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This study provides insights into the behavior of nanoscale silicon-on-insulator transistor with codoped
channels, in particular at low temperatures. The goal is to compare the stability diagrams (plots of
current as a function of gate voltage and source-drain bias) for several devices fabricated in the same
batch, but having different designed channel widths. For the narrower device, a simple stability diagram
containing a small number of Coulomb diamonds is observed, while for the wider device, a relatively
more complex set of overlapped Coulomb diamonds indicates the presence of a larger number of quantum
dots. Here, it is also shown how applying a vertical electric field by using the substrate voltage can
significantly change the current paths in such devices.
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1. Introduction

Silicon (Si) transistors have been the backbone
of the electronics industry for many decades, be-
ing continuously miniaturized into single-digit-nm
dimensions according to Moore’s law [1]. At the
same time, the impact of individual (discrete) impu-
rities (dopants) — necessary to modulate the con-
ductivity of Si — is becoming more and more criti-
cal, since the number and positions of the dopants
dramatically affect the threshold voltage of the
transistors [2-4]. Controlling the dopant distribu-
tion by techniques such as single ion implantation
(SII) [5] or atomic manipulation by scanning tun-
neling microscopy (STM) [6, 7] can provide more
control of the electrical characteristics, although
these techniques are too sophisticated for large-scale
integration. Furthermore, single-electron tunneling
through dopants as quantum dots (QDs) has been
reported in several papers [8-10].

An alternative to conventional npn or pnp
transistor designs emerged with the develop-
ment and demonstration of junctionless transistors
(JLTs) [11, 12]. In such devices, doping with impu-
rities (dopants) is performed at high concentrations
throughout the device, including the source/drain
lead extensions and the channel area, which should
be designed as a nanowire so that the gate can
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sufficiently control its potential to switch the de-
vice on or off. In our laboratory, we have demon-
strated that in such junctionless transistors doped
in different regimes of concentrations, quantum
dots (QDs) formed by either individual dopants
(for relatively low concentrations) or by clusters of
dopants (for relatively high concentrations) can be
formed to conduct current by single-electron tunnel-
ing (SET) [13-17]. More recently, we demonstrated
that even when the doping concentration is raised to
10! cm ™3 or even above 10%° cm—2, SET transport
can still dominate the current, not only at low tem-
perature (as usually reported) but also near room
temperature [18, 19]. This is due to a combination of
factors, such as sufficiently high doping concentra-
tion to ensure low resistance in the nearby leads but
at the same time sufficiently small channels to lever-
age the dopant randomness to statistically obtain
cluster-dopant QDs. The demonstration of SET op-
eration for a small number of devices at tempera-
tures near room temperature is promising for the
development of practical applications of SET trans-
port.

Additional capabilities can be gained by codop-
ing the devices, in our case the top layer of a silicon-
on-insulator (SOI) wafer. Codoping in the fabrica-
tion of the devices presented in this study is done
by first doping phosphorus (P) donors at high con-
centration, followed by counter-doping with boron
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Fig. 1.

Schematic device structure of a SOI tran-
sistor, also indicating the biasing circuit. The chan-
nel is shown zoomed-in on the right by an SEM
image of one of the narrowest devices available in
this batch.

(B) acceptors at somewhat lower concentration. In
such structures, it is expected that the P-donors are
still responsible for the formation of cluster-dopant
QDs, but the B-acceptors in the background as-
sist by compensating a number of P-donors, thus
enhancing the probability of finding donor-induced
QDs [20]. It can be also expected that higher tunnel
barriers can be obtained in such systems, in which
B-acceptors intercalated between P-donor-induced
QDs can locally enhance the potential [21]; more
study is needed to clarify this issue.

In this study, we utilize codoped SOI-field-effect
transistors (FETs) to study the SET behavior, in
particular at low temperatures and as a function
of channel width. For this, we focus on the anal-
ysis of two devices (SOI-FETs) in terms of stabil-
ity diagrams that reflect the properties of the SET
transport based on the Coulomb blockade.

2. Device structure and experimental results

2.1. Device fabrication and parameters

As shown in Fig. 1, the devices studied in this
work are SOI-FETs with the top Si layer hav-
ing a thickness of about 18 nm at the end of
the processing. The doping is performed in two
steps, first with P-donors and second with B-
acceptors, at drive-in temperatures and times of
860°C and 20 min for P-doping, respectively, and
960°C 5 min for B-doping, resulting in the con-
centrations: INp 2.0 x 1020 cm=3 and Ny
0.5 % 10%° cm 3. Nano-patterning was subsequently
done using an electron-beam lithography technique,
with the channel length (L) and width (W) as pa-
rameters. The gate oxide has been thermally grown
as tox &~ 10 = 1 nm. Then, the electrodes are de-
fined by a lift-off process in Al, with a thickness of
about 250 nm.

It should be noted that the nano-patterning pro-
cess and the thermal oxidation for the gate-oxide
formation may change the effective doping concen-
tration due to phenomena such as segregation or
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aggregation. These phenomena affect P-donors and
B-acceptors differently, potentially leading to mod-
ifications of dopant distribution near the interfaces.
For comparison, in this study we focus on
SOI-FETs with L = 0 nm (point-contact devices),
but with different designed widths (W = 60 nm
and W = 200 nm). A typical scanning electron mi-
croscope (SEM) image of such a device is shown in
the inset in Fig. 1. The usual bias circuit is also
illustrated in Fig. 1. The temperature of all mea-
surements described in this work is 8.0 £ 0.1 K.

2.2. Experimental results

A typical measurement that can most clearly re-
veal the SET transport properties is the so-called
stability diagram, i.e., a plot of |Ip| in the Va—Vp
plane. When combined with the Ip—Vg character-
istics, stability diagrams can allow the evaluation
of the number of electrons injected in the channel’s
QDs, but also the degree of complexity of the QD
array carrying the SET current. In addition, the ef-
fect of the vertical electric field can be monitored
by applying both Vi (top-gate voltage) and Vsup
(substrate voltage working as back-gate voltage).

Figure 2 shows the stability diagrams for the nar-
rowest device under study, a SOI-FET with de-
signed dimensions L = 0 nm and W = 60 nm,
at two different Veygp (0 V and —8 V). Distinct
Coulomb diamonds can be observed for this de-
vice, suggesting that a single QD dominates the
SET transport. Dashed lines mark the edges of the
diamonds observed for Vsyg = 0 V and are also
transferred to the stability diagram observed for
Vsus = —8 V. a relatively small but clear shift
to the right (i.e., more positive Vg values) is no-
ticeable, along with the emergence of small new
Coulomb diamonds. The shift is smaller than ex-
pected when we consider only the parallel-plate ca-
pacitance models with t,x ~ 10 nm (for the top-gate
oxide) and tpox =~ 200 nm (for the buried oxide).
This can be ascribed to the fact that the channel
may be suspended in this case due to significant
underetching, thus having a vacuum replacing the
buried oxide underneath the channel, at least partly.

The shift can be systematically observed from the
Ip-Vg characteristics measured for several different
Vsup values, also shown in Fig. 2. The simple be-
havior suggests that this narrow and thin channel
can only accommodate a dominant QD, giving rise
to a simple set of Coulomb diamonds as electrons
are added one by one to the quantum dot.

On the other hand, the behavior observed for a
wider device, with designed dimensions L = 0 nm
and W 200 nm, is significantly different,
as shown in Fig. 3. First of all, a much more
complex set of Coulomb diamonds is observed,
with most of the diamonds overlapping each
other and with the diamond height oscillating in
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(a)-(b) Stability diagrams at low temperature (7' = 8.1 K) for an SOI-FET with a channel designed

as a narrow point contact (designed dimensions: length L = 0 nm and width W = 60 nm). Two different
values of the substrate voltage as a back gate (Vsyp =0 V in (a) and —8 V in (b)) are shown. (¢) The Ip-Vg
characteristics at different values of Vsug. (d) A schematic illustration of a possible model (P-donor-induced
single QD) that can explain the set of observed Coulomb diamonds.
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(a)-(b) Stability diagrams at low temperature (7' = 7.9 K) for an SOI-FET with the channel designed

as a wide point contact (designed dimensions: length L = 0 nm and width W = 200 nm). Two different values
of substrate voltage as a back gate (Vzg = 0 and —8 V) are shown. (c) Schematic representation of a channel

containing multiple P-donor-induced QDs.

a non-monotonous manner. Such behavior is typical
for a more complex array of QDs (possibly contain-
ing multiple QDs in series and in parallel, hosted
in the wider channel). When the edges of the dia-
monds are roughly delineated by dashed lines and
transferred to the stability diagram obtained for
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more negative Voup = —8 V, a similar shift of the
features towards more positive Vg is found, as for
the narrower device. This is, however, accompanied
by more obvious changes of Coulomb diamonds,
when compared to the narrower device shown
in Fig. 2.



R. Asai et al.

It is also seen that for small source-drain bias Vp,
the current does not flow above the noise level of our
measurements (typically 10-100 fA). The Ip—Vq
characteristics clearly illustrate this situation. This
suggests that Coulomb blockade is maintained up
to higher Vp values for such arrays of QDs. These
results suggest that a macroscopic control of chan-
nel dimensions (here, width) may allow statistical
control of the number of QDs and of the complex-
ity of the QD array. Studies of a larger number of
such devices are necessary to provide a statistical
overview.

It is also expected that such a complex QD array
can be tuned with more ease by Vsyg. Therefore,
to analyzing the behavior of the QD array found
in the wider-channel SOI-FETs, a specific study is
dedicated when Vsup (i-e., vertical electric field) is
changed systematically.

3. Discussion

Figure 4 presents, for the wider device with sta-
bility diagrams shown in Fig. 3, the contour plot
of |Ip| as a function of Vi and Vsyg by fixing
Vp = 5 mV (for this case). Current peaks are
observed as fine traces of non-noise-level current,
stretching from top to bottom as Vsyp becomes
more negative, thus increasing the vertical electric
field. Such analysis was previously used to identify
the coupling of single-donor QDs when the vertical
electric field pushes the potential wells towards the
Si/Si0; interface [17].

There are various types of behaviors noticeable in
this contour plot, with sets of current-peak traces
splitting or merging at different Vgyp, especially at
higher Vz. However, here we focus on the features
observed at the lowest values of Vi and, in particu-
lar, on the sudden changes marked by the white cir-
cles. These marks correspond to the disappearance
of current peaks from roughly Vgyp ~ —6—7V
and the reappearance of a different current peak
from about Vouyg ~ —14 V.

A possible model to explain such peculiar behav-
ior is illustrated in Fig. 4b, schematically depicting
the existence of two different QDs near the front
and, respectively, back interface (FI and BI, respec-
tively), affected by the application of vertical elec-
tric field via Vsug. It is possible that the current
flows through both QDs for Vsyg = 0 V, chang-
ing significantly as Vgugp is applied in the negative
direction, and eventually remaining controlled only
by one QD (likely near the front interface) at the
maximum values of Vgyp investigated here.

Although a more systematic analysis of experi-
mental data, combined with simulations of dopant
distributions, is necessary to fully confirm such a
model, its plausibility is a reasonable consequence
of the non-uniform distribution of dopants (domi-
nantly P-donors remaining uncompensated by the
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Fig. 4. (a) Effect of substrate voltage (Vsus) on

the fine traces of current (current peaks) taken
as a function of Vi for small source-drain bias,
Vb = 5 mV, at low temperature. Circles indicate po-
sitions at which current traces change significantly,
suggesting a change of current paths between front
interface (FI) and back interface (BI). (b)-(c) Two
such schematics illustrating possible changes in SET
current paths for different Vsup.

B-acceptors). The fact that the SET current traces
can be modulated by the application of an electric
field is also promising for the development of func-
tional devices in such nanoscale codoped SOI-FETs.

4. Conclusions

This study focused on the analysis of the stabil-
ity diagrams for two different devices, both silicon-
on-insulator field-effect transistors (SOI-FETs) de-
signed as point contacts (L = 0 nm), but with dif-
ferent designed widths (W = 60 and 200 nm, re-
spectively). The stability diagram exhibits a simple
set of distinct Coulomb diamonds for the narrow-
est SOI-FET, which is a signature of single-electron
tunneling (SET) transport through a dominant-
single-QD system. On the other hand, the stability
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diagram for the wider SOI-FET exhibits a complex
pattern of overlapping Coulomb diamonds, suggest-
ing the presence of a more complex array of multiple
QDs in the wider channel.

The effects of the vertical electric field, here con-
trolled by additionally applying substrate voltage
Vsus, have also been investigated. Here, only data
for the wider SOI-FET was shown, revealing how
the SET-current traces are modified suddenly by
the application of Vgyp. These results reflect the
possibility of further control the nature of the QD
array.

The specific effect of counter-doping by
B-acceptors remains not fully clarified at this
moment, requiring the fabrication of a series of
samples where N, is systematically changed as
a parameter. Nevertheless, it is expected that a
deeper understanding of the donor and acceptor
distributions in such nanoscale SOI films can allow
the design and optimization of SET devices with
QDs formed by the random distribution of donors.
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