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The authors provide the formation and memory effects of W nanocrystals nonvolatile memory in this study.
The charge trapping layer of stacked a-Si and WSi2 was deposited by low pressure chemical vapor deposition
(LPCVD) and was oxidized by in-situ steam generation system to form uniform W nanocrystals embedded in
SiO2. Transmission electron microscopy analyses revealed the microstructure in the thin film and X-ray
photon-emission spectra indicated the variation of chemical composition under different oxidizing
conditions. Electrical measurement analyses showed the different charge storage effects because the different
oxidizing conditions influence composition of trapping layer and surrounding oxide quality. Moreover, the
data retention and endurance characteristics of the formed W nanocrystal memory devices were compared
and studied. The results show that the reliability of the structure with 2% hydrogen and 98% oxygen at 950 °C
oxidizing condition has the best performance among the samples.
-C. Chang).
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1. Introduction

The conventional nonvolatile memory (NVM, flash memory)
suffers some limitations for continual scaling of device structures.
Nanocrystal nonvolatile memory devices have been investigated to
overcome the drawbacks of the conventional floating gate memory in
recently years due to the discrete traps storage mode as the charge
center [1–6]. In nanocrystal nonvolatile memory devices, the density
of nanocrystals for nanoscale devices is an issue because the memory
window is dependent on its density and high density is helpful to
scaling down of devices structure. When the density of nanocrystals is
very high, the quality of surrounding oxide of nanocrystals is a critical
problem. The electron storing in nanocrystals will escape by trap to
trap tunneling [7,8].

According to the values of other literatures, the in-situ steam
generation (ISSG) oxidation process can be used to improve the quality
of thin oxide. It has a faster oxidation rate than dry or RTOoxidation due
to more oxygen radicals produced by introducing some hydrogen.
Because of its quick oxidation rate, ISSG provides excellent quality of
thin oxide and many references have demonstrated that ISSG oxide
shows a much better reliability property than dry or RTO oxide [9–12].
Therefore, we apply ISSG to fabricate our tungsten nanocrystals
nonvolatile memory in this work. The applications are on the tunneling
oxide fabrication and nanocrystals formation, respectively.

2. Experiment

In this work the tungsten nanocrystal NVM capacitor structurewas
fabricated on a single-crystal 8 in. (100) oriented P-type silicon. Fig. 1
exhibits the process flow and cross-sectional structure. After standard
Radio Corporation of America (RCA) process, a 5-nm-thick SiO2 layer
as a tunnel oxide was formed by an in-situ steam generation (ISSG)
oxidation process. The hydrogen content of (O2+H2) gases were kept
at 2%. A 4-nm-thick tungsten silicide (WSi2) thin film was deposited
onto the tunnel oxide by low pressure chemical vapor deposition
(LPCVD) system flowing in WF6 and SiH4 at room temperature.
Subsequently, a 6-nm-thick amorphous silicon (a-Si) was deposited
by the same system just flowing in SiH4. After depositing a-Si/WSi2
double layer structure, an in-situ steam generation oxidation process
was utilized at 850 °C (sample A) and 950 °C (sample B) with 60 s to
make the WSi2 layer precipitate tungsten nanocrystals which were
embedded between the tunnel oxide and the control oxide.
Afterward, a 50-nm-thick SiO2 was deposited by plasma enhanced
chemical vapor deposition (PECVD) system to form a thicker control
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Fig. 1. Process flow and tungsten nanocrystal NVM structure.
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oxide layer. 5 μm aluminum metal electrodes were deposited on the
device at both sides to form ametal/oxide/isolated nanocrystal/oxide/
silicon structure by thermal vapor deposition coating. Electrical
characteristics of the capacitance–voltage (C–V) hysteresis were
also measured by HP4284 Precision LCR Meter with a high frequency
of 100 kHz. Transmission electronmicroscope (TEM) analysis and X-ray
Fig. 2. TEM diagram of tungsten-dot NVMs (a) oxidation at 850 °C and (b) oxidation at
950 °C.
photoelectron spectroscopy (XPS)were adopted formicrostructure and
chemical material analysis of nanocrystals.

3. Discussion and results

Fig. 2(a) and (b) shows the cross-sectional TEM images of sample
A and sample B structures, respectively. In Fig. 2(a) it can be observed
that even through oxidizing at 850 °C the almost WSi2 trapping layer
still seemed to be a continuous layer and tungsten nanocrystals were
seldom formed. However, the continuous WSi2 trapping layer have
been formed by the discrete W nanocrystals after oxidizing at 950 °C
as shown in Fig. 2(b). From TEM image analysis the average diameter
of W nanocrystals of sample B is approximately 8 nm. Therefore, we
think that the critical temperature of oxidizingWSi2 to form complete
W nanocrystals by using an ISSG system is 950 °C.

To further analyze the chemical state of NCs, we have performed
XPS analysis by using an Al Kα (1486.6 eV) X-ray radiation to assay
the chemical compositions. Figs. 3 and 4 exhibit the W 4f and Si 2p
XPS spectra of different oxidation temperature conditions. From Fig. 3
(a), it can be found that this spectrum has two main peaks which
represent W 4f7/2 and 4f5/2 binding energies, respectively. It can be
thought that each of these two main peaks is composed of two sub-
peaks W–W bonds and W–Si bonds. The binding energies for W–W
bond are 31.4 eV (4f7/2) and 33.5 eV (4f5/2), and W–Si binding
energies are 30.8 eV (4f7/2) and 32.9 eV (4f5/2), respectively [13,14].
As the oxidation temperature is increasing the peak intensity of W–W
bond increase and W–Si decrease as shown in Fig. 3(b). It indicates
that the broken W–Si bond and W connect each other to form W
nanocrystals and Si was oxidized to form SiO2. The tendency for the
peak intensity of W–Si bond is opposite to that of W–W bond when
the temperature gets higher.

In Fig. 4(a), there are two main peaks in the Si 2p spectrum. One is
composed of the peaks for SiO2 and SiOx binding energy located at
104 eV and 103.2 eV. The Si–W (100 eV) and Si–Si (99.2 eV) sub-
peaks constitute the other main peak [13,14]. From the analysis of the
XPS Si 2p spectrum, the Si, WSi, and SiOx peaks decrease and SiO2

increases as oxidation temperature increase from 850 °C to 950 °C as
Fig. 3. XPS analysis of the W 4f core-level spectrum (a) oxidation at 850 °C and
(b) oxidation at 950 °C.
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Fig. 4. XPS analysis of the Si 2p core-level spectrum (a) oxidation at 850 °C and
(b) oxidation at 950 °C.

Fig. 6. Retention of the tungsten nanocrystal NVMs.
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shown in Fig. 4(b). It implies that Si can be oxidized to SiO2 and the
SiO2 quality is better when the oxidation temperature is 950 °C than
850 °C due to its high thermal energy. That is the reason why a nearly
continuous film and nanocrystals in different oxidation conditions
were observed from TEM.

In our previous study, the possible presence of the tungsten oxide on
a very similar material is demonstrated [15]. However the tungsten
oxide signal is absent in Fig. 3. The enthalpies (−△H) of W–O and Si–O
at room temperature are −672.0 and −799.6 KJ mol−1. Because the
enthalpy of Si–O is higher thanwithW–O, the reaction between oxygen
radicals and Si atoms is easier than that between oxygen radicals andW
atoms during the thermal oxidation process. It indicated that bonding of
Si–O ismore stable thanW–O. Thereby oxygenwill oxidize Si first. From
Fig. 4, it can be observed that a part of Si was not oxidized in this work.
Thus, it is considered that the amount of oxygen is not enough to oxidize
Si completely. It is the reason that the tungsten oxide signal was not
observed.

The basic C–V hysteresis diagram electrical characteristics of
oxidation at 850 °C (sample A) and 950 °C (sample B) with 60 s
devices are shown in Fig. 5. Under the ±10 V comparing to flat-band
gate voltage operation, the memory window of samples A (solid
circle) and B (solid square) is 1.8 V and 9 V, respectively. From TEM
Fig. 5. Electrical characteristics of C–V hysteresis under ±10 V gate voltage operation.
analysis and C–V measuring results, it is considered that the more
large memory window in oxidation at 950 °C than 850 °C is
contributed by W nanocrystals being completely formed by oxidizing
at 950 °C due to its high thermal energy. Moreover, the hysteresis
loops follow the counterclockwise direction due to injection of
electrons from the inversion state and discharge of electrons from
the accumulation state of Si substrate.

Fig. 6 presents the room temperature retention characteristics of
samples A and B. From Fig. 6, we used an extrapolation to give a long-
term predictable result (solid and dotted line) after 1000 s (stable
region of retention) [16]. The memory window significantly decays
during the first 100 s due to charge emission from the shallow traps in
SiOx matrix to the substrate. However, after 100 s the memory
Fig. 7. Endurance characteristic of tungsten nanocrystal NVMs under the pulse
conditions of VG-VFB=±10 V for 1 ms (a) oxidation at 850 °C and (b) oxidation at
950 °C. The flat-band voltage can be defined by using the C–V hysteresis.
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window is more stable. After 104 s the memory window charge of
samples A and B remained of 14% and 42%, respectively. As expected,
the retention property of sample B is better because the surrounding
SiO2 quality of oxidation at 950 °C is better than 850 °C. That is
confirmed from XPS analysis.

Fig. 7 shows the endurance characteristic of samples A and B under
pulse condition of VG-VFB=±10 V for 1 ms. The flat-band voltage
can be defined by using the C–V hysteresis under ±10 V gate voltage
operation. The memory of sample A can be distinguished after 106

program/erase cycles at room temperature and the memory is not
apparently degradable, but the variation of flat-band voltage is not
stable as Fig. 7(a) shows. However, it is found that the variations of the
memory window and flat-band voltage are very stable after a 106

program/erase for sample B from Fig. 7(b). The stable flat-band
voltage and excellent endurance property are due to the contribution
of good quality of surrounding oxide and tunneling oxide.

4. Conclusions

In conclusion, the ISSG systemwasused to oxidizeWSi to precipitate
tungsten nanocrystals embedded in SiO2 as a nonvolatile memory. The
critical temperature to oxidizeWSi to form completeWnanocrystals by
using ISSGoxidation process is 950 °C. Byusing ISSG oxidationprocess it
can improve the quality of thin oxide greatly and therefore we can gain
superior retention and endurance properties. In sample B a larger
memory window of 9 V was observed after ±10 V voltage sweep for
nonvolatile memory application due to the tungsten nanocrystals
formed completely. The date retention of the nanocrystal memory
device is also good enough to maintain for 10 years and the endurance
property can over 106 program/erase operation.
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