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Abstract: We investigated the effect  of  charge trapping on electrical  characteristics  of  silicon junctionless nanowire transistors
which  are  fabricated  on  heavily  n-type  doped  silicon-on-insulator  substrate.  The  obvious  random  telegraph  noise  and  current
hysteresis  observed at  the temperature of  10 K indicate the existence of  acceptor-like traps.  The position depth of  the traps in
the  oxide  from  Si/SiO2 interface  is  0.35  nm,  calculated  by  utilizing  the  dependence  of  the  capture  and  emission  time  on  the
gate voltage. Moreover, by constructing a three-dimensional model of tri-gate device structure in COMSOL Multiphysics simula-
tion software, we achieved the trap density of 1.9 × 1012 cm–2 and the energy level position of traps at 0.18 eV below the intrins-
ic Fermi level.
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1.  Introduction

Rapid  downscaling  of  metal-oxide-semiconductor  field-
effect transistors (MOSFETs) causes many adverse issues, such
as  short  channel  effects  (SCEs)  and  carrier  mobility  degrada-
tion,  which  will  seriously  affect  the  performance  of  related
devices.  More  seriously,  as  the  size  of  MOSFETs  continues  to
shrink to the nanometer scale,  the fabrication process for the
source/drain of the traditional inversion mode transistor is fa-
cing more challenges.  In recent years,  several  novel  materials
have  been  proposed  to  keep  up  with  the  pace  of  Moore’s
law, such as two-dimensional (2D) semiconductor materials[1, 2].
For  traditional  silicon  materials,  researchers  try  to  improve
device performance from the aspect of device structure. A silic-
on-based junctionless nanowire transistor (JNT) which can be
considered as a gated resistor, has been proposed as a prom-
ising alternative to a new generation of transistors. The manu-
facturing  process  of  JNT  is  relatively  simple,  with  a  constant
doping  concentration  from  source  to  drain  and  without  any
PN  junctions.  In  addition,  JNT  is  completely  compatible  with
the  CMOS  manufacturing  process[3−5].  Compared  with  exist-
ing field-effect transistors (FETs), JNTs have more potential ad-
vantages due to junctionless characteristics.  For example,  the
manufacturing complexity is  reduced due to the low thermal
budget and the requirement to eliminate junctions as well  as
reduce the SCEs[6, 7]. Consequently, JNT has the potential to be-
come the sub-10 nm technology node and subsequent  tech-
nical solution[8].

The  key  to  the  fabrication  of  JNTs  is  that  the  channel
must  be  thin  enough  to  ensure  that  the  device  is  turned  off
at zero gate voltage. In addition, due to the excellent electro-
static  controllability,  the tri-gate structure is  undoubtedly the
best choice for JNT manufacture. Interface traps will be inevit-
ably formed in the process of transistor fabrication, which will
directly  affect  the  electrical  characteristics  and  reliability  of
devices[9−12].  Owing  to  the  large  surface-to-bulk  aspect  ratio,
the trapping and detrapping of the interface traps become cru-
cial in JNT. Random telegraph signals (RTS) are fluctuations of
the  current  between  discrete  levels.  In  nanoscale  transistors,
two-level  fluctuations  are  generally  attributed  to  the  capture
and emission of single carrier by traps in the gate oxide layer.
Since  the  carriers  in  the  JNTs  are  transported  in  bulk  model,
the  noise  signal  caused  by  the  surface  roughness  of  the
nanowire  can  be  ignored.  Hence,  JNT  is  suitable  to  observe
RTS  introduced  by  the  interface  traps.  Previous  publications
which describe the electrical characteristics for JNT mostly fo-
cus  on  ideal  conditions[13−15].  In  fact,  whether  for  long-chan-
nel  or  short-channel  devices,  the  interface  traps  in  the  gate
dielectric  stack  can  affect  the  electrical  properties  of  the
devices, such as changing the threshold voltage, causing irreg-
ular current jump, and reducing the drive current.

In  this  paper,  we fabricated tri-gate JNTs through experi-
ments, and investigated the electrical properties of the fabric-
ated  devices  at  different  temperatures.  At  low  temperatures,
we observed irregular current protrusions. This is a phenomen-
on caused by interface traps. We analyzed the influence of in-
terface traps on the electrical characteristics of JNT by adding
interface  traps  with  different  densities  and  different  energy
levels to a three-dimension (3D) model built by COMSOL Mul-
tiphysics  simulation  software[16].  Besides,  according  to  the
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trap  density  obtained by  the  experiment,  combined with  the
simulation  results,  we  get  the  energy  level  position  of  inter-
face  traps.  This  paper  can  provide  guidance  for  the  extrac-
tion of  the spatial  position and energy level  position of  inter-
face defects in transistors. 

2.  Experimental methods

Fig. 1 shows the schematic diagrams of the fabrication pro-
cess of JNTs. The devices were fabricated on a silicon-on-insu-
lator  (SOI)  substrate  with  the  top  silicon  layer  of  55  nm.  The
SOI  wafer  was  uniformly  and  heavily  doped  by  phosphorus
ion implantation with a  dose of  5  × 1013 cm–2 (Fig.  1(a)).  And
then  electron  beam  lithography  (EBL)  and  inductively
coupled  plasma  (ICP)  etching  were  performed  to  define  the
active  region  and  the  channel  fin  (Fig.  1(b)).  It  was  followed
by a sacrificial oxidation to eliminate the etching induced sur-
face  damage  and  then  22-nm-thick  gate  oxide  was  grown  at
900  °C  in  dry  oxygen  for  1  h  (Fig.  1(c)).  Then,  a  150-nm-thick
boron  doped  polysilicon  gate  was  defined,  wrapped  around
three  sides  of  the  silicon  channel  (Fig.  1(d)).  The  poly-silicon
was then doped by arsenic  ion implantation at  a  dose of  1  ×
1020 cm–3 after  annealing  at  1000  °C  for  10  s.  After  deposit-
ing 200-nm-thick silicon dioxide as the protective layer,  ohm-
ic  contact  windows  were  opened  (Fig.  1(e)).  Following  400-
nm-thick  aluminum  was  evaporated  and  lifted  off  as  final
metallization  via  conventional  optical  lithography  (Fig.  1(f)).
The cross-section schematics and the scanning electron micro-
scope  (SEM)  image  of  the  tri-gate  JNT  are  shown  in Fig.  2.
The final cross section of the silicon core was estimated to be
30 nm in height (H) and 30 nm in width (W), respectively. The
length of polysilicon gate (Lg) was 280 nm. For the low temper-
ature  electrical  characterization,  the  devices  were  measured
in  a  vacuum  chamber,  which  can  be  cooled  down  to  10  K.
The conventional operation of JNTs is to apply a positive gate
voltage  to  create  an  electroneutral  region  in  the  channel  re-
gion and allow electrons to flow. 

3.  Results and discussion

Firstly,  we  tested  the  relevant  electrical  characteristics  of
the devices at  room temperature. Fig.  3(a)  shows the transfer
characteristic curves.  The drain voltage VDS is  set to be 0.1  to
4.1  V  with  the  step  of  1  V.  As  the  gate  voltage VGS continues
to increase, the drain current IDS also increases, gradually reach-
ing  a  saturated  state.  The  subthreshold  swing  (SS)  and  the
threshold  voltage  (VTH)  are  132  mV/dec  and  0.26  V,  respect-
ively.  The curves of drain current IDS versus VGS show that the
fabricated  JNT  operates  as  a  normally-off  device  with  a  low
gate  leakage  current  of  several  pA  and  the  on/off  current  ra-
tio larger than 1 × 104.  Besides,  the output curves in Fig.  3(b)
demonstrate excellent gate control ability in our devices.

The  temperature-dependent  electrical  properties  of  JNT
were carried out by Lakershore-340 temperature controller un-
der vacuum environment. Fig. 4(a) shows the output character-
istics of JNT measured at the temperature of 10 K. Obvious cur-
rent  jumps  are  observed  at  some  special  values  of VGS such
as  2.20  V.  Besides,  the  current  jumps  increase  with  the  in-
crease  of  the  absolute  value  of  the  bias,  indicating  the  exist-
ence  of  active  traps[17].  For  the  analysis  of  current  hysteresis,
a  single  staircase  voltage  ramp  was  used.  The  gate  voltage
VGS was  varied by 0.02 V steps and the duration of  each step
was  0.1  s,  and VDS was  set  to  be  0.2  V.  In  the  forward  sweep,

 

 

Fig. 1. (Color online) Schematic diagrams of the fabrication process for JNTs.

 

Fig. 2. (Color online) (a) The color SEM image of devices with the gate
length of 280 nm. (b) The cross-section schematics of the devices.
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the  forward  bias  was  increased  from  0  to  3.5  V.  In  the  back-
ward sweep, the sweep started at 3.5 V, and was gradually de-
creased  to  0  V.  The  measured  results  are  shown  in Fig.  4(b).
The curves clearly show hysteretic nature. The current hyster-
esis  behavior  is  larger  than that  measured during the reverse
sweep.  This  is  because  the  charging  and  discharging  process
are  slower  than  the  sweep  rate,  leading  to  identical  currents
in  both  sweep  directions  due  to  the  fact  that  the  traps  can-
not remain in the same initial state[18].

Fig.  5(a)  shows  the  transfer  characteristic  curve  of  this
device  at  a  low  temperature  of  10  K.  The  drain  voltage  is  set
to be 2–10 mV with the step of 2 mV. Obvious current jumps
are  observed around the gate  bias  of  roughly  2.2  V,  at  which
voltage,  the  trap  level  and  the  silicon  channel  Fermi  level
move close to each other so that hopping and tunneling hap-
pen. The trap is found to be an acceptor type center[19]. Typic-
al time domain current levels are shown in Fig. 5(b). The aver-
age  time  at  the  highest  current  level,  so-called  the  capture
time τc,  decreases  as VGS increases.  It  is  ascribed  to  the  fact
that  the  electron  concentration  in  channel  increases  with  in-
creasing VGS.  The  average  time  at  the  lowest  current  level,
can be considered as the emission time τe. The accurate vertic-
al trap depth xT can be extracted by the following expression[20]
 

xT = −
kT
q

d ln (τc/τe)
dVGS

tox, (1)

where tox is  the oxide thickness, k is  Boltzmann constant  and
q is  the  elementary  charge.  Through  linear  fitting  of VGS de-
pendence of  ln(τc/τe)  as  shown in Fig.  6,  the  accurate  vertical

trap depth obtained by Eq. (1) is 0.35 nm. Compared to the ox-
ide thickness of 22 nm, these traps can be considered as inter-
face traps.

In Fig. 7(a), the measured IDS as a function of the VGS with
the  device  biased  at  a  drain  voltage  of VDS =  0.1  V  is  presen-
ted for  different  temperatures.  It  can be noted that  the drain
current  decreases  with  temperature.  The  threshold  voltage
VTH and subthreshold swing SS are presented as a function of

 

Fig.  3.  (Color  online)  Measured  drain  current  characteristics  at  room
temperature,  showing (a)  drain  current  versus  gate voltage for  drain
voltages of 0.1 to 4.1 V with step of 1 V,  and (b) drain current versus
drain voltage for gate voltages from 1 to 4 V with step of 1 V.

 

Fig. 4. (Color online) (a) IDS–VDS output characteristics of JNT device at
T =  10  K.  (b)  The  transfer  characteristics  of  the  JNT  with VGS sweep
from 0 to 3.5 V and back.

 

Fig. 5. (Color online) (a) IDS–VGS curves for VDS values ranging from 2 to
10 mV in steps of 2 mV. The detail image in the upper left corner is an
enlarged  detail.  (b)  Time  domain  current  levels  versus  time  trace  at
VGS = 2.2 V and VDS = 10 mV.

Journal of Semiconductors    doi: 10.1088/1674-4926/43/5/054101 3

 

 
Y F Fu et al.: Effect of charge trapping on electrical characteristics of silicon junctionless ......

 



the temperatures in Fig. 7(b). The slope of VTH varied with the
temperatures  is  an  approach  to  –4.23  mV/K  and  the  slope  of
SS  is  0.58  mV/dec/K.  It  should  be  noted  that  the  SS  variation
with temperatures of our JNT device is larger than that of the
theoretical  value.  We attribute this phenomenon to the influ-
ence  of  interface  traps.  The  subthreshold  swing  SS  depend-
ing on the trap density Ntrap is described by[21]
 

SS = kT ln 
q ( + qNtrap

Cox
) , (2)

where Cox is  the  gate  oxide  capacitance  per  unit  area  (estim-
ated to be 1.56 × 10–7 F/cm2).  The presence of interface traps
will  deteriorate  the  subthreshold  characteristics.  The  inter-
face trap density obtained from Eq. (2) is approximately to be

1.9 × 1012 cm–2.
To  further  investigate  the  influence  of  interface  traps  on

JNT  electrical  characteristics,  we  construct  a  3D  tri-gate  JNT
structure  in  COMSOL  Multiphysics  simulation  software  with
the  Semiconductor  Module.  The  parameters  of  the  simula-
tion  device  are  consistent  with  the  experimental  device.
The  gate  with  a  22-nm-thick  oxide  layer  and  surface  traps
is  modeled  using  the  thin  insulator  gate  boundary  condition
around  the  perimeter  of  the  channel.  The  drain  and  source
boundaries  are  ideal  ohmic  contacts,  and  the  voltages  are
set  to  ground  and  0.1  V,  respectively.  The  gate  voltage  is
swept  from  0  to  8  V  for  different  surface  trap  densities.  The
simulated  device  structure  is  shown  in  the  insert  of Fig.  8(a).
Here, Ls and Ld are  the  distances  of  the  source  and  the  dra-
in  from  the  channel  region,  respectively.  Those  two  para-
meters  are  set  to  200 nm.  At  first,  the influence of  trap dens-
ity  on  the  transfer  characteristic  is  investigated.  The  simu-
lated  curves  are  shown  in Fig.  8(a).  The  transfer  curves  are
positively  shifted  with  increasing  interface  trap  density.  Be-
sides,  the  influence  of  the  trap  levels  is  also  investigated  in
Fig.  8(b).  Here  the  energy  difference  between  the  trap  en-
ergy  level Et and  the  intrinsic  Fermi  level Ei is  set  as  –0.18,
–0.04  ,  0,  0.06  and  0.24  eV,  respectively.  For  the  same  trap
density,  the  threshold  voltage  will  shift  positively  as  the
trap  level  moves  away  from  the  conduction  band.  There-
fore,  combining  the  experimental  data  with  the  simulation
results,  we  obtain  that  the  position  of  trap  level  is  0.18  eV
below  the  intrinsic  Fermi  level,  and  the  trap  density  is  1.9  ×
1012 cm–2. 

 

Fig. 6. (Color online) ln(τc/τe) and its linear fitting. The slope is propor-
tional to xT, the position of the traps in the oxide.

 

Fig. 7. (Color online) (a) Transfer characteristics at the temperatures of
100 to 300 K with the step of 50 K. (b) Measured VTH and SS at VDS =
0.1 V versus temperature. The black dashed line represents the theoret-
ical value of subthreshold swing SStheo.

 

Fig. 8. (Color online) (a) Simulated IDS–VGS curves for different trap dens-
ities  with  the  trap  level  equals  to  the  intrinsic  Fermi  level.  (b)
Threshold  voltage  as  a  function  of  trap  densities  with  different  trap
levels.
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4.  Conclusion

In  summary,  we fabricated junctionless  tri-gate nanowire
transistors  on  the  SOI  substrate.  We  analyzed  the  electrical
properties of the manufactured devices at different temperat-
ures (10–300 K). Obvious RTS were observed at low temperat-
ure of 10 K. This phenomenon indicates that there are accept-
or-like  trap  states  in  the  devices.  Through  linear  fitting  of
gate  voltage  dependence  of  ln(τc/τe),  the  accurate  vertical
trap  depth  of  0.35  nm  is  obtained.  Thus,  the  acceptor-like
traps  can  be  considered  as  interface  traps.  Besides,  from  the
slope of the subthreshold swing versus temperature, we estim-
ate  the  interface  trap  density  to  be  1.9  ×  1012 cm–2.  In  addi-
tion,  we  use  COMSOL  Multiphysics  simulation  software  to
build a 3D model for the device. In the model, traps with differ-
ent densities and different energy levels are added to the inter-
face  between  the  conductive  channel  and  the  gate  dielectric
layer.  According  to  the  simulation  results  of  threshold
voltage,  we  estimate  that  the  energy  level  of  the  interface
traps is located at 0.18 eV below the intrinsic Fermi level.  The
results  provide  a  theoretical  guidance  for  analyzing  the  ef-
fects of interface traps on the junctionless transistors. 
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