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A Silicon Single-Electron Transistor Memory 
Operating at Room Temperature 

Lingjie Guo, Effendi Leobandung, Stephen Y. Chou* 

A single-electron memory, in which a bit of information is stored by one electron, is 
demonstrated at room temperature. The memory is a floating gate metal-oxide-semi- 
conductor transistor in silicon with a channel width (-1 0 nanometers) smaller than the 
Debye screening length of a single electron and a nanoscale polysilicon dot (-7 nano- 
meters by 7 nanometers) as the floating gate embedded between the channel and the 
control gate. Storing one electron on the floating gate screens the entire channel from 
the potential on the control gate and leads to (i) a discrete shift in the threshold voltage, 
(ii) a staircase relation between the charging voltage and the shift, and (iii) a self-limiting 
charging process. The structure and fabrication of the memory should be compatible 
with future ultralarge-scale integrated circuits. 

T o  increase the storage density of setni- 
conductor memories. the size of each 
memory cell must be reduced. A smaller 
lnemory cell also leads to faster speeds and 
lower power consutnptlon. One of the 
v~idelv used nonvolatile setnlconductor 
ine~nories is the metal-oxide-semiconduc- 
tor (MOS) transistor that has a floatlng 
gate between the channel and the control 
gate. Information is represented by storing 
charges on the floating gate. The infortna- 
tion can be read by using the transistor 
because different amounts of charge on 
the floating gate shift the threshold volt- 
age of the transistor differently. The ulti- 
mate limit in scaling down the floating 
gate memory is to use one electron to 
represent a bit, the so-called single elec- 
tron MOS memory (SEMM). To make 
such lnemory practical requires a proper 
design of device structure, so that the 
voltage for charging a single electron is 
discrete and well separated (as compared 
to the noise level), as is the shift in thresh- 
old voltage caused by the storage of a 
single electron. 

One of the two previous approaches to 
SEMM is to build the device in a tinv 
polysilicon strip ( 1 ) .  An  electron percola- 
tion path in the strip forms the channel, 
and one of polysilicon grains near the 
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conduction path acts as the floating gate. 
Such a structure intrinsically prevents pre- 
cise control of the channel size, floating 
pate ditnension, and tunnel barrier. The 
i ther approach'is to replace the floating 
gate of conl~entional floating gate transis- 
tor lnelnory with na~locrystal grains, while 
keeping the rest of the device unaltered 
( 2 ) .  The size of the silicon nanocrvstals ~, 

and the tunnel barriers intrinsically hive a 
broad distribution. Both anvroaches in- 
tend to alleviate the challenges in nano- 
fabrication, but the statistical variations in 
their structures lead to large fluctuations 
in the shift of the threshold voltage and in 
the charging voltage, making them unsuit- 
able tor large-scale integration. 

Here we vresent a SEMM in crvstalline 
silicon that 'has a well-controlled' dimen- 
sion. Charging a single electron to the 
floating gate leads, at rootn temperature, 
to a quantized shift in threshold voltage 
and a staircase relation between the shift 
and the charging voltage. Furthermore, 
the charging process is self-litnited. 

There are two key features of our 
SEMM (Fig. I ) :  ( i)  the channel width of 
silicon MOS field-effect transistor is nar- 
rower than the Debye screening length of 
a single electron and (ii) the floating gate 
is a nanoscale square (hence, it is called a 
dot) (3) .  Otherwise, the device is similar 
to an ordinary floatine eate MOS inetnorv. u u 

The narrow channel ensures that the stoi- 

*To whom correspondence s h o ~ l d  be addressed. E-mail: age of a sillgle On the 
cho~@ee.~mn.edu gate is sufficient to screen the entire chan- 

nel (that IS, the full channel width) from 
the potential on the control gate, which 
leads to a significant shift in threshold 
voltage. A small floating gate is used to 
significantly increase electron quantutn 
enerev (due to the stnall size) and electron u, ~ 

charging energy (due to the small capaci- 
tance); hence, the threshold voltage shift 

u 

and the charging voltage becotne discrete 
and well separated at room temperature. 
The control gate in our device is long, but 
the device's threshold is determined by 
the section where the floating gate 1s 
located. 

In fabrication, an 1 1-nm-thick polysili- 
con filtn (for the floating gate) was depos- 
lted on a silicon-on-insulator wafer that had 
a 35-ntn-thick too laver of crvstalline sili- 

A ,  

con (for the channel). The polysilicon film 
and the silicon layer were separated by a 
layer of native oxide - 1 nm thick. The first 
level of electron beatn lithography (EBL) 
and reactive ion etching (RIE) patterned 
the width of the floating gate and the nar- 
row silicon channel, which is under the gate 
(that is, they are self-aligned). The initial 
channel width varied from 25 to 120 nm. A 
second level of EBL and RIE vatterned the 
length of the floating gate, making it square 
(Fie. 2). An 18-ntn-thick laver of oxide was - 
then thermally grown, partially consu~ning 
the silicon, which reduced the thickness of 
the polysilicon dot by -9 nm and the lat- 
eral size of the dot and the width of the 
silicon channel bv -18 nm. A 22-nm-thick 
layer of oxide \;.as deposited by plasma- 
enhanced chemical vapor deposition, mak- 
ing the total thickness of the control gate 
oxide 40 ntn. Next, polysilicon was depos- 
ited, and the control gate was patterned to 
a length of 3 km, which covered the float- 
ing gate and part of the narrow channel. 

Polvsilicon control aate 

Fig. 1. Schematic of a S E M M  that has a narrow 
silicon channel and a nanoscale poys~l~con dot as 
the floating gate. The cross-sectional vlew deta~ls 
the floating gate and the channel region. 
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After making the final contacts, the devices 
were sintered in a forming gas to reduce the 
interface states. Many of the fabrications 
described here are similar to our previous 
work (4). 

No tunnel oxide was intentionally grown 
between the channel and polysilicon float- 
ing gate. The reasons are twofold: to allow 
fast charging and to minimize the potential 
difference between the channel and the 
floating dot during the charging process, so 
that for a given charging voltage, the Cou- 
lomb blockade effect can rermlate the num- 

c7 

ber of electrons stored on the floating gate. 
In these devices, a potential barrier still ex- 
ists between the channel and the floating 
gate, because of the grain boundary in poly- 
silicon and the thin native oxide. 

The devices were characterized at room 
temperature in a two-step process. First, a 
voltage pulse that was positive relative to the 
grounded source was applied to the control 
gate, while the drain voltage was maintained 
at 50 mV. This Drocess caused electrons to 
tunnel from the channel to the floating gate. 
The drain current of the transistor was then 
measured as a function of the gate voltage 
(I-V) with a 50-mV source drain voltage, 
from which the threshold voltage (Vth) shift 
was obtained. A simple switching circuit was 
used to allow measurement of the I-V char- 
acteristics within 1 s after the completion of 
the charging process. 

A SEMM that had an -10-nm-wide 
channel and an -7 nm bv 7 nm sauare. . . 
2-nm-thick floating g a t e t h e  smallest in our 
fabrication-was characterized under differ- 
ent charging voltages. The device dimension 

~slllcon dot 
v 

S~licon ch; - 
- 

Fig. 2. Scanning electron micrograph of the nar- 
row silicon channel with the polysilicon dot on top, 
before size reduction by thermal oxidation. The 
width of the channel and the size of the dot are 
both 50 nm. The lines in the buried oxide, included 
for easy alignment, come from the second-level 
EBL and have no effect on device behavior. 

was estimated from measurements made with 
a scanning electron microscope and from the 
oxidation rate. However, self-limiting oxida- 
tion may have occurred (5 ) ,  making it diffi- 
cult to assess the exact size. We measured the 
I-V characteristics of the device after the con- 
trol gate was pulsed by charging voltages rang- 
ing from 0 to 14 V (Fig. 3). Although the 
charging voltage was continuous, the thresh- 
old voltage of the device (defined as the gate 
voltage at which the drain current reaches 
100 PA) always made a discrete shift of 55 
mV, and each shift corresponded to a charg- 
ing voltage interval of -4 V (Fig. 4A). More- 
over, for a given charging voltage, the thresh- 
old shift was self-limited; that is, the shift in 
threshold voltage was independent of the 
charging time (Fig. 4B). Because no tunnel 
oxide was intentionally added, the charge 
stored at the floating gate could be held for 
-5 s after the control gate potential was set 
back to the ground, and the threshold voltage 
of the device returned to its original value 
(leftmost trace in Fie. 3). u ,  

The behavior of the device can be ex- 
plained by the single electron charging ef- 
fect. Because the tunnel oxide between the 
channel and the floating gate was thin, the 
charging voltage dropped primarily between 
the control gate and the floating gate. To 
add one electron to the floating gate requires 
an increment of e/Cdg in charging voltage to 
be applied to the control gate, where e is the 
magnitude of a single electron charge and 
Cdg is the capacitance between the control 
gate and the floating gate (Fig. 5). The ca- 

pacitance Cdg for the 7 nm by 7 nm floating 
gate and a 40-nm-thick layer of control .ox- 
ide was about 4.4 X F, giving a single 
electron charging voltage of 3.6 V, close to 
the experimental value of 4 V. 

The shift in the SEMM's threshold volt- 
age caused by one electron stored in the 
floating gate is given by 

Here Cb: the fringe capacitance, accounts for 
the partla1 wrapping of the control gate 
around the channel so that the channel is 
only partially screened by the floating gate. 
For a conventional floating gate MOS mem- 
ory, Cf, = 0, and AVth is reduced to the usual 
form AVth EJ e/Cdp. In our devices, Ckg is 
about two orders of magnitude greater than 
Cdg. The value of Ckg can be estimated from 
the single electron Debye screen length (-70 
nm) and the channel thickness (26 nm) in a 
parallel-capacitor model. For the control ox- 
ide thickness of 40 nm and the area of 70 
nm by 26 nm, the Cfr, is about 2.5 x lo-'' 
F, and hence, AVth - 64 mV, which is 
again consistent with the experiment. 

The self-limiting charging process can 
be explained by three facts: (i) The energy 
level spacing in the floating gate, which 
must be overcome to charge one more elec- - 
tron into the floating gate, is large com- 
pared with kBT (the thermal energy, Boltz- 
mann's constant kg times temperature T )  at 
room temperature. For a 7 nm by 7 nm 
silicon square embedded in S O z ,  the quan- 
tum energy spacing is -30 meV, and the 

Fig. 3. The I-V characteristics of a SEMM device 
before and after the charges were stored in the 
floating dot. For charging voltage pulses from 0 to 
14 V, the shift in threshold voltage was quantized 
with an increment of -55 mV. The leftmost trace 
(0 2-V charging voltage) represents the case 
where no charge was being stored in the dot, and 
the other three traces show the results after pos- 
itive gate pulses had been applied with progres- 
sively larger magnitude (from left to right: 7, 10, 
and 14 V). Data recorded at room temperature; 
drain-source voltage, 50 mV. 

lo-'24.7 4.8 4.9 5.0 5.1 5.2 5.3 

Gate voltage (V) 

1 4.0- 
0 4 8 12 16 10-710~1Cr5104 10-3 lo2 

Control gate voltage (V) Pulse width (s) 

Fig. 4. Threshold volt- 
age of the SEMM as a 
function of (A) the charg- 
ing voltage on the con- 
trol gate (voltage pulses 
of 10 ms), showing a 
staircase relation with an 
interval of -4 V, and (B) 
the charging time while 
the charging voltage 
pulse is fixed at 10 V, in- 
dicating a self-limited 
process. 
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Coulomb energy spacing is 5C tneV (assum- 
ing that the  oxide layer between the  dot 
and channel is 1 n m  thick) (6) ;  (i i)  because 
the harrier layer is thin,  the  voltage drop 
between the  channel and the  floating gate 
is very small; and (iii) once a n  electron is 
added to the  floating gate, the  potential of 
the  floating gate rises, further reducing the  
voltage difference between the channel and 
the  floating gate and preventing another 
electron from tunneling into the  floating 
gate. Therefore, for a fixed charging volt- 
age, the  charging process is self-regulated 
and stops once the floating gate is charged 
with a fixed number of electrons, leading to 
a threshold shift i~ldependent of charging 
time and a staircase relation between the  
charging voltage and the threshold shift. 

T h e  discrete threshold shift is not a result 
of interfacial tram. T h e  threshold shifts due 
to the traps will not be equally spaced (be- 
cause the charge will be trapped at different 
locations of the channel), and the charging 
process will be time dependent (7). 

Desuite the  small floatine gate and the  " "  

lon lebel of channel doplng, the  del Ice has 
a good subthreshold slope of 108 m V  per 
decade. because the Inverslon lalel ~nduced  
by the control gate effectively acts as a n  
ultrashallow source and drain for the  de- 
vice. This characteristic is also a t t r ih~~ tab le  
to the l o x  source and drain voltage. 

As ~ndicated by Eq. 1,  the  threshold 
voltage can be much larger than the  present 
55 tnV lf the  thickness of the  control pate - 
oxide is Increased or the  fringing gate ca- 
oacitance can be reduced. Also, if a thicker 
tunnel oxide is used between the  channel 
and the floating gate, the  charge o n  the  
floating gate can be held much longer than 
the current 5 s. 

T h e  SEMM should be ~nr~est leated more 
thoroughly before being put into manufac- 
turing. O n e  of the most itnportant cluestions 
to he studied is the  effects of variations of 

Burled o x ~ d e  

I Coulomb 
blockade 

Fig. 5. (A) Schematic band diagram before and 
after injection of an electron into the dot. A single 
electron stored in the dot can raise its potential by 
e2/Ctt. block~ng the entry of other electrons from 
the channel (C,, is the total capacitance of the 
floating gate). (6) Schematic cross section of the 
device showing the capacitive coupling between 
varous elements. 
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Micropatterning Fluid Lipid Bilayers 
on Solid Supports 

Jay T. Groves, Nick Ulman, Steven G. Boxer* 

Lithographically patterned grids of photoresist, aluminum oxide, or gold on oxidized 
silicon substrates were used to partition supported lipid bilayers into micrometer-scale 
arrays of isolated fluid membrane corrals. Fluorescently labeled lipids were observed to 
diffuse freely within each membrane corral but were confined by the micropatterned 
barriers. The concentrations of fluorescent probe molecules in individual corrals were 
altered by selective photobleaching to create arrays of fluid membrane patches with 
differing compositions. Application of an electric field parallel to the surface induced 
steady-state concentration gradients of charged membrane components in the corrals. 
In addition to producing patches of membrane with continuously varying composition, 
these gradients provide an intrinsically parallel means of acquiring information about 
molecular properties such as the diffusion coefficient in individual corrals. 

T h e  patterning of s~lrfaces into defined re- 
gions of contrasting properties has recently 
received considerable attention. Successes in 
this field include the develop~nent of mi- 
crometer-scale patterns in surface ~vettability 
( I  ) and nlicrocontact printing, nrhich has 
produced patterned self-assembled monolay- 
ers with subrnicrotneter features 12. 3 ) .  A t  
the same time, light-directed synthesis has 
been used to generate spat~ally addressable 
cornhinatorial libraries of D N A  and nrotein 
sequences o n  solid substrates (4). Here, we 
describe pattemlng of surfaces x i t h  proper- 
ties rese~nbllng those of llrrlng cells: fluid 
hilayer metnhranes o n  solid supports. This 
work has been stimulated hv the desire to 
create integrated devices capable of manip- 
ulatine molecules 111 a bilaver lnernhrane and 
to pattern spatially addressable libraries of 
chemically distinct, fluid membrane patches. 

Supported ~ne~nhranes  are self-mem- 
bling, two-dimensional (2D) fluid systems 
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(Fig. 1). T h e  bilayer membrane consists of 
two opposed leaflets of phospholipid tnole- 
cules and is the basic structure central to all 
living cell membranes. Bilayers on solid sup- 
ports were originally developed tor studies of 
interactions between living cells, =here they 
have proven highly ~~sef i l l  (5, 6). Supported 
membranes can he formed by spontaneous 
fusion of lipid bilayer ves~cles with a n  appro- 
priate hydrophilic surface such as oxidlied Si 
(7, 8). Interactions betxeen ~ne~nbranes  and 
surfaces involve electrostatic and hydration 
forces as =ell as attractive contributions from 
long-range van der Waals forces. -411 ener- 
getic minimum tlghtly traps the membrane 
near the surface. Supported hilayers are typ- 
icall\- separatgd from the solid substrate by a 
thin (-  10 A) film of water (9-1 1 ) and 
retain Illany of the properties of free metn- 
branes, includ~ng lateral fluidity. T h e  fluidity 
is long range, with mobile components of 
both leatlets of the bilayer freely diffusing 
over the entire s~nface of the  substrate. 

The lateral fluidity of supported tnem- 
branes is a key feature that distinguishes them 
from other surtaces. A l t h o ~ ~ g h  fluidity pro- 
vides the me~nbrane nit11 a variety of ~111ique 
properties, it presents an  intrinsic difficulty in 
that membrane components are colltillually 
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