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Abstract: We investigate gate-regulated transition temperatures for electron hopping behaviours through discrete ionized
dopant atoms in silicon junctionless nanowire transistors. We demonstrate that the localization length of the wave function in
the spatial distribution is able to be manipulated by the gate electric field. The transition temperatures regulated as the func-
tion of the localization length and the density of states near the Fermi energy level allow us to understand the electron hop-
ping behaviours under the influence of thermal activation energy and Coulomb interaction energy. This is useful for future
guantum information processing by single dopant atoms in silicon.
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1. Introduction

Dopant atoms may draw more attention when they are
used as a functional unit of ultra-small electronic devices in-
stead of just providing carriersl'-3l, For example, new applica-
tions that require the discreteness of dopants, such as
dopant-based spin qubits in the area of quantum computa-
tion™ 51 or single atom transistorst®], focus more on the ad-
vances toward observing, precise positioning and manipulat-
ing dopant atomsl’-1%, Owing to the emergence of high-pure
semiconductor materials and the extreme downscaling of
devices, discrete dopants have started to play an important
role in most device transport properties': 121, In the last few
years, the junctionless nanowire transistor (JNT) with uni-
form doping is considered to be a promising candidate to
investigate quantum transport through dopant atoms due
to its unique bulk conduction regulated by gate electric
field!13-151,

Electron transport in the discrete dopant atomic system
may be dominated by thermally assisted hopping between
the dopants rather than by resonant tunnelling between
source and drain. At higher temperatures, electrons can hop
between the neighbouring dopants when they receive
enough energy from a phonon, following the nearest-neigh-
bour hopping (NNH) mechanism. The conductance in this
case is given by G = Aexp(—E,/kgT), where A is constant, kg
is the Boltzmann constant, and E, is the activation energy. At
lower temperatures, the conductance is weakly temperature-
dependent because variable range hopping (VRH) with lower
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activation energy is dominated. In a regime of VRH, the gener-
al form of temperature-dependent conductance is given by

G = Goexp(-To/T). (1)

The conductive channel in silicon junctionless nanowire
transistor expands from the middle of the nanowire to the sur-
rounding by adjusting the gate voltage. Once the junction-
less nanowire transistor is turned on, the channel of electron
transport can be seen as a quasi three-dimensional (3D) sys-
tem. In the 3D case, the conductance follows the Mott law
(M-VRH)['®) with

x=1/4, Ty = Ty = 21/g (E¢) ay, (2)

where g (Er) is the constant density of state at the Fermi level
and a is the localization length. If the Coulomb interaction
between the charged sites is not negligible at low tempe-
rature, the conductance follows Efros-Shklovskii law (ES-
VRH)['7. 18] with

x=1/2, Ty =Tegs = 2.8e2/KaES7 K = 4mepe;, (3)

where e is the electron charge, &, is the relative permittivity
and dgs is the localization length in a regime of ES-VRH. The
transition of electron hopping behaviours in the JNT, which
can be well explained by Mott and Efros-Shklovskii (ES) formal-
ism, has been studied in our previous work!'® 201, |n this work,
we investigate gate-regulated transition temperatures of elec-
tron hopping behaviours through discrete dopant atoms. The
energy range of accessible hopping sites in NNH is greater
than the average energy in dopant band and the localization
length in M-VRH is less than the mean distance between the
dopant atoms, resulting in a relatively stable transition tem-
perature T, from M-VRH to NNH. The increasing transition
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Fig. 1. (Color online) (a) Schematic structure of the silicon JNT. (b) Top-
view SEM images of the silicon JNT after gate formation.

temperature T¢ from ES-VRH to M-VRH is due to the longer
localization length which is more easily regulated by gate
voltage. The dependence of transition temperature T on
gate voltage also implies a competition between the activa-
tion energy and the Coulomb interaction, which extends the
knowledge of electron hopping.

2. Device fabrication and characterization

Fig. 1(a) shows a schematic of the devices fabricated on a
(100)-oriented silicon-on-insulator (SOI) wafer with top silic-
on thickness of 55 nm and buried oxide layer of 145 nm. The
SOl wafer with a 17-nm thermal oxidation layer was uni-
formly implanted by 33 keV phosphorus ions at a dose of 2 x
102 cm~2, followed by rapid annealing to activate dopant
atoms. The silicon nanowire was defined by electron beam
lithography (EBL) and reactive ion etching (RIE), followed by
thermal oxidation at 900 °C to form a sacrificial oxidation
layer. Next, this sacrificial oxidation layer was removed by
buffered oxide etcher (BOE) to smooth the surface and fur-
ther reduce the dimension of silicon nanowire. After forma-
tion of 22-nm-thick gate oxidation layer around the nanowire
at 900 °Cin dry oxygen, 200-nm-thick boron-doped polycrystal-
line silicon was deposited on the devices by low-pressure
chemical vapor deposition (LPCVD). Subsequently, the poly-
crystalline silicon gate of 280 nm was patterned by electron
beam lithography and dry etching, followed by deposition of
200 nm SiO, for passivation and fabrication of the source,
drain and gate electrodes. The width of 60 nm for Si/SiO,
core-shell nanowire measured by scanning electron micro-
scope (SEM) is shown in Fig. 1(b). According to the consump-
tion of top silicon layer by thermal oxidation in all directions,
the cross-section of the silicon core is estimated to be 16 x
28 nmZ2. The electrical characteristics were measured by Agi-
lent B1500 semiconductor parameter analyzer, and the
devices were placed in a vacuum chamber which can be
cooled down to 6 K with the help of a Lakershore-340 temper-
ature controller.

3. Results and discussion

Fig. 2 shows drain current-gate voltage (/y-V;) character-
istics (upper part) and corresponding transconductance
9gm—V, characteristics (lower part) of JNT at the drain-source
bias V4 = 10 mV by varying temperature. Clearly, a series of
drain-current oscillatory peaks and steps are observed below
the temperature of 75 K, and these current features gradu-
ally disappear with increasing temperature due to thermal
energy broadening around Fermi level. The drain current at
low temperature, which evolves from oscillatory peaks to cur-
rent steps with the gate voltage, reflects that electron trans-
port in dopant-levels gradually transfers into one-dimension-
al transport in conduction sub-bands. Similar features have
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Fig. 2. (Color online) Drain current /4 versus gate voltage V, with Vg, =
10 mV at different temperatures (upper part) and corresponding
transconductance gn,-V; curves (lower part).

also been observed in other devices that have been fabric-
ated in the same way. According to the corresponding curves
of the transconductance g, as a function of gate voltage V
(ie, gm = dlgs/dVy) in the lower part, we can identify three
groups of peaks which locate at the gate voltage of about
2.12, 241, and 2.86 V, respectively. The positions of peaks at
different temperatures in each group are slightly different, pos-
sibly due to the interface defects at the Si/SiO, interface and
the electron density from the ionized dopantsi2'. These
transconductance peaks may originate from dopant-induced
quantum dots and discrete sub-bands in the conduction
band.

To distinguish the three groups of transconductance
peaks precisely, we measured the energy barrier between
source and drain extracted from the thermally activated cur-
rent at temperatures above 150 K. As shown in Fig. 3(a), the
barrier height gradually decreases with gate voltage, which is
associated with lower activation energy at larger electrical
field. The gate voltage at 2.40 V can be determined by linear
extrapolation of the curve to zero barrier height, showing
that the conduction band edge E. reaches the Fermi level E;
of the source. It can be also observed that the position of
gate voltage 2.40 V corresponds to a demarcation line
between the first group of transconductance peaks and the
other two groups in the inset of Fig. 3(a). As a result, the first
group of transconductance peaks in Fig. 2 comes from dis-
crete dopant-levels below the conduction edge. Then, one-di-
mensional transport of electrons occurs in the conduction
sub-bands with the increase of gate voltage, resulting in the
second and third groups of transconductance peaks.

We can identify new four groups of peaks marked by
cross in Fig. 3(b) through locally amplifying the transcon-
ductance gy,-V; curves before 2.40 V. Since the gate-voltage
spacing of those peaks is small and the positions of them are
basically the same at different temperatures, those transcon-
ductance peaks can not originate from the surface rough-
ness of the silicon nanowire. It is reported that dopants in the
conductive channel have an effect on electron transport
when the INT is just turned on(22-24, The ionized dopant
atoms in local nano-space can work as quantum dots, contain-
ing one-electron neutral D° state and two-electrons charged
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Fig. 3. (Color online) (a) Barrier height of the device channel is extracted by fitting the thermally activated current. The conduction band edge Ec
reaches the Fermi level E; at 2.40 V. Inset: transconductance gn,— Vg curves at low temperature. (b) Locally amplified transconductance gy,-V,

curves before gate voltage 2.40 V, which are successively shifted for clarify.
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Fig. 4. (Color online) Arrhenius plots of the conductance G;, G,, G,
and G, for each group. The inset: close-up of the curves around 75 K.

D- state. The average gate voltage spacing AVys between
peaks 1 and 3 (peaks 2 and 4) in Fig. 3(b) is estimated to be
0.18 V (0.21 V), and the deduced dopant/gate capacitance
Cy =e/AVyg =0.89 aF (0.76 aF) corresponds to a dopant
with 2.09 nm (1.78 nm) radius. This radius agrees well with
the Bohr radius of a donor in silicon nanowire. Therefore, the
four groups of peaks can be considered as an indication of
electron transport through the D° and D- states of the
donors. At high doping concentration, a lower Hubbard band
and an upper Hubbard band are formed respectively under
the coupling of one-electron neutral state (D° and two-elec-
tron charged state (D). In this case, electron transport is due
to the Hubbard band which is different from the mechanism
that we discussed in this study. According to the implanta-
tion dose, the doping concentration Np is calculated to be
1 x 107 cm~3. Then, the mean distance between the dopant
atoms is estimated to be d = (47'rND/3)_1/3 = 13.4 nm, which
is more than twice the Bohr radius of phosphorus atoms in
silicon. It can be concluded that those dopant atoms are in a
discrete statel?5], In this case, electron transport is dominated
by thermally activated hopping.

To obtain a better insight into the electron hopping mech-
anism, we experimentally extracted the conductance values
at the position of transconductance peaks in each group,

and those unrecognizable peaks at high temperatures are de-
termined by the method of energy level alignment. Fig. 4
shows the Arrhenius plots (G versus 1/T) of temperature-de-
pendent conductance G;, G,, G, and G,, respectively at the
transconductance peaks of different gate voltages under the
bias Vys = 10 mV. Three regions (i.e., A, B, and C) in the Arrheni-
us plots of conductance correspond to NNH, M-VRH and ES-
VRH. The transition temperature T, from NNH to M-VRH is a
critical point at which the hopping distance in M-VRH is sup-
posed to be equivalent to the mean distance between neigh-
bouring dopant atoms. The expression of T, is given by
Ta = 9aM/87Tg0de4, awm being the localization length in a re-
gime of M-VRH, g, the constant density of states at the Fermi
level and d the mean distance between the dopant atoms.
The transition temperature Tc from M-VRH to ES-VRH is anoth-
er critical point at which the activation energy E, is as large
as the Coulomb interaction energy 4, i.e., E; = A. The expres-
sion of T¢ is given by T = e*agy/(4meoe, ) ks, where dgg is
the localization length in a regime of ES-VRH, e is the elec-
tron charge and ¢, is the relative permittivity. The detailed
calculation methods of transition temperatures have been
reported in our previous work[2%, Through conductance lin-
ear fitting in different temperature region, we obtain the trans-
ition temperature T, of 78, 80, 79, and 81 K respectively for
the G;, G, Gs, and G, curves in Fig. 4, which is consistent
with the experimental value 75 K. Using the constant density
of states gy in M-VRH regime and the relative permittivity ¢
for silicon material, we get the transition temperature T of
18, 27, 38, and 46 K, which is also consistent with the experi-
mental phenomenon in Fig. 4. According to the conduct-
ance values at the corresponding positions of transconduct-
ance valleys in Fig. 3(b), we further calculated the transition
temperatures T, to be 79, 76, 76, and 78 K and T¢ to be 22,
30,41,and 53 K.

The gate-voltage dependence of the transition tempe-
ratures is provided in the Fig. 5(a). It can be found that T, is
relatively stable for the transconductance peak and valley po-
sitions, while Tc increases with the increase of gate voltage.
The difference between T, and T¢ is associated with the
density of state g, and the localization length, as shown in
Fig. 5(b). According to the Egs. (2) and (3), the characteristic
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Fig. 5. (Color online) (a) The gate-voltage regulated transition temperature T, and Tc. (b) The gate-voltage dependence of the density of state

and the localization length.
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Fig. 6. (Color online) The behaviour of electron hopping (a) from M-
VRH to NNH in and (b) from ES-VRH to M-VRH in.

temperatures Ty, and Tgs can be derived from the slopes of
the ING—=T"*and InG - 772 plots, respectively. Then the
localization length ay and ags, which correspond to M-VRH
and ES-VRH respectively, are extracted from Ty and Tg.
Fig. 5(b) indicates that both the density of state g, and the
localization length ay and agg increase with the increasing
gate voltages, which allow more dopant atoms to work as
quantum dots with lower barriers in a wider channel. The spa-
tial extent of electron wave function from those dopant sites
is also enhanced by the enhanced gate electric field.

To understand the stable transition temperature T, at
which electron hopping behaviours from M-VRH to NNH oc-
curs, in Fig. 6(a) we describe the transition of hopping beha-
viours. Mott's model has pointed out that electrons localized
close to the Fermi level could hop from one localized site to
another with the lowest activation energy Eyo by variable
ranges. However, the activation energy Exny at higher temper-
atures is large enough for electron hopping between any
nearest neighbouring sites, and the increasing gate voltage
only contributes to the number of electrons capable of hop-
ping in those sites. We also notice in Fig. 5(b) that the locali-
zation length ay in M-VRH is much less than the mean dis-
tance d between the dopant atoms, i.e. d/ay >> 1. In this
case, the coupling of electron wave function between nea-
rest neighbour dopant atoms is very weak although the loca-
lization length ay increases with the increasing gate voltages
in Fig. 5(b). Therefore, the stable transition temperature T,
should attribute to large activation energy and small localiza-
tion length in the regime of M-VRH.

The gate-dependent transition temperature Tc is regu-
lated by the density of states and the localization length
adgs in ES-VRH. At lower temperatures, electrons would
choose further localized states to hop due to the low activa-
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tion energy Egs, which is not enough to overcome the Cou-
lomb interaction energy A = e2/4ne0£rr. With the increase of
gate voltage, the number of states for electron hopping in-
creases, resulting in the decrease of the average hopping dis-
tance rgs of electrons, and the Coulomb interaction energy,
A= e2/471£0£rrEs, will be remarkably enhanced due to the
shorter distance rgs between the charged dopant atoms. To
overcome this stronger Coulomb interaction energy, a larger
activation energy is required when the process from ES-
VRH to M-VRH occurs. In addition, the localization length
ags in ES-VRH is comparable or even larger than the mean
distance d between the dopant atoms in Fig. 5(b). In this
case, the localization length agg is more easily regulated by
the gate's electrical field and its effect on electron hopping
begins to show up. Therefore, higher transition temperature
Tc is necessary to satisfy with the condition of E, = A with
the increase of gate voltages. According to the expression of
electron hopping distance in ES-VRH given by rgs = [ezaEs/
2 (4mege,) kBT]VZ[ZO], the increasing localization length agg
also requires a higher transition temperature Tc to keep the
equation in balance because the electron hopping distance
res decreases with the increase of gate voltage. Under the in-
fluence of electrical field, the equilibrium of activation en-
ergy and Coulomb interaction energy at transition temperat-
ure Tc is broken. The dependence of transition temperature
on gate voltage represents a new competition between
them.

4, Conclusion

In conclusion, we investigate gate-regulated transition
temperatures of electron hopping behaviours in silicon junc-
tionless nanowire transistor. The experimental data of temper-
ature-dependent conductance illustrated by the Arrhenius
plots is consistent with the theoretical model, showing that
the electron hopping is ES-VRH, M-VRH and NNH with the in-
crease of temperature. The transition temperature T, is rel-
atively stable and mainly depends on the mean distance
between the dopant atoms. In contrast, the transition temper-
ature Tc can be regulated by gate electrical field due to the
longer localization length in the case of ES-VRH. The role of
dopant atoms used as functional units becomes more and
more important in ultra-small devices and the study on elec-

......



tron hopping by dopant atoms is of great significance to the
development of those atomic-scale silicon transistors.
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