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Room-temperature Si single-electron memory fabricated by
nanoimprint lithography

Wei Wu,a) Jian Gu, Haixiong Ge, Christopher Keimel, and Stephen Y. Chou
NanoStructure Laboratory, Department of Electrical Engineering, Princeton University,
Princeton, New Jersey 08544

~Received 7 May 2003; accepted 17 July 2003!

We report the design, fabrication, and characterization of room-temperature Si single-electron
memories using nanoimprint lithography~NIL !. The devices consist of a narrow channel metal–
oxide–semiconductor field-effect transistor and a sub-10-nm storage dot, which is located between
the channel and the gate. The memories operate at room temperature by charging and discharging
one electron in or out of the dot. The charge retention time is up to two days. NIL is shown to be
tailored for nanodevice fabrication. By using NIL as a nanolithography tool, the single-electron
memory is more feasible for mass production. ©2003 American Institute of Physics.
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As transistors continue to shrink according to Moor
law, single-electron effects are becoming significant in ma
device structures. The devices utilizing those effects, suc
single-electron memory~SEME!, have a number of attractiv
and unique properties such as ultra-low-power consumpt
ultrahigh density, and quantized threshold voltage sh
SEME working at room temperature is also considered to
a promising candidate for the future generation of fla
memories.1–4 To make SEME work at room temperature, t
storage node must be smaller than 10 nm to guarantee
the quantized energy level spacing is larger than the ther
energy.5 Previously, Si SEME fabricated using electron-bea
lithography ~EBL! was reported.2 However, EBL has low
throughput and high cost, making it impractical for ma
production. Other approaches have been used to mee
fabrication challenges, such as using grown Si dots or
lated nanocrystal Si as storage dots.1,4 But the multidot na-
ture and the random location of those dots lead to a la
fluctuation of the device performance. Therefore, they
unsuitable for large-scale integration.

Here, we report the design, fabrication, and character
tion of room-temperature Si single-electron memories fa
cated using nanoimprint lithography~NIL !. The devices con-
sist of a narrow channel metal–oxide–semiconductor fie
effect transistor and a 10-nm-size storage dot embed
between the channel and gate~Fig. 1!. The channel layer
which requires sub-10-nm resolution, is defined using N
and the floating dot is formed and self-aligned with the n
rowest part of the channel to give the stored electron m
mum screening ability, and no additional lithography
needed for the dot. The memory operating at room temp
ture by charging a single electron into or out of the stora
dot was observed. NIL is shown to be tailored for nanodev
fabrication.6 In addition, the high throughput, low cost, an
good fidelity of NIL make SEME more feasible for large
scale integration and mass production.

There are two major parts in the fabrication proce
mold fabrication and device fabrication. In fabricating N
molds, a master mold was fabricated first using EBL a
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reactive ion etching~RIE!. Next, the master mold was dupl
cated into several Si daughter molds using the NIL proce
Then, we oxidized each daughter mold at 850 °C in dry2
and etched SiO2 in HF to shrink the mold feature size. Th
oxidation and etching process may be repeated to achieve
required feature sizes. The mold is used in the NIL proces
define the channel layer. The device fabrication began wi
silicon-on-insulator substrate, and the top Si layer w
thinned to 35 nm thick. First, a 2.4-nm-thick tunneling oxid
was thermally grown in diluted O2, and a 13 nm polysilicon
was deposited by low-pressure chemical vapor deposit
Second, the Si layer and the polysilicon layer were patter
using NIL and RIE etching. Figure 2 shows a scannin
electron microscope image of the patterned channel
floating polylayer. Third, a 13.6 nm gate oxide was therma
grown at 850 °C in dry O2, and followed by a 33 nm SiO2
plasma enhanced chemical vapor deposition. The sam
were annealed at 850 °C in N2 to improve the SiO2 quality.
Finally, a 3-mm-long polysilicon gate that covered the floa
ing dot and part of the channel was deposited and patter
After source/drain implantation, dopant activation, final co
tact, and sintering, the memories were fabricated.

Note that during gate oxidation, since SiO2 grows faster
in the thin poly-Si layer, the two ‘‘necks’’ of the poly-Si laye
were totally oxidized, leaving an isolated quantum d
formed in the floating poly-Si layer, while the undernea
channel was still continuous. In this way, the floating dot w

FIG. 1. Schematic of single-electron memory made by NIL.
8 © 2003 American Institute of Physics
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formed and self-aligned with the narrowest part of the ch
nel.

The devices were characterized at room temperature
ing a two-step process. First, a voltage pulse was applie
the control gate while the source was grounded and the d
held at a 50 mV bias. Second, the drain current was m
sured as a function of control gate voltage (I –V). A simple

FIG. 3. ~a! Drain current vs control gate voltage curves of one sing
electron memory measured at room temperature with drain bias of 50
The curves indicate single-electron memory effects. By applying a 7 V, 1ms
pulse, theI –V curve moved right to the second curve. By applying a 9 V
ms pulse, theI –V curve moved right to the third curve. Varying the puls
duration from 1ms to 1 ms has no effect on the measurements.~b! The
memory with continuous floating poly-Si and no quantum dot has traditio
voltage shifts depending on the voltage time duration.

FIG. 2. Imprinted channel and floating poly-Si layer. After gate oxidati
an isolated quantum dot will form in the floating poly, while the channe
still connected. The quantum dot will be the storage node.
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switch circuit was used to allow the measurement within
after the charging process.

The devices demonstrated a single-electron memory
fect at room temperature. As shown in Fig. 3~a!, when the
charging voltage varies continuously from 1 to 9 V, th
threshold voltage shifted discretely with an increment of
mV at 6 and 9 V. The charging of the dot seems to be in
pendent of the charging time, when the charging pulse len
varied from 1ms to 1 ms~Fig. 4!. The discrete increase in
the threshold voltage indicates a single-electron charg
into the floating dot at 6 V and two electrons at 9 V, respe
tively. Due to the Coulomb blockade, after one electron
charged into the floating dot, the next electron will need
higher charging voltage to conquer the additional Coulo
energy. After each additional electron is charged, the thre
old voltage would shift a certain amount due to the screen
of the electron. This led to the discrete threshold volta
shift, a staircase relationship between the charging volta
and the threshold voltage in Fig. 4. We did not observe a
quantized or charging-time-independent threshold volt

-
V.

l

FIG. 4. Threshold voltage of one single-electron memory vs the pulse v
age applied to the control gate before the measurements. The thre
voltage shifted two steps at 6 and 9 V. The shift of each step is about 22
Varying the pulse length from 1ms to 1 ms has no effect on the measur
ments. One more electron was charged into the storage node at each t
old voltage shift step.

FIG. 5. Memory can keep the threshold voltage shift up to two days. H
ever, after one day, the shifted threshold voltage started to shift back
believe it was due to leaking somewhere in the poly-Si layer away from
floating dot.

,

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



in

un
th
n
w
-

ion
tt

le
e
s

a
t 2
m

-
y

t
ve
-

our

and

or
18

ion
n-
tal
rom

of
ing,
r-

hift
ill
ill

-
o-
n,
n-
r
lex
ME
g
dot

a-
ll
he
r in
te
ing

le-
m
ct.
our
uc-

l

i,

a,

ci-
e

Sci.

W.

in

2270 Appl. Phys. Lett., Vol. 83, No. 11, 15 September 2003 Wu et al.
shifts in the devices, which have a continuous wide float
poly and a wide channel@Fig. 3~b!#.

We did charge retention time measurements. We fo
that after an electron was charged to a quantum dot,
charge could store there for more than two days, as show
Fig. 5. Compared to former work, which was only a fe
minutes to a few hours,2 the improvement in retention charg
ing comes from the improved SiO2 quality. The tunneling
oxide was grown in the very early stage of the fabricat
before any patterning, which may have helped to give be
SiO2 quality.

The expected threshold voltage shifts due to sing
electron charging can be calculated from the device dim
sions. The device, whose characteristics are shown in Fig
and 4, has a disk-shape floating dot with a 8 nmdiam and a
2 nm thickness, which is located on top of the narrowest p
of the channel. The narrowest part of the channel is abou
nm wide. The device dimension was estimated fro
scanning-electron microscope~SEM! pictures and the oxida
tion rate. The width is smaller than the single-electron Deb
screening length~;70 nm! in order to give one electron
enough screening ability. The threshold voltage shift due
the screening of one electron inside the floating dot is gi
by DV'e/(Cfg1Ccg),

1 where Cfg is the capacitance be

FIG. 6. ~a! SEM picture of one Si quantum dot mold made by nanoimpr
lithography and RIE etching. Dot size is about 35 nm.~b! After oxidation
and HF etching the dot size reduced to 5 nm.
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tween the floating dot and the control gate, andCcg the ca-
pacitance between the channel and the control gate. In
devices,Ccg is much larger thanCfg . The Ccg can be esti-
mated from the single-electron Debye screening length
the device dimension. The calculated values,Ccg at 5.9 aF
ande/Ccg at 27 mV, are consistent with the experiment. F
the devices we measured, the threshold shifts spread from
to 23 mV. The variation was due to the feature size variat
on the mold. The mold was made by EBL, and we intentio
ally varied the doses for different sites on the mold. The to
capacitance of the dot is about 0.7 aF and is calculated f
the size of the floating dot and a tunneling oxide thickness
2.4 nm. That makes the Coulomb blockage energy spac
i.e., e2/Ctotal,

7 about 0.2 eV. It is much larger than the the
mal energy at room temperature~26 meV!, which is why the
memory works at room temperature.

It should be pointed out that the discrete threshold s
is not due to the traps. Threshold shift due to the traps w
not give the staircase relationship shown in Fig. 4 and w
have a charging time dependency.2

NIL is tailored for nanodevices fabrication, which re
quires patterning relatively complex structure with high res
lution and good repeatability. Besides sub-10-nm resolutio8

high throughput, low cost, and capability of submicron alig
ment over large area,9 the freedom of combining with othe
techniques in mold fabrication can achieve more comp
structure and better resolution. For example, in the SE
mold fabrication by using the imprint-oxidation-etchin
technique described in this letter, 5 nm size quantum
mold was achieved~Fig. 6!. The self-limiting oxidation
effect10 was utilized to reach the goal. Using other lithogr
phy tools, it is very difficult to directly pattern such a sma
feature with good repeatability. In contrast, NIL gives us t
freedom to combine many fabrication techniques togethe
mold fabrication, and no matter how difficult it is to fabrica
the mold, as long as the mold is made, the NIL pattern
will have low cost, high throughput, and good fidelity.

In summary, we designed and fabricated Si sing
electron memory using NIL. The memories work at roo
temperature by utilizing the single-electron charging effe
NIL is shown to be tailored for nanodevices and makes
SEME fabrication process more feasible for mass prod
tion.

The authors would like to thank DARPA for its partia
support of their research.
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