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We have demonstrated a room-temperature silicon single-electron transistor memory that consists of
(i) a narrow channel metal-oxide—semiconductor field-effect transistor with a widt® nm

smaller than the Debye screening length of single electron;(@heé nanoscale polysilicon dot
(~7X7 nm) as the floating gate embedded between the channel and the control gate. We have
observed that storingneelectron on the floating gate can significantly screen the channel from the
potential on the control gate, leading to a discrete shift in the threshold voltage, a staircase
relationship between the charging voltage and the threshold shift, and a self-limiting charging
process. ©1997 American Institute of PhysidsS0003-695(97)00907-9

Floating-gate metal—oxide—semicondud®OS) mem-  charging voltage become discrete and well separated at room
ories based on single-electron effect are very attractive, duemperature. Note that the control gate in our device is very
to the possibility of a quantized threshold voltage shift, quaniong, but the device’s threshold is determined by the section
tized charging voltage to create the shift, small device sizewhere the floating gate is located.
and fast charging time. However, fabrication of such devices In fabrication, the narrow silicon channels with an initial
demands cutting-edge nanotechnology. To relax fabricatioshannel thickness of 35 nm and an initial width varying from
requirement, the single-electron MOS memor&EMMs) 25 to 120 nm were fabricated on silicon on insulat8OI)
fabricated previously have nonconventional structures, suctising electron beam lithography and reactive ion etching
as a channel made of polysilicon or a floating gate consistingRIE). Next, square-shaped floating gates made of polysili-
of many isolated silicon nanocrystals, but these devices sufon were deposited and patterned using a second level
fer fluctuation in the device’s dimension and performahte. e-beam lithography and RIE. The gate has a size almost the
For example, the nature of the polysilicon channel SEMMsame as the channel width and an initial thickness of 11 nm.
prevents a precise control of the actual transistor channdlhen a 18 nm oxide was thermally grown, which would
width, the floating-gate size, and tunnel barrier thickridss. consume silicon, reducing the thickness of the polysilicon
the multinanocrystal floating-gate device, the size of the silidot by about 9 nm, and the lateral size of the dot and the
con nanocrystals have a broad distributiohll of these sta-  silicon channel width by about 18 nm. A plasma-enhanced
tistical variations lead to a large fluctuation in the thresholdchemical—vapor deposition oxide of 22 nm thick was depos-
voltage shift and in the charging voltage, therefore, they aréed giving the total control oxide of 40 nm. A am-long
unsuitable to large scale integration. polysilicon gate that covers the small floating gate and part

Here we present a Sing|e electron MOS memory having)f the narrow channel was deposited and patterned. After
a narrow channel and a nanoscale ﬂoating gate with a We”making final contacts, the devices were sintered to reduce the
controlled dimension. We report that the Charging of a Sing|énterface states. Many fabrications described here are similar
electron to the floating gate will lead to, at room temperature!0 Our previous worR:® _ _ _ _
a quantized threshold voltage shift, a discrete charging volt-  Note that in our devices, no tunnel oxide was intention-
age, and a self-limiting charging process. ally added between the channel and polysilicon floating gate.

As depicted in Fig. 1, there are two key features of ourThe reason is twofold(1) to allow fast charging an?) to
SEMM. (1) The width of silicon metal-oxide—semiconductor minimize the potential difference between the channel and
field-effect transistofMOSFET) channel is narrower than the floating dot during the charging process, so that the Cou-
the Debye screening length of a single electron; &dhe lomb blockade effect can regulate the number of electrons
floating gate is a nanoscale squénence, called doto sig-
nificantly increase single-electron charging energy as well as
the qugntization_energy. Otherwise, the device is similar to Polysilicon
an ordinary floating-gate MOS memory. The narrow channel . N Dot
ensures that storing a single electron on the floating gate is )
sufficient to screen the entire chanrieé., the full channel
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width) from the potential on the control gate, leading to a -
significant threshold voltage shift. A small floating gate is My ey

used to significantly increase electron quantum encdge “Buried Oxide

to small siz¢ and electron charging enerdgue to small Substrate

capacitance hence, the threshold voltage shift and the

FIG. 1. Schematic of a single-electron MOS memory that has a narrow
silicon channel and a nanoscale polysilicon dot as the floating gate. The
3E|ectronic mail: chou@ee.umn.edu cross-section view illustrates the floating gate and the channel region.
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FIG. 2. Scanning electron micrograph of the narrow silicon channel and 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 buried
oxide came from the second-level e-beam lithography and has no effect on
device behavior.

5.5+ VCtrl-g =10V

that can be stored on the floating dot gate for a given charg-
ing voltage. In these devices, the potential barrier still exists
between the channel and the floating gate, because of the
grain boundary and a thin native oxide.

Figure 2 is a scanning electron microgra®EM) show-
ing the polysilicon dot defined on top of the narrow silicon
channel. For easy alignment, a line instead of a small square 4.0 — . .
was exposed in the second level e-beam lithography, which 107 106 105 104 103 102
creates the lines in the buried oxide but does not affect the Pulse width (sec)
electrical characteristics of the device.

The devices were characterized at room temperature U$4G. 4. (a) Threshold voltage as a function of the charging voltage on the
ing a two-step process. First, a voltage pulse positive relativeontrol gate, showing a staircase relation witd V for each stair.(b)

to the grounded source was applied to the control gate an‘H’lreshold voltage as a function of the charging time, while the charging
voltage is fixed at 10 V.

5.0

Threshold Voltage (V)

4.5+

108 the drain voltage was maintained at 50 mV. This would
E Room Temperature cause the electrons to tunnel from the channel to the floating
V. =50mV i gate. Then the drain current of the transistor was measured as
. 109 oS a function of the gate voltagd €V) with a 50 mV source—
< F drain voltage, where the threshold volta@é,,) shift was
?, obtained. A simple switching circuit was used to allow the
£ 1070 A measurement of the-V characteristics to be taken within 1
O rd f" & GatePulseof10m3 s after the charging process was completed.
< S& S vf > No charge stored A SEMM that has a~10 nm wide channel and a floating
SERLA S t Ve=T7V gate of a~7 nmx7 nm square and 2 nm thick, the smallest
e e T ° Vg=10V in our fabrication, was characterized at room temperature
N T Vgmmav o under different charging voltages. The device dimension was
4.7 4.8 4.9 5.0 5.1 50 5.3 estimated from SEM measurement and the oxidation rate.

However, self-limiting oxidation might occdrin that case,
the device could be slightly larger. Figure 3 shows lth&/

FIG. 3. Room temperature-V characteristics of a SEMM device before characteristics (?f the deV|ce. after the control gate was
and after the charges being stored onto the floating dot. The threshold volcharged by a different charging voltage from 2 to 14 V.
age(defined as the gate voltage at which the drain current reaches 100 PADespite a continuous charging voltage, the threshold of the

shift is quantized withA V=55 mV. The trace witHO) symbol represents device always shifts a discrete increment of about 55 mV:
the case where no charge is being stored in the dot, and the other three traces ’

show the results after positive gate pulses had been applied with progre_§’md each threshold shift cqrres_ponds to a ?harging VOItage
sively larger magnitude. interval of ~4 V. As shown in Fig. 4a), there is a staircase

Gate Voltage (V)
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Injection Third, the self-limiting charging process can be ex-

@ (b) plained by three factof$=ig. 5a)]. (1) the energy-level spac-
Channel Cye Cae ing in the floating gate, which must be overcome to charge
an electron into the floating gate, is large compared with
Gate Chrg kgT. For a 7-nm-by-7-nm silicon square embedded in

SiO,, the energy spacing due to quantum confinement is
~50 meV and the Coulomb charging energy~80 meV
(assuming the oxide between the dot and channel is 1 nm
thick);® (2) since the barrier layer is thin, the voltage drop
between the channel and the floating gate is very small; and
Coulomb (3) once one electron is added in the floating gate, the poten-
blockade tial of the floating gate will raise, further reducing the volt-
FIG. 5. (a) Schematic band diagram before and after an electron injectionage drop between the Chan.nd.and the gate and preventing
onto the dot. A single electron stored in the dot can raise its potential b)ﬂnOther electron from charging into the floating gate. There-
e/C,, blocking the other electrons in the channel from coming(®.  fore, for a fixed charging voltage, the charging process is
Schematic cross section of the device showing the capacitive coupling beself-regulated and stops once the floating gate is charged
tween various elements. with a fixed number of electrons, leading to a threshold shift
independent of charging time and a staircase relation be-
relation between the threshold voltage shift and the chargin§veen the charging voltage and the threshold shift.
voltage. Moreover, for a given charging voltage, the thresh- ~ Now we would like to discuss a number of other issues.
old shift is self-limiting, the threshold voltage shift is inde- First, the discrete threshold shift is not due to the interfacial
pendent of the charging time, as shown in Figh)4 traps. The threshold shift due to the traps will not give the
It should be pointed out since there is no intentionalmultiple equally spaced threshold shift and will have a
tunnel oxide, the charge stored at the floating gate can beharging process time dependémnd second, despite an
held for an averagef® s after the control-gate potential was extremely small floating gate and a very low channel doping
set back to the ground, and after ab&us the threshold concentration, the device did not exhibit short channel ef-

voltage of the device returned to its original valtkee first ~ fects. This is because the inversion layer induced by the con-

Store

L ¥ eC, S pmied Oxide

-V on the left in Fig. 3. trol gate effectively acts as an ultrashallow source and drain
The behavior of the device can be explained by thefor the device, making the short channel effect negligible.
single-electron charging effect. First, since there is little ox- N summary, we have demonstrated the first single-

ide between the channel and the floating gate, the charging/ectron memory in crystalline silicon MOSFET that has
voltage primarily drops between the control gate and theonly one floating polysilicon dot as the charge storage node.
floating gate. To add one electron onto the floating gate reThe quantized shift in threshold voltage, quantized charging
quires an increment in the charging voltage of #1€,,,  Vvoltage, and self-regulated charging process has been ob-
where Cdg is the Capacitance between the control gate an@erved at room temperature, which is attributed to the Slngle—
floating gate[Fig. 5b)]. The capacitanceCy, for the 7  electron effect.
nmx7 nm floating gate and a 40 nm control oxide is 4.4  This work was partially supported by DARPA, ONR,
x10~2° F, giving a single-electron charging voltage of 3.6 ARO, and NSF.
V, consistent with the experimental value of 4 V.

Second, the shift in the SEMM'’s threshold voltage due
to one electron stored in the floating gate is given by
AVy~el(Cyy+ Cyyq).! Here Cy,q is added to account for 1:EEYE""$°' T. 'Elh“' T. Hgshin;go,lgéchnggyashi, F. Murai, and K. Seki,
the fact that the coptrol gate wraps around the channel, th_erezs Tiwarreii’n; Rzﬁg??_" f'\;'rfai’ A Haristeir?’ 'E. F. Crabbe, and K. Chan,
fore, the channel is only partially screened by the floating Appl. Phys. Lett.68, 1377(1996.
gate For @ conventonal foaing gate HOS memyy 7.5 et 0 Y. S g P s e,
=0, andAVy, is reduced to the usual fordVy~e/Cqyq. In s n v A O ; :
our devicesCy4 is many orders of magnitude Iargger than (El'gge;ba”d“”g' L. Guo, and S. Y. Chou, J. Vac. Sci. Technai3 2865
Cag- TheCy,4 can be estimated from single-electron Debeye °H. I. Liu, D. K. Biegelsen, F. A. Ponce, N. M. Johnson, and R. F. W.
screen lengti{~70 nm) and the channel thickne$26 nm. Pease, Appl. Phys. Letb4, 1383(1994.

For the control oxide thickness of 40 nm and the area Of7See, for example, J. R. Davigstabilities in MOS Device§Gordon and
Breach, New York, 1980

_(7O><2_6 nm, the Ctrg i_s 2.5 aF and_?/Cfrg is 64 mV, which 8The capacitance between the floating gate and the channel was also taken
is again consistent with the experiment. into account using the image charge method.
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