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Vertically standing single-walled carbon nanotube (SSWCNT)-embedded transistors have been
demonstrated for a flash memory application. The performance of the SSWCNT device was
compared with a lying SWCNT (LSWCNT) device to verify the directional effect of immobilized
SWCNTs. The SSWCNT device shows a better program/erase transient and a threefold enhanced
retention characteristics over the LSWCNT device due to the high coupling ratio and the defect
immunity based on the isolated distribution and vertical directionality nature of the SSWCNT.
© 2007 American Institute of Physics. [DOI: 10.1063/1.2767211]

Nanoelectronic devices such as field effect transistors
and molecular electronic devices have been currently dem-
onstrated by utilizing single-walled carbon nanotubes
(SWCNTs) with a shortened length provided as connectors
and comporlents.l_5 Considering the explosive growth of a
mobile device market and intrinsic attributes of SWCNTs,
one of expected applications of SWCNTs is a nonvolatile
memory (NVM) based on a complementary metal-oxide-
semiconductor (CMOS) process. For the previous NVM con-
cept using nanocrystals (NCs) embedded into the gate oxide
of  metal-oxide-semiconductor  field-effect  transistor
(MOSFET), the high thermal stability and proper work func-
tion of NC materials was considered.®"! By using the
SWCNTs as charge storage nodes replacing NCs, they not
only have compatibility with a standard CMOS process due
to its high thermal stability (>1500 °C) (Ref. 12) but also
provide a favorable work function (the general work function
of pristine CNT is 4.8 eV) (Ref. 13) in terms of its nonvola-
tility as a NVM device. Moreover, the work function is tun-
able via diameter control, chemical doping, and O,
desorption.m’15 As mentioned above, with the suitable prop-
erties of the SWCNTs as charge storage nodes called a float-
ing gate, another significant factor needs to be considered,
i.e., directional effect of SWCNTs on the tunneling dielec-
tric. Two representative advantages can be expected for ver-
tically standing SWCNTs (SSWCNTs) compared to lying
SWCNTs (LSWCNTs) which are laterally connected. First
one is the enhanced capacitive-coupling ratio (CR) by con-
trolling the length of SSWCNTs. CR is defined as the ratio of
the capacitance between the control gate and floating gate to
the total gate capacitance, and directly related to the program
efficiency. The high CR means reduced operating voltage,
and therefore additional device scalability can be followed.
The second advantage is an extended retention characteristic
due to the high defect immunity by the discrete distribution
of SSWCNTs rather than the networks of LSWCNTs. In this
letter, we show a NVM structure with vertically standing and
discretely dispersed SWCNTs for the extension to an ulti-
mately minimum NVM replacing conventional flash
memory.
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Figure 1(a) shows the schematic of SSWCNT-embedded
MOSFET device. For the fabrication of the SSWCNT de-
vice, initially a p-type (100) silicon-on-insulator (SOI) wafer
was used. The 100 nm SOI on a 370-nm-thick buried oxide
was thinned down to 30 nm by iterative oxidation and wet-
etch steps to make an ultrathin body. Following this, the
active area of the SOI layer was patterned by a wet etch
using tetramethylammonium hydroxide (25%) for cell isola-
tion, and a S/D junction was formed by implanting '°P* us-
ing a patterned photoresist as a mask layer. 4.5-nm-thick
tunneling oxide was grown at 850 °C for 9 min, and then the
SSWCNTs floating gate was formed on the tunneling oxide
by using the wet chemical assembling technique. To stand
SSWCNTs on the silicon oxide surface for NVM devices,
there have been numerous reports on CNT growth methods
on a silicon substrate.'®!” However, these methods were not
suitable for the fabrication of a CNT device due to the im-
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FIG. 1. (Color online) Schematic diagrams of (a) SSWCNT-embedded tran-
sistor and (b) LSWCNT-embedded transistor used in this study, and typical
tapping mode AFM height images of (c) SWCNTs perpendicularly linked to
a silicon oxide surface used as a tunneling dielectric and (d) the lying-down
SWCNTs on the silicon oxide surface.
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FIG. 2. Electrical memory characteristics. Double-swept Ipg-Vgs hysteresis of a vertically SSWCNT device (W/L=50/2 pum) (a) and a LSWCNT device

(W/L=50/2 pm) (b) at room temperature.

purities, such as the amorphous carbon and metal catalyst
particles, and due to the difficulty in the length modulation
and sparse distribution for discrete storage nodes of a NVM
cell. Recently, we reported that shortened SWCNTs can be
organized on a silicon oxide surface Vertically.]8 The com-
mercial SWCNTs (1.1 nm in diameter, 0.5-100 wm in
length, Sigma-Aldrich) were cut in an acid mixture first and
shortened SWCNTs were then perpendicularly aligned on a
silicon oxide surface using a wet chemical organization pro-
cess by combining silanization with the condensation reac-
tion of the carboxylic group with the amino group. The im-
purities can be cleanly removed by the acid mixture during
the cutting process. These approaches are described
elsewhere.'® Subsequently, 30-nm-thick HfO, control dielec-
tric was deposited via plasma-enhanced atomic-layer deposi-
tion using HfN(CH;)C,Hs], as a hafnium precursor and
oxygen plasma to insulate the SSWCNTSs conformally by the
ALD nature and to create better program/erase (P/E)
efficiency considering the high dielectric constant of HfO,
(e,=25). Finally, aluminum was deposited as a gate material
by using a rf-sputter procedure and patterned. For compari-
son purpose, a LSWCNT-embedded control sample was de-
veloped to investigate the structural effect of the different
SWCNT-immobilized directions on their electrical memory
characteristics, as shown in Fig. 1(b).

Figures 1(c) and 1(d) shows tapping mode atomic force
microscopy (AFM) (Nanoscope III, Digital Instruments,
Veeco Metrology, LLC, CA) height images of SWCNTSs per-
pendicularly linked to silicon oxide for 6 h of immobilizing
time and the lying SWCNTs on a silicon oxide surface, re-
spectively. As shown in Fig. 1(c), the isolated needlelike pat-
tern of SSWCNT is clearly observed. The surface density
can be modified by controlling the coupling time."®
Figure 1(d) shows a LSWCNT film on a silanized silicon
oxide surface. The AFM images indicate that SWCNTs are
mostly in the form of several nanometer bundles, and uni-
form substrate coverage occurs for these two types of CNT
film.

Figures 2(a) and 2(b), respectively, show typical Ing-Vgs
(Ips: drain current; Vg gate voltage) curves of the
SSWCNT and LSWCNT SOI #»MOSFET devices
(W/L=50/2 pm, W: width; L: length) under different
voltage-sweep ranges from =3 to =13 V. For both device
types, the clockwise Ipg-Vgg hysteresis stems from storing

different carrier types according to the polarity of the applied
voltages. After applying a positive voltage, electrons tunnel-
ing through the tunneling oxide from the inversion layer are
stored in the SWCNTSs, and the threshold voltage increases.
For an applied negative voltage, accumulated holes are
stored in the SWCNTs, and the Ipg-Vg curve then moves in
a negative direction. Regardless of the assembling direction-
ality of SWCNTSs, it was confirmed that the SWCNTs serve
as good charge storage nodes.

To clearly understand the advantages of SSWCNTs
devices, the P/E transient characteristics were compared
between the SSWCNT and LSWCNT  devices
(W/L=50/2 pm), as presented in Fig. 3. We found that the
SSWCNT device shows more efficient P/E transient charac-
teristics compared to the LSWCNT device under the same
program  voltage (Vioeram:11 and 13 V)/erase voltage
(Verase:—15 V) and time duration (7p;;) of applied pulses.
This result can be explained by considering the following
two factors: the asymmetric electric field enhancement effect
and CR. For the former factor, the more sparsely placed
SWCNT array of the SSWCNT devices can enhance the
electric field with comoparison to the SWCNT network of the
LSWCNT devices.'** Thus, it shows better P/E efficiency.
And, as the latter factor, CR can be expressed as following
equation:
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FIG. 3. Program/erase transient characteristics of the SSWCNT devices
(W/L=50/2 um) and LSWCNT devices (W/L=50/2 pum). Pulses of
+11/-15 V and +13/-15 V were applied for the program/erase operations.
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FIG. 4. Retention time characteristics of the SSWCNT devices
(W/L=50/2 pm) and LSWCNT devices (W/L=50/2 um) measured at
room temperature.

Cro.
capacitive-coupling ratio(CR) = FG-L6

Crg-cG + Crg-sub
a ecp(Sce/tep) o 1
ecp(Sca/tep) + emp(Sto/ttp) 1+ (Sto/Sca)”

where Cpg.cg 18 the capacitance between a floating gate and
a control gate, Crg.qyp 1 the capacitance between floating
gate and silicon substrate, ecp and t-p are control dielectric
constant and thickness. etp and frp are tunneling dielectric
constant and thickness, S¢g is the surface area of SWCNTs
covered by the control gate, Stg is the area of SWCNTs
faced with the tunneling oxide. As depicted in Fig. 1,
the ratio of Syg to Scg of the SSWCNT device
(STo_sswents/ Sca sswents) is clearly smaller than that of the
LSWCNT device (Sto Lswents/Sca Lswents)» and this means
that the SSWCNT device has a higher CR value than the
other from the above equation. In addition, without the re-
duction of the gate dielectrics, room remains for an enhance-
ment of the P/E efficiency on the foundation of the high CR
by modulating the length of the SSWCNTs. This is a pre-
dominant advantage of a SSWCNT as a discrete floating gate
of a NVM device.

For the nonvolatile memory, it is strictly required that
the data retention time must be a minimum of ten years. We
studied the retention characteristics of the SSWCNT and
LSWCNT devices (W/L=50/2 wum) measured at room tem-
perature. These data were shown in Fig. 4. After ten years, it
was found that 58% and 16% of stored charges were pre-
served for SSWCNT and LSWCNT devices, respectively,
from the extrapolation of curves. NVM devices using dis-
crete storage nodes have a high potential to prolong the re-
tention time compared to conventional flash memory using a
continuous polycrystalline silicon layer as the floating gate,
as previously explained. Although SWCNTs are discrete for
both SSWCNT and LSWCNT devices, Fig. 4 shows the
clearly different retention characteristics. This trend can be
understood by two speculations. Firstly, in the case of
SSWCNT device, the CNTs were mutually isolated, thus the
SSWCNT device maintains the advantage as discrete storage
nodes in a NVM device. However, the LSWCNTs made
CNT networks, indicating that adjacent CNTs are bridged
with one another. Therefore, in the programed state, there
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could be a lateral transport of stored charges by the tunneling
mechanism and cause the degraded retention characteristic
due to the lower level of defect immunity. Secondly, the
denser SWCNTs as the charge storage can amplify any
change arising from the number of electrons stored per
SWCNT.?’ As a result, in a memory window, the threshold
voltage difference is narrowed down more quickly in the
LSWCNT devices than in the sparser SSWCNT devices.
Thus, the LSWCNT devices show poor retention
characteristics.

In summary, vertically standing SWCNTSs has been dem-
onstrated as discrete storage nodes of nonvolatile flash
memory device. A SSWCNT device showed a better P/E
transient characteristics and a threefold increase in the reten-
tion characteristics over a LSWCNT device due to the high
coupling ratio and the high level of defect immunity based
on the isolation and vertical directionality nature of the
SSWCNT.

This work was supported by the National Research Pro-
gram for the 0.1-Terabit Nonvolatile Memory Development
initiative, sponsored by the Korea Ministry of Commerce,
Industry and Energy. One of the authors (X.J.H.) is grateful
for the financial support in 2007 from the Brain Korea 21
project of the School of Information Technology, Korea Ad-
vanced Institute of Science and Technology.

IS. J. Tans, A. R. M. Verschueren, and C. Dekker, Nature (London) 393,
49 (1998).
2A. Javey, J. Guo, Q. Wang, M. Lundstrom, and H. J. Dai, Nature (London)
424, 654 (2003).
3A. Javey, Q. Wang, A. Ural, Y. Li, and H. J. Dai, Nano Lett. 2, 929
(2002).

4. I Wind, J. Appenzeller, R. Martel, V. Derycke, and P. Avouris,
Appl. Phys. Lett. 80, 3817 (2002).

5], B. Cui, R. Sordan, M. Burghard, and K. Kern, Appl. Phys. Lett. 81,
3260 (2002).

‘R. Ohba, Y. Mitani, N. Sugiyama, and S. Fujita, Tech. Dig. - Int. Electron
Devices Meet. 2004, 897.

7. Liu, C. Lee, V. Narayanan, G. Pei, and E. C. Kan, IEEE Trans. Electron
Devices 49, 1606 (2002).

87 7. Lee and D. L. Kwong, IEEE Trans. Electron Devices 52, 507 (2005).
’S. W. Ryu, Y. K. Choi, C. B. Mo, S. H. Hong, P. K. Park, and S. W. Kang,
J. Appl. Phys. 101, 026109 (2007).

197, H. Chen, Y. Q. Wang, W. J. Yoo, Y. C. Yeo, G. Samudra, D. S. H. Chan,
A. Y. Du, and D. L. Kwong, IEEE Trans. Electron Devices 51, 1840
(2004).

5 H. Chen, W. J. Yoo, D. S. H. Chan, and L. J. Tang, Appl. Phys. Lett. 86,
073114 (2005).

2N, Bendiab, L. Spina, A. Zahab, P. Poncharal, C. Marliere, J. L.
Bantignies, E. Anglaret, and J. L. Sauvajol, Phys. Rev. B 64, 245424
(2001).

13g, Suzuki, C. Bower, Y. Watanabe, and O. Zhou, Appl. Phys. Lett. 76,
4007 (2000).

"A. Thess, R. Lee, P. Nikolaev, H. J. Dai, P. Petit, J. Robert, C. H. Xu, Y.
H. Lee, S. G. Kim, A. G. Rinzler, D. T. Colbert, G. E. Scuseria, D.
Tomanek, J. E. Fischer, and R. E. Smalley, Science 273, 483 (1996).

'5p. G. Collins, K. Bradley, M. Ishigami, and A. Zettl, Science 287, 1801
(2006).

'B. Wang, Y. H. Yang, and G. W. Yang, Nanotechnology 17, 4682 (2006).

Y. Yue, Z. J. Zhang, and C. Liu, Appl. Phys. Lett. 88, 263115 (2006).

Bx. 1. Huang, S. W. Ryu, H. S. Im, and Y. K. Choi, Langmuir 23, 991
(2007).

c. Lee, U. Ganguly, V. Narayanan, T.-H. Hou, J. Kim, and E. C. Kan,

IEEE Electron Device Lett. 26, 879 (2005).

T.-H. Hou, C. Lee, V. Narayanan, U. Ganguly, and E. C. Kan, IEEE Trans.

Electron Devices 53, 3095 (2006).

20r

Downloaded 14 Apr 2011 to 143.248.224.33. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



