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MoS, photodetectors integrated with photonic circuits
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In recent years, two-dimensional materials have risen as an attractive platform for integrated optoelectronics, due to their atomic
scale thickness, favorable electrical, mechanical, and optical properties. In particular, graphene has been exploited as an ultrafast
light modulator and photodetector, operating at telecommunication wavelengths. However, materials with larger bandgaps are
required for light detection in the visible range of the spectrum, with wide applications in space communication, industrial quality
controls, light sensing, etc. Even though TMDC-based light emitting and detecting devices in the visible spectrum have already
been realized, efficient light absorption and photocurrent generation on integrated devices has not been achieved yet. Here, we
demonstrate the integration of an ultrasensitive MoS, photodetector with a silicon nitride photonic circuit. In contrast to the limited
vertical light absorption, we observe near-unity lateral absorption, which results in even higher responsivity. By fabricating an
alternative device where the MoS, semiconducting channel is combined with a hexagonal boron nitride (h-BN) substrate, we
significantly improve the speed of the photodetector. Low power operation is further achieved in a third device with graphene local
gates. These results pave the way for future TMDC-based integrated optoelectronic devices.
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INTRODUCTION

One of the main challenges for today’s information networks is to
reduce power consumption while increasing speed of data
transfer. In conventional networks, electrical signal is processed,
transferred, and read by metallic interconnects, where dense
packing and speed of data processing are limited by Joule
heating’ and parasitic capacitance, respectively. Silicon photonics,
on the contrary, holds promise for increasing speed and power
efficiency of these networks.>® However, challenges in the design
of integrated light emitting devices and photodetectors have
prevented the realization of practical circuits.**

Miniaturization of integrated devices for light modulation on
silicon photonic platforms has brought attention to atomically thin
two-dimensional (2D) materials,® which can be easily fabricated on
photonic structures, due to their outstanding mechanical and
structural properties.”®

Graphene has been extensively studied for data processing’
and light detection.'® However, this material suffers from high off
currents®, as well as limited light absorption and responsivity due
to the absence of a band gap.!" The remarkable electrical'? and
optoelectronic'*' properties of 2D transition-metal dichalcogen-
ides (TMDCs), including the presence of a direct band gap in the
visible light range,'®'® make them ideal candidates for this
purpose. Besides realization of basic logic electrical devices,'* 2D
semiconductors were demonstrated to be a promising material for
light emission'” and detection,'® with potential for the realization
of optical to electrical interconnects.'®?® Such interconnects
would be expected to operate over meter-scale distances or less,
relaxing the wavelength requirements from those set by the
optical fiber transmission windows. Large-scale growth by
chemical vapor deposition has also been demonstrated,>' which
together with simplicity of device fabrication makes MoS, a good

candidate for the fabrication of future optoelectronic devices.
While MoS,-based high responsivity photodetectors have already
been reported,'® their implementation in photonic circuits is still
lacking. Here, we bridge this gap by demonstrating integration of
MoS, photodetectors with SisN; photonic circuits, with three
different device architectures to achieve either high photore-
sponse, fast operation speed, or low operation voltages.

RESULTS AND DISCUSSION

Figure 1a shows a cross section of the fabricated device, where
MoS; is directly exfoliated on top of SisNg4, in order to couple the
flake with the evanescent field of the mode traveling inside the
high-index contrast waveguide (WG). The waveguide is designed
so that only the first fundamental quasi-transverse electric (TE)
and quasi-transverse magnetic (TM) modes propagate at a
wavelength of 647 nm, while higher order modes are radiative.
Calculated electric field profile for the fundamental TE mode
based on Finite-Difference Time-Domain (FDTD) simulations is
plotted in Fig. 1b. The evanescent field extends through a large
area over the waveguide, which allows optical excitation of the
attached monolayer. Figure 1c presents the operation of the
fabricated photodetector. Incident laser light at 647 nm is focused
on the diffraction grating coupler (GC), which redirects light for
propagation through the waveguide. Light is linearly polarized
perpendicularly to the propagation direction, which leads to
excitation of the TE mode in the waveguide, which is known for a
stronger absorption by the MoS, film than the TM mode.*? Part of
the light is then absorbed and converted into an electrical signal
in the biased MoS, flake. An optical image of the fabricated device
is shown in Fig. 1d (See the Methods section and Supplementary
Section 1 for more details on device fabrication). Inset corresponds
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Fig. 1 MoS,-based photodetector integrated in a photonic circuit. a Cross-sectional schematics of the photodetector, with monolayer MoS,
directly exfoliated on top of the waveguide. b Calculated TE field magnitude |E| for the SisN, waveguide. Evanescent field overlaps with the
transferred MoS, flake. ¢ Schematics of light coupling by focusing a 647 nm CW laser on the diffraction grating. Light propagates through the
SizsN4 waveguide (WG) and generates electron-hole (e-h) pairs in MoS,, which leads to photocurrent generation in the biased MoS, monolayer.
d Optical image of the fabricated MoS, photodetector integrated in the photonic structure. MoS;, channel is highlighted in violet. The
diffraction grating coupler (GC) used for light coupling, waveguide (WG) source and drain are also indicated. Scale bar is 20 ym. Insets show a
photoluminescence image of monolayer MoS, after transfer and scanning electron microscopy (SEM) image of the WG with GC. Scale bar is
10 um for both insets

a b
. . 101 65um long TilAu
1.0F T b d d
Lateral 0.8 ’_'-’_'
0.8 —
3 3
d @
o — 0.6
< 0.6} = - F
5 2 S 0°f
‘. (2} aa) L
g 2 a4l S .3
S 0.4 E 0.4 - 10° [
g I S 6L
= g1t
0.2 Vertical 0.2+ 2 ot
100t
{ 0.0 02 04 06 0.8
oor 0.0F d (um)
1 1 1 1 1 1 1 1 1
0 20 40 60 0.0 0.2 0.4 06 08
L (um) d (um)

Fig. 2 Effect of monolayer MoS, and metal contacts on light propagation in the waveguide. a Comparison between MoS, lateral
(experimental data points) and vertical absorption (taken from ref. '®) as a function of the flake length. Error bars represent the standard
deviation of the measurements. b Calculated relative transmission for TE (red) and TM (blue) modes after deposition of 65 um long metal
contacts at a distance d from the waveguide. Inset shows the calculated losses per micrometer in log scale

to a photoluminescence (PL) image of monolayer MoS, trans-
ferred onto the waveguide. Enhanced PL emission in the region
above the waveguide indicates efficient coupling of the flake with
the photonic circuit (Supplementary Fig. S3).

Limited absorption of normally incident light in 2D materials
due to their atomic-scale thickness?®> can be overcome by lateral
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excitation via the waveguide. In order to demonstrate this
experimentally, we measure the lateral absorption of MoS, as a
function of the flake length. (See Methods). Figure 2a shows how
lateral absorption overcomes the vertical one (taken from ref. '¢)
and approaches unity. From an exponential fit of transmission
(T=e""9, the absorption coefficient is found to be a=7.7+
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1.1 um. It is clear that lateral absorption can be fine-tuned by
modifying the length of the flake, which could be defined by an
extra etching step after transfer.

For the optoelectronic characterization of the waveguide-
integrated photodetector, the amount of light incident on the
device needs to be quantified. While optical losses due to
scattering in the waveguide surface and coupling to the
surrounding SisN4 layer can be neglected (Supplementary Fig.
S4), interaction of light with the evaporated metal contacts can
alter its propagation. In order to maximize the photocurrent in the
fabricated photodetector, contacts should be as close as possible
to the waveguide so as to reduce the device resistance. However,
this can modify light propagation if the evanescent field couples
to the metallic contacts, leading to optical losses in the
waveguide. To find the minimum distance between source and
drain for which TE and TM mode profiles are not altered, we
perform FDTD simulations for different positions of contacts with
respect to the waveguide. Relative transmission for both TE and
TM modes after deposition of 10 nm Ti, 60 nm Au is shown in Fig.
2b. The inset presents propagation losses on a logarithmic scale.
Long contacts (L =65 um) are chosen in order to maximize the
channel length after the transfer of large MoS, monolayers onto
the waveguide. For edge-to-edge distances larger than 600 nm,
the influence of metal contacts on light propagation is negligible.
Therefore, we design contacts with 700 nm separation to exclude
the effect of light coupling to the metal.

Optoelectronic measurements are performed in vacuum
(107° mbar) at room temperature, under continuous-wave (cw)
laser illumination at a wavelength A =647 nm, unless stated
otherwise. The three main mechanisms for photocurrent genera-
tion in MoS, are photogating, photoconductive, and photother-
moelectric effects.®** In our case, photogating is dominant,
leading to a slow photocurrent ~80 times higher than the fast
photocurrent associated with the photoconductive effect®® (see
Supplementary Section 4). Photothermoelectric current can be
neglected, since no appreciable current is measured at zero bias
under light illumination (Supplementary Fig. S7).

Figure 3a shows the schematics of the device band alignment in
three different conditions: dark (1), vertical illumination (2), and
lateral illumination via the waveguide (3), leading to the
corresponding lys—Vy curves in Fig. 3b. In the dark, current
follows the characteristic behavior of an MoS, transistor,'? with a
threshold voltage Vi, =—11V and an on/off ratio above 10°,
limited by the noise level of the measurement setup. When
focusing the laser light onto the flake, electron-hole (e-h) pairs are
generated across the channel. The device stays in the on-state for
the entire range of back-gate voltages, with trapped holes shifting
the Fermi level, effectively gating the flake. Since the lifetime of
trapped holes is much larger than that of the electrons, many
carriers can flow for each generated e-h pair, resulting in a large
photogain. The ratio of photocurrents under vertical illumination
and in dark reaches values as high as lgake//garc > 6:10% at Vy=
—12V and is again limited by the noise level. When the flake is
excited through the waveguide by focusing the laser on the
grating coupler, creation of e-h pairs occurs only in the
overlapping region between the waveguide and the flake,
creating a potential profile for electrons which allows turning off
the photocurrent. The off-state for lateral illumination is found at a
new threshold voltage V,=—37.5V.

From the I4,—Vy curves, we can further derive the external
responsivity of the photodetector, defined as the ratio between
the generated photocurrent I, = light — ldark @nd optical power Pi,
incident to the flake. Figure 3c shows the dependence of the
photoresponse on the gate voltage for a fixed laser power of
25 nW. Due to the characteristic band alignment, in the case of
lateral coupling the gate modulation of photoresponsivity is three
orders of magnitude larger compared to vertical illumination, with
responsivity dropping to zero for back-gate voltages below the
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threshold voltage. Dependence of responsivity on incident optical
power at Vq=0 V is shown in Fig. 3d. The responsivity for the
waveguide is calculated by taking into account that the grating
coupler efficiency is 3.4% at 647 nm wavelength (see Supplemen-
tary Section 6), so that P;, ~ 0.034 X Pj,s.,. For low incident power
we obtain an extremely high photoresponse above 1000 A/W,
which is the result of higher lateral absorption compared to
vertical illumination. Flake responsivity depends strongly on the
excitation wavelength, as shown in Fig. 3e, and can be further
enhanced by increasing the energy of incident photons. Photo-
response for wavelengths below the optical bandgap vanishes, as
photons cannot be absorbed by the 2D material. It should be
noted that photoresponse depends directly on the conductivity of
the channel, and therefore slightly varies with time since MoS, is
known to experience Fermi level shifts on substrates such as SiO,
and S3N4 upon thermal, light or current annealing.”®

The realization of chip-integrated devices with TMDCs requires
precise alignment of light sources, such as optical fibers or lasers,
on the material. However, relaxed alignment conditions can be
achieved with the usage of grating couplers. Figure 4 presents
photocurrent maps for vertical illumination on MoS, and the
grating coupler when a DC bias is applied to MoS.. For the latter,
the map represents the spatial distribution of the coupling
efficiency since it shows the photocurrent generated in the MoS,
when the light from the laser is focused onto the diffraction
grating, then coupled to the waveguide and finally absorbed in
the MoS, layer (Supplementary Section 5). For the diffraction
grating, significant photoresponse (>1/2/,,) can be obtained
over a larger area compared to the flake. In addition, response is
homogeneous around the grating lines, which indicates that
alignment could be greatly facilitated by simply increasing the
diffraction grating area. The flake photocurrent map reveals an
active channel length L ~14 uym, which corresponds to a lateral
absorption of 84%, according to measurements presented in Fig.
2a. This leads to an external quantum efficiency for photons
traveling in the waveguide ne, = 0.84. Photogain can then be
calculated as G = Rx hu/qn..> 2300, for low incident powers,
where hu is incident photon energy and g is the elementary
charge.

The main limitation of MoS,-based photodetectors is the low
speed of operation, which in our case is restricted by the
photocurrent rise and decay times Tyse > 135 and Tgecay > 115,
respectively (Supplementary Fig. S6a). These slow response times
are associated with the photogating mechanism which manifests
itself as a change in the threshold voltage due to charge transfer
to adjacent molecules, in particular when transferred onto Si0,%°
or SisNg, as in our case. On the contrary, fast response is related to
photoconductive and photoelectric effects.”> In order to avoid
photogating and realize a device with a fast response, an
alternative device is fabricated, where a multilayer h-BN flake
with a thickness of ~11nm is first transferred on top of the
waveguide, which serves as the van der Waals (vdW) substrate for
MoS, (Supplementary Fig. S8). We expect similar response time for
vertical and lateral illumination via the waveguide, since the
response time is associated with the mechanism responsible for
photocurrent generation. This mechanism is the same regardless
of whether we excite locally (waveguide coupling) or over the
entire active area (vertical illumination), since the MoS, flake is
supported by a flat and homogeneous h-BN layer. When
illuminating with a continuous wave laser, a constant photo-
current is generated. After adding a chopper rotating at 20 Hz at
the output of the laser, the response of the device is still fast
enough to reach maximum (constant illumination) and minimum
(dark) values of photocurrent, which demonstrates that all the
response is faster than 20 Hz. To determine more precisely the
speed of the response, photocurrent is measured as a function of
the chopper rotation frequency. Figure 5a shows the ratio
between DC photocurrent (Ip¢) obtained for constant illumination,
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Fig. 3 Optoelectronic properties of the device at room temperature. a Schematics of band alignment for device under applied bias in
different conditions: dark (1), vertical (2) and lateral illumination (3). b Drain-source current (I4s) dependence on the applied back gate voltage
(Vg) for the three regimes represented in a obtained at bias voltage Vys=1V and laser power Pjser =25nW. ¢ Modulation of the
photoresponse with back-gate voltage for lateral and vertical illumination at Vys =1V and Pj,ser = 25 NW. Responsivity is normalized by its
value at zero gate voltage. d Measured photoresponsivity R as a function of incident power Py, at Vg=0V and V4= 1V. e Responsivity
dependence on the excitation wavelength, normalized by its value at 647 nm (wavelength used for measurements shown in b, ¢, and

photoluminescence spectra from MoS, on SisN,4

and oscillating photocurrent (Iac) at the frequency of the chopper,
measured by the lock-in amplifier. The oscillating (fast) photo-
current is constant for frequencies of up to 1 kHz, the limit of the
measurement setup. The response time of the monolayer MoS,/h-
BN photodetector is therefore shorter than 1 ms, overcoming the
performance of previously reported MoS, photodetectors.?’
Similar results are obtained when exciting via the waveguide,
with lower photocurrents due to weaker coupling after the
addition of thick h-BN, leading to a fast responsivity of 1.5 uA/W at
Pin =7 mW (Fig. 5a, inset).

For low-power applications of integrated optoelectronic
devices, operation voltages need to be decreased. In order to
have more efficient electrostatic control over the charge carrier

npj 2D Materials and Applications (2019) 14

density in the MoS, flake, we fabricate a third device where
multilayer graphene is used as a back gate, with an 11 nm thick h-
BN dielectric layer. Resulting I4s—V, curves for the device in the
dark and under vertical illumination are shown in Fig. 5b. The off
state is reached at a back gate voltage as low as V= —250mV,
due to the higher capacitance (C= 2800 uF/m?) of the thin h-BN
dielectric compared to the 1 um thick SiO, (C = 34.5 uF/m?). High
values of photocurrent on the order of pA can be measured for
the complete range of back gate voltages. Figure 5b inset presents
measured lys—Vys curves in the off state, with gate voltage below
the threshold. Photocurrent to dark current ratio over 10° is
achieved at V4 =300 mV and incident power of 11 mW.
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at Vys =2V, Vg =0V and laser power of 1 uW and 110 uW, respectively. Laser light is modulated using the chopper with a frequency of 30 Hz.
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Fig. 5 Fast response and low-power operation of MoS,-based photodetectors. a Fast operation of the MoS,/h-BN photodetector: Lock-in
amplifier measurements of AC photocurrent dependence on chopper frequency at P,=7mW, V=0V and V4= 1V, under vertical
illumination. Inset shows schematic structure of the photodetector and operation under dark (OFF) and chopped illumination at 1 kHz (ON) on
the grating coupler with Pi, =7 mW, Vg =0V and V4= 1V. b Low voltage operation of the MoS,/h-BN/Gr photodetector. Main graph shows
las—Vy curves under dark and illumination at P, =11 mW and V4, =250 mV, showing low threshold voltage Vi, =—-250mV without
illumination. Inset graph shows /y,—Vys curves with and without illumination for P, = 11 mW, V= —500 mV. Inset schematic depicts the

structure of the photodetector

In summary, we demonstrate the integration of MoS, photo-
detectors on photonic structures, and present device architectures
for practical optoelectronic circuits. The first figure of merit is the
large responsivity of the photodetector for lateral illumination at
wavelengths close to the optical bandgap. Light emission from
MoS, at these wavelengths has already been demonstrated'” and
therefore a platform for light emission and detection with
monolayer MoS, could be potentially realized. In addition,
photocurrent can also be suppressed for gate voltages below a
given threshold, leading to three different regimes in photo-
response. Homogeneous and large coupling area in the diffraction
gratings facilitates alignment for future optical interconnects.
Furthermore, by realizing more complex structures we demon-
strate potential of this device as a platform for the development of
MoS,-based integrated photodetectors aiming at various applica-
tions. In a second device, photoresponse times below 1 ms can be
achieved by adding an h-BN layer between MoS, and SizN,. The
use of a graphene back gate with thin h-BN as the dielectric in a
third device reduces the voltage range needed to operate the
phototransistor. Altogether, results from this work rise the
prospects of MoS, as a promising material for future integrated
optoelectronic circuits.

Published in partnership with FCT NOVA with the support of E-MRS

METHODS
Device fabrication

Degenerately doped silicon wafers with 250 nm/1 pm Si3N4/SiO, layers
grown by low pressure chemical vapor deposition (LPCVD) were used for
device fabrication. The thickness of SiO, is high enough to decouple
waveguide modes from the optically dense substrate. Photonic structures
were patterned using electron beam lithography after spin coating of ZEP,
followed by dry etching with CHF5/SFs. The polymer was then removed
using O, plasma and the resulting structure was submerged in KOH to
smooth the waveguide sidewalls. Dimensions of photonic circuits were
optimized for wavelengths at the MoS, excitonic resonance, so that it can
also be used for transmission of light emitted by MoS,-based devices. We
further confirmed resulted dimensions of fabricated structures by scanning
electron microscopy (SEM), focused ion beam (FIB) and atomic force
microscopy (AFM), as shown in Supplementary Fig. S1. Calculated electric
field profile for fundamental TE and TM mode based on FDTD simulations
is plotted in Supplementary Fig. S2. Ultrathin layers of MoS, were obtained
by mechanical exfoliation with low residue tape. Monolayers are then
deposited on visco-elastic films with a polyethylene coversheet (Gel-Pak)
and peeled-off slowly. The contrast of monolayer flakes under the optical
microscope has been calibrated and confirmed by atomic force micro-
scopy (AFM) and photoluminescence (PL) measurements. Finally, polymer
films were placed on a glass slide for dry transfer on top of the photonic
structure. Post-transfer thermal annealing was done at 250 °C under high

npj 2D Materials and Applications (2019) 14
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vacuum (10~7 mbar) for 6 h. The resulting structure was spin coated with
PMMA A2/MMA EL6 and patterned by electron beam lithography, followed
by electron beam evaporation of 10 nm Ti and 60 nm Au. Standard lift-off
process with acetone was used for polymer removal. Figure S3 shows
optical images of the device after different fabrication steps. Photo-
luminescence after annealing of the transferred MoS, monolayer decreases
significantly, with the suppression of exciton states due to charge transfer
from the substrate, as shown in Supplementary Fig. S3c.

Setup for optoelectronic measurements

The bias voltages were supplied by a Keithley 2400 measurement unit
which was also used for current measurements. Unless otherwise specified,
all optoelectronic measurements were performed in vacuum (10~® mbar)
at room temperature, with a continuous wave laser illumination at 647 nm.
The setup for optoelectronic measurements is presented in Fig. S5. Laser
light is directed towards the sample by the beam splitter BS1, and the
focus position is set by a piezoelectric stage mounted to the x50 objective
with a numerical aperture NA = 0.65. Light reflected or re-emitted from the
sample is split by BS2 and collected by the CCD camera (Andor Ixon) and
the spectrometer (Andor Newton).

Determination of waveguide losses and MoS, absorption

For measurement of waveguide losses and MoS, absorption, laser light
with a wavelength of 647 nm is focused on the input grating, and light
emission from the output grating is quantified with the number of counts
measured in the CCD camera. By comparing counts measured for a
reference structure, waveguide losses and MoS, absorption can be
extracted. In order to remove the reflected light, a cross-polarization
scheme was used. Laser light is first polarized along the grating coupler
lines, and the waveguide makes a turn so that emitted light in the output
grating is polarized perpendicularly to incident light (see right inset in Fig.
S5). Since the polarization of reflected light is the same as for incident light,
we can remove laser reflection without affecting light emission form the
output grating.
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author on reasonable request.
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