Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 April 2021 d0i:10.20944/preprints202104.0119.v1

Communication

Fabrication and Characterization of Near Infrared
Molybdenum Disulfide/Silicon Heterojunction Photodetector
by Drop Casting Method

Haroon Rashid 1*, Norhana Arsad *, Harith Ahmad 23, Ahmad Ashrif A. Bakar ! and Mamun Ibne Reaz *

1 Department of Electrical, Electronic and Systems Engineering, Faculty of Engineering and Built Environ-
ment, Universiti Kebangsaan Malaysia, 43600 UKM Bangi, Selangor, Malaysia; haroon@ukm.edu.my (H.R.);
noa@ukm.edu.my (N.A.); ashrif@eukm.edu.my (A.A.A.B); mamun@ukm.edu.my (M.L.R.)

2 Photonics Research Centre, University of Malaya, 50603 Kuala Lumpur, Malaysia

3 Department of Physics, Faculty of Science, University of Malaya, 50603 Kuala Lumpur, Malaysia

Correspondence: haroon@ukm.edu.my (H.R.); noa@ukm.edu.my (N.A.); mamun@ukm.edu.my (M.LR.)

Abstract: In this work, a highly efficient, molybdenum disulfide (MoS:z) based near infrared (NIR)
heterojunction photodetector is fabricated on a Si substrate using a cost-effective and simple drop
casting method. A non-stoichiometric and inhomogeneous MoS: layer with a S/Mo ratio of 2.02 is
detected using energy dispersive X-ray spectroscopy and field emission scanning electron micro-
scope analysis. Raman shifts are noticed at 382.42 cm™ and 407.97 cm, validating MoS: thin film
growth with a direct bandgap of 2.01 eV. The fabricated n-MoS:/p-Si photodetector is illuminated
with a 785 nm laser at different intensities, and demonstrate the ability of the photodetector to work
in both regions, the forward biased and reverse biased from above 1.5 V and less than -1.0 V. The
highest responsivity, R is calculated to be 0.52 A/W while the detectivity D* is 4.08 x 10'° Jones for
an incident light intensity of 9.57 mW/cm?. The minimum rise and fall times are calculated as 1.77
ms and 1.31 ms for an incident laser power of 9.57 mW/cm? and 6.99 mW/cm? respectively at a direct
current bias voltage of 10 V. The demonstrated results are promising for the low-cost fabrication of
a thin MoS: film for photonics and optoelectronic device applications.
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1. Introduction

Transition metal di chalcogenides (TMDC) have recently drawn a lot of interest ow-
ing to their exceptional optical and electronic properties, which give them value for opto-
electronic applications. TMDC have a typical structure of MX2, where M being a transition
metal, commonly Mo and W and X being a chalcogen such as S and Se. Amongst these
TMDC, MoS: has the layered structure of S-Mo-S with one Mo atom covalently bonded to
two S atoms. Furthermore, MoS: has a particular advantage over graphene in that gra-
phene has a zero bandgap, while monolayer MoS: has an indirect bandgap of 1.29 eV and
direct transition starts from 1.8 eV. Also, it has stable crystalline structure, size dependent
bandgap and found in either semiconductor or metallic nature. It is widely reported in
various applications ranging from sensors, transistors, and solar cells to optical fiber lasers
and photodetectors 110,

MoS:2 can be synthesized using a variety of techniques, depending on the properties
that the application requires. In its bulk form, these 2D materials have weak Van der
Waals forces between the layers, and as such mechanical exfoliation has been an easy and
common method of obtaining 2D material films that are a few layers in thickness. In fact,
the use of scotch tape has been reported extensively as a simple method of obtaining a
MoS: film that are only a few layers thick, but not appropriate for sizable production due
to its inability to control the shape of the flakes obtained, nor their thickness and size ''. In
anticipation of a single atomic layer, or two to three layers thick MoS: films, liquid
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exfoliation is instead used. Also, ultra-thin layers are obtained by the sonication of an ex-
foliated solvent. The drawback of this approach however is that the process can cause
defects in the fabricated layers and reduce the number of layers obtained, thus limiting its
applications 2 3. Another widely used method to obtain thin MoS:2 layers is chemical va-
por deposition (CVD) where atomically thin layers can be synthesized by thermal evapo-
ration or sulfurization on a precursor reagent such as Mo, MoO: and MoQOs > 6. However
by using this approach, the obtained films are polycrystalline in nature and incorporate
small crystallite deposits, making it difficult to control the layers 1718, In this regard, the
drop casting method has become a popular technique for depositing MoS: layers onto a
photonic surface due to simplicity, high stability, and reproducibility for larger scale pro-
duction. Significant reports have already demonstrated the potential of this fabrication
method, capable of generating highly stable, reproducible, and efficient thin films 1922,

In the development of photodetectors, 2D materials play a vital role in increasing the
performance and reliability of the photodetector. In this regard, the number of MoS2 layers
has a great impact on the performance of the photodetector. Mechanically exfoliated sin-
gle, double, and triple layers of MoS, labelled as 1L, 2L and 3L respectively are used to
fabricate a phototransistor with the reported optical bandgap for the 1L being 1.82 eV, 1.65
eV for the 2L and 1.35 eV for the 3L. The fabricated devices based on the 1L and 2L have
high performance detection under green light illumination while the 3L based photode-
tector is only sensitive when illuminated by under the red wavelength region °. A reduced
bandgap allows for the detection of light across a wider range of wavelength, and closer
to the near infrared (NIR) region for MoS2multiple layers thick. Similarly, ultraviolet (UV)
to infrared (IR) photo-detection has been reported previously using thin films obtained
by mechanical exfoliation 2*. Moreover, NIR photodetector has also been realized by
multi-layer MoS: flakes obtained via chemical exfoliation ». Recently, a broadband UV-
visible-NIR (UV-Vis-NIR) photodetector using the aforementioned 2D material is re-
ported, with a detectivity of 10'° Jones and a responsivity of 0.0084 A/W that demonstrates
good performance .

In this work, a low-cost and highly efficient heterojunction photodetector device us-
ing MoS:2 thin film deposited on the surface of a Si substrate by drop casting technique is
proposed and demonstrated. The n-MoS:/p-Si photodetector device is characterized for
its structural, optical, morphological, and compositional properties by Raman, photolu-
minescence (PL), field emission scanning electron microscope (FESEM) and energy dis-
persive X-ray (EDX) spectroscopy, respectively. The device is further characterized for its
optoelectronic properties by current-voltage (IV) measurement system under illumination
and dark conditions using a 785 nm near infrared (NIR) light source.

2. Materials and Methods
2.1. Device Fabrication

The MoS: based heterojunction photodetector device is fabricated employing the
drop casting technique. The boron (B) doped crystalline silicon (c-Si) wafer is used as the
p-type substrate in this device configuration. A thin layer of MoS: serves as the n-type
layer to establish a heterojunction with p-Si, as revealed in Figure 1.

r Drop Casting

Evaporation

Figure 1. Schematic diagram of drop-casting thin MoS: layer on top of p-Si substrate.

The pristine MoS: nano-flakes are obtained from the Graphene Supermarket in an
ethanol/deionized (DI) water solution. The pristine nano-flakes have a concentration of 18


https://doi.org/10.20944/preprints202104.0119.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 April 2021 d0i:10.20944/preprints202104.0119.v1

mg/L with a lateral size of 100 nm - 400 nm. The MoS: solution is first sonicated for 30 min
at 80 °C and at the same time the p-5Si wafer is cut into 3 cm x 2 cm rectangular shape. The
substrate on the other hand is cleansed ultrasonically using isopropyl alcohol (IPA) and
deionized (DI) water for 20 and 30 min respectively to eliminate any contaminants from
the surface before being dried using pure nitrogen (N2) gas. Subsequently, a hotplate is
heated to 60°C and the substrate is placed on top of it for pre-deposition heating for 5 min.
Approximately 5 ul of the MoS: solution using a micropipette is drop casted onto the sur-
face of the p-Si substrate. After about 5 min, the sample is removed from the hotplate and
kept in a desiccator for 24 hrs. to dry naturally. Finally, the electrodes are formed by silver
(Ag) paste deposited on both the p-5Si and n-MoS: surfaces to form the conductive contacts.
The schematic diagram of the fabricated heterojunction device is presented in Figure 2 (a).
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Figure 2. (a) Schematic diagram of fabricated n-MoSz/p-Si heterojunction photodetector. (b) En-
ergy band diagram of n-MoSz/p-Si in isolated state.

2.2. Characterization & Device Measurement

The surface morphology of the fabricated device is obtained using a JEOL JSM7600F
FESEM, while compositional analysis and mapping are performed using an Oxford In-
struments EDX. An inVia confocal Raman microscope with 532 nm illumination is used
to obtain the elemental composition of the heterojunction device. The optoelectronic char-
acteristics of the heterojunction n-MoS:/p-Si photodetector is measured under 785 nm il-
lumination at the NIR region. A Keithley 2410 — 1100 V SourceMeter® is used to obtain
the IV curves between -10 V to 10 V. The distance from the surface of photodetector to the
laser source is kept constant at 2 cm and the effective area (A) is calculated to be 0.0706
cm? The power densities of the illumination source are varied (6.06 mW/cm?, 6.99
mW/cm?, 8.05 mW/cm? and 9.57 mW/cm?). The photodetector’s time-based responses are
collected using a Yokogawa DLM?2054 mixed signal oscilloscope. The bias voltages (Vs)
are varied from 1.0 V to 10.0 V with an interval of 1.0 V. The Stanford Research Systems’
DS345 - 30 MHz synthesized function generator (SFG) is used to modulate frequency sig-
nals from 1 Hz to 20 kHz for testing the photodetector. All the measurements are obtained
at the ambient conditions.

3. Results & Discussion
3.1. Raman & Photoluminescence

Figure 3 (a) provides the Raman spectra of the fabricated heterojunction n-MoS:/p-Si
photodetector from 200 cm to 900 cm™. From the figure, three dominant peaks are ob-
served, with the most intense peak witnessed at 520.40 cm'. This peak is attributed to c-Si
that is present in the substrate. Another two peaks are noticed at 382.42 cm and 407.97
cm! which is the in-plane E'2; phonon mode of MoS: whilst the second peak is the Aig out-
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plane mode. These two peaks confirm the successful development of MoS: thin film 7.
The distance (A) between the modes is calculated to be nearly 25.55 cm with the weak
van der Waals interlayer forces between the sulfur (S) atoms in particular resulting in the
lattice vibrations. These findings are consistent with previous research 2. The photolumi-
nescence (PL) spectra of the MoS:z is given in Figure 3 (b) and from this the energy bandgap
is calculated. A direct bandgap of 2.01 eV is obtained, indicating the successful deposition
of a n-type MoS: thin film from the drop casting technique 2 3.
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Figure 3. (a) Raman spectra of heterojunction n-MoS/p-Si photodetector device and (b) PL spectra
with respect to energy bandgap of MoS thin film.

3.2. FESEM & EDX

The surface morphology of the MoS: thin film grown on top of the p-Si substrate is
presented in Figure 4 (a). From the figure, it can be observed that the nano-flakes formed
have a general length of 2.0 microns and width of 0.7 micron, together with several nano-
particles of 100 nm to 1 pum diameter. The surface of the film appears rough and inhomo-
geneous which is attributed to the coffee ring effect that normally occurs during the drop
casting of most materials. This effect is unavoidable and is faced almost constantly as re-
ported by many other research groups 3. Elemental compositional analysis obtained by
EDX is depicted in Figure 4 (b) for fabricated device. The weight and atomic percentages
of present elements are tabulated as the inset in Figure 4 (b), where the presence of C, O,
Mg, Na, Al, K, Si, Ca, S and Mo can be confirmed. The normalized atomic % ratio of S/Mo
is calculated to be 2.02 and confirms the non-stoichiometric layer growth of the thin MoS:
film on top of the Si substrate 2.
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Figure 4. (a) Surface morphology of thin MoS: film drop casted on top of Si wafer and (b) Ele-
mental compositional analysis of heterojunction n-MoS:/p-Si photodetector by EDX.

3.3. Mapping
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The distribution of Mo, S, O and Si elements in the heterojunction n-MoSz/p-Si pho-
todetector is acquired from EDX mapping analysis. The scanning results are given in Fig-
ure 5, with each element classified in different colors indicate its distribution in the device.
The red and green colors are used to represent the scattering of the Mo and S elements on
the scanned surface, whereas the blue color and grey colors show the distribution of the
O and Si.

1 Pm  — Mix | [¢)

Figure 5. Elemental distribution mapping of heterojunction n-MoSz/p-Si photodetector.

3.4. IV Measurement

IV measurements are performed to analyze the opto-electronic properties of the het-
erojunction n-MoS2/p-5Si photodetector at 785 nm with NIR illumination source in the light
and dark conditions. The photodetector is illuminated at various power densities e.g., 6.06
mW/cm?, 6.99 mW/cm?, 8.05 mW/cm? and 9.57 mW/cm? to attain the IV curves. Figure 6
(a) shows the logarithmic IV curves obtained under dark and illuminated conditions
within the bias voltage range of -10 V to 10 V. In Figure 6 (b), the linear IV curves can be
observed from -10 V to 10 V for both dark and illuminated conditions and confirms the
successful establishment of a p-n junction between the p-Si and n-MoS: layers. The thresh-
old voltage is observed to be around 1.5 V in the forward biased region and around -1.0
V in the reverse biased region. This indicates that the fabricated device can only operate
at 1.5 V and above in the forward biased region and -1.0 V and below in the reverse biased
region under illumination and dark conditions. Figure 6 (d) represents the IV curves of
the fabricated device in the reverse biased region from -5 V to 0 V while Figure 6 (e) shows
the IV curves in the forward biased region from 0 V to 5 V. The current is also found to be
linear with respect to the bias voltages in the reverse and forward biased regions, thus
confirming the ability of the fabricated heterojunction photodetector to operate at two dif-
ferent regions.

Figure 2 (b) shows a schematic band diagram to help in understanding the opera-
tional mechanism of the fabricated heterojunction n-MoSz/p-5i photodetector device. A
built-in potential at the interface enables the separation of photocarriers generated as the
device is exposed to a light source at the wavelength of 785 nm in the light spectrum,
resulting in the formation of a photo-response. The barrier height is shortened, and the
separation of holes and electrons is stimulated as the voltage drop is applied between the
electrodes. The valence band electrons are influenced to the conduction band. The p-type
layer (p-Si) serves as the hole collector, while the n-type layer (n-MoS2) passes the elec-
trons from the higher energy band to the lower energy band. The responsivity (R) of the
photodetector is measured from Equation 1, where limumination is the current under various
illumination conditions, luis the dark current, Pusr is the power of the laser source and
A is the effective area of the 785 nm incident light 1%2.33, Figure 6 (f) shows the relationship
between the maximum value of R as calculated for various incident laser power densities
ata 10 V bias voltage.
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Lyumination — 1
R = illumination dark (1)
Plaser x A

The detectivity (D¥) of the fabricated device can be calculated from Equation 2, where
R is the function of D* 2.3, Figure 6 (f) shows the power densities with their dependency
on D*. A linear function is evident for both R and D* with respect to power densities. The
maximum value of R is computed to be 0.52 A/W and D* as 4.08 x 10'° Jones for an incident
power density of 9.57 mW/cm?.

A

D*=R
qudark

)

The correlation of D* in regard to DC bias voltage in the span of 0 V to 10 V can be
pragmatic from the Figure 6 (c) where it is calculated for various illuminated power den-
sities in the NIR region. It is very interesting to observe the detectivity trend of fabricated
device, the value of D* increases with the increase in bias voltages until it approached 4.8
V to 5V where the maximum value of D*is computed. After 5V, the value of D* decreases
gradually while a slight rise is observed after 9 V.

Figure 7 signifies the time dependent current responses of various power densities
illuminated under 785 nm at DC bias voltages (3 V, 5 V and 10 V). Figure 7 (a) indicates
the response times for a power density of 6.06 mW/cm?, Figure 7 (b) for a power density
of 6.99 mW/cm?, Figure 7 (c) for a power density of 8.05 mW/cm? and Figure 7 (d) for a
power density of 9.57 mW/cm?. The modulation frequency is set to 1 Hz throughout the
measurement.
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Figure 6. (a) Logarithmic IV curves of heterojunction n-MoSz/p-Si photodetector under light and
dark conditions from -10 V to 10 V bias voltage, (b) Linear IV curves under dark and illumination
conditions from -10 V to 10 V bias voltage, (c) Detectivity as a function of DC bias voltage from 0 V
to 10 V for various power densities i.e., 6.06 mW/cm?, 6.99 mW/cm?, 8.05 mW/cm? and 9.57
mW/cm? at 785 nm, (d) Partially magnified IV curves in the reverse biased region from -5 Vto 0 V
under dark and illumination conditions, (e) Partially magnified IV curves in the forward biased
region from 0 V to 5 V under dark and illumination conditions and (f) Power density dependent
responsivity and detectivity of fabricated heterojunction photodetector device illuminated in the
NIR region.
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Figure 7. Time dependent current responses of fabricated n-MoS:/p-Si heterojunction photodetec-
tor functioned at DC bias voltages of 3 V, 5V and 10 V in the NIR region with various power den-
sities (a) 6.06 mW/cm?, (b) 6.99 mW/cm?, (c¢) 8.05 mW/cm? and (d) 9.57 mW/cm?2.

Table 1 shows the rise and fall times of the fabricated heterojunction photodetector
when illuminated at 785 nm for various intensities at bias voltages (DC) of 3V, 5V and 10
V. A decreasing trend is observed when comparing the rise time of the various power
densities with the increase in the bias voltages (DC) from 3 V to 10 V except for the inten-
sity 9.57 mW/cm? where no specific trend is observed. In the case of fall time, a non-linear
trend is observed with the rise in bias voltages and the same movement is found when
compared among various power densities. The rise time among various power densities
has an increasing pattern within the same bias voltage except for 5 V.

Table 1. Rise & fall times of various power densities illuminated at 785 nm for heterojunction n-MoSz/p-Si photodetector at 3V, 5V

and 10 V DC bias voltages.

Power Density

DC Bias Voltage
3V 5V 10V
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Rise Time Fall Time Rise Time Fall Time Rise Time Fall Time
(ms) (ms) (ms) (ms) (ms) (ms)
6.06 mW/cm? 8.72 1.45 2.06 1.39 1.85 1.44
6.99 mW/cm? 2.07 1.40 1.87 1.44 1.82 1.31
8.05 mW/cm? 2.05 1.41 1.96 1.45 1.78 1.45
9.57 mW/cm? 1.92 1.44 2.03 1.48 1.77 1.38

Figure 8 (a) gives the time dependent responses of the generated current at several
bias voltages (DC) from 1 V to 10 V with an interval of 1 V at modulation frequency of 1
Hz under 785 nm illumination. The results obtained from the figure are comparable to the
IV measurement, and it can be seen form the IV curves that the threshold voltage level is
between 1 V to 2 V in the forward biased region. The same can be noticed from the time
dependent responses where there is no response recorded at 1 V. Overall, there is an in-
creasing trend observed as the bias voltage increases. The rise and fall times are calculated
and presented in Table 2. The shortest rise time observed is 1.47 ms with a fall time of 1.09
ms under a 2 V bias voltage. The maximum rise time of 2.02 ms is seen for a bias voltage
of 6 V. In the range of 4 V to 6 V, the rise time and fall times are quite close in terms of
their numerical values which indicates the saturation level of the device’s detectivity, and
it is in good agreement with the calculated values of D* as presented in Figure 6 (c).
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Figure 8. (a) Time dependent illuminated current responses in the NIR region at 785 nm illumina-
tion at numerous DC bias voltages from 1V to 10 V with an interval of 1 V, (b) Time dependent
current responses for various modulation frequencies from 1 to 20k Hz under illumination with
red laser source for fabricated heterojunction n-MoSz/p-Si photodetector at bias voltages, V=3V,
() Ve=5.0Vand (d) Vs=10.0 V.

Table 2. Rise time and fall time calculated from the time dependent current responses for numer-
ous bias voltages from 1 V to 10 V for n-MoSz/p-Si heterojunction photodetector.

DC Bias Voltage Rise Time Fall Time
V) (ms) (ms)
1.0 - -
2.0 1.47 1.09
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3.0 1.59 1.38
4.0 1.94 1.41
5.0 1.96 1.41
6.0 2.02 1.40
7.0 1.88 1.38
8.0 1.90 1.39
9.0 1.87 1.45
10.0 1.88 147

The time dependent current responses for a variety of modulation frequencies i.e. 1
Hz, 10 Hz, 50 Hz, 100 Hz, 500 Hz, 1 kHz, 5 kHz, 10 kHz and 20 kHz are given in Figure 8
(b) for bias voltage (DC) of 3.0 V, Figure 8 (c) for 5.0 V and Figure 8 (d) for 10.0 V under
785 nm illumination. The rise and fall times are computed and tabulated in Table 3. The
minimum rise time is observed to be 15.52 ms at 3.0 V, 17.79 ms at 5.0 V and 16.30 ms at
10.0 V for 20 kHz frequency. The minimum fall time is seen to be 15.04 ms at 3.0 V, 14.16
ms at 5.0 V and 14.58 ms at 10.0 V for 20 kHz modulation frequency. A linear decreasing
trend is observed towards higher modulation frequencies for both rise and fall times.

Table 3. Rise and fall times calculated from the time dependent current responses at a variety of modulation frequencies from 1 to
20k Hz under red laser source illuminated at 785 nm for 3 V, 5 V and 10 V DC bias voltages.

Bias Voltage (DC)
Frequency 3V 5V 10V

(Hz) Rise Time Fall Time Rise Time Fall Time Rise Time Fall Time

(ms) (ms) (ms) (ms) (ms) (ms)

1 328.43 381.04 310.21 376.59 359.4 372.22

10 210.8 239.67 249.73 297.54 204.46 261.62

50 100.32 183.14 124.24 198.44 117.21 214.05

100 20.68 35.09 32.37 53.57 31.82 45.10

500 16.68 22.50 19.58 25.17 19.25 23.78

1k 16.33 15.93 19.56 15.45 17.06 15.62

5k 16.15 15.87 18.29 14.28 17.5 15.22

10k 15.72 15.64 17.93 14.27 16.95 15.07

20k 15.52 15.04 17.79 14.16 16.30 14.58

The performance of the proposed photodetector in this work against other MoS2 het-
erojunction structure-based devices is tabulated in Table 4. From the results, it can be seen
that the proposed device is highly responsive in the NIR region with D* calculated as 4.08
x 10 Jones. Therefore, the proposed photodetector structure which is fabricated using
drop casting the nanoparticle solution onto the surface of the substrate can realize the
development of MoS: applications in sensors, detectors, photovoltaic as well as photode-
tectors at large scales with lower costs.

Table 4. Performance parameters comparison of several MoS: based heterojunction photodetector
devices.

Structure Methodology R (A/W) D* (Jones) Reference
n-MoS:/p-Si Drop Casting 0.52 4.08 x 10" This work
MoS:z/Sapphires CVD 0.0084 1010 2
MoSz/c-Si Sputtering 0.3 101 34
a-51/MoS2 Mechanical Exfoliation 0.21 - 3

p-MoS2/n-5i Mechanical Exfoliation 7.2 100 36
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MoS2/Flat GaN CVD and Transfer 0.16 - 37
MoSz/Patterned GaN CVD and Transfer 0.25 5.6 x 108 37
Au-NPS/MoS:2 Hydrothermal 0.04603 - 38

4. Conclusion

In this work, a highly efficient heterojunction n-MoSz/p-Si photodetector is fabri-
cated, and its performance demonstrated. Characterization analysis of the fabricated de-
vice gives Raman shifts at 382.42 cm! and 407.97 cm’, validating the presence of MoS:
thin film that is deposited using a cost-effective and simple drop casting method. The
normalized S/Mo ratio is found to be 2.02 with a direct bandgap of 2.01 eV for an inhomo-
geneous and non-stoichiometric MoS:z layer. The photodetector is revealed to various light
intensities at 785 nm, with the threshold voltages found to be at 1.5 V in forward bias
region and -1.0 V in the reverse bias region. The maximum value of R is calculated to be
0.52 A/W and D* as 4.08 x 10 Jones for an incident power intensity of 9.57 mW/cm?2. The
minimum rise time is given as 1.77 ms for an incident laser power of 9.57 mW/cm? and
minimum fall time as 1.31 ms for an incident power density of 6.99 mW/cm? at 10 V DC
bias voltage. The minimum rise time is calculated to be 15.52 ms at 3.0 V for 20 kHz fre-
quency and the minimum fall time is noted to be 14.16 ms at 5.0 V for 20 kHz modulation
frequency. The proposed results would have significant applications in optical devices
such as sensors, detectors, photovoltaic as well as for the large-scale manufacturing of
low-cost photodetectors.
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