
APPLIED PHYSICS LETTERS VOLUME 73, NUMBER 23 7 DECEMBER 1998
Charge-ring model for the charge-induced confinement enhancement
in stacked quantum-dot transistors
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A model is proposed to explain the charge-induced confinement enhancement observed in a stacked
quantum-dot transistor that has a floating dot on top of a channel quantum dot. The model assumes
that the charge on the floating dot distributes on its rim, forming a ring and creating a confinement
potential that squeezes the electrons in the channel dot toward its center. The charge on the floating
dot can be calculated from the device geometry and from the measured threshold voltage difference
before and after the charging. Given the charge on the floating dot, the spatial confinement and the
energy level spacing increase induced by the charging can be obtained. The calculation based on the
model agrees with the observed increase of the energy level spacing. ©1998 American Institute of
Physics.@S0003-6951~98!04849-9#
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Nanoscale floating gate has been used in the silicon fi
effect transistors to demonstrate room temperature opera
of single-electron memories.1,2 The principle is based on th
screening of gate potential by the charge stored in the fl
ing gate, which causes the threshold voltage shift of the tr
sistor. Recently, we have observed a novel effect in a m
fied structure—a stacked quantum-dot transistor~QDT!,
namely the charge-induced confinement enhancement3 In
this letter, we propose a charge-ring model to account for
enhancement, and compare it with the experiment.

The stacked QDT consists of a polycrystalline silic
~polysilicon! floating gate stacked on top of a silicon dot
the channel~Fig. 1!. The floating dot is separated from th
channel dot by a thin tunnel oxide and from the control g
by a thick oxide. A sufficiently high positive voltage on th
control gate will force electrons to tunnel from the channe
the floating dot. The drain current versus gate voltage ch
acteristics of the device was measured. Figures 2~a! and 2~b!
shows the conductance oscillations of a stacked QDT be
and after the control gate was pulsed with 13 V at 4.2 K.
comparing the two traces, we can see that not only
threshold voltage of the transistor increased by;0.3 V, but
the oscillation peaks also became more pronounced and
separated. The number of electrons inside the silicon dot
decreased from 12 to 4 within the same scanned gate vo
range. Both effects are the result of an increase in the en
level separation inside the silicon channel dot. Such incre
can be estimated as follows: since the conductance peak
a full width at half maximum~FWHM! of 3.5 kBT,4 it pro-
vides a energy scale that can be used to obtain the en

a!Electronic mail: ljguo@ee.princeton.edu
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level separation (DE) by comparing the spacing between th
conductance peaks (DVG) with the peak width, i.e.,DE
53.5 kBT(DVG /FWHM!. Using this method, we estimate
that the average energy level separation has increased
2.5 meV before the charging to 5.5 meV after—an incre
by over a fact of 2.

Such an effect can be attributed to the Coulomb inter
tion between the electrons in the floating gate and thos
the channel dot. We propose a charge-ring model to exp
the observation. The polysilicon floating gate, being a c
ductive disk, has a nonuniform charge distribution w
charge concentrated near the edge.5 For simplicity, this
model assumes that all the electrons charged into the floa
dot are distributed at its rim~Fig. 3!. These electrons no
only screen the electric field from the control gate, causin
positive shift in the threshold voltage, but also create an
ditional confining potential that ‘‘squeezes’’ the electrons
the channel dot toward its center, effectively reducing
channel dot size and increasing the energy spacing.

Using this model, we can calculate the change of
energy level spacing inside the channel dot from the dev

FIG. 1. Schematic view of a stacked quantum-dot transistor.
9 © 1998 American Institute of Physics
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geometry and the measured threshold voltage shift. The
culation has two steps. The first is to calculate the numbe
electrons charged into the floating gate~forming a ring! from
the fact that at the threshold voltage the potential at the ch
nel dot should be the same before and after the chargin
the floating gate. The second step is to calculate the cha
in the energy level spacing due to the charges stored on
ring using the numerical method discussed in Ref. 6.

First, let us calculate the charge on the floating gate.
electric potential inside the dot before charging the float
gate is determined by the control gate voltageVg only, and is
given by

f ~j,w,Vg!5Vg2
2Vg

p H arctanAcosh~j/2!2cos~w/2!

cosh~j/2!1cos~w/2!

2Acoshj2cosw

coshj1cosw

3arctanAcosh~j/2!2sin~w/2!

cosh~j/2!1sin~w/2!J , ~1!

FIG. 2. Current–voltage (I -V) characteristics of the device before and af
the floating dot is charged by 13 V applied to the control gate.

FIG. 3. The stacked QDT modeled as a combination of a hemisphe
control gate, charge ring for the floating dot, and a channel quantum
Bispherical coordinatesj andw are defined asj5 ln(AC/BC), and the angle
betweenAC andBC, respectively. The charge ring has a radius ofr f as used
in Eq. ~3!, and the spherical coordinates (r ,u) are measured from the cente
of the ring.
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where the control gate is assumed to have an hemisp
shape, andj andw are the bispherical coordinates7 defined
in Fig. 3. Equation ~1! is derived from a well-known
formula8 for the electric potential of a charged metallic tw
dimensional ‘‘edge,’’ using the spherical inversion transfo
mation.

Before the charging, the potential at the center of
channel dot at the threshold voltage,Vg1 , is given by Eq.
~1!, with j50 andw5p:

f ~Vg1!5Vg1S 1

2
1

1

p D . ~2!

After the floating dot is charged, the electric potential
the channel dot has an additional contribution from the
cess charge,Qf , distributed on the rim of the floating gat
~i.e., in a ring shape!:

f f~r ,u,Qf !5
Qf

p«Ar r f sinu
kK~ ik !, ~3!

wherer and u are the spherical coordinates with the orig
located at the center of the ring,r f is the radius of the ring,
K(x) is a complete elliptic integral of the first kind,e is the
dielectric constant, andk254 r r f sinu/(r21r f

222r r f sinu).
Upon charging of the floating gate, the potential at t

center of the channel dot at the new threshold voltage,Vg2 ,
is given by the sum of the two terms represented by Eqs.~2!
and ~3! with u50:

f~Vg2!5Vg2S 1

2
1

1

p D1
Qf

«Aa21r f
2

. ~4!

Here a is the thickness of the oxide layer separating t
floating dot and the quantum dot channel~see Fig. 3!.

Since at the threshold voltagesVg1 andVg2 , the poten-
tial f in the channel dot is the same, Eqs.~2! and ~4! must
equal to each other. This gives us a relation between
charge on the floating gate and the threshold voltage dif
ence before and after charging,dVg5Vg22Vg1:

Qf5dVgS 1

2
1

1

p D «Aa21r f
2 . ~5!

Now let us calculate the energy level spacings in
channel dot before and after chargingQf into the floating
gate. The ground state energy of two interacting electron
a two-dimensional parabolic quantum potential has been
merically calculated by Merktet al.6 It was done by exact
numerical diagonalization of the two-particle Hamiltonian
the system written in the effective-mass approximation. T
ground state energy was plotted against the characteristic
quency of the parabolic confining potential. This means t
we can obtain the ground state energy of the two-part
interacting system if the parabolic confinement potentia
know, or vise versa.

In our calculation, we obtain the initial confining para
bolic potential before charging the floating gate from t
measured energy level spacing in the channel dot. Then
add to the Hamiltonian the additional confining potential d
to the charge-ring on the floating gate, to obtain a new pa
bolic potential. From the new potential and Merkt’s grap
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we obtain the new energy level separation. The new ene
level spacing can be compared with the experiment.

Before the floating dot is charged, electrons are alre
confined within the channel quantum dot by a potential c
ated by the walls of the quantum dot. We model this pot
tial with a parabolic well,UL(r)5(mvL

2/2)r2, wherer is
the distance from the center of the dot,m is the effective
electron mass, andvL is the characteristic frequency of o
cillations in such a well. The spacing between the first a
the second energy levels in the conductance oscillation
proportional and thus determined by the difference betw
the ground state energy of one electron in the quantum
given by \vL , and the ground state energy after adding
second electron into the quantum dot~i.e., the energy differ-
ence between the one-particle ground state and the
particle ground states!. Using the curve obtained in Ref. 6
the measured value of the channel quantum dot level spa
before charging of the floating dot which is 2.5 meV, and
value of the effective Rydberg constant in silicon, we obt
the characteristic energy of the lateral confining potentia
be \vL'0.6 meV.

After the floating dot is charged, the energy level sp
ing in the channel quantum dot changes due to the additi
confining potential caused by the excess charge (Qf) on the
floating gate. This potential is expressed asUE(x)5ef(x)
2ef(0). In the vicinity of the minimum, the potential is
essentially parabolic and can be obtained by expansio
Eqs.~1! and~3! asUE(r)5(mvE

2/2)r2. Here the character
istic frequency,vE

2' e/m @Qf /« r f
324dVg /pRg

2#, depends
on the amount of the excess charge on the floating dot;Rg is
the radius of the control gate. Note that there are also e
trons distributed on the side wings of the floating gate,
the additional confinement due to repulsion from the
charges is over a magnitude weaker as compared with
from the charge ring on the polysilicon dot. After charging
the floating dot, the total confining potential for the electro
inside the channel dot is a sum of two terms,U(r)
5UL(r)1UE(r)5(mv0

2/2)r2, where the renormalized
characteristic frequency of the confining potential is given
v0

25vL
21vE

2 . This means that fromQf and dVg the new
confinement potential can be obtained, which in turn giv
the new energy level spacing through Merkt’s graph.
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Now we put the experimental data for the device geo
etry and the threshold voltage shift into the equations deri
above, and calculate the charges on the floating dot and
energy level spacing in the channel quantum dot. From
measurements we know that the threshold voltage is shi
by dVg50.3 V after charging the floating dot. Taking th
radius of the floating dot and oxide thickness to ber f525
nm anda52 nm, respectively, we obtain from Eq.~5! that
the charge accumulated on the floating gate,Qf , is 3.3
310218 C, i.e., about 20 electrons. Using the radius of t
control gateRg'40 nm, ther f , and theQf , the character-
istic energy becomes\v0'2.2 meV, which is significantly
larger than it was before the charging of the floating d
Now, provided with the value ofv0 and with the curve ob-
tained in Ref. 6, we can find the energy separation co
sponding to the second Coulomb blockade peak from
first one in the conductance, which appears to bedE56.2
meV. This value is rather close to the interpeak separatio
5.5 meV observed experimentally after the charging of
floating dot.

In summary, we propose a model explaining the sign
cant enhancement of the conductance oscillations in
stacked quantum-dot transistor that followed after charg
of the floating dot. The effect is explained as a result of
electrostatic ‘‘squeezing’’ of the Si quantum dot by th
charged floating gate, which increases the energy level s
ration in the Si dot.
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