with a quartz tube of
The furnace is a
with a flat

6 inches in diameter.

conventional 3-zone furnace
temperature zone. The bass pressure in the
growth chamber is about 2 x107™ Torr.

On the other hand,compared to the various
methods of Ge NCs formation in the literatures,
another physical vapor deposition (PVD) method,
i.e. electron-gun (E-gun) thermal evaporator
system to form Ge NCs is also used in our work
differently from the chemical vapor deposition
(CVD), i.e. UHV/CVD. This high vacuum e-gun
evaporation system consists of an e-beam gun
with a four-crucible hearth. It can evaporate four
different materials without breaking the vacuum.
A crystal monitor will monitor the film
deposition ratio and thickness. The vacuum
system is configured with a roughing pump and
a cryopump. The typical base pressure is 2x10-7
Torr. E-beam evaporator can deposit refractory
metals such as W, Ta and Mo. Inside the high
vacuum chamber a high-energy e-beam is
focused onto the surface of source materials. The
kinetic energy of electrons is transformed to heat
via the impact. The overall energy released can

be as high as several million watts per square



inch. Therefore the heat can melt any refractory
materials. The hearth which holds the evaporate
materials is water-cooled to keep from
overheating and melting.

In our work, one of the advantages that we
use E-gun evaporator to form Ge NCs is not
expensive compared to UHV/CVD system and
easily try different size of Ge NCs from various
thicknesses of the evaporated amorphous Ge
films. The fabrication process of Ge NCs using
the E-gun system is as follows: Firstly, a rapid
thermal oxide (RTO) layer with a thickness of 3
nm is grown on a p-type Si substrate followed by
RCA clean. Next, the sample and the crucible
with pure Ge granules (99.999%) are loaded in
the chamber in the E-gun evaporator system.
When the pressure of the chamber is lower than
1E-4 Pa, the vacuum for evaporation is ready.
Because the melting point of Ge is around
~938°C, we increase the current to make the Ge
granules melting. Then, an amorphous Ge (a-Ge)
layer is deposited on the RTO layer by E-gun
evaporation. Ge is evaporated at a rate of about
0.1 Asec”'. The z-ratio of Ge is 0.516 and the
density is 5.4 g/em’. After the a-Ge layer
deposition, we evaporate titanium (Ti) ~1000 A
to coverage the a-Ge near the crucible in order to
prevent the Ge evaporating to contaminate the
non-Si based sample in the next evaporation due
to the thermal radiation. Finally, a SiO, layer
(~40 nm) is capped on the a-Ge layer by the
PECVD system as the control oxide. The
three-layer structure (tunnel SiO,/RTO/ a-Ge
layer/Capping Si0O;) is then heated by furnace
annealing treatment in a dry N, ambient at 900°C
for 300 seconds. This thermal treatment is called
“PDA.” The PDA treatment is in order to form
well-separated Ge NCs.

Ny EE A%

In our work for Ge NCs fabrication using
the UHV/CVD system and E-gun evaporator, we
observer these device structure characteristics
under various growth conditions, such as the
growth  temperature and  durations  for
UHV/CVD system and the thickness of the
followed by PDA
treatment for E-gun evaporation. These results

evaporated a-Ge films

about the dot size and density obtained from the
SEM and HRTEM images.

It is shown the Ge NCs deposited by
UHV/CVD system do not penetrate through the
tunnel oxide after the PDA treatment at high
temperature. Figure 1 shows the SEM images
taken from the Ge NCs formation deposited by
UHV/CVD. A

investigated in such conditions shown as caption

series of experiments are
of Fig. 1. The size of the Ge NCs is clearly larger
as the growth duration increased (shown as
Figure 1). We adjust the growth temperature and
duration to obtain the maximum dot density to
be 1.8 x 10" cm™. Compare to Figure 1 (c) and
(d), we observe the size of Ge NCs grown at
600°C is almost larger than that at 550°C due to
the faster

growth

rate at higher growth
temperature.

Fig. 1.  SEM images of Ge NCs layer grown on SiO, with different



groth time/ temperature: (wa) 90 min/ 600°C, (b) 150 min/ 600°C, (c)
120 min/ 550°C, (d) 180 min/ 550°C

Figure 1 shows the scanning electron
microscope (SEM) images taken from the Ge
NCs formation after Fig. 1(c). A series of
experiments are investigated in such conditions
shown as Table 1. The size of the Ge NCs is
clearly larger as the growth duration increased
(shown as Table I). We adjust the growth
to obtain the

maximum dot density to be 1.8 x 10" cm™.

temperature and duration
Compare to Fig. 2(b) and 2(d), we observe the
size of Ge NCs is almost the same due to the
faster growth rate at higher growth temperature.
Fig. 3 shows the cross-sectional HRTEM image
of the 120-min Ge NCs embedded in MOS
capacitor for the as-deposited, 600°C, 800°C,
and 950°C annealing samples. A high resolution
image of one typical Ge NC is inserted for
revealing the geometrical characteristics. It is
clearly shown the as-deposited Ge NCs has
been well-crystallized. Besides, we find the
NCs  was

small

shape of the bigger Ge

hemisphere-like due to the some
spherical Ge NCs combine to form bigger
NCs. As

temperature increases, some of the Ge NCs

hemi-spherical Ge annealing
aggress to each other, resulting in the formation
of the bigger Ge NCs but we observe the Ge
NCs do not diffuse somewhere seriously to be
pushed down to the SiO,/Si interface. During
the 950°C annealing condition over its melting
point, the Ge transfers from the liquid state to
the solid state to rebuild the Ge NCs structure
during quenching of the samples. However, the
mean size and the density of the Ge NCs are

not enough small and high, respectively. We

suggest the density of the Ge NCs is controlled
by the first Step and the size of the Ge NCs is
determined by the second step, such as gases
flow, growth temperature and duration. Using
exactly the same growth parameters, we have

exposed the SiO, surface without Si nuclei

to only GeHy in the UHV/CVD system. We
find there are no exactly Ge NCs present on
Si0; surface observed by SEM.

Fig. 2. Cross-sectional HRTEM micrograph of the MOS capacitor
containing Ge NCs. The inset shows an enlarged view of a Ge NC: (a)

as-deposited and (b) 600°C (c) 800°C (d) 950°C annealing in N, ambien

HP4284A LCR

shows

For C-V measurement, a
meter is used. Fig. 5
high-frequency C-V characteristics of the M®S
capacitor embedding Ge NCs grown for 120 min
with as-deposited, 800°C annealing and 950°C

annealing.

typical

The measurements are performed at room
temperature with a constant sweep rate of 2 Vs™.
It is seen that the devices yields a
counter-clockwise hysteresis. All three samples

are held for 30s at -3.5 V before being swept to



2.5 V and then held at this voltage for 30s before
returning to -3 V. The hold time ensures that the
structure are fully charged or discharged by the
holding bias before commencement of the
voltage sweep. From the results of C-V curve,
we observe the width of the hysteresis decreases
significantly from the as-deposited sample to the
950°C-annealing sample at the same sweep bias
We suggest the Ge NCs of the

as-deposited sample have interfacial states or

range.

bulk deep traps to capture the electrons or holes.
For the 800°C-annealing sample, the presence of
unstable thermodynamically GeOy results in the
critical charge loss. Compare to as-deposited
sample and 800°C annealing sample, it is shown
the hole trapping effect is decreased during
annealing. As to 950°C annealing sample, it
indicates there is no hysteresis effect. After the
high temperature annealing up to 950°C, the
disappearance of the Ge-O bonds exhibits the
improvement of the oxide quality. Also, the
original interface states and bulk defects were
annealed out. Maybe this is one of the reasons
why there is no charge trapping in the high

temperature annealing samples.

11
Sweep voltage rate 2vs® cv 1,"\-\/I Hdz ited
1.0 """l i - @ AS-gdeposite
L& lpu.,_ e 800°C
09| y ‘8
«. \ ‘A ~ 4 950°C
< 08 ' , a
© o7t ‘\;
£ = 3
QO 06 %
05} \ oA ‘
\ \. a
04 °
00000 g||6§f.|"11"’t'
03
R
Gate Voltage (V)
Fig. 3. HF-CV curves of the MOS capacitor embedding Ge NCs

grown for 120 min with as-deposited, 800°C-annealing and

950°C-annealing sample.

On the other hand, The fabrication process
of Ge NCs using the E-gun system is as follows:
The sample is fabricated by thermally grown
3nm-thick dry SiO; layer as a tunneling oxide on
p-type (100) silicon substrate at 950°C after
standard RCA recipes. Then, a Ge (a-Ge) layer is
SiO,

evaporation. The following 40nm control oxide

deposited on the layer by E-gun
layer is grown by plasma enhanced chemical
vapor deposition (PECVD). The three-layer
structure (tunnel Si0,/Ge layer/Capping Si0,) is
then heated by furnace annealing treatment in a
dry N, ambient at 950°C for 300 seconds. This
treatment is in order to form well-separated Ge
NCs. Last, 300nm Al contacts are deposited on
both front and back surface to complete the gate
After
evaporation, the sample is annealed at 450°C in
either pure N, or forming gas (90%N,+10%H,)

ambient as post-metallization-anneal (PMA) to

stack formation of MOS capacitor.

investigate the effects of interface traps and

defects inducing from the nanocrystals
fabrication process.

A cross-sectional TEM micrograph of a
control oxide/Ge thin layer/tunnel oxide stack
structure is shown in Fig. 4(a). From lack of
lattice fringes shown in the inset of Fig.4(a),the
Ge layer appears amorphous, as expected for an
electron gun evaporated Ge film on room
temperature. From TEM images, the thickness of
Ge layer is about 4.5 nm. After annealing
treatment at 950°C for 300 seconds in a dry N;
ambient, the crystalline Ge nanocrystals are
formed in SiO, matrix shown in Fig. 4 (b). The
lattice fringes is obviously shown in the inset
images, which indicates the crystallization of the
whole amorphous layer at 950°C annealing
provides the thermal

enough energy to



agglomerate the Ge atoms due to high diffusivity
of Ge atoms under heating. The Ge NCs size is

about 14 nm

“Evaporated Ge NCs”

Figure 4 (a) Cross-sectional HRTEM images of evaporated Ge NCs
embedded in SiO, for As-evaporated (amorphous Ge film ~ 4.5 nm) (b)

After PDA treatment at 950°C for 300 s in N,

High MHz) C-V

measurements are carried out using HP4284A

frequency (1

impedance analyzer with various scanning range

of gate bias in Fig. 5. Obviously, the

counterclockwise hysteresis 1s widened by
applying a higher gate voltage. The hysteresis is
contributed by the trapping of charges in SiO,
during the scanning bias. In the experiment,
MOS capacitor is first scanned between -1 and
+1 V, and a small hysteresis (~0.1 V) is found,
indicating little charging or discharging .After
that, in the scanning of +2V and +3V, the wider
hytsersises are observed about ~0.21V and
~0.48V. The insert is also shown the sweep
voltage increase up to 10 V, the hytsersis
windows reaches to be ~8 V, respectively. This
indicates that the charge storage capability of the
structure increase with increasing the gate bias.
Moreover, for further deliberating upon the
detail charge mechanisms in Ge nanocrystals
MOS capacitor and better understanding of the
HF-C-V results, the frequency dependence of
capacitance-voltage and conductance-voltage

measurements under majority charged are

investigated (Fig.2). The measured capacitance
(Cyn) and the parallel measured conductance (G,),
normalized with angular frequency (0w=2nf) plot
against gate voltage with frequency (f) ranging
from 50 kHz to 1 MHz. In Fig.2, the upper data
is C,, as a function of gate voltage and lower
data is G,/w as a function of gate voltage. The
device are first held at a gate voltage of -10 V for
30 seconds to ensure the positive charge storage,
followed by a forward gate voltage sweep from
-10 V to 10V. It is seen that the measured
has the

dispersion phenomenon with frequency. As the

capacitance obvious frequency
frequency decreases, the C-V shifts towards
more positive voltage. This is a typical respond
from exchange of charges between the NCs/traps
to Si substrate. This causes an increase in total
capacitance due to the additive effect of the
capacitance due to NCs/traps. In addition, a
strong measured conductance peak close to the
flat band voltage is also observed during the G-V
measurement, showing the existence of
tunneling paths results in exchange of charges
modulation between the

with a.c. signal

nanocrystals and the Si substrate.
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Figure 5 High frequency C-V characteristics of evaporated Ge NCs

embedded in MOS capacitor.



A post-metallization annealing (PMA) is
performed on both the devices for 300 seconds at
400°C in a N, ambient. The sample of 1934 A
with PMA treatment “1934 B”,

respectively. Figure 6 shows the hysteresis of

1s called

C-V relation in the evaporated Ge NCs devices
with PMA treatment. An improvement of the
stretch-out phenomenon in the C-V curves is
observed on these two devices indicating
possible passivation of interfacial traps between
Ge NCs and surrounding oxide. Therefore, the
PMA process reduces the interface states density
and passivation of some dangling bonds in
tri-layer structures. We suggest that the
NCs and
surrounding oxide is very close to the Si
observed from HRTEM

because evaporated Ge atoms aggressive each

interfacial traps between Ge

substrate images
other and then ripens to form spherical-like Ge
NCs during post-deposition annealing. The
distance of Ge NCs and Si substrate becomes
smaller than 3 nm. However, the window of
hysteresis is not decreased by PMA treatment.
This indicates the main mechanism of trapping

electrons or holes is not due to the interfacial

traps.
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Figure 6 High frequency C-V characteristics of evaporated Ge NCs

embedded in MOS capacitor for 1934 B samples.

In order to further understand the involved
shallow traps, the C-V, G-V technique with
different frequencies is used to measure the
devices since the associated trap characteristic is
frequency-dependent. The frequency-dependent
C-V and G-V characteristics are measured at
frequency between 50KHz and 1000KHz with a
small-amplitude (50mV) sine-wave voltage (AC)
signal and the DC bias ranging from -10V to 10V.
The measured apparent capacitance (C,) and
parallel apparent conductance (G,) over the
angular frequency (o=2nf) versus the gate
voltage with different frequency are shown in the
top and bottom plots of Figs. 7(a) and (b) for
Samples 1934A and 1934B which are directly
obtained by HP 4284 A LCR meter respectively.
It is seen that the C,, and G,, both shift towards
much more positive bias for Sample 1934A than
1934B.
suppressed by PMA treatment for Sample B,

In addition, the G, magnitude is

especially at low frequency. It is also attributed
to PMA treatment curing the traps and reducing
the leakage current.

In addition, strong measured conductance
peak close to the flat band voltage are also
observed during the G,-V measurement in
bottom data of Fig. 7(a) and (b), respectively,
corresponding to the respective C,-V curves
while the G,-V curves of sample A are
strench-out relating to C,-V curves, the G,-V
curves of sample B are comparatively sharp,
showing the existence of tunneling paths results
in exchange of charges with AC signal between
traps and Si substrate. The peak of G,-V curves
are shifted according to flat band voltage shift of
C,-V curves. And the peak shifting is considered

as different traps states throughout the silicon



band, which produce a conductance peak at
different Fermi level positions under different
frequency. On the other hand, comparing to
Cn-V characteristics of the samples, the wider
peak shifts, larger magnitudes and broadening
FWHMs are

phenomena are believed as a lot of defects

found in sample A, these
existence in the defective oxide and surface
states between Ge NCs or substrate. These
defects offer more energy loss paths and energy
the conductance

trap levels to contribute

characteristics.
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Fig. 7 The measured capacitance and the parallel measured
conductance VS. the gate voltage with frequency as parameter for 1934 A

and 1934 B sample. It is clearly shows the smaller frequency dispersion

phenomena for the 1934 B sample.

For further deliberating upon the detail

traps characteristics and mechanisms, the
measured apparent capacitance and conductance
of the MOS structure with embedded Ge NCs
are used to find the associated trap capacitance
and trap conductance. If we assume the position
of NCs/trap is close enough to that of Si/SiO,
interface, then the detailed equivalent circuit can
be approximated as that shown in Fig.4. and the
trap model derived by Nicollian and
Goetzgergen used in the MOS structure can still
be utilized here. In the Fig. 4, the series
resistance, R;, is approximated by the bulk and
back contact resistance, which is bias-dependent.

Series resistance can cause an error in the

extraction of substrate admittance from
admittance measurements. The oxide
capacitance, C,, 1is found as maximum

capacitance in strong accumulation region. And,
C, is depletion layer capacitance, Cr is the trap
capacitance, Gy is the trap conductance.

From the Shockley-Read-Hall (SRH) theory
with the small signal approximation for trap
model throughout the depletion region in
considering majority carriers (holes), the trap
admittance, Y7, is given by the following

expression: [12]

(1)
where ® is measured frequency, t is the
characteristic time constant, Gp is the trap
conductance represents the loss process of
capture-emission carriers by traps, Cr is the trap
capacitance. Trap admittance consists of the trap

conductance shunted by the trap capacitance.



Therefore,
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To extract the trap admittance, the real series
resistance (Rs) of MOS devices is subtracted

from the measured -capacitance (C,,) and

conductance (G,,) in strong accumulation region.

The oxide -capacitance (C,) 1is found as
maximum capacitance in strong accumulation
region at the given frequency. [12] Eliminating
the Rs and C,, effect, the equivalent parallel
capacitance (C,) shunted with the equivalent
parallel conductance (G,) are obtained. The C,
consists of the depletion layer capacitance (Cy)
and the trap capacitance (Cr) can be expressed
parallel as C,~= C; + Cr Also, the trap
conductance, Gr is the same as the equivalent
parallel conductance G,=Gr At enough high
frequency (~1000KHz), it is assumed that the
contribution of trap capacitance to the total
capacitance is negligibly small because charges
exchange between NCs/traps and Si substrate
cannot follow the AC signal approximately.
Consequently, at 1000KHz the trap capacitance,
Cr() is determined as Cr= 0 for reference state.
In addition, the deep trap contribute to the
capacitance is also disregarded due to its
maintaining the same hysteresis windows under
various measured frequency. So under these
assumptions, the depletion layer capacitance is
from 1000KHz

approximately  subtracted

measured capacitance.
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Figure 8 The trap capacitance and the parallel trap conductance
VS. gate voltage for 1934 A sample and 1934 B sample. It is clearly
shown trap capacitance is suppressed by PMA process due to recovery of

defects. The inset of figure shows the C.x value at w=0 is extrapolated

from Cox VS. f curve

The trap capacitance (Cr) and the parallel
trap conductance (Gr) normalized with angular
frequency as functions of gate voltage of sample
A and B are extracted from the measured
apparent C,-V and G,-V shown in Fig. 8. The
result of sample 1934A from the top plots in Fig.
8(a), we can observe the trap capacitance
variations by different gate bias and measured
frequency. Obviously, the trap capacitance is
measured

represented the decrement as



frequency increasing. This phenomenon is
explained by changing the DC bias, the silicon
Fermi level can be moved through the energy
levels in the Ge NCs or the interfacial traps, once
the Fermi level is aligned with the energy level
in Ge NCs or traps while measured frequency is
slow enough to prompt the carriers keeping up
with AC signal, the carriers can be synchronized
between the Ge NCs/traps and Si substrate with
AC signal and yield an excess capacitance.
Therefore, at low modulation frequency the
charges distributed in high energy level and
deeper energy level all follow the AC signal to
allow more exchange charges to achieve larger
trap capacitance. Besides, another important
point of the trap capacitance versus gate voltage
characteristics is that the trap capacitance as
function of gate voltage is very broad. This is
resulted from the broad energy level distribution
of Ge NCs caused by size fluctuations or traps
around Ge NCs. In addition, the huge increment
in the trap capacitance at a higher negative bias
might come from the higher energy levels in Ge
NCs or traps because the charges which resides
in the higher energy levels. Lastly, in top plots in
Fig. 8(b); the sample 1934B which is treated by
PMA, its extracted value of trap capacitance is
dramatically reduced and frequency dispersion is
also strongly suppressed. The result is also
consisted with previous high frequency C-V
hysteresis with PMA effect that atomic hydrogen
can effectively passivate the dangling bonds and

shallow interfacial traps.
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In this work, we present an extensive study

about the formation of Ge nanocrystals,

including chemical and physical vapor

deposition. First, Ge nanocrystals formation by
using UHV/CVD system is used a two-step
process as follows: The first step is Si
SiO,

randomly functionalized by the deposition of Si

pre-growth seeding: the surface 1is
nuclei using SiH4 flow. The second step is Ge
dot growth: once the Si nuclei are deposited, we
stop the SiH4 gas flow, and GeHy4 is introduced
to selectively grown on the Si nuclei. We control
SiHys and GeHy
temperature at 550°C or 600°C. Among different

growth temperature and duration, the diameter of

flow rate, the furnace

Ge dot could be controlled between 20 nm and
130 nm. The maximum density of Ge NCs is
adjustable to be 1.8E10 cm™.
Then, the tri-layer
oxide/Ge NCs/tunnel
post-deposition annealing at 500 °C ~ 950 °C for

structure  (control

oxide) is treated by
20 min in a dry N; ambient. We find the oxide
quality is improved during high temperature
annealing. The capacitance-voltage hysteresis
shows the charge storage effect in MOS
capacitor with embedded CVD Ge NCs. The
memory window shows a maximum value for
as-deposited sample, and then decreases with
higher annealing temperature up to 950 °C.
However, the charge retention time is also
related with annealing temperature. A maximum
memory window of 2.6 V is observed after 10*
seconds in the 950 °C annealed sample. The 950
°C annealed sample also shows the lowest charge
loss rate of ~ 46%.

Another fabricating method of Ge NCs is
formed by furnace annealing of an evaporated,
ultra-thin Ge layer at 900 °C for 300 s in a N;
ambient. C-V

measurements show the amount of electrical

ambient followed by a N

charges (electrons or holes) which can be stored



or trapped in the devices varies with the
thickness of a-Ge thin films. The larger coverage
rate of Ge NCs on tunnel oxide surface which
results from thick a-Ge thickness causes the
larger amount of charges stored in the devices.
Comparison between the devices with PMA
treatment and without PMA treatment, the
devices with PMA treatment shows better
retention characteristic of and lower charge loss
rate.

We also propose a single trap model based
on SRH theory by introducing another charge
loss time constant in this model. In our work, we
utilize our trap model to compare the charge
retention characteristics between the devices
with/without PMA treatment. From the measured
admittance, we extract the values of trap
capacitance and trap conductance. Trap
capacitance in the device without PMA treatment
is larger than that with PMA treatment. We
suggest the defects or surface states around Ge
NCs are annealed out by PMA treatment,
resulting in smaller amount of communication of
charges between NCs/traps caused by the
reduction of conductive paths. In addition, the
amount of trap conductance is also reduced. The
charge loss time constant for the devices with
PMA treatment is larger than that for the device
without PMA treatment due to the reduction of
surface state density or oxide defectd around Ge
NCs caused by PMA treatment, resulting in the
suppression of trap-assisted tunneling through
the tunnel oxide to decrease the charge loss
behavior. During PMA treatment, the shallow
traps in the oxide are annealed out, resulting in
reduction of trap capacitance and trap
conductance but the charge retention is not

obviously improved due to the charges storing in

the deeper traps or deeper potential well.
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