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Abstract: Solution-processed oxide semiconductors  have been considered as  a  potential  alternative  to  vacuum-based ones  in
printable electronics.  However,  despite spin-coated InZnO (IZO) thin-film transistors (TFTs)  have shown a relatively high mobil-
ity,  the lack of carrier suppressor and the high sensitivity to oxygen and water molecules in ambient air make them potentially
suffer issues of poor stability. In this work, Al is used as the third cation doping element to study the effects on the electrical, op-
toelectronic,  and physical  properties  of  IZO TFTs.  A hydrophobic self-assembled monolayer called octadecyltrimethoxysilane is
introduced  as  the  surface  passivation  layer,  aiming  to  reduce  the  effects  from  air  and  understand  the  importance  of  top  sur-
face conditions in solution-processed, ultra-thin oxide TFTs. Owing to the reduced trap states within the film and at the top sur-
face  enabled  by  the  doping  and  passivation,  the  optimized  TFTs  show  an  increased  current  on/off  ratio,  a  reduced  drain  cur-
rent  hysteresis,  and  a  significantly  enhanced  bias  stress  stability,  compared  with  the  untreated  ones.  By  combining  with  high-
capacitance AlOx,  TFTs with a  low operating voltage of  1.5  V,  a  current  on/off  ratio of  > 104 and a mobility  of  4.6  cm2/(V·s)  are
demonstrated, suggesting the promising features for future low-cost, low-power electronics.
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1.  Introduction

Ever  since  the  first  report  of  amorphous  InGaZnO  (IGZO)
thin-film  transistors  (TFTs)  in  2004  by  Hosono et  al.  amorph-
ous oxide semiconductors have received much attention ow-
ing to their excellent electrical properties[1, 2]. Out of all the de-
position  methods,  solution-based  techniques,  such  as  spin-
coating and ink-jet printing are considered as promising meth-
ods for the fabrication of TFTs because of their low-cost,  easy
integration with printable electronics and no requirement for
high  vacuum  and  high  pressure[3].  However,  TFTs  deposited
by  solution-based  methods  generally  show  a  poorer  device
performance than vacuum-based ones.

InZnO  (IZO)  is  considered  as  a  promising  n-type  oxide
semiconductor since it can be easily deposited through a solu-
tion  process  while  maintaining  a  relatively  high  mobility  un-
der  amorphous  states.  We  have  previously  reported  that  by
modifying  the  annealing  temperature  of  solution-processed
IZO TFTs, it  is able to achieve a high mobility approaching 10
cm2/(V·s)  and  a  high  current  on/off  ratio[4].  However,  such
devices  show  a  turn-on  voltage  less  than  0  V,  which  is  not
ideal for circuit applications. Also, the lack of carrier suppress-
or  might  result  in  a  poor  bias  stress  stability  of  the  devices.
To solve such issues,  elements such as Ga,  B,  and Al could be
incorporated into oxide semiconductors to suppress the gener-
ation  of  oxygen  vacancies[5−7].  Out  of  those  materials,  Al  is
highly  desirable  owing  to  the  low  cost  and  the  strong  bond-
ing  between  Al  and  O[8].  By  co-sputtering  Al  with  IZO,  Reed
et al. reported Al-doped IZO (IZO:Al)  TFTs and studied the ef-

fects  of  Al  incorporation  on  the  film  and  device  performa-
nce[8].  However, to date, the reports on Al doping in solution-
processed  IZO  TFTs  are  rare.  Hence,  a  study  on  the effective-
ness  of  Al  doping  in  solution-processed  oxide  TFTs  and  a
systematical  investigation  on  the  working  mechanism  is
desirable.

Also, unlike Si and organic semiconductors, the top chan-
nel surface of oxide TFTs is extremely sensitive to air with wa-
ter and -OH species being easily adsorbed on the top surface,
resulting  in  a  degraded  device  performance,  particularly  for
those  with  an  ultra-thin  channel  layer[9].  To  solve  such  an  is-
sue,  some  treatments  at  the  top  surface  are  generally  re-
quired to avoid direct contact with ambient air  and passivate
traps. One effective passivation layer is self-assembled mono-
layers (SAMs), which are solution-processable and plasma-dam-
age-free to the underneath oxide semiconductors. Also, SAMs
are chemically bonded onto the oxide films,  meaning a good
interface  coupling  is  formed  between  the  channel  layer  and
the SAM, ensuring a good chemical  stability[9, 10].  For applica-
tions such as backplane drivers for flat plane displays, good sta-
bility  under  operating  conditions  is  essential.  The  instability
of an oxide TFT is related to the traps at dielectric/channel in-
terface,  within  the  oxide  film  and  at  the  top  channel  surface.
SAM  encapsulation  can  help  improving  the  stability  of  oxide
TFTs  due  to  reduced  top  surface  traps,  as  reported  in  several
previous works[9, 11]. However, those works mainly focus on ox-
ide semiconductors deposited using vacuum-based methods,
and  unlike  those,  solution-processed  oxide  TFTs  generally
show  a  poor  device  performance  due  to  traps/defects  within
the  film.  Therefore,  it  is  of  great  interest  to  study  whether
SAM encapsulation could work with the doping strategy to fur-
ther improve the device performance.
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In  this  work,  we  explored  the  possibility  of  the  perform-
ance  enhancement  in  solution-processed  IZO  TFTs  by  dop-
ing and surface passivation. Electrical, optoelectronic and phys-
ical properties of TFTs were systematically studied in order to
analysis  the  mechanism  of  Al  doping  and  octadecyltrimeth-
oxysilane  (OTES)  SAM  top  surface  passivation.  Due  to  re-
duced traps within the films and at the top surface, a signific-
antly  enhanced  device  performance  was  achieved,  including
an  increased  current  on/off  ratio,  a  reduced  hysteresis  and,
most  importantly,  an improved bias  stress  stability.  The com-
bination  of  this  optimized  IZO:Al  with  high  capacitance  AlOx

also  enabled  the  demonstration  of  low-voltage  TFTs,  show-
ing  a  mobility  of  4.6  cm2/(V·s)  and  a  current  on/off  ratio  of
>  104.  The  work  might  have  potential  implications  in  future
high-performance,  low-cost  optoelectronic  devices  such  as
transparent displays. 

2.  Experimental procedures
 

2.1.  Solutions

To  prepare  Al-doped  IZO  precursors,  first,  aluminium  ni-
trate nonhydrate (Al(NO3)3·9H2O, 99.997%, Sigma),  indium ni-
trate  hydrate  (In(NO3)3·xH2O,  99.99%  Sigma),  zinc  nitrate  hy-
drate  (Zn(NO3)2·xH2O,  99.999%,  Sigma)  were  separately  dis-
solved  in  2-Methoxyethanol  (2-ME,  99%,  Adamas)  to  yield
solutions  with  a  concentration  of  0.2  M  and  stirred  at  room
temperature for  24 h.  Then the solutions were mixed togeth-
er at a volume ratio of 0 :  50 :  50, 1 :  49.5 :  49.5, 3 :  48.5 :  48.5
and  5  :  47.5  :  47.5  for  Al(NO3)3 :  In(NO3)3 :  Zn(NO3)2,  respect-
ively.  The  mixed  solutions  were  stirred  at  room  temperature
for another 24 h and filtrated through 0.22 μm PTFE hydrophil-
ic filters before use.

SAM solutions with a molar concentration of 0.01 M were
prepared  by  adding  octadecyltrimethoxysilane  (OTES,  90%,
Sigma) into toluene.

AlOx precursors  were  prepared  by  dissolving  Al(NO3)3·
9H2O  into  2-ME  to  yield  solutions  with  a  concentration  of
0.3  M.  The solution was then stirred at  room temperature for
24 h and filtrated through 0.22 μm PTFE hydrophilic filters be-
fore use. 

2.2.  Device fabrication

Approximately 33 nm thick AlOx films were deposited by
spinning  the  precursor  solutions  at  2000  rpm  for  35  s,  fol-
lowed by an immediate annealing at 120 °C for 1 min and an-
other 1 h annealing at 350 °C in air.

To fabricate Al-doped IZO TFTs, first, precursors with differ-
ent Al doping percentages were spin-coated on 100 nm thick
SiO2 or AlOx films at 3000 rpm for 30 s, followed by an immedi-
ate  annealing  at  120  °C  for  1  min  and  another  1  h  annealing
at 350 °C in air. Similar to what were reported previously, an in-
termediate annealing was done here in order to remove the re-
sidual solvent and/or rearrange the constituent elements with-
in  the  layer[12, 13].  The  films  are  measured  to  be  12.37  ±  0.15,
12.45 ± 0.02,  12.64 ± 0.04 and 13.45 ± 0.18 nm for  Al  doping
percentages of 0%, 1%, 3% and 5%, respectively. Then 80 nm
thick  Al  source/drain  contacts  were  thermally  evaporated  on
the  film  through  shadow  masks  with  a  channel  width-to-
length ratio  of  1500 :  80.  Finally,  the  devices  were  dipped in-
to  SAM  solutions  for  3  h  and  then  annealed  in  air  at  105  °C
for 20 min. 

2.3.  Measurement and characterization

The  hall  mobility  and  carrier  concentration  of  the  IZO:Al
films  were  measured  at  room  temperature  using  a  PhysTech
RH2035  Hall  System.  The  absorbance  of  the  films  was  meas-
ured  using  an  UV-VIS-NIR  Spectrophotometer  (Shimadu  UV-
3600).  X-ray  photoelectron  spectroscopy  (XPS)  of  the  films
was measured on a Thermo ESCALAB 250 Xi with Al Kα emis-
sion  at  1486.6  eV.  The  surface  morphology  of  the  film  was
measured  using  an  Asylum  Research  atomic  force  micro-
scope  (AFM).  The  electrical  performance  of  the  devices  was
measured using a Keithley 4200SCS semiconductor analyzer.

The  turn-on  voltage, Von,  of  TFTs  is  defined  as  the  gate
voltage, VG,  at which drain current, ID,  starts to increase in the
ID–VG plot.  The  threshold  voltage, VTH,  in  the  saturation  re-
gion is extracted from the linear extrapolation of the value of
VG when ID = 0 from ID

1/2–VG plot[2, 14]. 

3.  Results and discussions

Fig.  1(a)  shows  the  hall  mobility  as  well  as  the  carrier
concentration  of  the  IZO:Al  films  with  different  Al  doping
percentages.  With the increase of Al  addition from 0% to 5%,
the  hall  mobility  of  the  films  drops  from  9.4  to  3.2  cm2/(V·s),
suggesting  that  the  addition  of  Al  into  the  IZO  films  sup-
presses  the  carrier  generation  and  decreases  the  carrier  con-
centration.

The absorbance spectra  of  the  IZO:Al  films  with  different
doping  percentages  are  shown  in Fig.  1(b),  from  which  the
bandgap of the films can be calculated using 

αhv = (hv − Eg)/, (1)

where α is the optical  absorption coefficient, h is  the Planck’s
constant, v is  the frequency of light and Eg is  the bandgap of
the  films.  The  inset  of Fig.  1(b)  shows  the  relationship
between  (αhv)2 and hv,  from  which  bandgaps  of  3.46,  3.52,
3.6,  and  3.64  eV  can  be  obtained  for  films  doped  with  0%,
1%,  3%,  and  5%  Al,  respectively.  An  increase  of  bandgap  is
found  here  with  the  increase  of  Al  doping  percentages,  sug-
gesting  a  suppression  of  carrier  concentration,  which  is  in
agreement with the results from Hall measurement.

The  surface  morphology  of  IZO:Al  films  is  shown  in Figs.
1(c)–1(f).  The  root-mean-square  (RMS)  roughness  is  found  to
be  1.83,  0.57,  0.59  and  0.73  nm  for  doping  percentages  of
0%,  1%,  3%  and  5%,  respectively.  The  doped  films  show  a
lower  RMS  roughness  than  undoped  ones,  which  is  attrib-
uted  to  the  reduced  trap  states  and  surface  modification  by
Al  doping.  With  the  films  being  amorphous  for  all  the  cases,
the slight increase of RMS roughness at higher doping percent-
ages  might  be  caused  by  the  aggregation  of  metal  ions  and
generation of pinholes[15]. Generally, a smoother surface is pre-
ferred  for  suppressing  both  interface  traps  and  scattering
centres[15, 16].

The  XPS  spectra  of  all  films  were  then  studied,  as  shown
in Fig.  2 and  Fig.  S1.  All  films  show  In  peaks  at  444.2  and
451.8  eV,  and  Zn  peaks  at  1021.4  and  1044.3  eV  (Fig.  S1),
demonstrating  the  existence  of  metal-oxide  bonds[17].  The
atomic  percentages  of  In,  Zn,  O  and  Al  are  found  to  be
24.3%,  39.9%,  35.8%  and  0%,  25.4%,  41%,  33.2%  and  0.4%,
24.9%,  40.3%,  34.2%  and  0.6%,  and  25.2%,  39.4%,  34.7%  and
0.7%  for  films  doped  with  0%,  1%,  3%  and  5%  Al,  respect-
ively.  As  shown  in Fig.  2,  three  peaks  are  found  in  the  O  1s
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spectra,  which  are  oxygen  in  the  oxide  lattices  without  oxy-
gen  vacancies  (M-O-M,  located  at  ~529.5  eV)  and  with  oxy-
gen vacancies (VO, located at ~531.2 eV), and oxygen in the hy-
droxide  (M-OH,  located  at  ~532.5  eV)[18].  Oxygen  vacancies
are found to decrease with the increase of Al doping percent-
ages. This is considered mainly due to the slightly larger elec-
tronegativity  difference  between  Al  (1.61)  and  O  (3.44)  than
that  with  Zn  (1.65)  and  In  (1.78),  making  Al3+ ions  have  a
stronger bond with O2– than Zn2+ and In3+ ions. This is also in
agreement with the Hall measurement, where carrier concen-
tration  and  hall  mobility  also  reduce  with  the  increase  of  Al
doping percentages, since vacancies are the source of free car-
riers.  Both  oxygen  vacancies  and  -OH  groups  might  work  as
traps  at  dielectric/channel  interface  and/or  within  the  chan-
nel layer. The ratio of deficiencies within the film can be calcu-
lated  using  (VO +  M-OH)/(VO +  M-O-M  +  M-OH),  and  is  found
to be 50.7%, 48.4%, 52% and 52.2% for films with 0%, 1%, 3%
and 5% Al  dopants,  respectively.  This  suggests  that  although
Al  doping  can  suppress  the  generation  of  oxygen  vacancies,
excess Al doping might increase the scattering centres due to
excess  Al  source  and/or  create  the  defect  by  incomplete  de-
hydration of excess Al(OH)3

[19, 20].
To study the effects of Al doping on device performance,

IZO:Al  (0%,  1%,  3%  and  5%)  TFTs  were  fabricated,  as  shown

in Fig.  3(a)  and  summarized  in Table  1.  With  the  increase  of
Al doping percentages from 0 to 5%, the transfer characterist-
ics  shift  toward  positive  and  the  mobility  decrease,  which
might be caused by the higher bonding energy of Al–O (5.31
eV/512.1  kJ/mol)  than  that  of  In–O  (3.59  eV/346  kJ/mol)  and
Zn–O  (2.94  eV/284.1  kJ/mol)[21−23].  Also,  the  increase  of
bandgap  could  lead  to  a  decrease  in  electron  concentration
and  hence  a  reduction  of  mobility.  Although ID slightly  in-
creases  with VG being  more  negative  due  to  the  increase  of
leakage current induced by the electric field increment, for all
TFTs, ID remains  at  a  low  level  of  less  than  1  nA  in  the  off-
states, which is far less than the on-current. A decrease of on-
and off-current are found with the increase of doping percent-
ages, which might be also the result of decreased electron con-
centration.  Nevertheless,  an increase of  current on/off  ratio is
still  achieved  for  the  doped  devices  with  the  highest  current
on/off  ratio  of  ~107 being  achieved  in  TFTs  doped  with  1%
Al.  The  total  trap  density, Dtotal,  can  be  calculated  using  the
subthreshold swing, SS, according to 

Dtotal =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
SSlog (e)

kT
q

− 

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
C
q

, (2)

 

 

Fig.  1.  (Color  online)  (a)  Hall  mobility  and  carrier  concentration  of  the  IZO:Al  films.  (b)  Absorbance  and  corresponding  bandgap  (inset)  of  the
IZO:Al films. Surface morphology of IZO films doped with (c) 0%, (d) 1%, (e) 3% and (f) 5% Al.
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where k is  the  Boltzmann  constant, T is  the  temperature,
and q is  the  electron charge. Dtotal is  2.38  ×  1012,  2.09  ×  1012,
2.27 × 1012 and 2.27 × 1012 cm–2eV–1 for TFTs doped with 0%,

1%, 3% and 5% Al,  respectively.  Lower Dtotal values are found
in  the  doped  TFTs,  suggesting  less  traps  existed  at  interface
and/or  within  the  film.  The  lowest Dtotal is  found  in  TFTs

 

 

Fig. 2. (Color online) O 1s spectra of IZO:Al films doped with (a) 0%, (b) 1%, (c) 3% and (d) 5% Al.

 

 

Fig. 3. (Color online) Transfer characteristics of IZO:Al TFTs (a) without and (b) with an OTES top surface treatment. The insets show images of a wa-
ter drop on the surface of the IZO:Al films. (c) Schematic diagrams of TFT structures and OTES formation on IZO:Al surface. R represents C18H37.
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doped  with  1%  Al,  which  is  also  in  agreement  with  the  film
properties  obtained  from  AFM  and  XPS  measurements. Dtotal

slightly  increases  at  higher  doping  percentages  (i.e.,  3%  and
5%), which might be due to the increase of scattering centres
caused  by  the  excess  Al  source  and/or  the  creation  of
Al(OH)3

[19, 20].
In  general,  some water  molecules  from air  might  be  eas-

ily  adsorbed  on  the  top  channel  surface  of  an  oxide  TFT  and
capture free electrons in the film through 2H2O + O2 + 4e– →
4OH–,  resulting  in  a  hydroxylated  surface[9].  The  adsorption
and  desorption  of  the  water  molecules  at  the  surface  could
also lead to deleterious effects on the device performance. To
avoid such issues, we treated the top surface of the TFTs with
an  OTES  SAM,  which  could  react  with  the  -OH  groups,  de-
sorb  weakly  adsorbed  water  molecules,  and  form  a  passiva-
tion  layer  to  prevent  any  further  adsorption  of  water  (Fig.
3(c)). The formation of the hydrophobic protection layer is con-
firmed  by  the  water  contact  angle,  which  increases  from  28°
to 90° owing to the treatment (insets of Figs. 3(a) and 3(b)). A
schematic  diagram  of  the  treated  TFTs  is  shown  in Fig.  3(c),
and  their  transfer  characteristics  and  electrical  performance
are  shown  in Fig.  3(b)  and Table  1.  Compared  with  the  un-
treated  devices,  a  decrease  of  clockwise  hysteresis  is  clearly
seen.  The  charge  trapping  by  the  adsorbed  water  molecules
on the oxide semiconductor surface has been reported as the
main  source  for  the  hysteresis[24].  Hence,  the  remarkably  re-
duced  drain  current  hysteresis  between  forward  and  back-
ward sweeps after the OTES treatment could be explained by
the  reduced  trap  states  on  the  top  surface.  All  devices  show
an  increase  of  mobility  and  a  left  shift  of  threshold  voltage,
VTH,  after  the  treatment,  which  might  be  due  to  the  desorp-
tion  of  weakly  adsorbed  water  molecules  and  the  release  of
trapped  electrons.  Decrease  of  SS  and Dtotal are  also  found
after the treatment. Dtotal is related to the dielectric/channel in-
terface  trap  density,  bulk  trap  density  and  top  surface  trap
density, Dtop

[25].  Therefore,  the  decrease  of  SS  after  the  OTES
treatment could be explained by the decrease of the trap dens-
ity  from top surface.  The reduction of Dtop is  calculated to be
more  than  12%  of Dtotal,  demonstrating  that  the  top  surface
condition plays  a  crucial  role  in  solution-processed,  ultra-thin
devices.  Clearly,  the  treated  1%  doped  TFTs  show  the  best
overall  device  performance,  including  an  increase  of  current
on/off  ratio  by  a  factor  of  2.6  and a  reduction of  trap density
by 23% compared with the untreated IZO TFTs.

To  test  the  effectiveness  and  reliability  of  Al  doping  and
OTES treatment under operating conditions, bias stress stabil-
ity  of  all  TFTs  were  then  studied,  as  shown  in Figs.  4(a), 4(b),
S2 and S3.  While the devices without treatment show a large
threshold  voltage  change  of  +4.58  V  even  only  being  posit-

ively  biased  at VG =  30  V  for  600  s  (Fig.  S2(a)),  the  threshold
voltage change dramatically reduces after the treatment (Fig.
S2(b)).  Such an improvement is considered mainly due to the
reduction of top surface traps, as water exposure could signific-
antly  increase  the  bias  stress  instability  of  TFTs[26, 27].  For  the
capped  devices,  the  threshold  voltage  shift  under  bias
stresses is considered mainly due to the traps (i.e., oxygen va-
cancies  and  -OH  groups)  at  dielectric/channel  interface
and/or  within  the  channel  layer[28].  Fig.  S3  shows  that  all
devices  have  an  insignificant  change  of  SS  due  to  bias
stresses,  indicating  the  creation  of  additional  defect  states  at
the dielectric/channel interface by the gate bias stress is negli-
gible[29].  The  best  bias  stress  stability  is  achieved  in  1%  Al
doped  TFTs  with  a  threshold  voltage  change  of  +1.47  and
–1.41  V  after  being  positively  biased  at VG =  30  V  or  negat-
ively  biased  at VG =  –30  V  for  1800  s,  respectively  (Figs.  4(a)
and 4(b)).  Such a  better  stability  as  compared to other  IZO:Al
TFTs  is  considered  mainly  due  to  the  better  film  quality  with
less traps/defects existed in the film, as confirmed by the XPS
and  AFM  measurements.  Notably,  the  stability  of  the  devices
is  found  to  first  become  better  with  the  doping  of  Al,  but
then  get  worse  with  further  increment  of  doping  percent-
ages,  showing an even worse stability than the undoped one
when  increasing  the  doping  percentage  to  5%.  The  XPS  res-
ults  suggest  that  the  area  ratio  of  M-OH  increases  at  higher
doping  percentages,  hence  the  worse  stability  might  be  re-
lated  to  the  trapped  electrons  by  the  additional  defects
formed  around  Al  atoms  due  to  the  incomplete  dehydration
of excess Al(OH)3

[19, 30].
The  results  clearly  suggest  that  the  optimized  condition

is  obtained  at  a  doping  percentage  of  1%.  We  therefore
study  the  long-term  stability  of  0%  and  1%  Al  doped  IZO
TFTs, as shown in Figs. 4(c) and 4(d). Both TFTs show a reason-
ably  good  long-term  stability,  with  fairly  small  changes  of
device  performance  even  after  being  stored  in  ambient  air
for  4  months.  Nevertheless,  a  smaller  change  is  found  in  1%
doped case,  with a  threshold voltage change of  only  +0.11 V
after  the  4  months’  storage  as  compared  to  a  change  of
+0.97  V  for  the  undoped  case.  Such  an  improvement  in  the
long-term  stability  is  considered  as  the  result  of  the  im-
proved  film  properties  and/or  the  reduced  trap  states  at  the
dielectric/channel  interface  due  to  doping  since  the  doped
TFTs show a lower total trap density.

For battery-powered portable electronics, a lower operat-
ing  voltage  could  give  a  lower  power  consumption  and
hence a longer time of use without recharging. However,  un-
til  now  it  is  still  quite  challenging  to  achieve  oxide  TFTs  with
both a reasonably high current on/off ratio and a low operat-
ing voltage. Besides, the increasing need on printable electron-

Table 1.   Electrical properties of IZO:Al TFTs.

Al doping percentage Treatment or not Current on/off ratio (106) VTH (V) SS (V/dec) μ (cm2/(V·s)) Dtotal (1012 cm–2 eV–1)

0%
No 3.8 5.67 0.72 3.9 2.38
Yes 4.1 5.5 0.61 5.6 1.98

1%
No 8 6.6 0.64 3.5 2.09
Yes 10 6.35 0.57 4.2 1.84

3%
No 4.8 10.2 0.69 1.78 2.27
Yes 4.8 7.97 0.59 1.87 1.91

5%
No 3.9 12.72 0.69 0.81 2.27
Yes 4.3 9.24 0.6 1.32 1.95
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ics  has  led  the  attention  on  fully  solution-processed  TFTs.
However,  compared  with  their  vacuum-deposited  counter-
parts,  solution-processed oxide TFTs generally  show a poorer
device  performance,  especially  under  a  low  operating
voltage.  To  lower  the  operating  voltage,  here  solution-pro-
cessed  AlOx films  are  used,  which  have  a  high  gate  capacit-
ance  of  143  nF/cm2.  With  a  thickness  of  32.95  ±  0.11  nm  be-
ing measured for the film, this corresponds to a dielectric con-
stant of  5.32.  Such a value is  lower than the theoretical  value
of  Al2O3,  which  might  be  due  to  the  formation  of  highly  po-
lar  Al(OH)3 in  the  film[31].  The  films  also  show  a  low  current
density less than 50 nA/cm2 over an applied voltage range of
–2  to  2  V  (Fig.  5(a)).  The  surface  morphology  of  the  film  is
shown  in Fig.  5(b).  The  film  shows  a  continuous  coverage
with  negligible  porosity  and  an  RMS  roughness  of  0.2  nm,
which is considered suitable for TFT applications.

With  the  use  of  such  AlOx layers  and  1%  Al-doped  IZO
films,  solution-processed  IZO:Al  TFTs  were  then  demon-
strated.  The  output  characteristics  in Fig.  5(c)  suggest  that
the  TFTs  work  in  an  n-type  enhancement  mode  with  linear,
pinch-off and saturation regions clearly seen. The correspond-
ing  transfer  characteristics  are  shown  in Fig.  5(d).  Owing  to
the high gate capacitance of AlOx, the TFTs show a low operat-
ing voltage of 1.5 V with a current on/off ratio of > 104, a mo-
bility of 4.6 cm2/(V·s) and a subthreshold swing of 0.17 V/dec.
The  devices  also  show  a  turn-on  voltage  very  close  to  0  V
with  a  negligible  hysteresis  between  forward  and  backward
sweeps,  which  is  promising  for  circuit  applications.  A  total
trap  density  of  1.6  ×  1012 cm–2eV–1 is  calculated,  which  is
either comparable to or even better than those with similar in-
terfaces  reported  previously[32, 33],  and  is  considered  as  the

main reason for the high device performance. With a same an-
nealing temperature being used for both AlOx and IZO:Al lay-
ers,  some  diffusions  might  happen  between  dielectric  and
channel layers, resulting in an intersecting region at the dielec-
tric/channel interface. When applying a positive gate voltage,
the  carriers  must  overcome  the  barriers  to  reach  the  inter-
face  between  intersecting  region  and  gate  dielectric  owing
to the existence of  this  intersecting region,  resulting in  a  low
mobility  and  on-current[34].  The  wide  intersecting  region
might also reduce the effective gate potential, causing a decre-
ment of accumulated carriers at the intersecting region/chan-
nel interface and a further lowering of the mobility and on-cur-
rent[34].  Nevertheless,  our  TFTs  still  show  a  reasonably  high
device performance, as summarized in Table 2. The comparis-
on  with  other  representative  low-voltage,  solution-processed
oxide  TFTs  suggests  that  our  device  performance  is  compar-
able to or even better than those reported previously, demon-
strating  the  great  potential  of  our  devices  in  future  low-cost,
low-power electronics. 

4.  Conclusion

In  conclusion,  we  studied  the  influence  of  Al  addition
and OTES treatment on the electrical, optoelectronic and phys-
ical  properties  of  solution-processed  IZO  TFTs.  Compared
with pure IZO TFTs, optimized IZO:Al TFTs exhibited a signific-
antly  enhanced  electrical  performance,  including  an  increase
of  current  on/off  ratio  by  a  factor  of  2.6  and  a  reduction  of
trap  density  by  more  than  23%.  Such  a  hugely  reduced  trap
density  also  dramatically  improved  the  bias  stress  stability.
Fully solution-processed IZO:Al TFTs were demonstrated, show-
ing a  low operating voltage of  1.5  V,  a  current  on/off  ratio  of

 

 

Fig. 4. (Color online) Threshold voltage shift of IZO:Al TFTs under (a) a positive bias stress (PBS) and (b) a negative bias stress (NBS). Transfer charac-
teristics of (c) 0% and (d) 1% Al doped IZO TFTs before and after being stored in ambient air for 4 months.
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>  104,  and  a  mobility  of  4.6  cm2/(V·s).  The  reported  work
demonstrates  a  convenient  and  yet  effective  method  to  sub-
stantially  improve the performance of  solution-processed ox-
ide  TFTs,  which  might  have  potential  applications  in  future
low-cost, low-power printable electronics.
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