
Microelectronic Engineering 85 (2008) 2403–2405
Contents lists available at ScienceDirect

Microelectronic Engineering

journal homepage: www.elsevier .com/locate /mee
Silicon nanowire NVM cell using high-k dielectric charge storage layer

X. Zhu a,b, Y. Yang a, Q. Li a,b,*, D.E. Ioannou a,*, J.S. Suehle b, C.A. Richter b

a ECE Department, George Mason University, 4400 University Drive, MSN 1G5, Fairfax, VA 22030, USA
b Semiconductor Electronics Division, NIST, Gaithersburg, MD 20899, USA

a r t i c l e i n f o
Article history:
Received 8 May 2008
Received in revised form 4 September 2008
Accepted 12 September 2008
Available online 21 September 2008

Keywords:
Silicon nanowire
Self-alignment
Non-volatile memory
Hafnium oxide
0167-9317/$ - see front matter � 2008 Elsevier B.V. A
doi:10.1016/j.mee.2008.09.013

* Corresponding author. Address: ECE Departmen
4400 University Drive, MSN 1G5, Fairfax, VA 22030, US
+1 703 9931601.

E-mail addresses: qli6@gmu.edu (Q. Li), dioannou@
a b s t r a c t

Si nanowire (SiNW) channel non-volatile memory (NVM) cells were fabricated by a ‘‘self-alignment” pro-
cess. First, a layer of thermal SiO2 was grown on a silicon wafer by dry oxidation, and the SiNWs were
then grown by chemical vapor deposition in pre-defined locations. This was followed by depositing
the gate dielectric, which almost surrounds the nanowire and consists of three stacked layers: SiO2 block-
ing layer, HfO2 charge-storing layer and a thin tunneling oxide layer. Source/drain and gate electrodes
were formed by photolithography and lift-off, and the devices were electrically tested. As expected from
this fabrication process and the enhanced electrostatic control of the ‘‘surrounding” gate, excellent cell
characteristics were obtained.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

There is a need for urgent progress in non-volatile memory
(NVM) technology as is made abundantly clear in the latest
(2007) IEEE International Electron Devices Meeting (IEDM) techni-
cal digest [1]. Among the many currently pursued approaches, a
NVM cell architecture that shows great promise uses silicon nano-
wire channel and discrete trapped charge storage [2]. The cylindri-
cal geometry of this cell allows excellent size scaling and fast
program/erase (P/E) operation. Fig. 1a and b are two cross section
schematics of such a cell, showing the nanowire channel, the tun-
nel oxide, the storage (trapping) layer, the blocking oxide and the
gate electrode. The ‘‘natural” length k for this geometry [2,3] has
a logarithmic dependence on the gate equivalent oxide thickness
to nanowire diameter ratio tEOT/tSi. This makes it possible to scale
the channel length without the need to reduce the gate oxide
thickness very much, thereby improving the retention time of
the cell. A second consequence of the cylindrical geometry is the
increased density of the (concentric) field lines on the nanowire
surface, which lowers the cell program/erase voltage [2]. Finally,
the cylindrical geometry leads to a reduction of the ‘‘effective”
width of the tunneling barrier, resulting in fast cell operation [2].
In this paper a novel approach is described to fabricate silicon
nanowire channel NVM cells, which leads to excellent cell charac-
teristics. Section 2 presents the experimental details of the fabrica-
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tion process; Section 3 presents and discusses the experimental
measurements of the cell characteristics (write/erase and reten-
tion) and finally concluding remarks are made in Section 4.
2. Experimental/device fabrication

Compared to the nanowire obtained via lithography and etch-
ing, which are more controlled in terms of position, self-assembled
nanowire has the following advantages: (i) thin channel (as small
as 1 nm) which is impossible to achieve by lithography-defined
etching, (ii) smooth surface, and (iii) self-assembling technique
which will exponentially reduce the fabrication cost of nanoscale
device. In this work, a ‘‘self-alignment” process was developed
whereby silicon nanowires were grown via self-assembling from
Au catalyst patterned on predefined locations by photolithography
and lift off [4,5]. First, a 50 nm layer of SiO2 was thermally grown
on a heavily doped p-type silicon wafer by dry oxidation. A pattern
of ‘‘open windows” (5 lm � 11 lm) was then defined by photoli-
thography, a 1 nm thick Au film was deposited and the Au catalyst
locations were defined on this oxide by the lift-off process. The wa-
fers were then transferred into a low pressure chemical vapor
deposition (LPCVD) furnace, where the SiNWs were grown on the
Au catalyst with a SiH4 stream at 440 �C for 2 h under a pressure
of 500 mTorr by the vapor–liquid–solid (VLS) mechanism [6]. Fol-
lowing growth step, the SiNWs were oxidized at 700 �C for 30 min
in O2 with rapid thermal process (RTP) to form a 2 nm thick SiO2

layer as the tunneling oxide. At this point a pattern of Al/Au Scho-
ttky contact source/drain electrodes were deposited and aligned
with the Au catalyst pattern (hence ‘‘self-alignment” process): after
opening suitable windows through the tunneling oxide by wet
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Fig. 1. Two cross-section views of the SiNW-based memory device are shown in (a)
and (b). (c) SEM picture of a typical SiNW based memory cell with Lgate = 3 lm.
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etching in 2% HF for 15 s, Al/Au (50/10 nm) source/drain electrodes
were deposited by electron beam evaporation and lift-off. SiNWs
grown by CVD show a certain degree of disorder. By optimizing
the size and position of Au catalyst, device structure and nanowire
length, about 85% of the pre-defined locations successfully form
the SiNW memory device with one or more nanowires. A layer of
25 nm HfO2 was then deposited by atomic layer deposition (ALD)
with tetrakis hafnium (TEMAH) and H2O steam at 250 �C, followed
by deposition by sputtering of the blocking SiO2 50 nm thick layer.
The top gate electrode was finally formed by the same process as
the source and drain. The finished devices were annealed in form-
ing gas (5% H2 in N2) at 325 �C for 5 min by rapid thermal annealing
(RTA). This final annealing step was found to significantly reduce
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Fig. 2. Process flow for the SiNW based memory cells.
the interface state density between the SiNWs and dielectric lay-
ers. The process flow is summarized in Fig. 2, and as seen in
Fig. 1a and b the resulting ‘‘omega-shaped gate” and gate dielectric
is surrounding the SiNW channel. Fig. 1c shows the scanning elec-
tron microscope (SEM) image for the top view of a typical SiNW
based memory cell with 3 lm gate length.

3. Results and discussion

The typical dimensions of the nanowires grown as described
above were 20 nm diameter and 5–20 lm length. The memory
cells had channel lengths in the 2–6 lm range and the experimen-
tal results shown here were taken from a 3 lm cell. The normal cell
operation is with the substrate grounded and the top gate acting as
the control gate; the characteristics can also be measured by
grounding the front gate and using the substrate (bottom gate)
as the control gate.

Fig. 3 shows the drain current versus drain/gate voltage charac-
teristics for a range of drain, top gate (VTG) and bottom gate (VBG)
voltages. The channel current under top gate control is much high-
er than under bottom gate control, since the top gate nearly sur-
rounds the SiNW and thus exercises greater electrostatic channel
control than the bottom gate. A large threshold voltage shift is ob-
tained when VTG or VBG is swept from +10 V to �10 V. A memory
window of 6 V and an ON/OFF current ratio of 107 is observed in
the SiNW memory device with top gate control; both these values
are smaller with bottom gate control, once again demonstrating
the top gate stronger electrostatic control. At VTG/VBG = +10 V, the
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Fig. 3. Electrical characteristics of a typical SiNW memory cell under top gate (solid
line) or bottom gate (dash line) control. (a) IDS vs. VDS at VTG/VBG = +10 V to �10 V in
�1 V steps. (b) IDS vs. VTG/VBG for VDS = �0.1 V.
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Fig. 4. (a) ID–VTG transfer curves of a typical cell at programmed and erased state
(b) The monitored drain current vs. time at VTG = VBG = 0 V and VDS = �1 V. The
memory cell was initially programmed or erased at Vg_write/Vg_erase = +15 V/
�15 V for 1 s. The extracted threshold voltage vs. retention is plotted in insert.
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electrons in the channel tunnel through the thin tunneling oxide
and are trapped in the HfO2 charge storage layer where they induce
a threshold voltage shift in the positive direction. Under negative
gate bias VTG/VBG = �10 V, these electrons are de-trapped while
holes are attracted and trapped in the HfO2 layer shifting the
threshold voltage in the negative direction. The status of the mem-
ory can be read by the presence or absence of current flowing be-
tween source and drain due to the two distinct threshold voltage
values.

Retention time is a critical parameter for nonvolatile memory
application, as the threshold voltage of programmed/erased mem-
ory may decrease/increase with time due to: (1) injection of carri-
ers from silicon to the charge trapping layer and (2) loss of charge
from trapping layer to silicon or gate electrode by tunneling. For
modern nonvolatile memory, at least 10 years of retention time
is required. Two ID–VTG transfer curves of a typical device at pro-
grammed and erased state are shown in Fig. 4a. The device was
sequentially biased at VTG = +15 V/�15 V with grounded bottom
gate for 1 s and a memory window of 8 V was obtained. In each
case the drain current at VTG = VBG = 0 V was monitored with time
as shown in Fig. 4b, where it is shown that the ON current de-
graded by a factor of 10 in 105 s. The extracted threshold voltage
vs. retention time is plotted as well. These rather poor retention
characteristics are probably due to the grain boundaries of hafnium
oxide which may introduce current leakage paths. For the erased
device, the OFF current does not change significantly over the same
time period (Fig. 4b). The reason for the excellent erase retention
performance might be the favorable hafnium oxide/silicon valence
band energy offset [7].

4. Conclusions

We have fabricated nonvolatile memory cells with CVD-grown
silicon nanowire channel and hafnium oxide charge storage/trap-
ping layer. The devices display p-type semiconductor transport
characteristics. Because the gate and the HfO2 dielectric surround
almost completely the nanowire (‘‘omega gate”) the cells exhibit
excellent gate control, large memory window, and a higher ON/
OFF current ratio. The retention capability of the programmed
and erased cell is also discussed. We believe that this type of ome-
ga gate SiNW-based cell with high-k trapping layer is very promis-
ing for high density, low cost and high performance future non-
volatile memory technologies.

Acknowledgements

The contribution of the National Institute of Standards and
Technology is not subject to US copyright. The authors acknowl-
edge the support of the NIST Office of Microelectronics Programs,
NIST Center for Nanoscale Science and Technology (CNST) and NIST
Semiconductor Electronics Division.

References

[1] Several papers in sessions 17 and 35 of the International Electron Devices
Meeting (IEDM) Technical Digest (2007).

[2] J. Fu, N. Singh, K.D. Buddharaju, S.H.G. Teo, C. Shen, Y. Jiang, C.X. Zhu, M.B. Yu,
G.Q. Lo, N. Balasubramanian, D.L. Kwong, E. Gnani, G. Baccarani, Si-nanowire
based gate-all-around nonvolatile SONOS memory cell, IEEE Electron Device
Letters 29 (2008) 518–521.

[3] J.-P. Colinge, Multiple-gate SOI MOSFETs, Solid-State Electronics 48 (2004) 897–
905.

[4] Q. Li, X. Zhu, Y. Yang, D.E. Ioannou, H.D. Xiong, D.-W. Kwon, J. S. Suehle, C.A.
Richter, High performance silicon nanowire transistor fabricated by using self-
alignment processes, 2008 (unpublished).

[5] Q. Li, X. Zhu, H.D. Xiong, S. -M. Koo, D.E. Ioannou, J.J. Kopanski, J.S. Suehle, C.A.
Richter, Silicon nanowire on oxide/nitride/oxide for memory application,
Nanotechnology 18 (2007) 235204.

[6] R.S. Wagner, W.C. Ellis, Vapor–liquid–solid mechanism of single crystal growth,
Applied Physics Letters 4 (1964) 89–90.

[7] Y. Tan, W. Chim, B.J. Cho, W. Choi, Over-erase phenomenon in SONOS-type flash
memory and its minimization using a hafnium oxide charge storage layer, IEEE
TED 51 (2004) 1143–1147.


	Silicon Nanowire nanowire NVM Cell Using High-k Dielectric Charge Storage Layercell using high-k dielectric charge storage layer
	Introduction
	Experimental/Device FabricationExperimental/device fabrication
	Results and Discussiondiscussion
	Conclusions
	Acknowledgements
	References


