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l. Introduction
. The recent research on single electron devices has been focused on a

memory cell and anay[l,2] rather than single electron switches(SESs). For
example, the nanocrystal anay or polysilicon graining processes have
made the room temperature memory operation possible because these
technologies are insensitive to the statistical problem of one quantum dot,
the background charge, the electron reservoir design and the
environmental impedance. Room temperature operations of SESs with the
various novel device structures have depended on somewhat fortuitous
phenomena such as unintentional potential baniers in edge quantum
wires[3] or e-bearn inegularity[4] or anisotropic etching and selective
oxidation process[S], so that their controllabilities and reproducibilities
have not been guaranteed.

On the other hand, the atomic force microscope(AFM) tip-defined
single electron transistors(SETs)[6] and the SETs by pattern dependent
oxidation(PADox)[7] have been recently proposed, but the former still
has the problem of the throughput and the latter has not showed the circuit
application at a room temperature.

This paper presents the room temperature operation of Si SESs based
on an electrically formed quantum dot as an alternative to be a controllable
and reproducible room temperature device.
2. Experimentals and Modified Macro Modeling

The device structure is based on a dual-gate MOSFET structure as
shown in Fig. l. A narrow inversion layer is formed by the lower gate
positive bias(Vro). The potential profile in the channel is set up as in Fig.
2, by the field effect of upper gate negative bias(Vuj..After the formation
of polysilicon lower gate by e-beam lithography, the reoxidation process

at 900c followed the formation of TEos sidewall around the lower gate
in order to miniaturize an electrical quantum dot. Then, 37nm TEOS oxide,
and l50nm nitride were deposited. After the patterning of the nitride
groove by e-beam lithography, l00nm n+ polysilicon was deposited and
plasma-etched by reactive ion etching(RlE), forming the polysilicon
sidewall upper gate. The key features of this process were the lower gate
reoxidation and the polysilicon sidewall formation, because the size of an
electrical quantum dot was determined by the width of the lower gate and
the space between the upper gate electrodes.

Polysilicon sidewall technology has the merit in that it can implement
a feature size smaller than the limit of e-beam lithography and its
controllability and reproducibility were verified in our previous work[8].

The scanning electron microscope(SEM) images in Fig. 3 show that
the planar area of the quantum dot is about 20nmX25nm. From this
geometry, the capacitance between the lower gate 'and the quantum
dot(Co) can be estimated.

Figure 4 shows the electrical characteristics of the SES with a 23nm
gate oxide. The average cunent level increases as the lower gate voltage
increases because the parallel nMosFET components exist in the edge of
the nanow channel along the length direction shown in Fig.2. At 100K,
the peaks of the coulomb oscillation are not evident but step-like as
shown in Fig. 4, because the coulomb oscillation is superposed with the
conventional nMosFET subthreshold current. As the temperature
decreases, the step-like shape becomes steeper and the second peak is
more evident. At 40K and26K, the peak current level also increases as the
lower gate voltage increases, because the lower gate positive bias screens
the field effect of upper gate negative bias and reduces the tunneting
resistances(R,, Rr). From Fig. 4, the capacitance between the lower gate
and the quantum dot(C6) and the total capacitance ofthe quantum dot(Cr)
can be estimated. At 77K, the coulomb blockade oscillation period and
Coulomb gap are 283.6mV and 6l.5mV respectively, which means C6 and
C, to be 0.564aF and l.3aF. Assuming a symmetric tunnel junction, tunnel
junction capacitance(C,, Cr) can be estimated to be about 0.368aF. The
capacitance c6 for the 25nmX 20nm electrically formed quantum dot and
a 23nm gate oxide is estimated about 0.69aF, giving a single electron
charging voltage of 232mY, which is consistent with the experimental

values.
To verify the previous qualitative analysis quantitatively, the

modified macro modeling was performed. With a macro model
parametric fitting for SES[9], the dependency of the tunneling
resistance(R ) on Vr6 ( R1=Aexp[-aVrc] ) and the parallel nMOSFET
were considered together. Figure 5 shows the result of SPICE levell3
simulation to the modified macro model. For V16 higher than 6V, R', is
comparable to the resistance quantum(R*) that the theoretical premise on
Coulomb blockade(Rp>h/e') is not satisfied and nMOSFET turn-on
current is dominant.

Figure 6 shows the room temperature characteristics of another
device with a 29nm gate oxide at various upper gate voltages and the
result of the modified macro model fitting. This device was designed to
accommodate separate bias voltages dt each polysilicon sidewall
electrode, forming an asymmetric tunnel junction. Considering that the
tunneljunction biased by the larger negative upper gate voltage has the
larger tunneling resistance, the change of the shape of the peak with the
upper gate bias condition is reasonable. As the negative bias of the
second tunnel junction becomes larger than that of the first tunnel
junction, the Coulomb oscillation peak moves to the direction of the low
gate voltage. This is easily checked by Monte Carlo simulation of an
asymmetric tunnel barrier as shown in Fig. 7. As R, becomes larger than
R,, the quantum dot will be charged through the first tunnel junction up
to the maximum charge in the blockade condition and the state of the
charge configuration will be dominated by one particular state, which
makes the tunneling rate through the second tunnel junction vary
abruptly with the increase of the gate voltage.
3. Application to Single Electron Digital Circuit

From the experimental SES characteristics and the macro model
fitting, the application and performance of the fabricated SES to the
digital circuit can be easily predicted from SPICE, without a long time-
consuming Monte Carlo simulation. Figure 8, 9 show the SpICE
simulated circuit performances in the voltage level in which the macro
modeling results are in a good agreement with the measured data.
Existing macro model concept was first applied to the experimental
result in this paper. The suggested method-the macro model parametric
fitting with the experimental result and single electron digital circuit
design by the modified macro modeling- is useful in predicting the
circuit performance of the fabricated SESs effectively.

The fabricated SES is applicable to SET-CMOS hybrid digital
circuitry, because both SET and MOSFET operations are possible in the
same device by only the operating voltage design without a special or
additional process.

4. Conclusion
We have developed a controllable and reproducible fabrication

method for the lC-oriented room temperature operating SESs having C.,
of about laF using the polysilicon gate reoxidation and polysilicon
sidewall technologies. And the concept of the macro model was first
applied to the experimental results. This device maintains the
compatibility with the conventional Si LSI process technology and
proves the feasibility of the praclical single electron digital circuit
integration.
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Fig. L Schematic diagram of Si single electron switch with dual gate

structure. (Cross sectional view along a-a'line)

Fig. 2. 3D potential profile in the channel of single electron switch at
20nm depth from Si-oxide interface.

Fig. 3. Cross sectional SEM image of the dual gate. (Lower gate width
direction and the space between polysilicon sidewall upper gates)

v-(t) v, (nr4

Fig. 4. Single electron switching characteristics. (Temperature dependency
of Coulomb blockade oscillation and Coulomb gap variation with various
temperatures and upper gate biases)
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Fig. 5. Comparison of the measured SES characteristics with the
parametric fitting characteristics obtained from the modified macro model.
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Fig. 6. Room temperature Coulomb oscillation characteristics of a single
electron switch with an asymmetric tunnel junction.
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Fig. 7. Monte Carlo simulated Coulomb oscillation characteristics at a
room temperature in the case of an asymmetric tunnel junction.
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Fig. 8. The voltage transfer characteristics from the room temperature
SES characteristics and the modified macro model. (Simulated by SPICE
levell3)
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Fig. 9. The transient characteristics of R load C-SET inverter,
complementary C-SET inverter, NAND gate, and NOR gate from the
room temperature SES characteristics and the modified macro model.
(Simulated by SPICE levell3)

E

\l

9.65 L
0.6

I z.o
Gg
CD rq
o
fs 1.0

=o

10.05

10.00

9.95

s.so tE
9.8s 

=oe.8o 6
9.75 0
e.7o e
e.6s 6
9.60

9.55

T=300K, lzrr=lmV

ill lz,--6Y, Y,*= Y
b: r,--{v, lr,o=6y
C'. V*--2Y, /m-{V
dt r.-,={v, t,-=-2v a
€l 12.,.=-1Y, Vre=4V

f: toditi.d ilecro ilodcl(sPlcE lGv.llSl
{SES wl0r penlbl ntO6FETl

g: todift.d t cro mod.(SPlCE hvell3)
(SES onlyl

4-t!r(), nr:faol|fl ccrllcFr crr9

ir.tx!'6r' Xf t!'fl Cf 0.srf ,

,Rr=f( 11,)=Aertt[ -O,l V 
",,1

{- l.l00K, l,e.'l.w' /E av

-9- f-nKYe.o4 Ye.4.6l
+ l.l(fi, YE OV, YE 32V

+ rraoK, l/&.6v, %-a.tt,
{- t ltK, Ye!6V, Yc.n.2V
{- F2t0K, lLrg\r, l'6i-z!iv

R r= flV,.r) =.{exp l -2.23 Zr-,,1

CRI =3S1, CR2:l l\'1, QP'1 :25,
CVp:6.1m, (Jl2:0.4p

Measured

Modified lllacro Model
(SPICE levell3)
by SES with parallel nMOSFET

90,

F.
E, tr RL,

C-SET
rd
rvefter

l--->

t@ 200 m
nmllrt|ql

+l

\l v \.

c:sEi-il;;ffi,

235


