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ABSTRACT
As  a  direct-bandgap  semiconductor,  single-layer  MoS2  has  gained  great  attention  in  optoelectronics,  especially  wearable
photodetectors. However, MoS2 exhibits poor photoresponsivity on a stretchable substrate due to intrinsic low carrier density and
a large number of scattering centers on polymer substrates. Few air-stable yet strong dopants on MoS2 has been reported. In
addition,  the  roughness,  hydrophobicity  and  susceptibility  to  organic  solvents  of  polymer  surface  are  critical  roadblocks  in  the
development of stretchable high-performance MoS2 photodetectors. Here, we realize a stretchable and stable photodetector with
high photoresponsivity by combining n-type dopant ((4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl) phenyl) dimethylamine,
N-DMBI) with MoS2 and assembly transfer technique. It is found electron tends to transfer from N-DMBI to MoS2 and the effect is
maintained after the integrable photodetector transferred directly by elastic substrate styrene-ethylene-butylene-styrene (SEBS),
even after  being exposed to  the air  for  20 days,  which benifits  greatly  from the encapsulation of  SEBS.  The increased carrier
density  greatly  promotes  carrier  injection  efficiency  and  photogenerated  electron–hole  separation  efficiency  at  the
metal–semiconductor interface, thus offering a significantly improved photoresponsivity in MoS2 photodetectors. Moreover, such
photodetector shows great durability to stretch, which can remain functional after stretched 100 cycles within its stretch limit. Our
strategy  opens a  new avenue to  fabricate  high-photoresponsivity  stretchable  electronics  or  optoelectronics  of  two-dimensional
(2D) materials.
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1    Introduction
Photodetector, a device that converts optical signals into electrical
signals,  is  commonly  used  for  sensing,  imaging,  and
communication,  etc.  [1, 2].  Recently,  it  has  been  continuously
required  to  reduce  the  feature  size  to  meet  the  development
requirements of miniaturization and to have a certain flexibility to
adapt  for  wearable  devices,  such  as  electronic  eyes,  flexible
cameras,  ultraviolet  (UV)  skin  sensors  and  so  forth  [3–7].
Photodetectors based on traditional photoelectric materials are so
hard and brittle that they cannot be applied to wearable devices. In
addition,  silicon  technology  has  reached  the  physical  limit  and
cannot  keep  on  Moore’s  Law.  Instead,  two-dimensional  (2D)
materials  with  atomic  thickness  are  regarded  as  promising
candidates  for  state-of-the-art  optoelectronics  due  to  their
outstanding  optoelectronic  characteristics  and  mechanical
flexibility  [8–11].  MoS2 is  a  prototypical  2D  semiconducting
material,  which has been extensively studied. Similar to the other
2D  semiconducting  materials,  its  band  gap  changes  with  the
number  of  layers.  Bulk  MoS2 possesses  an  indirect  band  gap  of

1.2 eV. As the number of layers decreases, its band gap increases.
Particularly, single-layer MoS2 possesses a direct band gap of about
1.8  eV,  resulting  in  much  more  efficient  light  absorption  and
exciton  emission.  Due  to  above  innate  advantages  of  single-layer
MoS2,  single-layer  MoS2 flexible  photodetectors  have  been
demonstrated  [12–14].  However,  a  large  number  of  scattering
centers  on  a  polymer  substrate  and  intrinsic  low  carrier  density
seriously  alleviate  their  photocurrent  and  corresponding
photoresponsivity.

Doping  is  an  efficient  way  to  modulate  carrier  concentration
and  passivate  surface  defects  for  advanced  electronic  and
optoelectronic  applications  [15–21].  Compared  with  doping
methods  established  by  conventional  semiconductors,  such  as
substitutional  doping,  solution  processed  chemically  doping  has
the  advantages  of  simple  operation,  mass  production  and
controllable doping. Hybrid systems based on MoS2 and other low-
dimensional  materials  constructed  by  chemically  doping  method
have  been  explored  to  realize  high-performance  photodetection,
whereas there are still few reports on air-stable yet strong dopants.
On  the  other  hand,  the  common  processing  technology  is  not
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compatible with elastic substrates, of which the surface is generally
rough,  hydrophobic  and  susceptible  to  organic  solvent.  An
alternative  way  is  to  transfer  the  hybrid  system  onto  the  elastic
substrate by a carrier, such as polymethyl methacrylate (PMMA).
Neverthless,  it’s  still  unavoidable  to  use  organic  solvents  when
removing  the  carrier.  Meanwhile,  surface  adsorbates  tend  to  be
taken away by the carrier, which damages the established interface
function.  Cracks  and  wrinkles  also  inevitably  occur  in  PMMA-
supporting  transfer  process.  Therefore,  an  effective  strategy  to
enrich  the  photoresponsivity  of  the  MoS2 photodetector  while
being  compatible  with  elastomeric  polymer  is  highly  demanded
for the development of stretchable photodetectors.

Here,  we  present  an  operable  way  to  achieve  high-
photoresponsivity, air-stable and stretchable photodetectors based
on 2D materials. (4-(1,3-Dimethyl-2,3-dihydro-1H-benzoimidazol-
2-yl)  phenyl)  dimethylamine  (N-DMBI),  a  novel  air-stable  n-
dopant,  was  applied  on  the  single-layer  MoS2 to  regulate  the
electron concentration of MoS2 via charge transfer. The integrable
N-DMBI doped MoS2 photodetector  was  transferred  in  one  step
with  a  transparent  elastomer,  styrene-ethylene-butylene-styrene
(SEBS).  Because  dopants  are  sandwiched  between  MoS2
and  SEBS,  the  charge  transfer  interaction  between  MoS2 and
N-DMBI  is  maintained  after  transfer,  even  after  being  exposed
to  the  air  for  20  days.  Because  of  more  efficient  carrier
injection and  photogenerated  electron–hole  separation  at  the
metal–semiconductor  interface,  as-fabricated  photodetector  on
SEBS displays a greatly enhanced photoresponsivity of 738 A·W–1,
almost  100  times  increase  compared  with  undoped  MoS2.  It  can
also withstand tensile strain as high as 5% when stretched parallel
to the direction of current flow, 10% when stretched perpendicular
to the direction of current flow, and keep functional after stretched
100  cycles  within  its  stretch  limit.  These  results  provide  a  strong
evidence  for  the  application  potential  possessed  by  2D  materials
for  the  emergence  of  high-performance  stretchable  electronics  or
optoelectronics. 

2    Experimental section/methods
 

2.1    Synthesis  of  single-layer  MoS2  films  and  N-DMBI
solutions
Before synthesis of MoS2 films, a piece of molybdenum foil (Alfa-
Aesar,  99.95%)  was  pre-oxidized  by  electrochemical  method.
Then,  the  molybdenum  foil  was  folded  in  half  and  stood  on  a
300  nm  SiO2/Si  substrate.  Subsequently,  they  were  placed  on  a
quartz  boat  and  loaded  into  the  third  zone  downstream  of  the
3-zone  tube  furnace.  Another  quartz  boat  with  sulfur  powder
(Alfa  Aesar,  99.5%,  1.5  g)  was  loaded  into  the  first  zone.  The
distance between the two quartz boats was about 18 cm. Next, the
third zone was heated up to 750 °C at the rate of 20 °C·min–1, and
then kept for 30 min under 100 sccm of Ar gas. The temperature
of the first zone rose rapidly to 190 °C when the third temperature
rose  to  650  °C,  then  maintained  30  min.  After  the  reaction,  the
furnace  was  cooled  naturally  with  200  sccm  of  Ar  gas.  N-DMBI
was  synthesized  according  to  Ref.  [22].  To  prepare  different
concentrations of N-DMBI solution, 2,  5 and 10 mg of N-DMBI
were dissolved in 2 g chlorobenzene (C6H5Cl), respectively. 

2.2    Device fabrication
To  fabricate  pristine  MoS2 field-effect  transistors  (FETs),  as-
prepared MoS2 films were transferred on another 300 nm SiO2/Si
substrate with specific markers. Typical E-beam lithography (EBL)
procedures  were  employed  to  define  electron  patterns.  Au
(50  nm)  was  thermally  deposited  followed  by  lift-off  process  to

make  the  electrical  contact.  Finally,  the  devices  were  heated  at
150  °C  for  30  min  in  the  glovebox  to  remove  impurities.  For
N-DMBI  doped  MoS2 FETs,  the  pristine  MoS2 FETs  were
spin-coated  by  N-DMBI  solutions  at  2,000  rpm  for  30  s  in  the
glovebox. Then, the FETs were dried at 150 °C for 20 min. 

2.3    Preparation  of  SEBS  films  and  transfer  process  for
stretchable photodetectors
SEBS films were prepared by dissolving 1.8 g of SEBS in 15 mL of
toluene (C7H8), stirring at room temperature for 1 h and dropping
on  glass  slides  to  form  films  until  there  were  no  bubbles  in
solution.  The  transfer  process  involves  tearing  the  SEBS  film  off
the  glass  slide,  sticking  the  sticky  side  tightly  to  devices  on  the
silicon  substrate,  pressing  firmly  and  soaking  in  the  alkaline
solution.  After  a  few  minutes,  the  film  was  separated  from  the
silicon  substrate  and  floated  on  the  liquid  surface.  It  was  then
taken out, rinsed with deionized water and blow dried with N2. 

2.4    Material and device characterization
Optical  microscope  (OM)  (Leica,  DM2700M),  atomic  force
microscope  (AFM)  (Digital  Instrument,  NanoScope  IIIA
MultiMode),  Raman  and  photoluminescence  (PL)  spectroscopy
(Horiba,  LabRAM  HR  Evolution),  and  X-ray  photoelectron
spectroscopy (XPS) (Thermo Fisher, ESCALAB 250Xi) were used
for  material  characterization.  The  excitation  wavelength  for
Raman and PL measurements was 532 nm.

The Si peak at 520.7 cm–1 was used for calibration in the Raman
and PL spectra. Raman and PL mapping images were collected at
the  step  of  1.5  and  3  µm,  respectively.  All  electrical  and
optoelectronic  measurements  were  performed  using  a  source
measure  unit  (Keithley,  2636B).  A  xenon lamp was  used  as  light
source for photodetection and the wavelength of the incident light
was modulated by the monochromator. 

2.5    Density functional theory (DFT) calculations
The  DFT  calculations  were  performed  with  the  Vienna ab  initio
simulation  package  (VASP)  [23].  The  Perdew–Burke–Ernzerhof
(PBE)  [24]  functional  was  chosen  to  describe  electron
exchange–correlation  energy  and  the  projector-augmented  wave
[25] approach was used to treat the interactions between the ionic
cores and valence electrons. The van der Waals interactions were
considered with the Grimme DFT-D3 method [26]. The periodic
interface was represented by a slab model containing a single-layer
(5 × 5 × 1) MoS2 supercell and an optimized N-DMBI radical (N-
DMBI·).  The  optimization  of  the  N-DMBI·  was  performed  by
using  M062X/6-31G**  method  [27]  with  same  parameters  as  in
the previous work [28]. A 15 Å vacuum region was added to avoid
the  spurious  interaction  between  other  layers.  To  realize  the
convergence of energy and wave function, the geometry relaxation
stopped  when  the  ion  forces  were  less  than  10–3 eV·Å–1 with  the
plane-wave basis cutoff energy of 400 eV. All systems were relaxed
at 0 K using a 5 × 5 × 1 Γ-centered k-point Monhorst–Pack mesh
for  electronic  structure  calculations  using  denser  10  ×  10  ×  1 k-
mesh  [29].  After  that,  band  structure  was  obtained  using  line-
mode along Γ-M-K-Γ path with 50 k-points between two adjacent
high-symmetric k-point. 

3    Results and discussion
N-DMBI  molecule  is  a  novel  n-type  dopant,  which  is  typically
activated to form N-DMBI· that can efficiently donate electrons to
organic  semiconductors  and  promote  the  carrier  density  of
materials  [30, 31],  providing  a  possible  strategy  to  enhance  the
photoresponsivity  of  MoS2 photodetector.  Bearing  this  in  mind,
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we  performed  DFT  calculations  to  obtain  electronic  structure  of
the single-layer MoS2 and MoS2/N-DMBI· system. The calculated
band structure shows that compared with the pristine single-layer
MoS2 (Fig. 1(a)),  the  electron  donor  state  provided  by  the  N-
DMBI·  is  closer  to  conduction  band  edge  of  MoS2 together  with
the  lifted  Fermi  level  in  the  MoS2/N-DMBI·  system  (Fig. 1(b)),
indicating an n-type doping. The calculated charge densities of N-
DMBI·  lowest  unoccupied  molecular  orbital  (LUMO)  (Fig. 1(c))
and  MoS2 conduction  band  minimum  (CBM)  (Fig. 1(d))  indeed
show that the electron donor state is delocalized over the entire N-
DMBI· while the acceptor states are uniformly localized on the Mo
atom  of  MoS2 sheet.  The  planar  N-DMBI·  can  enhance  the
donor–acceptor  interaction,  facilitating transfer  of  electrons  from
the  N-DMBI·  to  the  MoS2,  as  shown  in Fig. 1(e) where  charge

depletion  in  the  N-DMBI·  is  accompanied  by  charge
accumulation  in  the  MoS2.  In  order  to  test  the  influence  of  the
N-DMBI·  aggregations  on  the  electronic  properties  of  the
MoS2/N-DMBI·,  we  calculated  the  band  structure  and  charge
densities of a single-MoS2 interfaced with an N-DMBI· dimer (Fig.
S1  in  the  Electronic  Supplementary  Material  (ESM)).  The  results
are  consistent  with  the  data  shown  in Fig. 1,  demonstrating  that
the  minor  difference  arises  from  the  MoS2/N-DMBI·  dimer
created  two  degenerated  donor  states  localized  above  the  MoS2
CBM,  and  indicating  that  N-DMBI·  aggregations  generally
increase  the  number  of  electron  donor  states  while  the
fundamental  electronic  properties  maintain.  In  addition,  to
investigate the effect of N-DMBI doping on MoS2 band structure,
we  performed  ultraviolet  photoelectron  spectroscopy  (UPS)
characterization.  After  N-DMBI  doping,  the  work  function  (ϕ)
and  Fermi  level  are  all  decreasing  compared  with  the  pristine
MoS2.  The  Fermi  level  shifts  closer  to  the  CBM  (Fig. S2  in  the
ESM). The results  suggest MoS2 decorated by N-DMBI· provides
an  excellent  n-type  doping  semiconductor  and  encourage  us  to
proceed  following  experiments  for  realizing  high-
photoresponsivity MoS2 photodetectors.

We next applied N-DMBI on single-layer MoS2 and evaluated
the effectiveness of doping by spectroscopic characterizations and
electrical measurements. Single-layer MoS2 films were synthesized
by chemical  vapor  deposition (CVD) on a  SiO2/Si  substrate  with
electrochemically  oxidized  Mo  foil  and  sulfur  powder  as
precursors.  To  achieve  N-DMBI  doping,  N-DMBI  solution  was
spin-coated on the surface of MoS2 followed by baking to remove
excess solvent (see Experimental section/methods). OM and AFM
images  of  MoS2 before  and  after  N-DMBI  doping  are  shown  in
Fig. 2(a). Before doping, the large triangle MoS2 exhibits a smooth
surface with a thickness of about 0.7 nm, which suggests as-grown

 

Figure 1    Theoretical understanding of N-DMBI· doping on single-layer MoS2.
Band structures of (a) pristine single-layer MoS2 and (b) MoS2/N-DMBI system.
Panels (c) and (d) show the charge densities of the electron donor state (LUMO
of N-DMBI·) and acceptor state (CBM of MoS2) in the MoS2/N-DMBI· system,
corresponding to  the  energy levels  marked by the  blue  and red arrow lines  in
(b).  Panel  (e)  shows  the  charge  density  difference  between  MoS2/N-DMBI·
system  and  isolated  components.  Red  and  green  colors  represent  charge
accumulation and depletion region, respectively.
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Figure 2    Characterization of N-DMBI doping on single-layer MoS2. (a) Optical and AFM images of single-layer MoS2 before (left) and after N-DMBI doping (right).
(b) Raman, (c) PL spectra and (d) Raman mapping images (top) corresponding to A1g, PL mapping images (bottom) corresponding to A exciton of the single-layer
MoS2 before and after N-DMBI doping. XPS spectra of (e) Mo 3d and (f) S 2p peaks of MoS2 before and after N-DMBI treatment. Dash lines: experimental data. Solid
lines:  fitting curves.  (g) Schematic illustration of  a back-gated MoS2 FET used for N-DMBI/MoS2 interface doping studies.  (h) The representative transfer curves of
MoS2 FETs before (black curve) and after (red curve) N-DMBI doping. The inset is an optical image of a MoS2 FET on a SiO2/Si substrate. (i) Transfer characteristic
curves of the MoS2 FET before doping (black), after N-DMBI doping immediately (red) and immersed in chlorobenzene for different time (blue for 10 s, green for 5
min, purple for 3 h and yellow for 15 h).
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MoS2 would  be  crystalline  single-layer  MoS2.  After  doping,  N-
DMBI  distributes  on  the  surface  of  MoS2 and  forms  into
aggregates  ranging  from  10–30  nm  in  diameter,  resulting  in  a
rougher MoS2 surface. We speculate that the size and density of N-
DMBI aggregates  can  be  controlled  by  the  spin-coating  speed  or
the concentration of N-DMBI solution.

1
2g

1
2g

1
2g

Raman  and  PL  spectroscopy  were  carried  out  to  examine  the
quality  of  MoS2 and  explore  the  electronic  interaction  between
MoS2 and  N-DMBI.  As  shown  in Fig. 2(b),  two  characteristic
Raman  peaks  appear  at  386  and  404  cm–1 for  pristine  MoS2,
corresponding to the E  (in-plane vibration of Mo and S atoms)
and  A1g (out-of-plane  vibration  of  S  atoms)  photon  modes
respectively. Their difference of frequency is ~ 18 cm–1 and the full
width at half-maximum (FWHM) of E  is ~ 4 cm–1, which infers
as-grown  MoS2 is  single-layer  with  high  quality  and  few
defects [32]. After N-DMBI doping, there is almost no change in
the  E  peak,  while  A1g peak  shows  an  obvious  red-shift  of  1–2
cm–1 (Fig. S3  in  the  ESM),  accompanied  with  the  FWHM  of  the
A1g peak  increasing  from  4–5  to  7–8  cm–1 (Fig. S4  in  the  ESM).
Raman  mapping  images  prove  that  this  change  is  not  a  special
case. This is consistent with the previously reported phenomenon
of n-doped MoS2, which infers that electrons are transferred from
N-DMBI  to  MoS2 [33–35]. Figure  2(c) shows  the  PL  spectra  of
pristine MoS2 and N-DMBI doped MoS2. Generally, there are two
PL  emission  peaks  for  single-layer  MoS2,  where  A  and  B  peaks
locate  at  ~  1.80  and  ~  1.94  eV,  related  to  the  direct  radiative
recombination  of  A  and  B  excitons  respectively.  After  N-DMBI
doping,  there  is  an  apparent  red-shift  in  peak  position  and
reduction  in  peak  intensity  on  the  A  peak.  To  get  more
information about the charge transfer from N-DMBI to MoS2, the
A peak was deconvolved into two components, negatively charged
trion (A–) peak and neutral exciton (A0) peak [36], corresponding
to the trion and the exciton radiative recombination, respectively.
Fitting  analysis  shows  that  the  A–/A0 intensity  ratio  of  N-DMBI
doped  MoS2 substantially  rises  compared  with  that  of  pristine
MoS2,  which  means  the  concentration  of  excitons  dropped
sharply. It can be explained by the electron transfer from N-MDBI
to MoS2 and the binding of excess electrons with photogenerated
electron–hole  pairs  [34, 37].  Moreover,  the  lower  radiative
recombination  efficiency  of  trions  can  be  attributed  to  the
reduction in A peak intensity [38]. The intensity mappings on the
A exciton peak in PL show obvious decreases and the distributions
are  quite  uniform  except  for  some  dark  spots  at  N-DMBI
aggregates  (Fig. 2(d) left  vs.  right).  The  color  changes  in  the
intensity  mappings  suggest  that  the  N-DMBI  doping  effect  is
uniformly  distributed  over  the  whole  single  crystalline  MoS2
domain.

We also performed XPS measurements to investigate the effects
of  N-DMBI  on  chemical  structure  and  energy  level  of  MoS2.  As
shown from the spectra of Mo 3d and S 2p core levels in Figs. 2(e)
and 2(f), both the binding energy of Mo 3d and S 2p peak shifts to
higher  energy  side  with  shift  value  of  ~  0.3  and  ~  0.2  eV
respectively  after  N-DMBI  doping  on  MoS2.  As  the  binding
energy  is  directly  correlated  with  the  electron  density,  this  blue-
shift reveals the rise of Fermi level upon n-doping of MoS2, which
again confirms there is electron transfer at the interface of MoS2/N-
DMBI [34, 39].

The  effectiveness  of  N-DMBI  doping  was  further  proved  by
electrical  characterizations.  Electrode contacts  of  single  crystalline
MoS2 FETs were defined by EBL followed by thermal evaporation
and  lift-off  techniques  (see  Experimental  section/methods).
Figure  2(g) shows  the  schematic  illustration  of  a  MoS2 FET
(channel  length:  15 µm; channel  width:  depending on the size  of
the sample). From the representative transfer curve (Fig. 2(h)), the
pristine  MoS2 FET  exhibits  n-type  semiconductor  behavior.  The

drain current (Ids) is effectively regulated by the gate voltage (Vgs),
with the mobility of 15.5 cm2·V–1·s–1, on/off current ratio of around
108 and  the  threshold  voltage  (Vth)  of  15.6  V  at  source-drain
voltage (Vds) of 0.5 V. After a tiny amount of N-DMBI was spin-
coated (0.25 wt.%, 3,000 rpm, 30 s), N-DMBI doped MoS2 shows
as  a  near  metallic  material,  with  the  effect  of  gate  dependence
disappearing  and  the  saturation Ids increasing  by  two  orders  of
magnitude. The 2D sheet charge density (n2D) can be calculated by
following formula

n2D =
σ2D

qμ
=

IdL
VdWqμ

(1)

σ2D

μ
μ

where  is  the  conductivity  of  the  2D  sheet, q is  the  electron
charge,  is  the carrier mobility, L and W are the channel  length
and  width.  The  carrier  mobility  ( )  can  be  extracted  from  the
formula

μ = L
WCoxVd

× dId

dVg
(2)

where Cox =  1  ×  108 F·cm–2 is  the  capacitance  per  unit  area  of
300  nm  SiO2 obtained  from  the  parallel-plate  capacitor  model.
Based on the statistical analysis of 20 MoS2 FETs before and after
N-MDBI  doping  (Fig. S5  in  the  ESM),  average n2D value  of  the
MoS2 sheet increases from 1.66 × 1011 to 4.02 × 1013 cm–2, which is
consistent with the result of degenerate doping. This also suggests
that  N-DMBI  is  an  extremely  efficient  n-type  dopant  on  single-
layer MoS2, where a tiny amount can lead to a dramatic change in
charge  carrier  density  (more  information  about  different
concentrations of N-DMBI solution doping on MoS2 is shown in
Fig. S6  in  the  ESM).  To  modulate  the  doping  concentration,  N-
DMBI doped MoS2 FETs were immersed in clean chlorobenzene
solvent  so  as  the  dopants  can  be  controllably  dissolved  and
partially  washed  away  (Fig. 2(i)).  The  doping  effect  gradually
decreases as seen from the evolution of charge density (Fig. S7 in
the ESM). The air stability of the N-DMBI doped MoS2 FETs was
further  measured  (Fig. S8  in  the  ESM).  Similar  to  most  organic
dopants,  the  charge  density  of  N-DMBI  doped  MoS2 keeps
decreasing  in  air  until  it  returns  to  initial  state  before  doping,
which  seems  n-doping  effect  of  MoS2 is  weakened  or  even
eliminated  after  exposed  in  air.  These  slowly  varied  N-DMBI
doped  MoS2 FETs  can  be  regenerated  by  annealing  in  N2 glove
box, where the Ids increases sharply again. This is presumably due
to  the  removal  of  O2 in  air,  indicating  that  proper  encapsulation
on N-DMBI doped MoS2 can help retain the doping behavior in
air.

In  addition  to  enrich  the  carrier  density  of  MoS2,  another
challenge  to  achieve  stretchable  photodetectors  with  enhanced
performance is to transfer integrable MoS2 devices assembly onto
elastomeric  polymer.  Current  way  to  transfer  microelectronic
devices onto flexible substrates mainly refers to the sacrificial layer
method  [40, 41].  Prior  to  building  devices  with  traditional
lithography techniques, a sacrificial layer is firstly spin-coated on a
rigid substrate, such as poly (vinyl alcohol) (PVA) and polyimide
(PI).  When  the  whole  device  is  transferred  onto  the  target
substrate,  another  polymer  layer,  such  as  PMMA,  is  needed  as
supporting  layer.  Different  solvents  are  used  to  dissolve  the
sacrificial  layer  and the  supporting layer.  In  our  case,  to  preserve
the  N-DMBI  doping  effect  and  the  integrity  of  elastomer,  many
organic  solvents  are  prohibited.  To  conquer  the  transfer
challenges,  we  specifically  chose  transparent,  stretchable
thermoplastic  elastomer SEBS to encapsulate the device assembly
and “peel  them  off” from  the  SiO2/Si  substrate  in  one-step.  N-
DMBI could be sandwiched between MoS2 and SEBS and isolated
from air (as shown in Fig. 3(a)). Figure 3(b) shows the fabrication
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process  of  transferring  integrable  N-DMBI  doped  MoS2 device
assembly  on  SEBS.  Starting  from  previously  fabricated  N-DMBI
doped  MoS2 transistors  on  a  SiO2/Si  substrate,  SEBS  film  with
fresh  surface  was  closely  laminated  on  the  top  of  the  transistors.
To separate the devices encapsulated in SEBS with the underlying
SiO2/Si  substrate,  the  whole  assembly  was  next “peeled  off” in
alkaline  solution  to  etch  off  SiO2. Figure  3(c) shows  a
representative  N-DMBI  doped  MoS2 device  transferred  from the
SiO2/Si substrate on an elastomer. Raman was applied to confirm
the  successful  transfer  of  MoS2 (Fig. S9  in  the  ESM). Figure  3(d)
plots the I–V curves of pristine and N-DMBI doped MoS2 devices
on  SEBS.  Although  there  is  a  current  decrease  induced  by  trap
states  in  SEBS [42, 43],  the  almost  linear  curves  still  exhibit  good
contact  between  MoS2 and  Au  electrodes.  Moreover,  the  current
of N-DMBI doped MoS2 is three orders of magnitude higher than
that  of  pristine  MoS2.  N-doping  helps  improve  contact  between
the gold electrodes and MoS2,  decreasing contact resistances. And
the  width  of  Schottky  barrier  becomes  thinner  after  n-doping,
which  allows  electrons  cross  the  metal-semicondutor  junctions
not only by thermoionic emission but also by tunneling (Fig. S10
in the ESM) [44]. The result also indicates N-DMBI doping effect
is  retained.  In  addition,  the  current  of  N-DMBI  doped  MoS2 on
SEBS  was  also  monitored  as  a  function  of  time  exposed  to  air
(Fig. 3(e)). Notably, the current of N-DMBI doped MoS2 dropped
by  no  more  than  one  order  of  magnitude  in  20  days.  The  small
current drop can be attributed to the adsorption of oxygen on the
surface  of  MoS2.  The  relatively  stable  trend  in  the  current  of  N-
DMBI doped MoS2 through SEBS transfer indicates that SEBS not
only  serves  as  a  transfer  medium  and  elastomeric  substrate,  but
also encapsulates  N-DMBI on MoS2 and protects  N-DMBI from
oxidization by reaction with oxygen.

To explore the effect of N-DMBI dopants on the photoelectric
characteristics  after  device  assembly  transfer,  the  optoelectronic
performances  of  MoS2 devices  on  SEBS  were  characterized  with
external  optical  excitation. Figure  4(a) displays  the  schematic
diagram of a MoS2-based stretchable photodetector. Both pristine
and N-DMBI doped MoS2 devices on SEBS show photosensitivity
to external optical excitation from their I–V curves acquired under
dark  and  different  optical  power  densities  (Fig. 4(b) and Fig. S11
in the ESM).  The photocurrent  of  N-DMBI doped MoS2 devices
(N-photodetector) is substantially larger than that of pristine MoS2

devices,  almost  25  times  higher  at V =  3  V, P =  3  mW·cm–2

(Fig. 4(c)).  The  effect  of  N-DMBI  doping  on  the  optoelectronic
performances  of  MoS2 photodetectors  on  SEBS  was  further
quantified by responsivity (R), detectivity (D*) and photoresponse
speed, which are figure-of-merits of photodetectors. R is defined as

R=
Iph

P×S
(3)

where Iph represents  the  photocurrent,  which  is  equal  to
Iillumination – Idark, P represents  the  power  density  of  light  and S
represents the active illumination area. D* is defined as

D*= R
√

S/2eIdark (4)

R ∝ Pα−1 α

∆α < 0

Based on statistical calculation, responsivity and detectivity as a
function  of  power  density  are  plotted  in Figs.  4(d) and 4(e).
Responsivity  and  detectivity  of  N-photodetectors  show  orders  of
magnitude  improvement  over  the  detected  power  density,  which
confirm  that  N-DMBI  doping  can  enhance  photoresponsivity  of
MoS2 photodetectors.  Specifically,  the  highest  responsivity  of
N-photodetector  is  up  to  738.2  A·W–1 at V =  3  V,  light
wavelength = 530 nm, P = 0.01 mW·cm–2, which is nearly 92 times
higher  than  that  of  pristine  MoS2 photodetector.  And  the
detectivity  of  N-photodetector  can  reach  as  high  as  1.3  ×  1011

Jones,  which  is  4  times  higher  than  that  of  pristine  MoS2
photodetector  upon  same  illumination.  These  performances  are
very  competitive  among  the  MoS2 flexible  photodetectors  (see
comparison  in  the Table  1 and  Table  S1  in  the  ESM).  While
illumination power  density  increases,  responsivity  and detectivity
of both N- and pristine MoS2 photodetectors decrease, which can
be  attributed  to  the  saturated  formation  and  recombination  of
hole–electron  pairs  at  high  light  intensity  [48].  The  quantitative
relationship between responsivity and power density can be fitted
by ,  where  values  are  0.68  for  pristine  MoS2
photodetector  and  0.59  for  N-photodetector.  This  indicates  that
both  photoconductive  (PC)  and  photogating  (PG)  effects
contribute to the photocurrent, and PG effect plays a major role in
enhanced  photocurrent  ( )  [49–51].  In  terms  of
photoresponse speed, N-photodetector based on N-DMBI doping
exhibits relatively larger rise and decay time (Fig. S12 in the ESM).
The response time of the N-DMBI doped MoS2 device is 66 s, and
the  recovery  time  is  144  s.  The  slower  response  speed  in  N-
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Figure 3    Transfer of integrable N-DMBI doped MoS2 device assembly onto elastomeric polymer. (a) Schematic illustration of N-DMBI doped MoS2 devices on SEBS.
N-DMBI could be preserved between MoS2 and SEBS. (b) Schematic diagram of the transferred process of N-DMBI doped single-layer MoS2 with Au electrodes from
the SiO2/Si  rigid substrate to the SEBS elastomeric substrate.  (c) Optical  images of N-DMBI doped single-layer MoS2 with Au electrodes transferred onto the SEBS
substrate. (d) Comparison of I–V curves of pristine and N-DMBI doped MoS2 devices on SEBS. (e) Current evolution of N-DMBI doped MoS2 stretchable device as a
function of time exposed in air.
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photodetector agrees with the works about n-type doping on rigid
substrates [51].  N-doping changes energy bands bending and the
built-in  potential  near  the  metal-semiconductor  junction,
promoting  the  separation  of  photogenerated  electron–hole  pairs,
further increasing the carrier density and photocurrent (Fig. S13 in
the ESM) [13, 52].  The photoresponse behaviors of  MoS2 devices
on SEBS were also tested with other illuminated wavelengths (Fig.
4(f)).  Wavelength-dependence  of  responsivity  shows  an  abrupt
drop  at  a  wavelength  of  670  nm,  which  is  related  to  direct  band
gap  of  MoS2 (about 1.8  eV).  The  enhanced  responsivity  of  N-
photodetector across this  illumination region again confirms that
N-DMBI doping is an efficient way to enrich electron density so as
to achieve photodetectors with high photoresponsivity.

To  evaluate  the  strain-dependent  performances  of  N-
photodetectors  on  SEBS,  we  monitored  its  photoresponse
behaviors as a function of tensile strain. The whole device on SEBS
was  fixed  on  a  home-made  stretching  machine  (Fig. S14  in  the
ESM)  and  its  photoresponse  was  tested  when  the  device  was

stretched  both  parallel  and  perpendicular  to  the  direction  of
current flow (Figs.  5(a) and 5(b)).  At parallel  strain less  than 5%,
the  photocurrent  changes  slowly  with  a  normalized  current
change  gradually  approaching  0.1,  and  afterwards  the  changing
slope  becomes  sharp.  As  a  comparison,  when  the  strain  is
perpendicular to the current flow, the critical strain at normalized
current  change  of  0.1  can  reach  ~  10%.  Photocurrent  changes
under  cyclic  strain  loading  was  also  investigated.  It  can  be  seen
within  their  critical  strains  their  photoresponses  upon  optical
irradiation are stable (Figs.  5(c) and 5(d)).  To interpret the strain
tolerance  of  N-photodetectors,  we  observed  the  morphology
changes of MoS2. Similar to graphene, single-layer MoS2 is flexible
at  bending,  but  will  form  into  cracks  at  stretching  when  the
chemical bonding is destroyed [8, 9], as seen in Figs. 5(e) and 5(f).
In  order  to  observe  their  cracks  clearly,  N-photodetectors  were
stretched  at  ~  100%  strain  parallel  or  perpendicular  to  the
direction  of  current  flow  (Fig. S15  in  the  ESM).  Despite  of  the
crack  propagation,  electrons  can  still  flow  through  percolating

 

Table 1    Performance comparison of our MoS2 devices with other reported TMDs materials-based devices

Materiala Responsivity
(A·W–1) Operation Flexible substrate Transparent

or notb

Stretchable
or notb Reference

S-MoS2 5.5 (642 nm; P = 10–4 W; Vgs = –1 V, Vds = 0.1 V) PET Y N [12]

Amorphous M-MoS2 Photocurrent ~ 0.1 nA (P = 12.5 mW·cm–2; Vds = 20 V) PI N N [45]

Crystalline S-MoS2 3.5 (520 nm; P = 6 × 10–5 W; Vgs = –1 V, Vds = 1 V) PET Y N [14]

Crystalline M-MoS2 2.52 × 10–6 (515.6 nm; P = 4.71–59.8 W·cm–2; Vds = 1 V) PDMS Y Y [46]

Crystalline S-MoS2 1.48 ± 0.03 (450 nm; Vds = 1 V) PET Y N [47]

Crystalline S-WS2 2.52 × 10–3 (532 nm; P = 0.07 mW·cm–2; Vds = 10 V) PI N N [57]

WS2 1.09 × 10–3 (635 nm; P = 10.7 mW·cm–2; Vds = 10 V) PI N N [58]

MoS2 nanosheets 8.45 × 10–6 (660 nm; P = 3.678 mW·cm–2; Vds = 1 V) Muscovite mica Y N [59]

WSe2 flake 2.46 (650 nm; P = 8.1 mW·cm–2; Vds = 0.1 V) PI N N [60]

SnS2 44.5 × 10–3 (405 nm; Vds =4.5 V) PI N N [61]

MoS2 microspheres 0.963 (405 nm; P = 1.77 mW·cm–2; Vds = 1 V) PET N N [62]

SnTe nanoflakes 71.11 (254 nm; Vds = 1 V) PET N N [63]

MOVPE-MoS2 film 920 (532 nm; P = 1 mW·cm–2; Vgs = 4 V, Vds = 2 V) PI N N [64]

Crystalline S-MoS2 738.2 (530 nm; P = 0.01 mW·cm–2; Vds = 3 V) SEBS Y Y This work
aS stands for single-layer and M stands for multi-layer; bY stands for yes and N stands for no.
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Figure 4    Optoelectronic characteristics of MoS2 photodetectors on SEBS. (a) Schematic illustration of a stretchable MoS2-based photodetector. (b) I–V curves for the
N-DMBI doped MoS2 photodetector (N-photodetector in short) under the dark and different optical power density. Light wavelength is 530 nm. (c) The time-resolved
photocurrent for the N-photodetector and pristine MoS2 photodetector upon light being turned on and off (V = 3 V, P = 3 mW·cm–2, light wavelength is 530 nm). (d)
Power density dependence of photoresponsivity and (e) detectivity for the N-photodetector and pristine MoS2 photodetector at V = 3 V, light wavelength is 530 nm. (f)
Wavelength dependence of photoresponsivity for the N-photodetector and pristine photodetector at V = 3 V, P = 3 mW·cm–2.
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pathways  where  MoS2 is  connected  and  the  detector  shows
photoresponse  upon  illumination  before  complete  breakage.
When  the  orientation  of  cracks  is  parallel  to  the  direction  of
current flow (inset of Figs. 5(a) and 5(b)), it is less effective for the
photoresponse than perpendicular direction. Therefore, the ability
of  N-photodetectors  on SEBS to maintain high photoresponse at
certain  strain  can  be  attributed  to  the  existence  of  percolating
pathways  upon  stretching.  The  strain  tolerance  of  this
photodetector  on  SEBS  can  be  further  enhanced  by  transferring
device assembly onto a pre-stretched SEBS or pre-patterning MoS2
into curved structures, such as serpentine or coils [53–56]. 

4    Conclusion
In summary, we have demonstrated a high-photoresponsivity, air-
stable  and  stretchable  MoS2 photodetector  that  benefits  from the
controllable  modulation  over  the  carrier  concentration  of  MoS2
via charge transfer at MoS2 and N-DMBI interfaces, as well as the
ability  of  elastic  substrate  SEBS  to  directly  transfer  the  entire
device.  Direct  transfer  technology  can  avoid  the  use  of  organic
solvents  and  encapsulate  dopants  to  ensure  the  maintenance  of
doping  effects.  The  increased  carrier  density  greatly  promotes
carrier  injection  efficiency  and  photogenerated  electron–hole
separation  efficiency  at  the  metal–semiconductor  interface,
thus  offering  a  significantly  enhanced  photoresponsivity  in
MoS2 photodetectors.  As-fabricated  N-DMBI  doped  MoS2
photodetector  on  SEBS  exhibits  a  high  responsivity  of
738.2  A·W–1 and  detectivity  of  1.3  ×  1011 Jones  at V =  3  V,  light
wavelength = 530 nm, P = 0.01 mW·cm–2, which are about 92 and
4  times  higher  than  those  of  pristine  MoS2.  Moreover,  this
photodetector can maintain a high photocurrent at a strain as high
as 5% when stretched parallel to the direction of current flow and
10% when stretched perpendicular to the direction of current flow,
which denotes the best stretchable photodetector based on single-
layer  MoS2 so  far.  Our  work  provides  a  feasible  way  to  achieve
high-performance  stretchable  microelectronic  devices  of  2D
materials. 
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