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ABSTRACT: Transition-metal dichalcogenides (TMDs) are intensively studied P —— Wltipe reflsctions 10%°
for high-performance phototransistors. However, the device performance is limited 10%k from DBR Sy e 1
by the single photoexcitation. Here, we show a unique strategy in which . Mr; ,%M {10"
phototransistor performance can be boosted by fabricating the device on top of a % 10% q \ oeRd 1 £
distributed Bragg reflector (DBR). Monolayer molybdenum disulfide (MoS,) and L e o
tungsten disulfide (WS,) phototransistors were fabricated on DBR and SiO, £ 10 ;\~ ) 3 v % 1 &
substrates for comparison. Furthermore, phototransistor performances including é T By e Saupeme j10° €
photocurrent, responsivity, photoinduced mobility, and subthreshold swing = ) f WS, onDBR it i 32
highlight 582 times enhancement in photoresponsivity ratio and 350 times 107k \j\:' 0,5 10°
enhancement in photocurrent ratio in the DBR sample using transparent graphene 1 MoS, on Si0, 1
electrode and hBN encapsulation. 10— o 5 ' g 1o°
Vg (V)

Itrahigh exciton binding energy (up to a few hundred conventional SiO, substrates. Furthermore, optically trans-

meV) results in a strong light—matter interaction in two- parent graphene and hexagonal boron nitride (hBN) were used
dimensional (2D) van der Waals (vdWs) layered TMDs.' ™ In as a gate electrode, gate dielectric, and encapsulation layer for
particular, one-atom-thick (~0.7 nm) molybdenum disulfide uninterrupted photon transport during device operation.
(MoS,) and tungsten disulfide (WS,) exhibit direct band gap, Phototransistor properties are investigated in detail using
ultrahigh photodetection, and high transistor performance and different electrical fields and temperature conditions. Our
could be ideal for next-generation imaging, sensing, optical results clearly demonstrate that the boosted phototransistor
communication, optical computing, and biomedical applica- performance can be achieved using the DBR substrate
tions.*”” Furthermore, two-dimensional graphene can be used approach.
as conducting optical absorbers.”” One of the major DBR was fabricated using a low-refractive-index material (n
bottlenecks in phototransistors is the lack of eflicient = 1.46 of Si0,) and another high-refractive-index (n = 2.16 of
management of the incident photon. A comparably insignif- Ta,0;) material consecutively using an e-beam evaporation
icant research focus was employed on this aspect compared to system.'”*” To achieve DBR reflectance close to 100% and a
the electrical device structure of active TMD materials.'’™"* DBR window covering the MoS, absorption energy, 12.5 pairs
For example, high crystallinity of TMDs, different transistor of consecutive SiO,/Ta,O; layers were optimized with SiO,

device structures, be‘tter ele‘ctrical. contact, .and ellectrical thickness around 114 nm and Ta,O; thickness around 81 nm,
Schottky c'ontact barrier was _1171\17gft118gated h(?avﬂy to improve respectively. Similarly, SiO, thickness of 108 nm and Ta,O4
phototransistor performance. In particular, the current thickness of 73 nm were optimized for WS, All two-

phototransistor uses excited photons dominantly from the top dimensional (2D) materials such as MoS, WS,, hBN, and

of the substrate. This limits the phototransistor performance. graphene were obtained by the conventional mechanical

‘ﬂt?rnétwe approaches are necessary to achieve high photo- exfoliation method. The transistor was fabricated by starting
excitation and phototransistor performance. - .
with the graphene gate electrode transfer using a dry transfer

Here, we demonstrate a nf)vel approach for enhancing method described elsewhere.”’ This aligned dry transfer
photoexcitation and phototransistor performance of the TMD

active layer by fabricating the transistor on top of a DBR
reflector. Single photoillumination on the device results in Received: November 23, 2022
multiple reflections from the half DBR (h-DBR) substrate and, Accepted: December 14, 2022 &
consequently, phototransistor performance was boosted Published: December 22, 2022 o’

compared to the non-DBR substrate. In this novel approach, “ @
both TMD materials (MoS, and WS,) showed improved
phototransistor properties on DBR substrates compared to

‘®
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method was also utilized to transfer hBN (15 nm) and TMD
(monolayer) layers on top of the graphene gate electrode.
Metal electrodes (Ti/Au of 5/50 nm) were fabricated on top
of the contact region using an e-beam lithograph, followed by a
standard RF-sputtering deposition system. A ~5 nm thick hBN
layer was transferred on top of the device at the end for device
encapsulation. The electrical measurements were carried out in
a closed-cycle refrigerator with 488 nm and 5.26 mW laser
excitations.

hBN-encapsulated MoS, on an hBN substrate (hBN-MoS,-
hBN) shows stable and improved electrical performance.””
Therefore, the hBN-MoS,-hBN heterostructure on a DBR
substrate incorporates multiple photon reflections from the
DBR to enhance phototransistor performance (schematically
represented in Figure la). Figure 1b shows the optical
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Figure 1. Device strategy for boosting TMD-based phototransistor
performance using an h-DBR substrate. (a) Schematic diagram of the
hBN-MoS,-hBN monolayer heterostructure on a DBR substrate
incorporating multiple photon reflections from the DBR to enhance
phototransistor performance. (b) Optical micrographic image of the
heterostructure on an h-DBR substrate. (c) SEM image of the DBR
substrate. (d) Reflectance spectroscopy of the DBR substrate
demonstrates the optical energy window. (e) PL spectra of the
monolayer MoS, on DBR and 300 nm thick SiO, substrate.

micrograph of the fabricated hBN-MoS,-hBN heterostructure
on the DBR substrate. The top (blue) and bottom (green)
hBN were marked with dotted lines for clarity. The monolayer
MoS, region was selected (red circle) for optical character-
izations (demonstrated later). The cross-sectional scanning
electron microscopy (SEM) micrograph of the DBR substrate
is represented in Figure 1c. Consecutive SiO, and Ta,O; layers
were verified by the different contrasts in the image. Figure 1d
shows the reflectance spectrum of the DBR substrate. Almost
100% reflectance was verified between 1.7 and 2.0 eV optical
window, confirming the inclusion of the MoS, absorption
energy close to 1.9 eV. Figure le represents the photo-
luminescence (PL) spectra of the monolayer MoS, on DBR
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(red) and 300 nm thick SiO, substrate (black). Typical A-
exciton (~1.82 eV) and B-exciton (~1.97 eV) peaks in the
monolayer MoS, on the SiO, substrate were observed due to
the near band edge and deep-band excitation, respectively.””**
On the contrary, MoS, on the DBR substrate exhibits a PL
peak near 1.86 eV consistent with the optical window at the
center of the DBR reflectance. A prominent A-exciton peak
shoulder (marked by the blue arrow) suggested the presence of
neutral A-exciton near 1.82 eV. It should be noted that the PL
peak position and intensity were strongly influenced by the
DBR reflectance window central (DBR-induced A-exciton
marked in Figure le). The photogenerated excitons on the
DBR substrate clearly fall inside the DBR optical window as
shown in Figure 1d,e. A weak A-exciton peak in MoS, (blue
arrow in Figure le) near 1.82 eV suggests a strong coupling
(~1.86 eV) of the photogenerated excitons on the DBR
substrate.

The phototransistor performance of a reference control
device (MoS, phototransistor on 300 nm thick SiO, substrate)
is demonstrated in Figure 2a—f. Figure 2a,b shows the device
structure and optical micrograph image, respectively. Gate-
dependent transfer characteristics (Id—Vg) of the device are
shown in Figure 2c¢ in dark conditions at 17 K. The device
shows typical n-type characteristics of MoS, with an on/off
ratio of around 10° (at V; = 1 V). Photoexcitation on the
device clearly increases I; (solid lines in Figure 2d), showing
typical phototransistor behavior of MoS,. This was verified by
changing Vy = 0.4 V. This shows similar behavior and the
current change between I;-dark and I -light (highlighted by the
black arrow) was similar under identical photoexcitation
conditions. The subthreshold swing (SS) of the device was
extracted under dark and light conditions, represented in
Figure 2e/f, respectively. The minimum SS (SS,;,) was
observed close to zero (V, = —0.1 V) of around 279 mV/
dec. In contrast, SS,;, was shifted toward a higher negative V,
(=1 V), suggesting the shift of the charge neutrality due to
photoexcitation. Consequently, the SS_;, value was increased
to 540 mV/dec, as shown in Figure 2f. The phototransistor
performance of an identical MoS, device on the DBR substrate
was much higher as demonstrated in Figure 2g—I. Figure 2g,h
shows the device structure and optical micrograph of the MoS,
device on the DBR substrate, respectively. The corresponding
13—V, graph is represented in Figure 2i, showing a lower off-
current level (107'° A) compared to the SiO, device.
Interestingly, a much higher photocurrent on/off ratio was
observed (highlighted by the black arrow in Figure 2j)
compared to the SiO, device (Figure 2d). This enhancement
in the photocurrent on/off ratio strongly suggests the
phototransistor performance enhancement due to multiple
reflections of the incoming light from the DBR substrate. The
SS.in Values were similar to the SiO, device for both dark (113
mV/dec) and light (519 mV/dec) conditions (see Figure 2k1).

The photocurrent (I, = Lighe — I3,u) and responsivity (R =
Ip,/PA, where P = light power over area A) enable us to
determine the Iy, ratio ((Ihght — Ijan)/Iian) and normalized-R
(Ip, ratio/PA), respectively. The device dimensions (channel
length ~ 14 ym) and device structures for all SiO, and DBR
devices were kept identical for direct comparison. This enabled
us to compare all device performances from different devices to
conclusively extract DBR substrate effects compared to SiO,
reference devices. Figure 3a compares the Ip, ratio and R ratio
of both DBR and SiO,-based samples at 17 K. DBR sample
shows around 203 times higher I, ratio and 338 times higher

https://doi.org/10.1021/acsomega.2c07518
ACS Omega 2023, 8, 1677—-1682


https://pubs.acs.org/doi/10.1021/acsomega.2c07518?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07518?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07518?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07518?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(a) _ () (d) (e)
Control device 107 107 .
T Vi =0.32V Vg=1V | Dark, 17 K 10
-8 H 9 —
S [ Mos, | D 10 ‘ 10 = 107 110°8
.......... o
-9 £ 1 »11!“ v 1o4§
10 10° <10 \ €
i r e
1010 ® 1o J10° 9
. 1010 10_15[ »(‘).1 IV, .27? I V/‘de(l: _60 mV/deo] 10?
10 5432101234567
(b) 17 K (Dark) | 10-11 (f) .
1072 Vd (V)= 10° FLight, 17 K 10
_12 10710 100G
1013 ;8 10 Laser = » §
o8 excitation | & 10° 103
14 [ 107 488nm, | %40 =
10 — 04 , =107 50
— 02 y 5.26 mW o 10°a
020 2 a6 O 0 2 4 6 el 0mvdee 0
V. (V V(v 5432101234567
5 (V) e (V) v, )
ORS (K)o 1o
r
10° 1oy "
%1042: ° é
101 < B E
= 10™ 10 8
P
10" 1oy 1.4V, 113mVidec | ,q
10-12 1o 5-4-3-2-10123 45267
17 K (dark) 10 : :
” ” 0} Light, 177K_—1¢¢
vd (v1)— 10 mg,\ _
—o08| 10M™ govp A 1°'§
—0.6 i(;wo’” E E 1035
N 107 - ]
8'; ol -2.3V, 519 mV/dec o
’ -16 110
02 46 o L

5432101234567
Vg (V)

Figure 2. Phototransistor performance of a monolayer MoS, on 300 nm thick SiO, and DBR substrate: (a) schematic diagram of the device
structure. (b) OM image of the fabricated device. (c) Transfer characteristics (Id—Vg) of the device under dark conditions. (d) Phototransistor
performance of the device under different source—drain voltages. (e, f) Subthreshold swing (SS) variations of the device under dark and light
conditions, respectively. (g, h) Schematic diagram and OM image of the device, respectively. (i) Transfer characteristics of the device under dark
conditions. (j) Phototransistor performance of the device under different temperatures. (k, 1) SS variations of the device under dark and light
conditions, respectively.
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Figure 3. Comparison of all phototransistor performance parameters at different temperatures. (a) Photocurrent and responsivity ratio comparison
at 17 K. (b—d) Responsivity ratio variations at 100, 200, and 300 K, respectively. (e) Photocurrent, (f) photocurrent ratio, (g) responsivity, and (h)
responsivity ratio variations under different temperatures for both samples.

normalized-R compared to the SiO, sample. This was achieved sample (Figure 3b). The highest I, ratio and normalized-R of
by the incorporation of multiple photoexcitation of the MoS, 350 and 582 W7, respectively, were observed at 50 K.
phototransistor from the DBR substrate. The normalized-R However, with the increasing temperature, the normalized-R

was elevated at 100 K (508 times higher R ratio) in the DBR decreases (120 times at 200 K, Figure 3c) and almost becomes
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Figure 4. Phototransistor performance of a monolayer MoS, and WS, transistors on the DBR substrate w.r.t. MoS, on SiO, substrate. (a) Mobility
vs carrier density comparison at 17 K under dark and light conditions. (b) The corresponding mobility variations with V,. (c) Photoinduced carrier
mobility (in light conditions) variations with V, at different temperatures. (d, e) Schematic diagram and OM image of the device, respectively. (f)
Photocurrent and responsivity ratio comparison of all samples in different V.

identical to the SiO, sample at room temperature (0.45 times
at 300 K, Figure 3d). All phototransistor performance
parameters (such as Ip,, Iy, ratio, R, and normalized-R) were
compared at different temperatures for both samples (Figure
3e—h). It Is evident from Figure 3e that, the photocurrent stays
nearly flat throughout the whole temperature range for both
samples. However, I, ratio decreased sharply in the SiO,
sample at 200 K and remained flat at lower temperatures
(Figure 3f). In contrast, Iy, ratio increases gradually up to 100
K in the DBR sample and remains almost flat at lower
temperatures. This phenomenon is drastically different from
traditional non-DBR-based phototransistors.*~” The reduction
in electron—phonon scattering with the reduction in temper-
atures could be the reason behind these observations and
further investigations are required. A similar tendency was
observed for R dependence with temperature (Figure 3gh). R
stays nearly flat throughout the whole temperature range for
both samples. Furthermore, normalized-R increased in the
DBR sample and decreased in the SiO, sample with reduced
temperatures. These observations clearly highlight that the
phototransistor performance (Ip, ratio and normalized-R) was
improved under low-temperature conditions (Figure 3fh) in
MoS, on the DBR substrate compared to the SiO,-based
device.

The carrier mobility vs carrier density plot (Figure 4a)
clearly shows almost identical mobility near the on state
(density ~ 10" cm™) in the DBR sample. However, the
mobility sharply decreases in the off state of the device under
dark conditions. In contrast, photogenerated carriers still
persist under illumination, resulting in higher mobilities under
the light condition in the off state. The V,-dependent mobility
plot clarifies the picture (Figure 4b). Figure 4c compares the
Vg-dependent mobility at different temperatures under light
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conditions. Mobility values (in the off state) increase with
increasing temperatures, and almost remain identical in the on
state of the device. These observations clearly suggest that the
enhancement of the photogenerated carrier mobility domi-
nates at higher temperatures under gate-modulated low-carrier-
density region (negative V). To verify our observations with
other TMDs, a WS, phototransistor was fabricated on the
DBR substrate with an identical device structure to the
previous MoS, phototransistor. Figure 4d,e shows the device
structure and optical micrograph of the WS,-based devices,
respectively. Figure 4f summarizes the Ip, ratio and
normalized-R compared to MoS, phototransistors on DBR
and SiO, substrates. It is evident from the plot that the DBR
devices showed higher Iy, ratio and normalized-R for both
TMDs (MoS,, WS,) phototransistors compared to the SiO,-
based device. WS, device exhibits a I, ratio of around 35,612
(normalized-R ~ 1.6 X 10'*), 43 times higher Iy, ratio (72
times higher normalized-R) compared to that of the SiO,-
based device. On the other hand, the MoS, device exhibits 203
times higher Ip, ratio (338 times higher normalized-R)
compared to that of the SiO,-based device. These results
suggest an enhancement in the TMD phototransistor perform-
ance (both MoS, and WS,) due to the incorporation of
multiple photoexcitation from the DBR substrate compared to
the SiO,-based device. The above observations suggest that the
Ip, ratio and normalized-R in a conventional SiO,-based
phototransistor device architecture were dominant by the
photoexcitation from the top of the TMD materials. The
photoexcitation from the bottom side of the TMD was
drastically limited by the poor photon reflection efficiency of
the SiO, substrate compared to a highly reflective DBR
substrate. In contrast, nearly 100% (Figure 1d) of photons
were reflected by the DBR substrate, resulting in extremely
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high photoexcitation both from the top and bottom sides of
the TMD materials (see Figure la). Consequently, the
performance (photocurrent ratio and normalized responsivity)
of the TMD-based phototransistors on a DBR substrate were
significantly higher than that of the conventional SiO,-based
substrate.

Phototransistor performance was boosted in TMD-based
devices utilizing multiple reflections from the DBR substrate.
Nearly 582 times enhancement in photoresponsivity ratio and
350 times enhancement in photocurrent ratio were observed in
the DBR sample compared to SiO,-based devices. The
temperature-dependent investigation highlights improved
phototransistor performance and low temperature compared
to the traditional SiO,-based devices. Furthermore, an identical
WS, device shows similar observations, confirming the
phototransistor performance enhancement for both TMDs
(MoS, and WS,). These results clearly demonstrate that the
existing phototransistor performance can be further enhanced
using our approach.
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