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2D van der Waals Heterojunction of Organic and Inorganic
Monolayers for High Responsivity Phototransistors

Baolin Zhao, Ziyang Gan, Manuel Johnson, Emad Najafidehaghani, Tobias Rejek,
Antony George,* Rainer H. Fink, Andrey Turchanin, and Marcus Halik*

Van der Waals (vdW) heterostructures composing of organic molecules with
inorganic 2D crystals open the door to fabricate various promising hybrid
devices. Here, a fully ordered organic self-assembled monolayer (SAM) to
construct hybrid organic—inorganic vdW heterojunction phototransistors

for highly sensitive light detection is used. The heterojunctions, formed

by layering MoS, monolayer crystals onto organic [12-(benzo[b]benzo[4,5]
thieno[2,3-d]thiophen-2-yl)dodecyl)|phosphonic acid SAM, are character-
ized by Raman and photoluminescence spectroscopy as well as Kelvin probe
force microscopy. Remarkably, this vdW heterojunction transistor exhibits

a superior photoresponsivity of 475 A W~' and enhanced external quantum
efficiency of 1.45 x 10°%, as well as an extremely low dark photocurrent in the
pA range. This work demonstrates that hybridizing SAM with 2D materials
can be a promising strategy for fabricating diversified optoelectronic devices

with unique properties.

1. Introduction

Hybrid organic—inorganic van der Waals (vdW) heterojunctions
could combine the characteristic structures and outstanding
properties of both organics and inorganics, thus enable ideal
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interfaces and advanced functionalities
useful for various applications as photo-
detectors, image sensors,” and neuro-
morphic computation devices.)’ Among
various building layers revealed, of notable
interest is the use of 2D semiconducting
transition metal dichalcogenides (TMDs)
as the component owing to their unique
electrical and optical performances such
as high mobility and strong light-matter
interactions.” Studies on TMD-based
vdWs heterostructures are very much
focused on the organic layer counterpart
to the TMD layer, and promising perfor-
mances have been demonstrated by using
suitable organic layers. For instance, a
remarkable photoresponsivity of 430 A W'
has been revealed by coupling MoS, with
an organic layer of zinc phthalocyanine
(ZnPc).'% Besides, a broad spectral response until the infrared
region and ultrafast charge-transfer process has been observed
for dye-sensitized MoS,/"!l and polymer-TMD heterostructures,
respectively.'. However, for most of the organic thin film
studied, a general drawback is the poor long-range order of
these organic molecules, which severely restricts the fabrication
of high-performance devices.*! It should be noted that this
difficulty in obtaining a well-ordered organic layer for hetero-
structures is common for these reported preparation methods
including physical vapor deposition,!t-2% drop-casting,l and
soaking.'%2l Taking the physical vapor depositing technique as
an example, the source temperature, growth time, and sample
location in the furnace should be accurately controlled.™ Thus,
facile and efficient methods for integrating hybrid systems with
the fully ordered molecular arrangement, as well as the perfor-
mances of the resulting heterostructures, are highly desirable.
Herein, by self-assembly of semiconducting organic
(12-(benzo[b]benzo[4,5]thieno[2,3-d]thiophen-2-yl)dodecyl)
phosphonic acid monolayer (BTBT-SAM) and then stacking
with MoS, monolayer (1L-MoS,) crystals, for the first time, an
all 2D organic-inorganic hybrid vdW heterojunction was real-
ized for phototransistors. The usage of a SAM as bottom layer
provides clear advantages: i) the precise control of the long-
range ordered organic film in single molecular thickness,!??
which effectively eliminates the charge scattering and recom-
bination compared with multilayer organic films;?3 ii) simple
processing method by the adsorption from the solution;?4 iii)
the BTBT-SAM achieves effective 2D-lateral 77 interaction
for charge transfer.??l The interfacial band alignment of this
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Figure 1. a) Scheme of the 1L.-MoS,/BTBT-SAM n—p heterojunction device. The MoS, crystal is transferred on top of the BTBT self-assembled mono-
layer FETs (BTBT-SAMFETs). b) The band scheme at the one-layer MoS, and BTBT-SAM interface favoring exciton dissociation upon illumination.

BTBT-SAM and the top MoS, monolayer (1L-MoS,) demon-
strates the formation of a type-II heterojunction. As a result,
strong charge separation and transfer at the heterointerface
were observed by the significantly quenched photolumines-
cence (PL) signals. Additionally, the surface potential quanti-
tated by Kelvin probe force microscopy (KPFM) increases with
the enhanced light intensity. The phototransistor devices show
an unprecedented responsivity of 475 A W~! and ultrahigh
external quantum efficiency of up to 1.45 x 10°% ascribed to the
photogating effect. The optoelectronic properties can be easily
modulated by the flexible design of the molecular structures,
rendering the combination with SAM a versatile approach
to investigate the light-induced interactions and physics in
ultrathin semiconductor hybrid structures and facilitate the
future applications of optoelectronic devices.

2. Results and Discussion

The configuration of the prepared phototransistor devices which
consist of highly ordered BTBT-SAM and 1L-MoS, heterojunc-
tion is shown schematically in Figure 1a. To fabricate such vdW
heterostructure devices, chemical vapor deposition (CVD) grown
high-quality monolayer Mo$, crystals [*>%%] were transferred onto
prefabricated BTBT-SAM field effect transistor (FET) devices.
Note that the MoS, crystals are transferred in the BIBT-SAM
channel region and not connected the source—drain electrodes as
shown schematically in Figure 1a. The detailed fabrication process
can be found in the Experimental Section. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of BTBT-SAM calculated by density functional
theory were —5.63 and —1.32 eV, respectively. The valence and con-
duction bands of 1L-MoS, (Eyg = —5.96 €V, and Ecp = —4.25 €V)
are referred to literature.”’) Concerning the energy levels align-
ment, the prepared 1L-MoS,/BTBT-SAM bilayer forms a type-II
“staggered gap” heterojunction as shown in Figure 1b.

Optical images of monolayer MoS, crystals before and after
transfer onto the BITBT-SAM film are shown in Figure 2a,b,
respectively. The surface morphology and height profile were
determined via atomic force microscopy (AFM) which is shown
in Figure S1 (Supporting Information). The measured thick-
ness of 0.89 nm confirms the monolayer nature of the MoS,
crystals according to the previous study.?®! The successful
transfer of the MoS, monolayer onto BTBT-SAM is confirmed
by the height profile (Figure S1b, Supporting Information)
where a consistent thickness is observed.

Raman spectroscopy was used to further confirm the for-
mation of the monolayer stacking in the 1L-MoS,/BTBT-SAM
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heterojunction. As shown in Figure 2c, the pristine 1L-MoS,
grown on Si/SiO, by CVD shows the vibrational modes of Ay,
and E,, at 385.9 and 404.3 cm™ with the interval of 18.4 cm™
proving a monolayer.??3% After transferring the 1L-MoS, onto
the BTBT-SAM, the Raman spectra shows A, and E;, modes at
386.6 and 405.4 cm™, as well as the alkyl chain (—CH,—CH,—)
at 1138 and 1185 cm™, the conjugated rings at 1400 cm™ of the
BTBT-SAM. Besides, the optical absorption in Figure 2d was
measured by ultraviolet-visible (UV-Vis) spectroscopy. The
peaks around at =680 nm (1.91 eV) and =605 nm (2.06 eV) cor-
respond to the excitons of MoS,.>3! Compared to the absorp-
tion of pristine BITBT-SAM, the position at around 351 nm
appears slightly redshifted after 1L-MoS, transferred onto the
BTBT-SAM layer. Above all, these results confirm that the
single-layer MoS, was successfully transferred onto BTBT-SAM
film to form monolayer 1L-MoS,/BTBT-SAM heterostructures.
The interlayer interaction between the 1L-MoS, and BTBT-
SAM was investigated by room temperature PL and KPFM
measurements. Figure 3a,b shows the PL maps of the 1L-MoS,
grown on Si/SiO, wafer and in the 1L.-MoS,/BTBT-SAM hetero-
junction under an excitation wavelength of 532 nm, respectively.
As shown in Figure 3c, the PL spectrum shows a single sharp
excitonic peak at 673 nm (1.84 eV) of monolayer MoS, crystals.
Significant PL quenching occurs in the heterojunction com-
pared to the 1L-MoS; on the silicon wafer. The as-grown single-
layer MoS, crystal shows 20 times higher PL intensity than the
heterojunction, suggesting the efficient exciton dissociation at
the interface and charge transfer from 1L-MoS, to BTBT-SAM.E!
In addition, the photoinduced charge separation between the
1L-MoS,/BTBT-SAM heterojunction was provided by KPFM.
This technique measures the local surface potential, thus the
charge carrier generation and transfer inside the heterojunc-
tion can be evaluated both with and without illumination.>33
Figure 3d,e shows a clear difference of surface potential in the
BTBT-SAM and 1L-MoS, areas. The surface potential difference
(SPD) across the heterojunction is around 160 mV under dark
owing to the difference in the work function of BTBT and MoS,.
Under illumination (A = 406 nm), we found the measured SPD
inside the 1L-MoS, crystal increases with the increased light
intensity before reaching saturation at an intensity of around
0.15 mW cm™2. The decrease inside the 1L-MoS, region is about
60 mV while the change of the BTBT region is negligible. This
increased potential of the 1L-MoS, region confirms the optoelec-
trical effect taking place at the 1L-MoS,/BTBT-SAM interface.
Under the built-in electric field of the heterojunction, holes are
expected to be transferred to the BTBT-SAM layer while elec-
trons remain in the MoS, leading to quasi-Fermi levels shift of
both materials in opposite directions.] As the whole substrate
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Figure 2. Optical microscopy images of CVD-grown 1L-MoS, a) on SiO,/Si substrate and b) after transferring onto the BTBT-SAM substrate. The BTBT-
SAM is formed on atomic-layer-deposited aluminum oxide (AlOx) on Si/SiO, wafer. c) Raman spectra of pristine 1L-MoS, (black line) and 1L-MoS,/
BTBT-SAM heterojunction (red line). d) UV-vis absorption recorded from BTBT-SAM (black) and 1L-MoS,/BTBT-SAM heterojunction (red) fabricated

on ITO glass.

is fully covered by the BTBT-SAM layer underneath the 1L.-MoS,
crystals, the transferred holes can be localized in the traps
leading to an almost constant local surface potential outside of
the 1L-MoS; crystal area. In contrast, the generated electrons
transferred to the 1L-MoS, are confined inside the crystal, which
leads to an enhancement in the local surface potential.[3334

The photoresponse properties of the 1L-MoS,/BTBT-SAM
vdW heterostructure phototransistor devices were investi-
gated under ambient conditions using a homemade photo-
current measurement system. The optical microscopy image
of the phototransistor is presented in Figure 4a, in which the
1L-MoS, is connecting only one of the electrodes or staying
in between the electrodes without electrical contact. Thus, the
electrical performances represented the properties of the BTBT-
SAM channel when a source—drain voltage (V) is applied.
The photocurrent is characterized by varied power intensities
under a 406 nm UV light. First, the pristine BTBT-SAMFETs
were fabricated and measured as a reference (Figure S2,
Supporting Information). The transfer curve of the BTBT-
SAMFET devices changes negligibly between dark and illumi-
nation conditions. The average mobility of BTBT-SAMFETS is
1.04 x 1073 cm? V7! s\ In contrast, the transfer curves of the
1L-MoS,/BTBT-SAM heterojunction phototransistors exhibit
a clear photoresponse behavior at the same laser intensity
(Figure 4b). The threshold voltage (Vy,) shifts toward the posi-
tive direction from —4.76 V to —4.24 V as a function of the irra-
diation power until saturation at about 0.155 mW cm™. The
positive shift of the threshold voltage could be ascribed to the
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built-in potential by photogenerated holes, which manifests a
photogating mechanism in this device.?>"]

The photosensitivity (I,/lgan), Which was defined as the
generated photocurrent (I,) flowing in a transistor com-
pared with the corresponding dark state, was detected at dif-
ferent light intensities (V3 = -3 V). As shown in Figure S3
(Supporting Information), our organic-inorganic hetero-
junction phototransistors show increased photocurrent with
increasing light intensity. It was found that the calculated
photosensitivity reaches as high as 1.07 x 103 at the illumina-
tion intensity of 0.155 mW cm™2. Based on the photocurrent
generation mechanisms (e.g., photovoltaic, photoconduc-
tive, and photogating effect),?®3% the devices show a clear
correlation between the photocurrent and the power density
(Ipec P% at Vy = =70 V) with o = 0.47, which also confirms
the existence of a strong photogating effect (Figure S4, Sup-
porting Information).

Furthermore, the photoresponsivity (R), as one of the most
important parameters of the phototransistors, was extracted
by R = AI,/Py,. The remarkable photoresponsivity of 475
and 232 A W' were obtained for a laser intensity of 0.05 and
0.176 mW cm™2 at the accumulated area (V; =7V, Vg=-3 V),
as presented in Figure 4d. It is notable here, to our knowledge,
the photoresponsivity (475 A W) obtained in our 1L-MoS,/
BTBT-SAM phototransistors is three orders of magnitude
higher than that of the commercially available Si- and Ga-based
UV photodetectors (0.1-0.8 A W) and also represents as a
record value among organic semiconductor—transition metal
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Figure 3. Photoluminescence (PL) mapping of a) CVD grown 1L-MoS, on
Si/SiO, substrate. c) Comparison of the PL spectra in the range of 600-80!

X-position (um)

Si/SiO, substrate and b) after subsequent transfer onto BTBT-SAM/AIOx/
0 nm. d) Surface potential images of 1L.-MoS, after transferring onto BTBT-

SAM under 0.05 mW cm~2 irradiation with 406 nm wavelength. e) Line scans taken across the white line in (d). The arrow indicates the SPD change

with light intensities.

dichalcogenides hybrid heterojunction photodetectors (higher
than 430 A W1, Table S1, Supporting Information).

The dynamic switch of drain current from dark to light was
evaluated by a chopping light with different frequencies. Under
illumination, the device current changes periodically from low
to high accompanying the light source on and off, suggesting
stable photoswitchable performances. Moreover, the devices
show a clear rectifying effect and can recover to the initial state
after the laser switched off (Figure 4c). The excitons are gener-
ated under illumination and separated efficiently at the hetero-
interface. Subsequently, the holes are collected by BITBT-SAM,
which leads to a positive shift of Vy,. The response times for
both rise and decay processes were extracted according to the
time of I, increased from 10% to 90% and vice versa. From
Figure S6 (Supporting Information), the response time and
decay time were calculated to be 5.5 and 17.8 s, respectively. The
relatively low photoresponse time of the 1L-MoS,/BTBT-SAM
heterostructure phototransistors may be attributed to the grain
boundaries in BTBT-SAM and residual water/oxygen at the
interface.l*’) Moreover, the external quantum efficiency (EQE)
was evaluated with the following equation
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EQE = (I]_ight —Idark)hc/(qul) (1)
in which Ijg, stands for the drain current under light condi-
tion; Iy, is the drain current in dark condition; h is the Planck
constant; ¢ represents the velocity of light; g is the unit charge;
and A is the excitation wavelength. The EQE (Figure S5, Sup-
porting Information) with a value of as high as 145 x 10°%
shows the same tendency as the responsivity. The enhanced
EQE can be explained by filling photoinduced charge carriers in
trap sites inside BTBT-SAM. Overall, hybrid organic—inorganic
photodetectors based on a 1L-MoS,/BTBT-SAM heterojunction
were successfully prepared, in which the efficient dissociation
of photoinduced charge carrier and reduced recombination
result in sensitive current multiplication as well as a remark-
able high EQE in organic-inorganic photodetectors."*l More
than 20 1L-MoS,/BTBT-SAM heterojunction transistor devices
were characterized and they show similar device performances.
Besides, the electrical performances of 1L-MoS, contacting
with both source and drain electrodes were investigated for
comparison (Figure 4f). The ambipolar transport behavior of
1L-MoS,/BTBT-SAM heterojunction transistors with the typical
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Figure4. Photoelectrical characterization of the 1L-MoS,/BTBT-SAM phototransistors. a) Optical image of the phototransistor with 1L-MoS, only located
in the channel area. b) Transfer curves of all 2D 1L-MoS,/BTBT-SAM phototransistors without and with irradiation of 406 nm light. (V4=-3V, measured
in ambient conditions). c) Highly reproducible photocurrent response at dark and light irradiation (incident power: 0.08 mW cm2, V,=—4.4V, Vg=-3V).
d) Responsivity of the hybrid 1L-MoS,/BTBT-SAM phototransistor versus illumination power density at different gate biases. e) Optical image of
the 1L-MoS,/BTBT-SAM bilayer ambipolar phototransistor, in which the MoS, monolayer is contacting with both of the source-drain electrodes.

f) Photoresponse behavior of bilayer ambipolar phototransistors.

“V” shape (measured at V3 = -3 V) was observed, and the
devices also exhibit clear photoresponse at both regions while
on/off ratio under light is lower owing to the complementary
layer cannot be fully switched off.[3*4

3. Conclusions

In summary, we presented a facile approach by composing a
SAM into organic-inorganic hybrid vdW heterojunction for
highly sensitive light detection. A type-II heterojunction with a
highly ordered organic semiconducting monolayer underneath
1L-MoS, crystals was obtained, representing as the first all-2D
hybrid vdW heterojunction phototransistors. The efficient
photocarrier generation and separation were confirmed by PL
and KPFM. The 1L-MoS,/BTBT-SAM phototransistor exhibits
an excellent photoresponsivity of 475 A W' and high external
quantum efficiency at a low laser intensity, which is a record
value compared to the previous reports on organic-TMDs
hybrid photodetectors. Our work provides numerous design
possibilities for 2D atomic-molecular layer stacking and inte-
gration through designing the structures of SAMs, rendering
this novel heterostructure an exciting potential for optoelec-
tronic devices.

4. Experimental Section

Materials: BTBT-SAM were used as received from Heraeus Precious
Metals GmbH, Germany. The MoS, monolayer crystals were grown
on Si/SiO, wafer by a modified CVD process in which a Knudsen-type
effusion cell is used for the delivery of sulfur precursors.?®! The sulfur
powder was placed in the first zone with a temperature of 250 °C
and the second zone contains the MoOs. The substrates were heated
to the growth temperature of 750 °C and held for 15 min. The growth
was carried out at atmospheric pressure under an argon flow of
100 cm?® min.
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Heterojunction  Device  Preparation —and  Measurements:  The
heterojunction was prepared by transferring the MoS, monolayers
on prefabricated BTBT-SAMFETs via a PMMA-assisted transfer
protocol.[?528 The fabrication process of BTBT-SAMFETs is according to
the literature.[*l First, the CVD-grown monolayer on SiO,/Si was spin-
coated with PMMA 950K (MicroChem) at 4000 rpm, 30 s, and dried at
90 °C for 10 min twice. The PMMA/1L-MoS, film was released from the
substrate by etching the SiO; in a 0.5 m KOH solution at 60 °C. After
cleaning in deionized water for several times, the film was fished onto
the BTBT-SAMFETs substrate, BTBT-SAM coated indium tin oxide (ITO)
glass and AlOx/SiO, wafer, accordingly. Finally, the heterojunction
devices were dried naturally in the fume hood overnight and heated at
60 °C for 5 min. Here, the BTBT-SAM layer was formed by immersing
the oxygen-plasma-treated substrates into BTBT-phosphonic acid
solution (0.05 X 1073 m) for 72 h, rinsing with 2-isoproponal and blowing
dry with nitrogen gas. The morphology of the BTBT-SAM can be found
in a previous work.22#l For the SAMFETs-based optoelectronic devices,
the PMMA was kept as an encapsulation layer. For other measurements,
the PMMA was removed from the substrates by dissolving the PMMA
in acetone, followed by rinsing with isopropyl alcohol. The UV-vis
absorption spectroscopy was recorded on an Analytic Jena SPECORD
210 PLUS spectrometer at room temperature on ITO glass. Steady PL
spectra and mapping were measured using a 532 nm laser diode as
the excitation source. A monochromator and a microscope (100x) were
used before the camera to record the photoluminescence mapping.
The setup allows the recording of spectrally resolved images with a
spectral resolution of 2 nm and a spatial resolution of 0.53 um. Low-
frequency Raman measurements were performed using a WiTec Alpha
300R confocal microscope with a liquid-nitrogen cooled charge-coupled
detector (CCD). The excitation laser wavelength was 532 nm (2 mW).

AFM and KPFM Measurements: The AFM and KPFM measurements
were performed with a JPK Multimode Scanning Probe Microscopy
(Nano wizard 3) in noncontact mode using Cr/Pt coated multi 75E-G
tips. For KPFM measurements, a conventional amplitude modulated
double pass configuration was used. In the first scan, the topography
is received and in the second pass, the potential profile was measured
while keeping the tip at a constant distance from the sample surface.
A 406 nm laser with tunable intensity (Thorlabs Fiber-Coupled Laser
Source) was used during the KPFM analysis.

Optoelectronic Characterization: The devices were measured at room
temperature under ambient conditions using a homemade photocurrent
measurement system. The electrical measurements were performed by
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an Agilent B1500A semiconductor characterization system equipped
with a manipulator probe station. The time-resolved excitation LED with
a wavelength of 406 nm was connected to a wavefunction generator
(South Korea, 2M-DAGATRON 7202). The light power was calibrated
with a handheld power meter.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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