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ABSTRACT: The capability to manipulate the size of the electronic PCF strategy 80 20°C
band gap is of importance to semiconductor technology. Among ; %60 35°C m u
these, a wide direct band gap is particularly helpful in optoelectronic £ wcelll " .
devices due to the efficient utilization of blue and ultraviolet light. ey b £ 0 St
Here, we reported a paraffin-enabled compressive folding (PCF) L D . % wc " .

strategy to widen the band gap of two-dimensional (2D) materials. ¥ )} i g 20 .: -

Due to the large thermal expansion coefficient of paraffin, folded 2D € = %%%%\_ € E w . m

materials can be achieved via thermal engineering of the paraffin- Compressive stress
assisted transfer process. It can controllably introduce 0.2—1.3% MoS,
compressive strain onto folded structures depending on the

temperature differences and transfer the folding product to both rigid and soft substrates. Exemplified by MoS,, its folded
multilayers demonstrated blue-shifts at direct gap transition peaks, six times stronger photoluminescence intensity, almost double
mobility, and 20 times higher photoresponsivity over unfolded MoS,. This PCF strategy can attain controllable widening band gap
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of 2D materials, which will open up novel applications in optoelectronics.
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B INTRODUCTION

Band gap tuning is a main goal in exploring two-dimensional
(2D) materials' because they exhibit distinct electronic band
gap structures for diverse applications, such as photo-
detectors,™ light-emitting diodes,” catallysis,5 and energy
storage and conversion devices.”” To synthesize various
types of 2D materials in high quality and controllable fashion,
it requires tremendous efforts in chemical vapor deposition
(CVD) growth, including optimizing experimental setups, raw
materials, growth substrates, and so on.® Chemical,’ ion-
implant,'® and electrostatic doping'' are excellent in tuning
charge carrier density, but they lack in continuous band gap
tailoring and often change the original structure of 2D
materials. Therefore, a method to tune band gap of 2D
materials rather than synthesis and doping is desirable.
Topology engineering such as making wrinkles and folds on
2D materials was predicted to tune band gap efficiently in
theory.'”'” For example, due to weak interlayer coupling in
adjacent layers, multilayer MoS, folded or wrinkled from the
monolayer exhibits direct gap transition with increased light
absorption, which will be beneficial to optoelectronic
devices.'*'> However, in the experiment, fabrication of
wrinkles/folds has been mostly achieved on graphene,'®™"
and there were only a few reports available on transition-metal
dichalcogenides (TMDs), in particular on large-scale CVD-
grown TMDs. Based on exfoliated MoS,, wrinkles and folds
were obtained by releasing the pre-stretched substrate'**°~>*
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and heating substrate,”””** and some some wrinkles and folds
may also form during the transfer process.”® Band gap tuning
by these methods is restricted in red-shift of band gap
originated from tensile stress. Applying compressive stress on
MoS, using the electromechanical device was reported to
induce blue-shift of direct band gap,”® but this method relied
on complicated controlling circuits and the compressive stress
would vanish once the electricity was off. Therefore, a long-
lasting and controllable method to introduce compressive
stress for a wider band gap on CVD TMDs is urgently needed.

Semiconductive TMDs mostly possess electronic band gaps
below 1.80 eV.”” A wider band gap is particularly useful in
optoelectronic devices such as light-emitting diodes,”* ™ field
effect transistors (FETs),”' ~** and photodetectors®*** because
they are crucial in suppressing tunneling from source to drain
electrodes, leading to larger on/off ratio and higher mobility.
Moreover, semiconductor with wider band gap absorbs blue
and ultraviolet light with high energy. Together with folding up
TMDs, which can increase light absorption and maintain direct
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Figure 1. Strategy of PCF for MoS,. (a,b) Schematic illustration of the fabrication process of folded multilayer MoS, by PCF. It involves the spin-
coating paraffin layer onto the MoS,/SiO,/Si substrate, releasing the paraffin/MoS, film, warming and cooling of the paraffin/MoS, film,
transferring it onto the target substrate, and dissolving paraffin by n-hexane. Folded multilayer MoS, can be achieved on any substrate with
broadening electronic band gap. (c) Photograph of the paraffin/MoS, film. (d,e) Optical microscopy images of the paraffin/Mo$, film after (d)
warming and (e) cooling, showing absence and occurrence of wrinkles by thermal engineering. (f) Optical microscopy image of folded tri-layer
MoS, on a SiO,/Si substrate by PCF. (g) AFM image of the square region in (f). (h) Height profile along the dashed line in (f). The white wire

frame is monolayer MoS, before folding. Scale bars, 5 pm.

gap transition, compressive folding of TMDs is of great
potential in enhancing optoelectronic performances.

Here, we presented a paraffin-enabled compressive folding
(PCF) strategy to acquire broadening band gap of 2D
materials in a long-lasting and controllable way. Exemplified
by MoS, grown by CVD, folded multilayers can be obtained
via thermal engineering of paraffin carrier layer during transfer
and demonstrated abnormal blue-shifts in peaks and increases
in intensity by Raman and photoluminescence (PL) spectros-
copy compared to most topology engineering. By controlling
the temperature differences during PCF, it can controllably
introduce 0.2—1.3% compressive strain, leading to folded
structures with controllable band gap increase on any (rigid
and elastic) substrate. This immediately allowed fabrication of
FETSs and photodetectors with improved performances, such as
higher mobility and photoresponsivity. Moreover, broadening
electronic band gap of MoS, by PCF can be extended to
various 2D materials. We believe that our PCF strategy offers a
universal method to controllably broadening electronic band

gap of 2D materials, opening up novel opportunities in
optoelectronics (Table S1, Supporting Information).

B RESULTS AND DISCUSSION

Strategy of PCF. We exemplify the PCF process using
MoS,, as illustrated in Figure lab. First, the liquid paraffin
(>80 °C) was spin-coated on CVD-grown MoS, on a SiO,/Si
substrate. To maintain paraffin at liquid status for entire
coverage on the substrate and to control paraffin thickness
more accurately, heat gun was blown during spin-coating. The
paraffin/MoS, film was then released by etching off an
underlying SiO,/Si substrate in KOH aq. at 45 °C, followed by
cleaning up residual KOH in deionized water (Figure 1c).
Subsequently, the self-supported film was frozen at 5 °C (10,
15, and 20 °C) for 24 h and transferred onto a target substrate
with natural drying at the same temperature. Before cooling,
the parafin/MoS, film showed a smooth surface without fold
on MoS, under an optical microscope (Figure 1d), and at
freezing, MoS, would be “pulled up” due to the shrinkage of
paraffin, giving rise to fold over the entire paraffin/MoS§, film
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Figure 2. Uniqueness of paraffin in compressive folding. (a—d) Photographs and optical microscopy images of (ab) SEBS/MoS, and (c,d)
PMMA/MoS, films through the same thermal engineering as that by paraffin. (e,f) Optical microscopy images of (¢) PMMA- and (f) PVA-PVP-
assisted transferred Mo$S, on SiO,/Si substrates. (gh) Statistical histograms of probability distribution (P;) of each layer number (i-layer) of Mo$S,
films after the PCF strategy at various (g) thicknesses of paraffin films and (h) temperature differences of thermal engineering processes. (i,j) SAED
patterns of unfolded monolayer MoS, and folded bilayer MoS, formed at a temperature difference of 40 °C. (k) Dependence of compressive strain

as a function of temperature differences during PCF.

(Figure le). As the paraffin had an excellent solubility in n-
hexane, folded MoS, by PCF demonstrated a very clean
surface, such as on a SiO,/Si substrate (Figure 1f).
Characterized by atomic force microscopy (AFM) and
scanning electron microscopy (SEM) (Figures 1gh and SI,
Supporting Information), the height of folded tri-layer MoS,
was as large as ~4 nm, which suggested a very weak interlayer
coupling. It is worth noting that the PCF strategy is
advantageous in directly transferring folded MoS, onto rigid
substrates (e.g., AL,O;, mica, and Na,SiO; glass) and elastic
substrates (e.g., PDMS) over other strain engineering
methods'>*® (Figure S2, Supporting Information). In addition,
folded graphene, boron nitride (BN), and MoSe, were
successfully achieved on SiO,/Si substrates under the same
conditions of PCF processing, further demonstrating the
universality of the PCF strategy (Figure S3, Supporting
Information). We hypothesized that temperature perturbation
on the paraffin film brings compressive stress on MoS, and led
to the folding of MoS,. The thermal engineering evolution was
simulated via the finite element method (Figure S4, Supporting
Information).

Uniqueness of Paraffin and Quantification of Strain
in Compressive Folding. Paraffin plays a critical role in this
compressive folding process. The reason we chose the paraffin
as an assisted folding layer is its large thermal expansion

coefficient (7.6 X 107%/°C) and low melting point (45
°C).””** With these two characteristics, the paraffin can
introduce sufficiently large compressive stress for band gap
tuning by mediating temperature, and its morphology can be
readily manipulated as it is soft at room temperature. We also
performed the same temperature disturbance investigation on
various polymers. Polystyrene-b-poly (ethylene-co-butylene)-b-
polystyrene (SEBS) is often used as an elastomer substrate in
stretchable electronics, whose thermal expansion coeflicient
(1.6 X 107*/°C) is about four times lower than paraffin. SEBS
held MoS, at the same thickness with paraffin was flat after
experiencing the same heating—cooling process (Figure 2a).
No crumpled region was observed on MoS,/SEBS under an
optical microscope (Figure 2b). Similar results can be observed
using polymethyl methacrylate (PMMA) at the same
conditions (Figure 2¢,d), which is also attributed to the low
thermal expansion coefficient of PMMA (2.1 X 107#/°C).” In
addition, PMMA and polyvinyl alcohol (PVA)/polyvinyl-
pyrrolidone (PVP),* as two frequently used transfer layers,
were also used to fabricate folded MoS, under the same
conditions. We indeed occasionally observed folds/wrinkles/
cracks, but in most cases, MoS, flakes were flat triangles
(Figure 2e,f). Also, the folds created by PMMA and PVP—PVA
were relatively small compared with those by the paraffin and
tended to occur at the edges of MoS, accompanied with some
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Figure 3. Spectroscopic study on the folded structures by PCF. (a,b) (a) Raman and (b) PL spectra of the folded bilayer (AT = 40 °C), unfolded
monolayer, and intrinsic bilayer MoS,. The insets of (ab) exhibit the vibration modes of characteristic Raman peaks and the radiative
recombination path of A and B excitons in PL. A and B exciton peaks are two resonances indicative of direct gap transitions resulting from the
energy split from spin—orbit coupling of VB to the CB at the K point of the Brillouin zone, as depicted in the inset of (b). (c) PL mapping of A
exciton peak intensity of folded MoS,. Inset of (c) is the corresponding optical microscopy image of the mapping region. Scale bar, S ym. (d—f)
Temperature-dependent reflectance contrast spectra for (d) unfolded monolayer, (e) intrinsic bilayer, and (f) folded bilayer MoS,. (g) Energy of A
exciton peak for the unfolded monolayer, intrinsic bilayer, and folded bilayer MoS, as a function of temperature. (h) Schematic diagram of the
compressive stress on folded MoS, while cooling the film of paraffin/MoS, during PCF.

cracks. In contrast, folded MoS, via PCF can be found in the
inner plane or at any side of a single crystalline triangle with a
large area (Figure SS, Supporting Information).

Folding can be adjustable by paraffin thicknesses and
temperature gradients. We compared the formation of folded
structures by PCF with different paraffin thicknesses of 400,
600, 900, and 1200 pm and at temperature perturbation
differences of 25, 30, 35S, and 40 °C (Figure 2gh). Folded
structures form multilayer MoS,. Layer number of folded
structures (i-layer) after PCF was statistically analyzed over 20
areas of 100 X 100 pm at each folding condition (Figure S6,
Supporting Information). Probability distribution (P;) of each
layer number can be expressed as

(1)

where #; is the total number of i-layer folded structures and N
is the amount of MoS, flakes. Note that all MoS, flakes prior to
PCF are monolayers, and after PCF, monolayers represent
unfolded flakes. Statistical histograms show that at thin paraffin
thickness and large temperature gradient, more MoS, flakes

40925

will be folded with thicker folded number. This can be
explained by the following formula

AL
— = aAT
L (2)

where AL/L denotes morphology change along one direction,
a is the linear thermal expansion coefficient, and AT is the
temperature difference. Due to thermal compression from
paraffin, more and thicker folded MoS, will be formed at larger
temperature gradients. Various paraffin types correspond to
thermal expansion coefficients ranging from 0.7 X 107*/°C to
10.8 X 107*/°C.*' Changing paraffin type can effectively tune
the strength of compressive stress. Moreover, thinner paraffin
will facilitate stress transfer onto underlying MoS,. We noted
that paraffin thinner than 400 ym tended to deform and break
during handling, which required an additional assistant layer
(Figure S7, Supporting Information). Therefore, our optimized
PCF condition is paraffin thickness of 600 pm at the
temperature difference of 40 °C, yielding up to 92% folded
MosS,.
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We next quantified the strain induced by PCF under
different temperature differences (25, 30, 35, and 40 °C) at a
fixed paraffin type and thickness. It is reported that strain
distorts the intrinsic atomic structure of TMD materials.'
Thus, we performed and analyzed the selected area electron
diffraction (SAED) patterns of folded structures and unfolded
monolayers to extract and compare their lattice constants
(Figures 2ij, S8 and S9, Supporting Information). The
compressive strain on folded structures can be evaluated via
the formula

e=1(a, — a;)/a (3)

where a; and a, are the lattice constants of unfolded monolayer
and folded structures, respectively. Based on 24 statistical data,
the compressive strains on folded structures formed under
abovementioned temperature differences during PCF were
0.31 + 0.12%, 0.64 + 0.14%, 0.82 + 0.15%, and 1.21 + 0.12%,
respectively (Figure 2k). According to such dependences, we
concluded that thermal engineering of paraffin during PCF
indeed induced compressive strain on folded structures, and
the strain was directly correlated with temperature gradients.

Blue-Shifts in Direct Gap Transitions Using the PCF
Strategy. To understand the effects of strain on the structure
and gap transitions, we performed systematically spectroscopic
study on the folded structures formed at the optimized
condition of PCF. Compared with unfolded monolayer MoS,,
folded bilayer by PCF exhibited blue-shifts in characteristic
Raman modes of Ezg1 and A, with much higher intensity
(Figures 3a and S10, Supporting Information), which are
completely opposite with most changes (red-shifts) using the
strain engineering methods.'”*® This abnormal blue-shift and
stiffening indicated compressive strain and accumulation of
photons on the folded bilayer using the PCF strategy. Because
Ezg1 corresponds to sulfur and molybdenum atoms oscillating
in the anti-phase parallel to the crystal plane, under
compressive stress, the wavenumber blue-shift of Ezg1 is larger
than that of A, which corresponds to the sulfur atoms
oscillating in the anti-phase out-of-plane. Therefore, the
frequency difference between the Ezgl and the A;, of the
folded bilayer (~19.9 cm™) is smaller than that of the AB
stacked bilayer (~21.9 cm™) and close to the monolayer
MoS, (~19.6 cm™). This also indicates a reduced interlayer
coupling in the folded bilayer by PCE.'>**

PL spectra also showed a prominent blue-shift in A exciton
peak with two and six times of intensity on the folded bilayer
MoS, by PCF than that of the unfolded monolayer and
intrinsic bilayer region, respectively (Figure 3b). A exciton
peak position and intensity mapping demonstrated an uniform
strain distribution over a 60 um? folded region (Figures 3c,
S11 and S12, Supporting Information). To verify the folding-
induced band gap increasing, we compared the reflectance
contrast spectra of the unfolded monolayer, intrinsic bilayer
MoS,, and folded bilayer MoS, as a function of temperature
(Figure 3d—f) % At each temperature, both A and B exciton
resonance peaks of folded bilayer MoS, shifted to higher
energy and exhibit smaller exciton widths than those of
unfolded monolayers and intrinsic bilayers (Figure 3g), being
consistent with the trend observed at room-temperature PL.
With decreasing temperature, A and B exciton peaks for all
these three types of samples present a systematically blue shift,
which can be attributed to either the change in the lattice® or
the polaron effects.”® The above results for temperature-
dependent reflectance contrast spectra suggest that the PCF

process enables the direct band gap extension, regardless of
activated exciton species and temperature. The band gap
blueshift induced via PCF was further verified by the
temperature-dependent PL spectra (Figure S13, Supporting
Information). This blue-shift trend is in good agreement with
the results in temperature-dependent reflectance contrast
spectra, further indicating that a broadening of direct band
gap can be achieved using the PCF strategy.

The scenario of compressive stress using the PCF strategy
versus most scenarios of tensile stress by stretching underlying
elastomers was schematically explained and shown (Figures 3h
and S14, Supporting Information). Normally, bilayer MoS, is
an indirect band-gap semiconductor®” with a much lower PL
intensity due to electronic relaxation.”® The abnormal
phenomenon in achieving larger direct band gap and stronger
PL emission on such folded MoS, layers can be attributed to
weak interlayer coupling and compressive strain using the PCF
strategy. To further analyze the dependence of PL enhance-
ment on compressive strain, the PL intensity is estimated via
the following formulas*’

PL [nint x nd] (4)
Xp
ﬂint = X 2
p+Yp  +2Z (5)

where ny is the number of electrons in the conduction band
(CB) valley, 7, is the internal radiative efficiency of direct
transition between the lowest point of the CB and the highest
point of the valence band (VB), p represents the majority hole
concentration in the VB, and X, Y, and Z are the
recombination rate constants for various processes. PL
intensity depends on 7, and nq when assuming that the rate
constants X, Y, and Z to be constant with strain. Upon
compressive strain by PCF, the direct gap transition of the
MoS, is broadened, leading to an increased internal radiative
efficiency of direct transition 7, compared to indirect
transition.”” On the other hand, the folded bilayer has a
much larger interlamellar spacing compared to the intrinsic
bilayer, corresponding to an extremely weakly coupled
superposition of two monolayer MoS, and a dramatically
slower electronic relaxation.’® As a result, the number of
electrons ng in the direct CB valley is increased, and the overall
PL intensity of folded MoS, by PCF is obviously enhanced.

Broadening Electronic Band Gap of Folded MoS,
Using the PCF Strategy. The evolution of band gap increase
as a function of strain was systematically studied on folded
structures by PCF (Figure 4a,b). By analyzing SAED patterns
of each folded MoS,, the compressive strains can be extracted.
The thermal engineering under different temperature differ-
ences (25, 30, 35 and 40 °C) led to a monotonic increase in
compressive strains and controllably realized compressive
strains ranging from 0.2 to 1.3%. The dependences of
characteristic peaks in Raman and PL on strains present a
monotonically increasing trend with the increased strains,
suggesting that the band gap increase in folded MoS, can be
controlled via the thermal engineering of paraffin during PCF.
By further tuning the paraffin with higher thermal expansion
coefficients, larger compressive strain can be achieved.

To explore the origin of optical band gap increase on the
folded MoS,, density functional theory (DFT) simulations
were performed on monolayer MoS, with biaxial compressive
strain in the 0.2—1.3% range by considering the paraffin
thickness, type, and temperature gradient. As shown in Figure

https://doi.org/10.1021/acsami.1c11269
ACS Appl. Mater. Interfaces 2021, 13, 40922—40931


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11269/suppl_file/am1c11269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11269/suppl_file/am1c11269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11269/suppl_file/am1c11269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11269/suppl_file/am1c11269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11269/suppl_file/am1c11269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11269/suppl_file/am1c11269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11269/suppl_file/am1c11269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11269/suppl_file/am1c11269_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c11269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a s - b g0 o
& E', peak 40°Co 40°C
TE 2.0{ ® Aqgpeak 35°C . ® . %60 35°C'- m "
= o, * < §, o - -
£1.5 C o, v soc, S .
ﬁ10 5 :’ N’ °® G40 oc '-.. .
é 25°C : L e B N
L] L
505 $ el 2201 =
x 0” L4 w s "
0ol s e 0
0.0 0.4 0.8 1.2 16 0.0 0.4 0.8 1.2 1.6
Strain (%) Strain (%)
¢ ., Mo — S
= 2| L~ N o ~ =
I ) S 7 -
5 ol 1xy_0.0% ixyio.d% ixyio.s%
[ N - 1 ™~ —~ =1 ™= -~ -
u:.' -1
2
3
Z o~ T . e
s TN TN N,
=1 i n ; 5 xy/A.30%
§ 0 éxyj.ZA )§y71.25/o ’Y/,- o
@ ™~ - =1 ™~ - =1 - -
G
2
35 M K T M K I'T M K I
d e € 20
S 1.85 s -
3 " 2 1.0
> > —CBM
o 1, o 0.5
g 1.80 g oS ~vem
< 0.
o175 - w o
05{ — —

0.0 0.4 0.8 1.21.251.3
Strain (%)

0.0 0.4 0.8 1.2 1.251.3
Strain (%)

Figure 4. Dependences of band gap increase as a function of strain.
(a)b) Dependences of shifts of (a) Ajg and Ezgl in Raman spectra and
(b) A exciton peak in PL as a function of compressive strains. (c—e)
Calculated electronic properties of (c) band structures, (d) band gap
values at K point, and (e) positions of the VBM and CBM of the
MoS, monolayer compared with the vacuum level at K point
depending on biaxial compressive strain at the values of 0, 0.4, 0.8,
1.2, 1.25, and 1.3%.

4c, the electronic band gap remains direct and progressively
increases from 1.72 eV in the strain-free sample to 1.86 eV at
the 1.25% compressive strain (Table S2, Supporting
Information). Though the band gap slightly underestimates
compared to experimental values due to the self-interaction
error of the Perdew—Burke—Ernzerhof (PBE) function,”’ a
self-interaction correction to density functional approximation
for many-electron systems, the obtained results are consistent
with PL experiments. Both the valence band maximum (VBM)
and conduction band minimum (CBM) move to higher
energies upon increasing compressive strain, presumably
leading to increase on both on and off current in transistors
(Figure 4e). The 1.3% biaxial compressive strain is beyond the
maximum strain value measured on our samples, which makes
the band gap convert into indirect ones and decreases the PL
intensity. Calculated values of band gap versus compressive
strain are plotted in Figure 4d. The largest band gap of folded
MoS, by our PCF strategy is ~1.90 meV at room temperature,
and this is the largest direct band gap of MoS, reported so far
(Table S3, Supporting Information).

Optoelectronic Applications of Folded MoS, Using
the PCF Strategy. Successful creation of folded MoS, with
larger band gap and enhanced PL on any substrate

immediately allowed us to fabricate FETs and photodetectors
with better performance, such as higher mobility and
photoresponsivity. We fabricated FET's on folded and unfolded
regions with bottom gates and top source/drain contacts on
Si0O,/Si substrates (Figure S1S, Supporting Information), and
compared their photoresponses under 532 nm light at different
illumination power intensity (Figure Sa). Representative
transfer curves showed typical n-type behavior (Figure Sb).
Output curves demonstrated ohmic-like contacts under low
voltage bias (Figure Sc). Based on the statistical analysis of 30
FETs (Figure Sd,e), mobility of folded bilayer, intrinsic bilayer,
and unfolded monolayer MoS, is 32.4 + 4.7 cm?/(V s), 24.3 +
4.1 cm?/(V's), and 16.5 + 2.2 cm?/(V s), and carrier density is
(32 £04) X 10” cm™, (2.7 £ 0.4) X 10> cm™, and (2.4 +
0.2) X 10"* cm™, respectively, at V= 1 V and Vg =30 V.
Values for unfolded monolayer MoS, are consistent with most
reports of pristine monolayer.” The increased values of
mobility, electron density, and on/off ratio of folded bilayer
MoS, can be attributed to the larger band gap induced by
compressive strain and weak interlayer coupling generated
during the PCF process. On the other hand, according to the
PL intensity, the number of electrons ny of folded MoS, by
PCF in the direct CB valley is obviously increased (Figure 5f).
Taken together, the electrical properties of folded bilayer MoS,
were superior to those of intrinsic bilayer and unfolded
monolayer MoS,.

Upon light illumination, both folded and unfolded MoS,
exhibited positive photoresponses, and the drain current
increased when the light power intensity increased (Figure
Sgh). Photoresponsivity versus power density of folded and
unfolded MoS, were compared and are shown in Figure Si
under $32 nm light at V4, =1V and V,, = 0 V. It showed that
photoresponsivity of folded MoS, was almost 20-fold than that
of unfolded MoS, respectively. The large photoresponsivity of
folded MoS, is mainly due to the enhancement of light
absorption, which can be revealed from the stronger intensity
of PL spectra. Based on above demonstrations, we concluded
that the folded multilayer using the PCF strategy can result in
better optoelectronic performance, such as almost double
higher mobility, 1.3 times higher electron density, and 20 times
larger photoresponsivity.

B CONCLUSIONS

In summary, we demonstrated a PCF strategy to achieve
folded multilayer 2D materials with controllable broadening of
electronic band gap on any substrate. Compared with most
strain engineering methods, folded multilayer MoS, using the
PCEF strategy showed unique blue-shifts and stiffening for in-
plane Raman vibration modes and direct gap transition of PL
peaks, suggesting larger band gap, reduced interlayer coupling,
and increased carrier density. Preliminary applications of FET's
and photodetectors proved these advantages, demonstrating
almost double higher mobility, 1.3 times higher carrier density,
and 20 times larger photoresponsivity on folded multilayer
MoS, using the PCF strategy. In addition, we have extended
our strategy to other 2D materials. We believe our PCF
strategy, as an efficient way to widen electronic band gap with
long-lasting, transferability, and controllability, will pave a new
way toward optoelectronic applications of 2D materials.

B EXPERIMENTAL SECTION

Paraffin-Assisted Transfer. To prepare the paraffin solution,
paraffin pastilles were pre-baked at 80 °C for 1 min. Paraffin solution
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Figure 5. Optoelectronic applications of folded MoS, using the PCF strategy. (a) Schematic diagram of the FETs and photodetectors of folded
MoS, using the PCF strategy. (b) Transfer characteristics of unfolded and folded MoS,. (c) Output characteristics of folded MoS,. (d,e) Mobility
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was drop-coated on a sample (i.e.,, CVD MoS, synthesized on a SiO,/
Si substrate), which would solidify in less than 1 min at room
temperature. The paraffin-covered MoS, on the SiO,/Si substrate was
then placed on a spin coater to achieve a uniform and thinner
coverage of the paraffin film. A heat gun was used to blow on the
sample, making the paraffin melt again. Once the paraffin turned into
the liquid form, the sample was spun at 1000 rpm for 2 min with
continuous heat gun blowing. After spin-coating, the sample was
immersed in the KOH solution at 45 °C for 6 h, followed by soaking
in deionized water at the same temperature to remove KOH. Then,
the sample on deionized water was kept at the S °C (or 10, 15, and 20
°C) for at least 24 h. The destination substrate (ie., SiO,/Si
substrate) was used to scoop the paraffin-supported Mo$S, film from
the deionized water. After that, the sample was kept at 5 °C (or 10,
15, and 20 °C) in a refrigerator for air drying more than 8 h to
minimize the residual water. Finally, the paraffin support layer was
removed using hexane solution for 2 h, leaving MoS, on the
destination substrate.

CVD Growth of 2D Monolayers. Single-crystalline MoS, and
MoSe, were grown in a two temperature-zone tubular furnace at a low
pressure. For CVD growth of MoS,, sulfur powder (1.5 g) area of the
furnace was heated to 190 °C; in the meanwhile, the Mo source
(oxidized molybdenum foil) area was heated to 830 °C within 30 min
at a carrier gas flow of 100 sccm Ar. For CVD growth of MoSe,, 50
mg of selenium pills and 0.3 mg of MoO; were used as Se and Mo
precursors, respectively. MoO; area of the furnace was heated to 750
°C within 18 min, while Se area was heated to 340 °C at the same
time at a carrier gas flow of 20 sccm Ar and 5 sccm H,.

h-BN and graphene were synthesized in a single-temperature-zone
tubular furnace under atmospheric pressure. Cu foils were first

polished and loaded into the center of the heating zone. For CVD
growth of h-BN, the temperature of the heating zone was ramped to
1000 °C within 60 min, with a carrier gas flow of 200 sccm Ar and S0
sccm H,. Then, ammonia borane placed in a mini-tube at upstream as
a BN precursor was heated to 85 °C for 10 min. For CVD growth of
graphene, the Cu foil was exposed in a mixed gas with a constant flow
rate of 20 sccm H, and 100 sccm CH, for 40 min at 1000 °C.
Characterization. Raman spectra, PL spectra, and imaging were
measured by a confocal Raman microscope (HORRIBA, LabRAM
HR 800) with a 532 nm laser. The laser power was maintained at 100
UW. The reflectance contrast spectra were measured on SiO,/Si
substrates under the conditions of 100 grating, X100 objective, and 25
hole (HR_HORIBA). AR/R was collected via the equation: AR/R =
Romple = Rsio,/Rsio, Here, Rgo, and Ry, are the reflectance of the

bare SiO,,Si substrate and the sample on the SiO,,Si substrate, and
AR is the difference between them. Optical microscopy images were
captured by Leica DM2700M. AFM images were obtained using a
Digital Instrument Multimode Nanoscope IIIA in the tapping mode.
SEM images were taken using a Hitachi SU8010. Transmission
electron microscopy imaging was performed by a FEI Tecnai TF20
(Philip).

Fabrication and Measurements of MoS, FETs and Photo-
detectors. Folded bilayer and unfolded monolayer MoS, on a
SiO,,Si substrate were used to fabricate back-gated FETs. The sample
was first spin-coated with a 500 nm thick layer of methylmethacrylate
(MMA) (Allresist: AR-P 672.02) and poly-methylmethacrylate
(PMMA) (MicroChem: EL6). The MMA layer was baked at 150
°C for 2 min, and the PMMA layer was baked at 175 °C for 2 min.
Then, the source/drain contacts were defined using electron beam
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lithography and metallized with 3/50 nm of Cr/Au using thermal
evaporation, followed by a 4 h lift-off process in acetone at 60 °C.
Finally, these devices were annealed at 100 °C for 1 h under an N,
atmosphere to reduce the contact resistance between channel and
metal electrodes. FETs were measured in air using Keithley 2636b.
Linear field effect mobility (4) and carrier density (n) were calculated
by following formulas®*

U= Lch X dIds
COX‘/dsVVch dlgs (6)
LchIds
n—= —=9
WV, @)

where Coy is the gate capacitance (1.35 X 10™* F cm™ for 300 nm
thick SiO,), Ly and Wy are the channel length and width,
respectively, and e is the electron charge (1.6 x 107" C).

In order to characterize the photoelectrical properties of FETs,
three-terminal measurement was performed under 532 nm light with
an illuminance area of 1 cm? and power densities of 0.01, 0.1, 1, 2, 3,
4, and § mW cm™. We calculated photoresponsivity (R) via the
following formula®

P
B, (8)
where I, is the photocurrent, I, is the dark current, and P, is the

power density of light.

3D Field Effect Simulation. A 3D field effect model was
developed to better understand the process of paraffin-enabled
wrinkled/folded MoS,. The simulation was performed using ANSYS
R 2019 R2 software. Young’s modulus, Poisson’s ratio, and coeflicient
of thermal expansion were used in the simulation. The discretized
field effect models contain about 719,336 nodes and 170,409
elements.

DFT Calculations. To investigate the electronic band gap change
depending on external compressive strain, a monolayer MoS, unit cell
with a lattice constant of 3.169 A is chosen to represent a strain-free
sample. By varying cell parameters to 3.156, 3.144, 3.131, 3.129, and
3.128 A, five strained MoS, slabs are obtained at the biaxial
compressive strain of 0.4, 0.8, 1.2, 1.25, and 1.30%, respectively. The
MoS, slabs are separated from their periodic images along the surface
normal by a vacuum region of 15 A. Geometric optimization and
electronic structure calculations are calculated with the Vienna Ab
initio Simulation Package (VASP)®>* using the PBE exchange—
correlation functional®® and projected-augmented wave pseudopoten-
tials>® for the valence and core electrons. The energy cutoff is 400 eV.
The optimizations are carried out with the 9 X 9 X 1 k-point
Monhorst-Pack mesh.>” Then, band structure calculations are
performed using the line-mode approach along the I'-M—-K-T
path with 50 k-points between two adjacent high-symmetric k-points.
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