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Synergistically Engineered All Van der Waals GaS-WSe,
Photodiodes: Approaching Near-Unity Polychromatic
Linearity for Multifunctional Optoelectronics

Tawsif Ibne Alam, Sumaiya Umme Hani, Zongliang Guo, Safayet Ahmed,
Ahmed Mortuza Saleque, Md. Nahian Al Subri lvan, Shuvra Saha,

and Yuen Hong Tsang*

Van der Waals (vdW) heterojunctions represent a significant frontier in
post-Moore era optoelectronics, especially in optimizing photosensor
performance through multivariate approaches. Here synergistic engineering
of GaS-WSe, all-vdW photodiodes is investigated, which exhibit broadband
detection (275-1064 nm), multispectral unity approaching linearity, alongside
a substantial linear dynamic range (LDR) of 106.78 dB. Additionally, the
photodiodes achieve a remarkable on/off ratio of 10° and rapid response
edges of 545/471 ps under a 405 nm pulsed source, exhibiting ultralow light
detection capabilities (dark currents ~fA), culminating in a peak responsivity
of 376.78 mA W~ and a detectivity of 4.12 x 10"" Jones under 450 nm
illumination, complemented by an external quantum efficiency (EQE) of 30%
and a fill factor of ~0.33. Based on the analysis of multiple all-vdW devices,
the importance of Fermi-level pinning free metal-2D interface engineering
that enables effective modulation of the Schottky barrier height via vdW metal
contacts is highlighted and meticulous thickness-engineered layers in
developing a robust depletion region within the type-1l GaS-WSe,
heterojunction are employed, ultimately achieving a favorable balance among
photocarrier generation recombination, separation, transport, and extraction.
This comprehensive investigation sets the stage for future developments in
critically engineered next-generation vdW optoelectronic devices.

1. Introduction

Low-dimensional van der Waals (vdW) ma-
terials (vdW-m) with intrinsically passi-
vated basal planes have been at the fore-
front of investigation over the last two
decades, due to their perceived future dom-
inance in the post-Moore era of optoelec-
tronics. With the ease of access to fabri-
cation of atomically thin vdW heterojunc-
tions having clean interfaces for prototyp-
ical demonstration, a substantial amount
of research has been ongoing to estab-
lish their potential in multifunctional op-
toelectronics. Among them, transitional
metal dichalcogenides (TMDC) and metal
monochalcogenides are equally imperative
vdW-m for optoelectronic-sensing applica-
tions, due to enhanced light-matter inter-
action, high charge carrier mobility, layer-
dependent tunable bandgaps, all in the ul-
trathin regime of few atomic layers.['?] GaS,
alayered post-transition metal monochalco-
genide, has demonstrated excellent light—
matter interaction in the ultraviolet—visible
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regime.’] Tts remarkable structural* and phonon dynam-
ics characteristicsl®! suggest promising applications in flexible
optoelectronics. However, the reported low intrinsic in-plane
mobility has hindered its progress in realizing in-plane self-
powered photosensors, till date. Earlier it was suggested that
ultrathin films of gallium monochalcogenides could be suitable
active element candidates for ultraviolet photon harvesting
in vertical tunneling transistors.’) Besides, double peak va-
lence band maxima, as theoretically predicted for ultrathin
GaS, encourage photoabsorption,’] making them suitable
for optoelectronic heterojunction devices. Thus far, reported
photoconductive-type bare GaS,”8! defect-based GaS devices!”!
and heterojunction devices like Gr-GaS-Grl®l and GaS-WS, !
required large operating voltages and demonstrated sluggish
response speeds, necessitating renewed investigation into fa-
vorable layer thickness determination, device structure, and
contact engineering approaches, conducive to self-powered
applications and faster response speeds. It is well established
that self-powered heterojunction optoelectronics benefits from
type-II heterointerface facilitating band bending and enhanced
charge-carrier separation.') However, shifting of the band
edges and Fermi level owing to impetuous layer thickness
modification and emergence of refractory Schottky barrier at
the contact regions due to Fermi-level pinning (FLP) could
nullify these type-II junction benefits. Additionally, despite the
intrinsic passivation of their basal planes, vdW-material-based
photodiodes, even with optimized approaches, typically exhibit
a power exponent a of ~0.9. This indicates the presence of
recombination and trapping processes; however, the underlying
causes have yet to be fully elucidated. The ideal value of a =
1 has thus far remained an unrealistic target, with any value
approaching 1 considered satisfactory. To achieve a value closer
to 1, a well-optimized strategy must be developed, alongside a
renewed focus on understanding the bottlenecks that influence
a. While many assume that defects within the semiconductor
are the primary sources of recombination and trapping, there
has been comparatively little attention given to the role of
contact regions. This is especially critical for large-bandgap
vdW materials like GaS and its heterojunctions, which have not
yet been thoroughly investigated. In the context of transistor
applications involving vdW materials and their heterojunctions,
where charge injection is critical, the contact regions have been
identified as significant bottlenecks due to issues such as FLP,
large Schottky barriers, and elevated contact resistance. This
raises the question of the role that FLP plays in the performance
of vdW photodiodes, particularly when metal-induced gap states
arise as a consequence of FLP. If an ideally optimized vdW pho-
todiode is achieved without recombination or trapping occurring
in the semiconductor and contact regions, can we attain & = 1?
The selection of number of layers is subjective to the applica-
tions of the constituent material and may not be universal for
every aspect; however, a clear strategy has been already adopted
for FLP free application of vdW-m, owing to recent investiga-
tion of vdW transfer metal contacts for efficient current injec-
tion in field-effect transistors (FETs)"'"l and photocarrier ex-
traction in solar cells.[’>) Hence, with meticulous engineering
strategy, we report a photovoltaic type-II, all van der Waals GaS—
WSe, heterojunction photodetector, having thickness, structure,
and FLP resilience optimization of contacts to achieve near-unity
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polychromatic linearity, large linear dynamic range (LDR), broad-
band photovoltaic responsivity with fast response speeds, and
high quantum efficiency with a name coined “all van der Waals”
(a-vdW) due to the integration of the metal contacts with intimate
vdW interaction. Moreover, our systematic investigation on mul-
tiple a-vdW devices along with a control device fabricated using
traditional electron beam lithography (EBL) pattered contacts for
comparison, covering key performance attributes such as junc-
tion potentials, electronic—optoelectronic characteristics, further
endorse, and emphasize the need of meticulous approaches to
be undertaken for reaching an optimum balance among photo-
carrier generation, recombination, separation, transport, and ex-
traction, based on adjusting GaS—W Se, layer thicknesses, device
structure, and integration strategy of metal contacts to achieve
such high performance for multifunctional applications.

2. Results and Discussion

2.1. Device Structure and Characterization of WSe,-GaS
Heterostructure

Figure 1a,b illustrates the schematic of the WSe,-GaS vdW het-
erostructure and an optical microscopic image of an a-vdW pho-
todiode. The fabrication process consists of two distinct steps: the
fabrication of the heterojunction and the integration of the vdW
metal contacts. First, h-BN was exfoliated onto a silicon substrate
with a 300 nm oxide layer. WSe, and Ga$S of appropriate thick-
nesses were also exfoliated and identified using an optical mi-
croscope and were subsequently transferred onto the h-BN layer
using a dry transfer technique. h-BN was chosen as the dielec-
tric material to provide potential screening from charged impu-
rities and adsorbates on the SiO, surface,!**] which could mod-
ulate the carrier-transport characteristics!'’! and influence the
Schottky barrier height between the contacts and the underlying
vdW-m.'8] Hence this optimized design sequentially stacks h-
BN, WSe, ,and GasS layers with precise alignment transfer stage.
In the second step, vdW integration of Ag/Au (38 nm/22 nm)
contacts was achieved through a modified transfer method using
prefabricated contacts on a sacrificial substrate (for further details
on the fabrication process, refer to Section S1 in the Supporting
Information). This approach minimizes FLP and enhances pho-
tocarrier extraction.

To better understand the layer-coupling properties of the pre-
pared heterostructure photodiode, we employed Raman spec-
troscopy, as shown in Figure 1c. For few-layer GasS, the prominent
vibrational modes A';, and A*,,  were identified at 188.16 and
359.58 cm™, respectively, while the less prominent E',, mode
appeared at 296.01 cm™!, consistent with previous reports.!*°]
Likewise, few-layer WSe, exhibited a prominent in-plane mode
E'), at 249.58 cm™' and a weak out-of-plane A,, mode at
256.94 cm~1.[2021] Tn the overlapped region between WSe, and
GasS, all peaks corresponding to the individual layers were ob-
served, indicating a high-quality heterojunction. Moreover, to fur-
ther investigate the charge-transfer characteristics and coupling
effects, we performed Raman intensity mapping and analyzed
the photoluminescence (PL) spectra and mapping. As shown in
the Raman intensity mapping for the peaks at 256.94 cmand
359.58 cm™! in Figure 1d, we observed a notable reduction in
Raman intensity—a phenomenon known as “Raman quench”—
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Figure 1. a) Schematic lllustration of all van der Waals heterojunction photodetector (purple and red spheres represent gallium and tungsten metal
atoms, while blue and yellow spheres represent sulfur and selenium atoms, respectively). b) Optical microscopic image of the device. c) Raman spec-
troscopy of few-layer GaS showing characteristics A';,, E12g, and A%, modes, ultrathin WSe, showing characteristics E',, and A;, modes, and the
heterojunction region showing all the characteristics peaks. d) Raman mapping of A;, mode (256.94 cm™") of WSe, (top) and A21g (359.58 cm™") of
GaS, showing evident uniform Raman quenching in the overlapped regions for both the modes. e) Photoluminescence spectroscopy of ultrathin WSe,
in the bare and overlapped regions of the heterojunction, with the inset showing the PL mapping. Evident PL quenching is observed from both the

spectroscopy and mapping results.

which signifies strong interfacial coupling between the Ga$S and
WSe, flakes.'®?2] The PL spectra in Figure le reveal strong ex-
citonic emission for bare WSe, , while an obviously quenched
PL spectrum is observed in the overlapping region. Furthermore,
the intensity mapping shown in Figure le (inset) demonstrates
uniform quenching effects of PL intensity in the heterointer-
face region, indicating nonradiative recombination in the GaS—
W Se, heterostructure and efficient separation of photogenerated
electron—hole pairs.[?*] These results from Raman scattering and
PL spectra indicate a well-coupled, pristine heterointerface suit-
able for photodetection mechanisms.

Atomic force microscopy (AFM) was employed to obtain the
height profile of the prepared heterojunction photodetector, as
shown in Figure 2a. The height profile analysis revealed the
height of the GaS flake was ~8.5 nm, (%10 layers), while the
WSe, flake had a heightofaround 3 nm, (=4 layers), confirming
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the thicknesses of the layers used in constructing the heterojunc-
tion. To better understand the charge-transport characteristics,
ultraviolet photoelectron spectroscopy (UPS) was employed to de-
termine the complete energy level alignment before contact (Sec-
tion S2, Supporting Information). The work functions (®) of GaS
and WSe, were estimated to be 4.19 eV and 4.38 eV, respectively,
calculated from the difference between the second electron cutoff
energy and the photon energy of the He I light source (21.21 eV),
as outlined in Section S2 and Figure S2a,b (Supporting Informa-
tion). The valence band edges of GaS and WSe, were found to be
2.41 and 0.38 eV lower than their respective Fermi energies (E),
as shown in the insets of those figures. Additionally, we employed
Kelvin probe force microscopy (KPFM) to investigate the Fermi-
level adjustments at the heterojunction (Figure 2b), revealing a
surface potential difference (SPD) of #200 mV across the hetero-
junction (details of the calculation can be found in Section S3 in
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Figure 2. a) AFM image of the heterojunction region with corresponding height profiles showing a thickness of GaS and WSe, layer of 8.5 nm (region
A) and 3 nm (region B), respectively. b) KPFM image of the heterojunction region with the corresponding SPD profile, showing an SPD of ~200 mV.
c) Cross-sectional HR-STEM image of the all-vdW region of the heterojunction, showing (from bottom) h-BN, WSe,, GaS, and vdW contact, with pristine

interfaces between constituent junctions.

the Supporting Information). Notably, the Fermi-level difference
between WSe, and Ga$S, measured at around 0.19 eV from UPS
measurements, closely matches the results obtained from KPFM.
Combining the insights gained from KPFM and UPS, along with
the reported bandgaps of 1.3 eV for few-layer WSe,[2*?5] and
2.5 eV for GaS,1?6?7l the proposed type-II heterointerface band
diagram is illustrated in Figure S2c (Supporting Information).
Additionally, high-resolution scanning transmission electron mi-
croscopy (HR-STEM) was employed at the cross section of a de-
vice to verify the quality of a-vdW heterojunction region, as illus-
trated in Figure 2c. The investigated region consists of few-layer
h-BN, ultrathin WSe, , few layers of Gas$, encapsulated by vdW
contact. The images reveal clean interfaces within the 2D-2D het-
erojunction, free of impurities, and the 2D-metal interface shows
an undisturbed, column-like structure of the naturally passivated
GasS layers, maintaining a vdW gap without any perforation of
metal into the GaS layer. This suggests a clean metal-vdWm
interface, which is conducive to FLP-free operation. Addition-
ally, we utilized high-angle annular dark field (HAADF) STEM
energy-dispersive X-ray spectroscopy (EDS) mapping to deter-
mine the elemental composition of the constituent elements at
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the 2D-2D interface (Section S4 and Figure S3, Supporting In-
formation). The EDS results further complement the Raman and
PL spectroscopic conclusions of a robust and pristine heterojunc-
tion, composed of GaS—-W Se,.

2.2. Electronic and Optoelectronic Characteristics of the
GaS-WSe, a-vdW Photodiode

The charge-injection mechanism in a vdW materials’ interface
has significant impact on numerous performance descriptor
figures of merit, including contact resistance, current on/off ra-
tio, and response time of the device.[?®] For vdW heterostructure
devices, general approximation of the transport characteristics is
well established within the framework of direct tunneling (DT)
under the Simmons model at low bias, Fowler—Nordheim (FN)
tunneling model at cold field emission regime, and space charge
limited (SPCL) emission regime.[*) To elucidate the electronic
transport in the heterojunction, the I,—V; characteristics for the
device was obtained (Figure 3a—c). Drain voltage with positive po-
larity was applied to the WSe, side, while the source terminal at
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85US01 SUOLULLIOD BAITERID 3|ed ! |dde 8y} Aq pauieAoh a1 Sapile WO 18N JO S9N 10y ARl 8UIIUO AB|IA UO (SUORIPLOD-PUe-SLLLBYWI0O" A8 |1 ARe1d 1o JUO//SANY) SUONIPUOD PUe SWie L 8y} 89S *[5202/S0/T] uo Aiqiauliuo AB1IM ‘INOH ON NH ALISYIAINN DINHOFLATOd ONOX ONOH Ad TY80THZ02 |IWS/Z00T 0T/10p/w0o" Ao |1m AReld 1pujuo//sdny wioy papeojumod ‘8T 'S20¢ ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

=Q@=Linear Profile ll) G (I'de') 10 @ Forward Current
=@=Log Profile rlO’u e Linear Fit
124 a
) ° 1012
: 227 l
2 07 3 ® o S
=) < ~, ~ )
~ ~ = Y < o o
6+ 13 4 ~ 107y
26 10°.° " ]
o [19%=" = 4 °
= 28 . o @oc
34 1014 10.14,1 M an
T (D) Direct tunneling °® * ]
(II) F-N tunneling 3 1))
04 . . n . —Li01s 29 ] [111)) S;:ace—cha-rge—limit:ed 10715 .
2 -1 0 1 2 0 5 10 15 20 0.01
-1
(d) Vds (V) 1/‘7(15 (V )
’r Forward Bias s b

@ I (I1I)

Vi 0.2-0.6V

Vy>0.6V

av)

ee O e
\ C T £
Intr alayel IT Al 4
Excitation! ! T; o
\ 1 ' Interlayer
| +"  Excitation IT
(+] 152
SCOCO 1 Intralayer
I Excitation
WSe, o :
OO
\
N GaS
Q) T -
()] S Em 1IN I
&' vyyyvyy é 5 | X’)&’A’X’A’X’
A L 3 ! S5
?’9%& v s s2 - - -
S L - 1>
& G 131X Y o 2@ .-'-'-'
SRS =) o
é‘f“.} ¥ LSS = Z 4] 2\
Y o = E= X 0 - @
*Z“Q%\‘& 1IN ai g § ; 'v' §
A x,)& x’x’x’)&’)&’x’ = a : Optimized WSe, thickness (~3nm) to balance
AT T I T IS I T I I 5 2 £ photocarrier generation (P), separation & |
o ,)0)( : x’)&-x’x'x?)\’)\’)&’xn. )&’ @ g . extraction (S) and Fast carrier transit (T). ;

e

-

Figure 3. a) Dark 14—V profile of the photodiode, showing two distinct linear regions with ideality factor 7, and 7, of 1.6 and 2.96, respectively. b) In

(14/V4?) versus 1/V4 plot of the diode forward current regime, showing three distinct operation regions (DT, FN, and SPLC).

the forward current. d) Schematic illustration of transport characteristics of the photodiode under forward and reverse bias conditions. e) Pseudoband
potential of the heterojunction under quasiequilibrium state of illumination, illustrating intralayer transitions (T; and T,) and interlayer transition (T3).

f) Proposed layer-dependent evolution of conduction band profile of GaS with respect to silver contact. g) Strategy for optimization of WSe, layers for

efficient charge generation, separation, and extraction.
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the GaS side was connected to ground. A clear rectifying charac-
teristic of a conventional p-n junction is observed in Figure 3a
with a rectification ratio of over 102. Interestingly, the log-scale
plot of the drain current reveals two distinct linear regions in the
forward bias configuration: 0.01 V < V,, < 0.19 V, with a diode
ideality factor (1) of 1.6 and 0.2 < V4, < 0.6 V, with an ideality
factor of #2.96, in accordance with the Shockley diode equation.
To understand the tunneling phenomenon, the forward current
I,—V, characteristics was replotted, as shown in Figure 3b, with
three distinct regions. A low-voltage DT regime is observed under
low bias configuration (region (I)), and an FN tunneling regime
(region (II)) with negative slope which could be expressed by the
following expression(331]

<72d Z)n*(p-[)

Vye " (V4 < Viyr) : DT

Id & (7 4d\/2m*¢-]-3> (1)
V2 o (V4 > Viyr) : ENT

where m* is the electron effective mass, h is the reduced Planck
constant, d is the barrier thickness, and ®; is the tunneling bar-
rier height. The tunneling threshold voltage, a V. of 20.195V,
could be obtained from Figure 3b and tunneling barrier & could
be estimated from this threshold to be roughly 0.195 eV (Vpyr
= ®;/e). Upon further investigation, using a double log plot of
the I,-V, characteristics, as shown in Figure 3c, one could no-
tice that the DT region shows a linear regime portraying an ap-
proximate Ohmic behavior, as expected in the case of DT ef-
fect in region (I), due to thermionic emission. The formation
of band bending of the device under applied potential is illus-
trated in Figure 3d. The barrier hindering the charge carrier is
trapezoidal in this region as illustrated in Figure 3d, region (I).
Furthermore, the current is found to increase more rapidly in re-
gion (II) at a higher applied drain-source potential; the barrier
tends to form a triangular shape and becomes narrower, leading
to FN tunneling (Figure 3d, region (II)). At much higher volt-
age (V4 > 0.6), the current is limited by the SPLC (Figure 3d
region (I11)).32] The device shows a rectification ratio of ~250,
which could be further enhanced by forming asymmetric accu-
mulation type contacts at both ends (i.e., a higher work func-
tion contact at the WSe, end and lower work function contacts at
GaS).

We then examine the charge transport and excitonic trans-
fer in our vdW heterojunction as outlined in the pseudoband
diagram in Figure 3e. During quasiequilibrium state of illumi-
nation, at lower wavelengths (<450 nm), the intralayer excita-
tion T, dominates the excitonic dissociation in Ga$ layer pro-
ducing electron-hole pairs that are separated by the built-in po-
tential in the heterojunction, causing electron and hole transit
toward the source and drain contacts, respectively. As the exci-
tation wavelength transitions toward higher wavelength, contri-
bution of excitonic transitions from WSe, with intralayer exci-
tation T, aids to the photocurrent generation with highest re-
sponsivity observed at 450 nm and maximum open-circuit volt-
age before saturation (discussed later) with the peak photovoltaic
responsivity of the device observed (Figure S9c¢, Supporting In-
formation) at this wavelength. At illumination wavelengths be-
low the bandgap of GaS (i.e., 4 > 490 nm), intralayer excita-
tion T, path dominates excitonic transitions and the respon-
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sivity of the device starts to decay (Figure S9c, Supporting In-
formation), with only the ultrathin WSe, absorber layer facili-
tating in the excitonic dissociation mechanism. This is further
supported by the report,”] where GaS photoconductors demon-
strated negligible photoresponse beyond 470 nm. As the illumi-
nation reaches beyond bandgap of ultrathinWSe,, (4 > 850 nm),
the photovoltaic photoresponsivity for the device demonstrated
a pronounced depression (Figure S9¢c, Supporting Information),
consistent with a significant decrease in the absorption charac-
teristics of WSe,!*}! and interlayer excitonic transition T, likely
plays a significant role in the charge transport and excitonic dis-
sociation, as evidenced from the difference in responses observed
among 810, 980, and 1064 nm illuminations (discussed later).
Moreover, local photocurrent line scan measurements under
photovoltaic mode (Figure S18, Supporting Information) reveal
the photocurrent originates from the heterojunction region of the
detector.

We subsequently examine the significance of the optimized
thickness of the GaS and W Se, layers in our investigated devices.
In our investigation of multilayered GaS on h-BN, Ag/Au vdW
contacts demonstrated the least deviation from linearity in the
low bias regime (500 mV) for a thickness above 8-10 nm. Any
thickness lower than the mentioned value would significantly de-
viate the linearity, signifying the emergence of a Schottky barrier
(details in Section S5 in the Supporting Information). A plau-
sible explanation of this trend could be explained as thickness
decreases, bandgap starts widening with decrease in free-carrier
concentration and available density of states, shifting the conduc-
tion band edge to lower energy values, away from the Fermi level
of the contact as outlined in Figure 3f. Additionally, the thickness
of the WSe, layer plays a crucial role in determining the robust-
ness of the p—n junction. Earlier, it was reported that a thicker
WSe, would shift the work function to lower energy levels, pro-
moting an n-type transition,** supporting our KPFM findings
as well (details in Section S9 and Figure S7 in the Supporting
Information). This could explain the reason for reduced perfor-
mance, in device-2, which is comprised of a thicker WSe, re-
gion, and the optoelectronic characteristics and KPFM results
suggested that the built-in potential developed in junction re-
gion may have degraded (SPD ~ 125 mV), undermining its op-
toelectronic performance (discussed later). This may be one of
the probable factors. Additionally, another important contribut-
ing factor could be the optimized thickness of WSe, layer (3 nm),
which may play an important role in charge-carrier separation
and extraction. It is well established that monolayer TMDC ex-
hibits an absorption of only 5% of the incident illumination. As
the thickness of WSe, increases to a few layers, the absorption
should correspondingly increase, thereby promoting higher pho-
tocarrier generation (P), as illustrated in Figure 3g-I (blue arrow).
However, a scaling limit is reached due to a trade-off between
photocarrier generation in multiple layers (P) and the efficiency
of their separation and extraction (S). This limitation arises from
the intralayer recombination, which tends to dominate over the
extraction and separation mechanism (red arrow in Figure 3g-I),
specially when thicker WSe, is used in the heterojunction, and a
degradation in the robustness of the p—n junction is expected, as
stated earlier. Moreover, a reduced thickness of the photosensitive
layer is expected to facilitate faster transit of photocarriers (1), as
illustrated in Figure 3g-I (green arrow), thereby decreasing the
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likelihood of higher recombination losses. Consequently, achiev-
ing optimal device performance necessitates a balance between
photocarrier generation, recombination, and transit, as depicted
in Figure 3g-II. This balance appears to be achieved in device-1
and could serve as a key factor for reduced performance observed
in device-2.

Moreover, a device with thicker GaS (~13.2 nm) and an ultra-
thin WSe, of 3.8 nm (device-3) was also investigated and was
found to have lower power conversion efficiency (PCE) than
device-1, despite having a larger SPD, indicating poor charge sep-
aration and extraction characteristics as well. The measured SPD
from KPFM was higher (2216 mV) likely due to a thicker GaS
region with ultrathin WSe,, similar to device-1, suggesting a ro-
bust p—n junction. However, observation of lower PCE could be
explained using Figure S6e,f (Supporting Information). As illus-
trated, when the GaS thickness (t;) as in device-1 (Figure Sée,
Supporting Information) is lower than that of (t,) as in device-
3 (Figure S6f, Supporting Information), the contact region for
charge-carrier extraction is positioned closer to the depletion re-
gion of the junction in the vertical direction. Consequently, the
carrier transit path (L,) in device-1 is shorter than the transit path
(L,) in the thicker GaS region of device-3. This configuration sig-
nificantly reduces the photocarrier recombination likelihood and
enhances carrier extraction efficiency in device-1, which demon-
strates a PCE of 0.8%, compared to the 0.4% PCE observed in
device-3 with the thicker GaS region at 405 nm (more compara-
tive analysis presented later).

For high-performance device operation of vdW optoelectron-
ics, it is generally expected that metal-vdW-m junction is free
of Schottky barrier and forms Ohmic contact that sponsors ul-
tralow contact resistance. The emergence of Schottky barrier in
metal-vdWm junction is strongly correlated to the metal-vdWm
interfacial interactions that trigger FPL, similar to the case ob-
served in metal-3D semiconductor FLP characteristics, despite
having near perfect surface states, due to absence of surface dan-
gling bonds. The origin of FLP in metal-vdW-m interface has
been thoroughly investigated,[!'13] and the cause has been iden-
tified to be from the formation of a large number of defect states
that occur when metal is directly deposited on the surface of the
vdW-m (more discussion in Section S6 in the Supporting Infor-
mation). This diminishes the prospect of achieving Ohmic con-
tact, despite using metals with matching work functions, as the
metal work function is pinned to the midgap states of the vdW-
m. This is very significant for a vdW-m with a considerably large
bandgap like GaS, for which self-powered optoelectronic devices
may not have been possible till date. Additionally, the defect-
induced gap states are also hotspots for scattering, recombina-
tion, and trapping of photogenerated carriers. This negatively im-
pacts key figure of merits of photodetectors, especially reduced
efficiency, linear dynamic range, and sluggish response times.
Moreover, the dark current of the device is affected in two ways:
i) the dark current is significantly increased due to injection of
thermalized carriers from the midgap states and ii) the formation
of hybrid bonds between the metal and vdW-m leads to loss of
vdW gap between the metal-vdW-m junction, further escalating
the flow of dark current. The effect is more pronounced for few-
layer vdW-m when the metal pierce through the top layer and cre-
ate bonds with the subsequent layers underneath as well, reduc-
ing the effective resistance for dark current path (Section S6 and
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Figure S5a(iii), Supporting Information). As a result, the over-
all performance of the photodetector is greatly reduced (as is ob-
served in the case of device-4). On the contrary, using a vdW trans-
fer metal contact (as for the cases of devices-1-3) significantly re-
duces FLP,["!l since the transfer metal method does not introduce
any perforations/damage/defects in the vdW-m and promotes a
pristine interface (Figure S5b, Supporting Information). The in-
trinsic defects within the vdW-m are the only source of FLP to
transfer metal contact, which is negligible compared to defects
induced by EBL-induced perforations in device-4. Consequently,
the transfer metal method helps in efficient alignment of work-
function-based metal-Schottky barrier engineering for efficient
photocarrier extraction, pristine metal-vdW-m interface elimi-
nating the gap state induced scattering, recombination, and trap-
ping of photocarriers, enhancing the overall performance of the
detectors.

Additionally, we looked at the role of the structure of the de-
vice in enhancing the device’s performance. Previous reports
of GaS-based photodetector structures!>’=! employed a lateral
configuration. Since Ga$ has a large bandgap of ~2.5 eV, it
is expected to have low charge-carrier mobility due to reduced
free charge-carrier concentration. Hence a lateral heterojunction
with an extended GaS layer before the contact would introduce
unnecessary increment in the charge-transport path, (more de-
tails in Section S8 in the Supporting Information). This addi-
tional path increases photocarrier recombination losses due to
longer transit time and increased series resistance, ultimately
lowering charge collection efficiency. Overall, a synergistically
optimized effect of efficient charge-carrier generation, separa-
tion, and extraction takes place in this optimized heterojunction
based on the precisely adjusted thickness of GaS—-WSe,, inte-
gration of vdW metal contacts (vdW-MC) along with the device
structure.

A robust heterojunction photodiode showing fast response
and broadband characteristics should be a synergistically engi-
neered device so that it balances maximum photocarrier gener-
ation, enhances the charge separation and provides an efficient
route for charge carrier extraction, under illuminated conditions.
Figure 4a represents the output curve of the device with increas-
ing light power P, from 0.067 pW to 14.44 nW at 450 nm illu-
mination. As the light power increases, a significant increase in
the short-circuit current (I.) and open-circuit voltage (V) is ob-
served, which can be further substantiated from the zoomed lin-
ear scale plot of I;—V; in Figure 4b, clearly stating the crossover
at the respective axis. The photovoltaic effect of our optimized
heterojunction was assessed using the measurements of I and
Voc, (Figure 4c). Vi shows a linear scaling dependence with the
log of the input power density (PD,,), with gradual evident satu-
ration as PD;, reaches ~#50 mW cm™, with a maximum Vo of
0.36 V. The photocurrent (I,;,) of the detector is defined as the dif-
ference between drain current under illumination and dark con-
dition (I, = Iigne — laan)- In the case of our a-vdW photovoltaic
detectors, where there is absence of source—drain bias, the dark
current (I, ) of our investigated devices were in the ~fA range,
which is impressively low and the current under illumination
(Liight) could be written as I, ~ I5c. Interestingly, the double log
plot of I versus PD, , shows an impressive linearity, with no sat-
uration observed in our investigated maximum PD;, (52.7 mW
cm™2), with an impressive power exponent, « (i.e., IscoxPD;, ) of
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Figure 4. Optoelectronic characteristics of the device under 450 nm illumination. a) Evolution of log I4—Vy4 characteristics under increased illumination
power. b) Zoomed region of 14—V, showing clear Isc and V. €) Isc and V¢ versus power density plot showing a linear region for I and no saturation
with an LDR of 106.7 dB and V¢ saturation at 0.36 V. d) Electrical power characteristics of the photodiode under increased illumination showing various
PCE under varied illumination conditions. e) Responsivity and detectivity versus power density of the device, showing a peak photovoltaic responsivity
of 376.76 mA W~ and a detectivity of 4.12 X 10" Jones. Temporal photocurrent response of the device at 405 nm illumination, showing f) 200 cycles
of switching stability with no degradation, g) evolution of stability of the device under a course of 90 days observation period, h) rise and fall times of
the device showing 545 ps (rise) and 471 ps (fall) edges, and i) frequency response showing a cutoff (—3 dB) at 697 Hz.

0.96. The linear regime of the I;.—PD

> can be quantified byan  where, PD,

in’

PD;miny] is the maximum (minimum) PD;, of

in(max) [

important figure of merit, the LDR of the photodiode, in dB, and  the linear region. Based on the reported results in Figure 4c,

could be obtained using

LDR = 2010g (PDin(max)/PDin(min))

Small 2025, 21, 2410841

the LDR of our optimized junction is 106.78 dB. It is worth not-
ing that 106.7 dB is still underestimated due to the limited illu-
(2) mination conditions available at our disposal. Our reported Vi
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of 0.36 V, an LDR of 106.78 dB, and ultralow dark currents of
~fA in this work are among the most impressive ones in sin-
gle vdW heterojunctions and even exceeds that of more recently
investigated double heterojunctions under similar illumination
conditions.3%! This suggests GaS—WSe, vdW heterojunction for
similar applications would be an excellent alternative.

Owing to the impressive power exponent value of 0.96 and
a large V. of 0.36, we further investigate the ongoing photo-
carrier generation and recombination mechanisms in our syner-
gistically engineered heterojunction photodiode. For vdW inter-
faces, two primary physical phenomena are involved in the inter-
layer recombination mechanisms:[3637]

1) Shockley—Read—Hall (SRH) Recombination: This process is
driven by the inelastic tunneling of majority carriers into trap
states, often referred to as monomolecular recombination.

2) Langevin Recombination: This occurs due to Coulomb inter-
actions, where electron—hole pairs recombine at the junction
shortly after their creation, also known as bimolecular recom-
bination.

In the heterojunction region, one of these mechanisms may
dominate, although both can occur simultaneously. To quantita-
tively elucidate the recombination process, the following equa-
tion can be used(*®!

dVoc 2 KT
din(PD,) B 4q

3)

where f represents the recombination order (1: SRH recombina-
tion and 2: Langevin recombination). K is Boltzmann’s constant,
T is the temperature, and q is the unit charge. From the fitting
of the experimental data, we obtain f to be 1.84, suggesting the
synergistic optimized device is dominated by Langevin recombi-
nation. This is very significant as upon synergistic engineering,
the device tends to suppress/reduce trap-mediated recombina-
tion, when compared to device-2 and device-3, with more discus-
sion presented later. The reason could be further related to the
thickness of the optimized layers of both GaS and WSe, for ro-
bust p-n junction, shorter carrier transit path for GaS layer to
reduce trap-assisted recombination, ultimately benefiting the de-
vice for efficient charge separation and extraction.

Additionally, we also investigated the electrical power produc-
tion from the diode (P,/I,.V,,) with a maximum power pro-
duced as 0.162 nW (Figure 4d) and demonstrates a much larger
electrical power production capacity than GaSe-MoS,[**! hetero-
junction under similar illumination conditions. The calculated
PCE using the maximum electrical power P, (ie., PCE=
P, /P,) for the same P, is represented in Figure 4d. With

an increase in P, the PCE also increases to a maximum value
of 1.52%, before slight reduction at a maximum investigated P,
of 14.44 nW, demonstrating a gradual saturation of its capacity of
energy conversion and light harvesting at the p-n junction, likely
due to the saturation of the photovoltage developed at the junc-
tion. Our reported PCE in this work is significantly larger than
WSe,—Bi,0,Se heterojunction (0.428%)??! in the similar thick-
ness regime, suggesting its applicability in energy-harvesting ap-
plications as well.
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The photovoltaic responsivity (R) of the device was obtained us-
ing the ratio of the photocurrent to the input optical power (i.e.,
R = I,,/P,). As represented in Figure 4e, a maximum photo-
voltaic responsivity of 376.76 mA W~! was obtained, comparable
to single junction InSe-Gr a-vdW device*! and larger than re-
cently investigated PdSe,~MoTe, heterojunctions.l*!] Along with
responsivity, external quantum efficiency (EQE) is an important
bench marking parameter for photovoltaic type devices and could
be estimated based on the responsivity of the device and illumi-
nation wavelength (i.e., EQE = R.h.c/e.A). The estimated EQE of
the photodiode at various wavelengths under self-biased condi-
tion is illustrated in Figure S9a (Supporting Information). The
device shows an excellent EQE evolution, maintaining a value
of #30% at high illumination intensity in the 400450 nm re-
gion, suggesting excellent photovoltaic performance for solar cell
applications as well.[*?] Moreover, for competitive performance
comparison, the fill factor (FF) of our device was also obtained.
FF is a measure of solar cell quality, indicating how closely the
actual maximum output power follows the theoretical maximum
value for the device and could be obtained as FF = P /Isc.Voc.
The polychromatic FF of our device has been presented in Figure
S9b (Supporting Information) with varied illumination intensity.
Our device exhibits an excellent value of FF within 0.28-0.35
even at higher power density, suggesting the device is indeed
a contender for power harvesting in the solar spectrum region,
and potentially contributes to harvesting the 4% UV solar irradi-
ance, which is otherwise overlooked in conventional silicon solar
cells.

Another important figure of merit for photodetectors is the
specific detectivity, D* of the device, which can be derived from
noise equivalent power (NEP) of the photodetector using the fol-

lowing equation: D* = \/Z/ NEP, where A is the device active
area. The inference of noise currents in photodetectors could be
made from the summation of Johnson noise, shot noise, and
flicker noise. The shot noise current (igy) in a photodiode could
be estimated from the following equation using the dark current:
sy = V2.9 1.0, Where I, represents the dark current of the
device. Additionally, the flicker noise current could be extracted
from the 1/ffitting at the low frequency region of the noise power
density plot. An estimation of the D* could be readily obtained
from the following equation, D* = (R,.AY?)/(2.q.13,,) "%, R, is the
wavelength-specific responsivity and q is the unit electron charge.
The maximum estimated detectivity from the abovementioned
equation at 450 nm illumination could be obtained as 7.32 x 102
Jones. However, the above-mentioned estimation is valid when
the dominant noise factor in the device is the shot noise and is
a crucial aspect at high frequencies and could be overestimated
by several orders of magnitude, compared to noise contribution
from flicker noise at low frequencies. To further evaluate the dis-
crepancies, we investigate the presence of flicker noise from the
noise power density plot (details in Section S10 in the Supporting
Information). The noise power density plot reveals presence of
sub-log-linear fitting of (1/f)%, suggesting contribution of flicker
noise presence. The noise current obtained from linear fitting of
the noise density plot could be used for estimating the NEP using
the equation: NEP = iy /R, where i is the flicker noise current
and R is the responsivity the device. The obtained NEP is 1.28 fW
Hz~'2, which could be used to obtain a maximum D* value of
4.12 x 10" Jones, as outlined Figure 4e. This reveals that indeed
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Figure 5. a) Photovoltaic temporal response of the device under maximum available illumination conditions of the device under various wavelengths.
The device shows a photovoltaic response between 275 and 1064 nm, with a peak on—off ratio of 10°. b) Evolution of PCE of the fabricated a-vdW devices,
suggesting the need for synergistic thickness engineering for efficient light-harvesting characteristics, with a maximum PCE for synergistically optimized
device-1 and minimum for device-2 having a thicker GaS and WSe, regions, with intermediate performance from device-3, constructed from ultrathin
WSe,, similar to device-1 and slightly thicker GaS than device-1. c¢) Comparison of responsivity and detectivity for the fabricated devices under similar
illumination conditions at 405 nm. d) Comparison of rise/fall time and power exponent of all the fabricated devices under 405 nm illumination.

estimation of the presence of dominant shot noise would lead to
an underestimation of the detectivity of the device. Henceforth,
we report the detectivity of our findings based on NEP.

We next look into the temporal photocurrent response of the
device. The photovoltaic response speed is an essential perfor-
mance parameter for a self-powered photodetector, as it mea-
sures how promptly the device responds to rapidly changing inci-
dent light. This characteristic is particularly important for appli-
cations that demand quick detection and adaptation to fluctuat-
ing light conditions. Owing to the presence of the strong built-in
potential from the type-1I heterojunction, the device is expected to
have a fast response. Figure 4f represents the time-resolved pho-
tocurrent of the device at 1 Hz with 405 nm illumination, with
200 switching cycles. A stable photoswitching is observed over
200 cycles with no evident degradation in the device’s photocur-
rent, suggesting a robust performance. Furthermore, to evaluate
the stability of the device under ambient storage, time-resolved
photocurrent measurements were repeated over a period of 3
months as represented in Figure 4g and a slight reduction in
the photocurrent of the device was observed from day 1 to day
15 with no significant noticeable changes in the photocurrent af-
terward, suggesting superior stability of the device (more discus-
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sion in Section S7 in the Supporting Information). The consis-
tent and reproducible photo response after 200 switching cycles
along with long-term stability of the device demonstrates the ex-
ceptional reliability of the self-powered photodetector. The rise
time and decay time of the device were obtained between 10%
and 90% of the maximum I, as illustrated in Figure 4h, where
arise time (fall time) of 545 ps (471 ps) was observed, demonstrat-
ing superior photovoltaic response speeds compared to multi-
layer graphene (MLG)/ReSe, /SnSe, (752/928 ps),1**) GaSe-MoS,
(5 ms/5 ms) ) GaSe-MoSe, (16 ms/16 ms),**] and PdSe,—
MoTe, (3.5 ms/3.7 ms)!*!] heterojunction-based devices. Addi-
tionally, a series of measurements conducted at multiple laser
modulation frequencies (Figure 4i) display that the 3 dB band-
width (f;45) of the optimized photodiode is 697 Hz, which is
in good agreement with the measured photo response time.
These results indicate the proposed device’s capacity to moni-
tor rapid optical signals and its great potential for high-speed
photodetection.

Furthermore, we also investigated the on/off ratio of the de-
vice under various wavelengths at maximum illumination in-
tensity at our disposal, as illustrated in Figure 5a, in a self-
powered configuration. The device demonstrated an excellent

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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broadband photovoltaic response ranging from 275 to 1064 nm,
achieving a peak on/off ratio of ~#10° from 405 to 660 nm, com-
parable to WSe,—Bi,0,Sel??l and Bi,0,Se/In,S;*! heterojunc-
tions. Additionally, interlayer transitions were evident from the
weaker temporal responses, with an on/off ratio of 10? observed
for 940 and 1064 nm illumination. The wavelength-dependent
peak responsivity and detectivity of the device are illustrated
in Figure S9c (Supporting Information), highlighting its exem-
plary photovoltaic performance. It is important to note that the
detection bandwidth was limited by the available light sources
during this investigation and may not represent the maximum
bandwidth-limited response of the device. We also examined
the wavelength-dependent transition of the power exponent, a,
as depicted in Figure S9d (Supporting Information). In con-
ventional photodiodes, the power function a, derived from the
double logarithmic plot of I;—PD,, serves as a measure of the
device’s charge extraction performance figure of merit, with a
theoretical maximum value of 1. However, in practical appli-
cations, the value of a typically falls below 1, indicating the
presence of recombination processes occurring in trap states.[*4]
This reduction in a reflects the inefficiencies in charge extrac-
tion due to these recombination pathways, which can adversely
affect the overall performance of the photodiode. Notably, at
lower wavelengths (<375 nm), a was less than 0.9. As the wave-
length is increased to 405 nm, a increases to 0.98, maintain-
ing values above 0.95 between 405 and 810 nm, and approach-
ing near unity (0.99) at 940 nm (Figure S9d,e, Supporting In-
formation). These findings suggest that some trapping and re-
combination occur at lower wavelengths, likely due to interac-
tion with atmospheric absorbates which serve as charge trap-
ping/detrapping centers under UV illumination,/*! while neg-
ligible trapping is observed as the wavelength increases, indi-
cating superior trapping/recombination-free performance in the
near-infrared (NIR) region. The reported linearity across a wide
range of wavelengths is among the highest for single-junction
photodiodes®”#!l and is comparable to recently reported dual
floating junction detectors.[*0]

Interestingly, all the investigated a-vdW devices (devices-1-3)
exhibited a power exponent (a) greater than 0.9, with values of
0.98 for device-1, 0.92 for device-2, and 0.94 for device-3. In con-
trast, an EBL-patterned control device (device-4) demonstrated a
significantly lower a of 0.55. Given that all devices were fabri-
cated under identical conditions and have similar structure and
active area, the inferior performance of device-4, patterned us-
ing traditional contact integration methods, suggests EBL pat-
terned devices may have undergone significant interface mod-
ifications in the contact region, likely due to e-beam-induced
damages in the contact region and/or metal impingement in-
duced trap states,!'*] inevitably making the device susceptible to
increased FLP and charge trapping in the contact region. Ad-
ditionally, device-4 presented no rectification and drain-voltage-
induced conduction characteristics between the applied drain
voltage of +2 V, under dark conditions, suggesting emergence of
large Schottky barrier at the contact regions. The persistent dark
current in the device was an order of magnitude higher than the
a-vdW devices, suggesting injection of random thermalized carri-
ers from the midgap states as stated earlier. This finding is partic-
ularly relevant for GaS-based heterojunctions due to GaS’s larger
bandgap and more likeliness of being affected by FLP-induced
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Schottky barrier and degrading performance, as evidenced from
device-4. The lower values of « for devices-2 and 3 could be at-
tributed to interlayer recombination centers, rather than contact-
induced degradation and charge trapping, further emphasizing
the need for a synergistic approach to thickness engineering for
improved performance, as demonstrated by device-1. To substan-
tiate our claim, we compare the recombination order value (f) for
the three a-vdW devices at 405 nm, obtained using Equation (3).
The results show that g for device-1 is 1.62, indicating domi-
nant Langevin recombination. In contrast, device-2 and device-
3 exhibited g values of 1.2, and 1.3, respectively, both suggest-
ing dominant SRH recombination occurring in trap states due
to defects in the semiconductor. This analysis reinforces our as-
sertion regarding the necessity of a robust p-n heterojunction
and thickness-optimized layers. Such optimization ensures that
when photocarriers are generated, they are swept apart by the
strong built-in potential before being trapped in defect states.
Furthermore, our findings suggest that through meticulous opti-
mization in vdW devices, we can achieve a scenario where dom-
inant Langevin recombination persists. This may represent the
ultimate performance limit in the proposed device structure due
to low charge-carrier mobilityl*’] of Ga$, highlighting the perfor-
mance limit of efficient charge extraction mechanisms observed
in device-1.

A comparison of the PCE of the a-vdW devices at 405 nm
further supports this claim, as shown in Figure 5b. Device-1
achieved the highest PCE of 0.8%, while device-3 exhibited half
the PCE of device-1 at 0.37%, despite having a slightly higher
SPD, and device-2 illustrated a PCE that was one order of mag-
nitude lower than device-3, at just 0.047%, under similar illumi-
nation conditions. Additionally, a stark difference is observed be-
tween other figure of merits such as responsivity, specific detec-
tivity and rise/fall time as illustrated in Figure 5b,c, for a-vdW
devices and EBL-patterned device as well, with device-1 outper-
forming the other three devices. These findings further indicate
that device-1 possesses the most synergistically optimized condi-
tions in terms of thickness and structure for a robust rectifying
p—n heterojunction, capable of efficient photocarrier generation,
separation, and extraction, while the vdW-MC ensures a pristine
interface, free of FLP further aiding to efficient charge carrier ex-
traction and superior photodetection.

To further explore the device’s versatility for multifunctional
applications, we investigated its gate tunable characteristics. As
illustrated in Figure S9f (Supporting Information), the device ex-
hibits a strong ambipolar gate tunable characteristics under vari-
ous applied V,,. We also assessed the device’s responsivity under
gate tunable conditions (Figure S9g, Supporting Information),
demonstrating a gate tunable ambipolar responsivity of greater
than 10° A W~ at a gate voltage (V,) of +40 V. This implies that
the device can be tuned for high photoresponsivity applications
as well.

2.3. Potential Application in Multifunctional Optoelectronics
To evaluate the device’s potential as an image sensor, device-1
was incorporated into a single-pixel imaging system, as depicted

in Figure 6a. In practical applications, image sensing is typically
conducted using sensor arrays integrated with readout circuitry
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Figure 6. a) Schematic illustration of a single-pixel imaging system. b) Reconstructed image of the pattern “P O LY U.” ¢) Variation of V¢, with tuned
Vg, under illumination at 405 nm. A state of high (Vo > 0.35 V) and low (Vo < 0.15) could be outlined in the sky blue and pink regions, respectively.
d) Schematic illustration of the optoelectronic logic AND gate (top) and its corresponding state table (bottom). e) State trace and corresponding logic

function demonstration of the optoelectronic AND operation.

and amplifiers. The quality of the acquired images is influenced
by the pixel size, which is determined by the dimensions of the
detector array. In contrast, single-pixel imaging systems mimic
the functionality of array detectors by utilizing a single device.
Such systems are often employed in scientific demonstrations to
illustrate the capabilities of fabricated devices for imaging appli-
cations. For our demonstration, a patterned aluminum mask dis-
playing the letters “P O L'Y U” was positioned between the light
source and the detector. The mask was programmed to move
stepwise in the x—y direction using a motorized 2D stage. Light
passing through the mask was focused onto the detector via a
lens, generating photocurrent signals. The recorded photocur-
rent data, along with corresponding positional information were
reconstituted into a 3D plot using computer software, thereby
representing the image acquired by the sensor. Figure 6b displays
the image captured using a 405 nm light source, while Figure
S10 (Supporting Information) illustrates the imaging capabilities
with an 810 nm light source. Notably, the excellent polychromatic
imaging capabilities of the demonstrated photodiode can be at-
tributed to its remarkable linearity and synergistic engineering,
further supporting its suitability for high-resolution imaging ap-
plications at various wavelengths.

Additionally, we investigated the device’s capability to function
in gate-tunable optoelectronic logic applications. As previously
mentioned, the device exhibits excellent gate tunability, allowing
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us to evaluate the variation of V. in response to varying V,. This
relationship is depicted in Figure 6¢c, where a maximum V¢ of
0.41 V is observed at a gate voltage of —40 V. As V, is increased,
Vo demonstrates a pronounced change between gate voltages
—10 and 10V, stabilizing below 0.15 V, with further increment of
V, to +40 V. Consequently, a high state of V(, is defined as val-
ues greater than 0.35 V, while a low state corresponds to values
below 0.15 V (as shown in Figure 6¢). The device schematic for
the optoelectronic AND gate is illustrated in Figure 6d, accom-
panied by a state table that outlines the input conditions (light
and V,) and the corresponding output conditions (V). The de-
vice exhibits a clear input-output relationship characteristic of
an AND gate, as depicted in Figure 6e. This demonstrates its
potential functionality in optoelectronic logic operations, rein-
forcing the viability of the device for advanced multifunctional
optoelectronics.

A summary of all key performance metrics of all the fab-
ricated devices could be found in Table S1 (Supporting In-
formation), while a comparison between our synergistically
optimized a-vdW device and other photodetector devices re-
ported with outstanding performance, is presented in Table
S2 (Supporting Information). Additionally, Table S3 (Sup-
porting Information) represents a comparison of our de-
vice’s performance with some high-performance 2D solar
cells.
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3. Conclusion

In summary, we have synergistically engineered a-vdW type-
II heterostructure photodiode, leveraging a GaS-WSe, het-
erojunction, meticulously engineered to achieve favorable bal-
ance among photocarrier generation recombination, separation,
transport, and extraction, eventually facilitating a highly sensi-
tive, broadband photodetector. The device exhibits ultralow light
detection capabilities with polychromatic unity approaching lin-
earity, a photovoltaic responsivity and a detectivity of 376.78 mA
W~ and 4.12 x 10" Jones, respectively. The device also demon-
strates a large on/off ratio of 10°, a substantial LDR of 106.78 dB,
a stabilized large EQE of 30%, and an FF and a V. of 0.33 and
0.36, respectively, with response speeds of 545/471 s, showing
excellent prospects in imaging and solar cell applications. More-
over, demonstration of gate tunable ambipolar responsivity of the
photodiode, further expanded its applicability in gate tunable op-
toelectronic logic gate. Our systematic investigation on key per-
formance indicators like power exponent and PCE for multiple
devices reinstates the need for meticulous engineering of vdW
heterointerfaces, particularly the effects of vdW-m thickness and
contact integration strategies that severely influence character-
istics performance of the devices. Our results presented in this
work open an exciting route for future investigations that can
be universally adopted to achieve photovoltaic heterojunctions
with near unity linearity in other vdW-m with moderately large
bandgaps.

4. Experimental Section

Fabrication and Characterization of GaS/WSe, Heterojunction Devices:
Traditional scotch tape/polydimethylsiloxane (PDMS)-based microme-
chanical cleavage and aligned dry transfer technique were performed to
obtain the van der Waals heterojunction. In short, scotch tape was used
to exfoliate h-BN, Ga$S, and WSe, (HQ graphene) and transfer to PDMS.
The correct thickness of the flakes was identified under a microscope us-
ing optical contrast and then transferred onto a previously ultrasonically
cleaned (acetone (2 min), isopropyl alcohol (IPA) (3 min), and deionised
(D) water (3 min)] and plasma-treated (O, Plasma, 100 W, 5 min) 300 nm
SiO,/Sitt, sequentially by means of a homemade aligned transfer stage.
The heterojunction was annealed under 50 sccm Ar flow at 180 °C for Th to
increase coupling efficiency and ensure efficient charge transfer between
the layers. Van der Waals metal contacts were fabricated and integrated us-
ing a similar technique as,[*®! detailed in Section S1 (Supporting Informa-
tion), for devices-1-3. For contact integration of device-4 conventional EBL
was employed, where the device was spin-coated (4000 rpm, 25 s) with
polymethyl methacrylate (PMMA) resist (950A4, MicoChem) and baked
for 90 s at 180 °C, exposed to e-beam pattern and consequently devel-
oped using methyl isobutyl ketone (MIBK) / IPA (1:3) developer. Ag/Au
contacts (38 nm/22 nm) were sequentially deposited and finally lift-off
was carried out using acetone. To confirm the height profiles and surface
potential differences of the heterojunctions, AFM (for height profile) and
KPFM (alignment of Fermi level) was employed (Asylum MFP-3D). Raman
and photoluminescence spectroscopic characterizations were conducted
using Witec Raman, 300R. Micro UPS was conducted using Thermo Fisher
Scientific Nexsa. Cross-sectional HR-STEM and HAADF STEM EdX were
carried out using Spectra 300.

Electronic and Optoelectronic Characterization: The electronic charac-
teristic measurements in ambient conditions under dark and global illu-
mination were carried out in a Probestation (Lakeshore) synchronized with
a Keysight B1500 semiconductor parameter analyzer, signal generator, os-
cilloscope and variable intensity LASER (405, 450, 532, 660, and 1064 nm)
and light-emitting diodes (LEDs; 275, 325, 375, 810, and 940 nm) (Thor-
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labs), calibrated using power meter and sensor (PM100D, S120VC)
(Thorlabs).

Supporting Information

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