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Electrical control of capacitance dispersion for single-electron turnstile
operation in common-gated junction arrays
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We have studied single-electron turnstile operation in common-gated one-dimensional arrays of four
tunnel junctions (three dots) having inhomogeneous junction capacitances. Analytical calculations
show that the source-drain voltage range with a current plateau due to single-electron turnstile
operation is increased when the outer two tunnel capacitances are adjusted to be smaller than the
inner ones. In fact, we have demonstrated in phosphorous-doped silicon-on-insulator field-effect
transistors (FETs) that back-gate voltage works to assist the turnstile operation, which is primarily
ascribed to electrical control of junction capacitance dispersion, i.e., reduction in outer junction
capacitances. As a result, postfabrication control of capacitance dispersion in multijunction FETs
can be achieved, resulting in successful turnstile operation. © 2010 American Institute of Physics.

[doi:10.1063/1.3476305]

I. INTRODUCTION

Single-electron devices (SEDs) (Ref. 1) have generated
great interest as candidates for future nanoelectronics be-
cause of their small sizes, low power consumption, and abil-
ity to manipulate elementary charges. One of the applications
of SEDs is single-electron transfer, i.e., controllable transfer
of electrons one-by-one synchronized with alternating exter-
nal gate voltages. The basic design for single-electron trans-
fer is a single-electron turnstile,’ consisting of three serially-
connected metallic islands and a gate coupled only to the
central island. When an alternating voltage is applied to the
gate, one electron can be transferred between the source and
the drain during every voltage pulse. Single-electron transfer
can also be realized in more complex designs, such as
pumps3’4 or ratchets,” in which two or more phase-shifted
alternating gate voltages are used. Even a single-gate design
in the turnstile, however, may be difficult in fabrication with
the requirement of precise alignment between the gate and
the central dot in nanometer scale.

This restriction can be relaxed if the gate is allowed to
be coupled commonly to the entire array of dots, as sche-
matically shown in Fig. 1(a). All quantum dots are coupled
to the same gate through nontunnel capacitors, while they are
coupled to each other through tunnel capacitors. Recently,
single-electron turnstile in such common-gated dot arrays
having homogeneous or inhomogeneous capacitances has
been demonstrated theoreticallyﬁf8 and experimentally.9’w In
these papers, effect of dispersion of C,, reflecting size varia-
tion in quantum dots, was primarily examined under assump-
tion of uniform tunnel junction capacitances C; for simplic-
ity. It is undoubted, however, that C j’s also affect the
Coulomb blockade conditions required for single-electron
turnstile operation. Furthermore, it is expected that C; disper-
sion may be partially controlled by a combination of two or
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more separated gates, although C, dispersion appears to be
almost determined by fabrication of the device, i.e., by the
size of each dot.

In this paper, we study the effect of tunnel junction ca-
pacitance dispersion on single-electron turnstile operation
and postfabrication controllability of the capacitance disper-
sion by using front- and back gates. We first perform an
analytical study of the charge stability diagrams for three-dot
arrays with a common gate and clarify the effect of inhomo-
geneity of the tunnel junction capacitances as well as gate
capacitances on single-electron turnstile operation. Based on
the analytical results, we then demonstrate experimentally
controllability of the tunnel junction capacitances in doped-
nanoscale silicon-on-insulator (SOI) field-effect transistors
(FETs) for achieving single-electron turnstile.

FIG. 1. (Color online) (a) Equivalent circuit for a three-dot array. The events
that lead to single-electron turnstile are illustrated for the high voltage level
Vg (red arrows) and for the low voltage level Vé (blue arrows). (b) Sche-
matic charge stability diagram showing the (0, 0, 0) and (0, 1, 0) states in
gate voltage (V)/source-drain bias (Vsp) plane, where the set (n;,n,,n3)
describes the number of excess electrons in each dot. The overlap of (0, 0, 0)
and (0, 1, 0) domains has a Vg, extension H, and the (0, 0, 0) domain has a
Vgp extension H, (used as a normalization factor).
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Il. ANALYTICAL STUDY OF CAPACITANCE
DISPERSION EFFECTS

We study arrays of three serially connected dots, as
shown in the equivalent circuit of Fig. 1(a). Each dot is
coupled to a common gate through gate capacitances C,y,
Cy», and Cy3. Dots are coupled to each other and to electron
reservoirs (source and drain) by tunnel junctions. These tun-
nel junctions are characterized by capacitances C;;, Cj, Cj3,
and Cis. Under Coulomb blockade conditions, certain charge
states of the dots are stable and described by a set of excess
electrons in each dot, (n;,n,,n;)."" Figure 1(b) schematically
shows the voltage domains associated with (0, 0, 0) and (0,
1, 0) charge states in the gate voltage (V)/source-drain bias
(Vgp) plane. The overlap between these two stable charge
domains is a necessary condition for single-electron turnstile
and, for the dot arrays considered in this paper, it is also a
sufficient condition. When this condition is met, an alternat-
ing gate voltage can be set with its high level (V) to be in
the (0, 1, 0) domain and its low level (Vé) to be in the (0, 0,
0) domain, as indicated in Fig. 1(b). Single-electron turnstile
can be generally achieved according to the following
sequence.7 When the gate voltage is switched to the high
level from the low level, the charge state also changes from
(0, 0, 0) to (0, 1, 0). In this process, one electron is intro-
duced into the central dot from source by successive tunnel-
ing events [the red arrows in Fig. 1(a)]. All other tunneling
events are forbidden and, then, the system is stabilized in the
(0, 1, 0) state. When the voltage is changed back to the low
level, the charge state must return to (0, 0, 0), but the tun-
neling process is different. The electron in the central dot is
removed to the drain by successive tunneling events [the
blue arrows in Fig. 1(a)]. In this way, one electron is trans-
ferred from source to drain during one cycle of gate voltage,
giving a current level of e X f, where e is the elementary
charge and f is the operation frequency.

We study analytically the overlap between (0, 0, 0) and
(0, 1, 0) domains, the measure of turnstile operation, within
the framework of the Coulomb blockade orthodox theory.”
For quantitative measure of capability of turnstile operation,
we define the normalized overlap, H|/H,, i.e., the Vg, ex-
tension of the overlap divided by the V, extension of the (0,
0, 0) domain, shown in Fig. 1(b). Figure 2 shows the stability
diagrams analytically calculated for arrays of three dots hav-
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FIG. 2. (Color online) Stability diagrams in gate voltage (V;)/source-drain
bias (V) plane showing the (0, 0, 0) and (0, 1, 0) stable charge domains
calculated for arrays of three dots with identical Cg’s, but different standard
deviation of the {C;} distribution: (a) 0 and (b) 0.075X C; (S-L-L-S). Over-
lap of the two domains is increasing by increasing std C;.
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ing identical C,’s (Cy=Cp=Cg;3=1.2XC,, with C; con-
stant) for drfferent dlspersmns in the {C;} arrangement of the
four tunnel junctions in the array. In these examples, we set
identical outer junction capa01tances (Cj;=Cj4) and identical
inner junction capacitances (Cj,=C};). Figure 2(a) shows the
case of a uniform {Cj} arrangement Cj1=Cpp=C;=Cy
=0.5X C,. Figure 2(b) shows the case of a nonumform {cy
arrangement: C;=C;=0425XC, and Cj;=C;3=0.575
X Cy. It can be observed that, by making the outer junction
capacitances smaller than the inner ones, as in Fig. 2(b), the
overlap between (0, 0, 0) and (0, 1, 0) domains is increased.
The larger overlap means the larger range of Vi, for turnstile
operation and, therefore, it is more desirable.

We evaluate the overlap as a function of both gate ca-
pacitances (C,) and tunnel junction capacitances (C;). In
Figs. 3(a) and 3(b), we show the dependence of H,/H, on
the dispersion in {C,} and {C}}, respectively. The normalized
dispersion is defined as the coefficients of variation (cv)
given by

td C std C,
cv g‘sﬁ; CUCJ':?CTZ’ (1)
g J

where std Cg and std C ' are the standard deviations, and
C;’ and C}" are the average values of the {C,} and {C}},
respectively. The coefficient of variation is used in this study
because it allows us to compare the dispersion in {C,} and
{C;} distributions relative to their average, G’ and €. In
this analytical study, we also vary the ratios C;"/C; in Fig.
3(a) and Cg/C;“’ in Fig. 3(b).

For Fig. 3(a), we plotted the effect of {C,} dispersion on
the normalized overlap H,/H,, assuming uniform C;’s and
C,1=C,; (identical gate capacitances of the outer dots). The
point, cv C,=0, corresponds to identical (all-uniform) gate
capacitances. When C,, <C, =C,3, the system is described
as L-S-L, standing for large-small-large {C,} arrangement.
When Ce2>Cy1=Cy3, the system is described as S-L-S,
standing for small-large-small {C,} arrangement. It can be
seen that, for any Cgv/Cj, the overlap H,/H, increases by
increasing cv C, for S-L-S arrays. On the contrary, for L-S-L
arrays, the overlap H;/H, suddenly drops close to zero, in-
dicating no overlap between (0, 0, 0) and (0, 1, 0) domains.
This analytical finding supports our previous numerical re-
sults that S-L-S {C } arrays always allow single-electron
turnstile operatron It should be also noted that this S-L-S
structure is basically the same as the original turnstile
design2 in the limit of zero C,’s of the outer dots.

In Fig. 3(b), we plotted the effect of {C;} dispersion on
the normalized overlap H,/H,, assuming identical C,’s for
all dots, identical outer junction capacitances (C;;=Cj), and
identical inner junction capacitances (Cj,=Cj;). The point,
cv C;=0, corresponds to identical (all-uniform) junction ca-
pacitances. When C;,=C;3<C;=Cj, the system is de-
scribed as L-S-S-L, standing for large-small-small-large {C;}
arrangement. When C;,=C;3>C;=Cj, the system is de-
scribed as S-L-L-S, standing for small-large-large-small {C j}
arrangement. It is observed that H,/H, becomes larger for
S-L-L-S structures, i.e., when the outer tunnel junction ca-
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FIG. 3. (Color online) Dependence of the overlap (H,/H,) on the structural
parameters of the quantum dot array. (a) For uniform C;’s and C,1=C,;
(gate capacitances of the outer dots), cv C, is varied. When C,, <C,, C3,
the system is described as L-S-L (left side of the axis). When Cy,> C,,, Cg3,
the system is described as S-L-S (right side of the axis). Cy’/Cj is used as
parameter. (b) For uniform C,’s, C;;=Cj (capacitances of the outer junc-
tions), and C;,=C}; (capacitances of the inner junctions), cv C; is varied.
When Cj,, Cj3<Cj, Cjy, the system is described as L-S-S-L C; arrangement
(left side of the axis). When Cj,, Cj3>C;, Cjy, the system is described as
S-L-L-S C; arrangement (right side of the axis). C,/C" is used as param-
eter. (c) Contour plot of the overlap H,/H, as a function of both cv C, and
cv C;. Data is plotted for the case of Cg’/Cj"=1. Bright areas indicate high

values of H,/H,, while dark areas correspond to H,/H,=0.

pacitances become smaller than the inner ones, although the
transition of H,;/H between L-S-S-L and S-L-L-S structures
is smoother than in Fig. 3(a).

Figure 3(c) shows H,/H, in the cv C,-cv C; plane for
C,"/C{*=1. The contrast is defined in the range between 0
and 1: The bright areas correspond to high values of H,/H,,
i.e., large overlap between (0, 0, 0) and (0, 1, 0) domains,
while the darkest areas correspond to H,;/Hy=0, i.e., no
overlap between (0, 0, 0) and (0, 1, 0) domains. The contour
plot is divided into four regions, labeled I, II, III, and IV,
depending on the {C,} and {C;} dispersion. The horizontal
axis corresponds to cv C, for the two opposite {C,} arrange-
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ments, i.e., S-L-S and L-S-L. Vertical axis corresponds to cv
C; for the two opposite {C;} arrangements, i.e., S-L-L-S and
L-S-S-L. The axes intersection at cv C,=0 and cv C;=0
corresponds to uniform C,’s and uniform C;’s. Region I re-
fers to structures with a larger C, of the central dot and with
outer junction capacitances smaller than the inner ones. In
these conditions, H,/H, is always nonzero, meaning that (0,
0, 0) and (0, 1, 0) domains always overlap. In region II, the
overlap can be obtained only for a limited range of cv C, and
cv C;. In region III, the overlap is practically zero. This
means that arrays with C, of the central dot smallest and
outer junction capacitances larger than the inner ones are not
suitable for single-electron turnstile operation. For structures
in region IV, good conditions for single-electron turnstile can
be again obtained, i.e., a finite overlap between (0, 0, 0) and
(0, 1, 0) domains. These analytical results provide essential
information about the evolution of the overlap as a function
of the capacitance arrangements: The overlap between (0, 0,
0) and (0, 1, 0) domains is determined by both of {C,} and
{C;} arrangements, although {C,} arrangement works more
effectively. This is consistent with our previous numerical
results’ and provides a guideline for the design of single-
electron turnstile devices. However, dot-gate capacitances C,
may be difficult to be externally controlled after device-
fabrication, because Cg is determined by each dot size and
relative position to the gate. On the other hand, as demon-
strated in this section, we found that the arrangement of junc-
tion capacitances has also some effect on the turnstile condi-
tions. We will show in Sec. III that, unlike dot-gate
capacitances, junction capacitances are likely to be externally
controlled, resulting in single-electron turnstile operation.

lll. SINGLE-ELECTRON TURNSTILE IN DOPED
SOI-FET

In this work, we propose a simple procedure for control-
ling the tunnel junction capacitances in a multidot array. The
devices that we study are double-gate nanoscale SOI-FETs.
The device structure is shown schematically in Fig. 4(a)
(bird’s eye view on left and top view on right). The device
channel is defined by an electron beam lithography technique
as a nanoscale constriction of typical width w=~50 nm and
length /=100 nm, connected to fan-shaped wider Si pads
acting as source and drain. Top Si layer was uniformly doped
with phosphorus from a spin-coated silica film containing
P,O;. Doping concentration was estimated to be N~ 1
X 10" ¢cm™. Thus, the channel region contains discretely
distributed dopant atoms, which form a one-dimensional
quantum dot array. We have recently demonstrated that
each quantum dot may still be formed by individual dopants
even in the presence of many other dopants in the
channel.'>"® The dots are coupled to each other by tunnel
junctions formed in the Si segments between the active
dopants.g’lo’m’15 The outer tunnel junctions, coupling the dot
array to the electron reservoirs, are located in the pad areas in
the immediate vicinity of the channel.

Two gates can control the potential in the channel: a
front gate and a back gate. The Al front gate covers the
channel area and a part of the fan-shaped adjacent pads
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FIG. 4. (Color online) (a) Bird-eye view (left) and top
view (right) of a SOI-FET. Channel is defined as the
constriction connected to wider fan-shaped pads of Si.
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through a thermally-grown SiO, layer with thickness of ¢,,
=10 nm. The substrate Si (p-type) works as the back gate,
coupled to the top Si through a buried oxide (box) layer with
thickness of #,,,=400 nm. The capacitive coupling of the
channel to the front gate (Cpg) is much stronger than to the
back gate (Cpg) because t,, <1y, and, furthermore, because
the front gate surrounds the Si channel from 3 sides, as in-
dicated in Fig. 4(b).

In the extension pad area near the channel [Fig. 4(c)],
however, the coupling of the front gate is weaker than to the
channel [Fig. 4(b)]. This is because the effect of the front-
gate side walls is reduced as the width of the structure is
increased. On the other hand, coupling of the back gate to the
channel and to the pads is essentially the same. Therefore,
using these asymmetric effects of the front gate and the back
gate, it is likely that the outer junction capacitances can be
effectively modulated.

A schematic example is shown in Fig. 4(d). We consider
initially the situation in which the potential of the dot array is
aligned with the source Fermi level at a certain front-gate
voltage (Vpgo) for zero Vg, as shown in case (i). If a nega-
tive back-gate voltage (V<0 V) is applied, the potential
is lifted up in the channel and in the pad areas near the
channel, as illustrated in case (ii). The dot array potential can
be realigned with source Fermi level by applying a more
positive Vi, as indicated in case (iii). The inner tunnel junc-
tion capacitances, coupling the dots to each other, are weakly
sensitive to the back-gate/front-gate effect. However, for the
end junctions at the fan-shaped areas, the front-gate coupling
is much weaker than in the wire region because of the larger
distance from the side walls. Therefore, the applied Vg,
which compensates the effect of Vs on the junction capaci-
tances in the wire region, cannot completely compensate this
effect on the end junctions. When the barrier penetrates
deeper inside the fan-shaped regions, both barrier width and
barrier length become larger. Each of these two parameters
affects the junction capacitance oppositely. However, the
present experimental results indicate that the end junction
capacitances are reduced independently of the inner junction
capacitances. Although we may not exclude other possibili-

ties, we suggest that the discrete dopant distribution affects
also the potential in the fan-shaped region and the front of
the junction is also dominated by one or only a few dopants.
Therefore, the dominant effect of the front gate—back gate
nonequivalent action is the increase in barrier width, which
corresponds to a reduction in the end junction capacitances.

Figure 5(a) shows the source-drain current (Ig;) versus
front-gate voltage (V) characteristics measured at 17 K for
two values of Vi (0 and —5 V). We selected this doped-
channel SOI-FET because, for Vz;=0 V, the characteristics
exhibit a current peak with three subpeaks, which indicates
the existence of a three-dot array in the channel.'®

In Figs. 5(b) and 5(c), we show the effect of Vg [0V in
(b) and —5 V in (c)] on measured charge stability diagrams
(i.e., contour plots of I, in the space defined by source-drain
bias, Vg, and front-gate voltage, Vp;). These results were
previously reported in Ref. 10, but the mechanism was not
clearly understood. The stability diagrams contain several
diamond-shaped Coulomb blockade regions (light gray ar-
eas) with significant overlap. The current inside these
regions is lower than the noise level in the measurements
(<10 fA). We focus in Fig. 5 only on the first two observ-
able domains, which can be associated with the charge state
of “no excess electrons” and “one excess electron” in the dot
array. The domains are roughly indicated in the figures by
the guides for the eyes. These two domains correspond to the
domains considered in our theoretical analysis, being essen-
tial for single-electron turnstile operation.

It can be seen that the overlap between the two domains
becomes larger by applying more negative V. In particular,
the Vg, extension of the second stable charge domain in-
creases for Vy;=—5 V. This behavior is the same as that of
the analytically calculated stability diagrams, shown in Figs.
2(a) and 2(b): the second stable charge domain has a larger
Vp extension when outer junction capacitances are reduced
compared to the inner ones. This confirms our expectation
that negative Vps; leads to a decrease in the outer tunnel
junction capacitances.

Figure 5(d) shows the source-drain current (Igp)/
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FIG. 5. (Color online) (a) Measured Igy-Vy characteristics for Vgg=0 V
(solid line) and Vp;=-5 V (dashed line) at Vgp=10 mV. [(b) and (c)]
Measured stability diagrams (contour plot of Iy, in the V,-Vpg space).
Light gray areas corresponds to current Ig;,<<10 fA (noise level) and dark
gray areas correspond to /g, >50 fA. Back-gate voltage Vs was changed
as parameter: (b) 0 V and (c) —5 V. Guides for the eyes are drawn to
roughly outline the first two stable charge domains. (d) Is-Vy, characteris-
tics measured for Vz;=0 and —5 V while applying alternating Vg (f
=1 MHz, amplitude 50 mV). A current plateau at e X f can be observed for
the case of Vz;=-5 V. All measurements were performed at a temperature
T=17 K.

source-drain bias (Vgp) characteristics measured for Vz=0
and —5 V by applying an alternating front-gate voltage V.
The Vi pulse was set to a frequency f=1 MHz and a peak-
to-peak amplitude of 50 mV, while the offset value was set
inside the overlaps. With these conditions, we found that, for
Veg=-5 V, a current plateau well aligned at e X f level ap-
pears in the Igp-Vp characteristics, while such feature could
not be found for Vz;=0 V. The e X f plateau means that
electrons are transferred one-by-one from source to drain
during every cycle of the Vs pulse. Thus, single-electron
turnstile operation was achieved by tuning the outer tunnel
junction capacitances using the asymmetric front-gate/back-
gate effect.

J. Appl. Phys. 108, 053710 (2010)
IV. SUMMARY

We have analytically investigated arrays of three quan-
tum dots with a common gate. We introduced dispersion in
dot-gate capacitances and tunnel junction capacitances and
evaluated the overlap between two stable charge domains,
i.e,, (0,0, 0) and (0, 1, 0), which is a necessary condition for
single-electron turnstile operation. We found that the overlap
can be enhanced by making the outer junction capacitances
smaller than the inner junction capacitances. This is impor-
tant because modification of junction capacitances is achiev-
able after device-fabrication. In fact, we showed that, in SOI-
FETs, the outer junction capacitances can be controlled using
double-gate structure and we demonstrated single-electron
turnstile operation. These results provide guidelines for real-
izing high-yield single-electron turnstile devices.

ACKNOWLEDGMENTS

This work was partially supported by Grants-in-Aid for
Scientific Research (Grant Nos. 16106006 and 18063010)
from the Ministry of Education, Culture, Sports, Science and
Technology of Japan.

'For a review, see Single Charge Tunneling, edited by H. Grabert and M. H.
Devoret (Plenum, New York, 1992).

LI Geerligs, V. F. Anderegg, P. A. M. Holweg, J. E. Mooij, H. Pothier,
D. Esteve, C. Urbina, and M. H. Devoret, Phys. Rev. Lett. 64, 2691
(1990).

*H. Pothier, P. Lafarge, P. F. Orfila, C. Urbina, D. Esteve, and M. H.
Devoret, Physica B 169, 573 (1991).

*Y. Ono and Y. Takahashi, Appl. Phys. Lett. 82, 1221 (2003).

L. P Kouwenhoven, A. T. Johnson, N. C. van der Vaart, C. J. P. M.
Harmans, and C. T. Foxon, Phys. Rev. Lett. 67, 1626 (1991).

°H. Ikeda and M. Tabe, J. Appl. Phys. 99, 073705 (2006).

K. Yokoi, D. Moraru, M. Ligowski, and M. Tabe, Jpn. J. Appl. Phys. 48,
024503 (2009).

8S. Imai and D. Kawamura, Jpn. J. Appl. Phys. 48, 124502 (2009).

D. Moraru, Y. Ono, H. Inokawa, and M. Tabe, Phys. Rev. B 76, 075332
(2007).

1°D. Moraru, M. Ligowski, K. Yokoi, T. Mizuno, and M. Tabe, Appl. Phys.
Express 2, 071201 (2009).

K. K. Likharev, IEEE Trans. Magn. 23, 1142 (1987).

M. Tabe, D. Moraru, M. Ligowski, M. Anwar, R. Jablonski, Y. Ono, and
T. Mizuno, Phys. Rev. Lett. 105, 016803 (2010).

M. Ligowski, D. Moraru, M. Anwar, T. Mizuno, R. Jablonski, and M.
Tabe, Appl. Phys. Lett. 93, 142101 (2008).

“R. A. Smith and H. Ahmed, J. Appl. Phys. 81, 2699 (1997).

5G. 1. Evans, H. Mizuta, and H. Ahmed, Jpn. J. Appl. Phys., Part 1 40, 5837
(2001).

1F. R. Waugh, M. J. Berry, D. J. Mar, R. M. Westervelt, K. L. Campman,
and A. C. Gossard, Phys. Rev. Lett. 75, 705 (1995).

Downloaded 14 Nov 2010 to 133.70.80.50. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1103/PhysRevLett.64.2691
http://dx.doi.org/10.1016/0921-4526(91)90332-9
http://dx.doi.org/10.1063/1.1556558
http://dx.doi.org/10.1103/PhysRevLett.67.1626
http://dx.doi.org/10.1063/1.2189214
http://dx.doi.org/10.1143/JJAP.48.024503
http://dx.doi.org/10.1143/JJAP.48.124502
http://dx.doi.org/10.1103/PhysRevB.76.075332
http://dx.doi.org/10.1143/APEX.2.071201
http://dx.doi.org/10.1143/APEX.2.071201
http://dx.doi.org/10.1109/TMAG.1987.1065001
http://dx.doi.org/10.1103/PhysRevLett.105.016803
http://dx.doi.org/10.1063/1.2992202
http://dx.doi.org/10.1063/1.363934
http://dx.doi.org/10.1143/JJAP.40.5837
http://dx.doi.org/10.1103/PhysRevLett.75.705

