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Abstract

Doping is crucial for semiconductor technology, enabling the design of integrated
circuits, microprocessors, and other advanced optoelectronic devices with desired prop-
erties. The emergence of two-dimensional (2D) materials has opened pathways for
atomic-scale integration. However, their 2D nature limits conventional ion implantation
methods for doping, which poses a significant barrier to further device development
and optimization. Here, we report a solvent-based cation-exchange morphotaxy that
enables substitutional incorporation of Cu atoms into CVD-grown MoSs monolayers.
This approach induces stable p-type doping, suppressing dark current by four orders of
magnitude and enhancing the light-to-dark current ratio by over 1,000-fold compared
to pristine MoSs. The substitutional Cu incorporation modifies the trap-state land-
scape, leading to faster photoresponse and reduced noise. As a result, Cu-doped MoS»
photodetectors achieve specific detectivity values up to 10'* Jones and response times
improved by more than an order of magnitude, outperforming many previously reported

doped transition metal dichalcogenide devices. This scalable and CMOS-compatible



doping strategy provides a pathway for defect and electronic structure engineering in
2D semiconductors, opening new opportunities for high-performance optoelectronics,

including neuromorphic and spintronic applications.

Introduction

Two-dimensional (2D) materials have emerged as a versatile platform for exploring novel
optical, electronic, and optoelectronic phenomena due to their atomic thickness, tunable band
structure, and high surface-to-volume ratio. Following the success of graphene, transition
metal dichalcogenides (TMDs) have attracted significant attention. Among them, molybde-
num disulfide (MoS5) is one of the most widely investigated materials. Monolayer MoS; is a
direct gap semiconductor with a bangap of 1.8 eV,1? making it suitable for digital electronics
as well as optoelectronic applications such as light-emitting devices,** photodetectors,®"
and solar cells.®

A major challenge in MoS,-based photodetectors is high dark current and persistent
photoconductance (PPC), which originates from the trapping of minority carriers by surface-
bound water molecules, other adsorbates, and intrinsic defects in MoSy and the underlying
dielectric. 12 Although carrier trapping enhances photoconductive gain by extending carrier
lifetime, it severely degrades the response speed, as PPC can persist from minutes to
hours. 12715

Various strategies, including surface passivation and field-effect modulation, have been
explored to suppress PPC by reducing trap density or controlling trap occupancy.! How-
ever, these approaches often compromise device sensitivity by weakening trap-assisted gain
mechanisms.” Another strategy involves photoconductive detectors based on vertical carrier
separation and interfacial trapping, such as vertically stacked van der Waals (vdW) het-
erostructures'® and surface-coupled quantum dot.!”'® In these devices, fast photoconductive
gain arises from fast charge transfer at the interface, driven by the built-in electric field

and type-II band alignment. However, vdW heterojunctions fabricated via mechanical ex-



foliation face significant challenges in large-area integration and scalability, while quantum
dot-integrated devices often suffer from surface trap states and long-term stability issues.
Doping is a promising method to tailor the optoelectronic properties of 2D materials by
changing carrier density, trap dynamics, and the Fermi level.'®2* Current approaches for the
doping of these layered materials mainly focus on electrostatic gating, surface functionalization,
or charge-transfer doping.?*3" However, the practical implementation of these strategies is
often limited by electrical breakdown and molecular instability. Moreover, the substitution of
host atoms with dopants, as widely used in conventional semiconductors where the doping is
secured and stabilized by covalent bonding inside the lattice, has gained significant attention
for its potential to develop high-performance electronics and optoelectronics devices.20:21:31741
While ion implantation is a cornerstone of silicon technology, it is incompatible with 2D
materials; cation exchange via morphotaxy provides a promising alternative for substitutional
doping of 2D materials. Lam et al. coined the term “morphotaxy” from the Greek prefix
“morpho-" (shape), referring to a synthesis approach that uses an existing 2D material as a

1.42 This approach

template, producing a product with the same shape as the parent crysta
takes advantage of already existing 2D material as a template to initiate the reaction,
resulting in the product having the same shape as the parent crystal.**%? Morphotaxy can
enable non-vdW heterostructures, vdW heterostructures, passivation of ambient reactive
2D materials, or doping of 2D materials.*? Oxidation based morphotaxy has been employed
to dope or modulate the properties of 2D materials for better photodetector and artificial
synaptic devices.** Similarly, anionic-based morphotaxy provides a viable route to modify
the electronic and optoelectronic behavior of devices constructed from 2D materials. 647

In this work, we achieve substitutional Cu doping in MoSs monolayers through cation-
exchange morphotaxy to tailor their optoelectronic properties, resulting in markedly improved
photodetector performance. Cu-doping in MoS; monolayer was confirmed by Raman spec-

troscopy, photoluminescence (PL), X-ray photoelectron spectroscopy (XPS), high-resolution

transmission electron microscopy (HRTEM), and energy-dispersive X-ray spectroscopy (EDS)



elemental mapping. A comprehensive statistical analysis was conducted on 70 devices, all
fabricated with identical geometry (channel length: 4 ym, width: 10 gm), before and after
doping. Prior to doping, most devices exhibited dark currents in the range of 1-10 nA,
whereas after doping, the dark current was markedly suppressed to the 0.1-10 pA range.
The light/Laark ratio of pristine MoS, devices predominantly lies between 10! and 102, while
Cu-doped MoS, devices show a pronounced improvement, with ratios reaching approximately
10%. In addition, the Cu-doped devices exhibit more than one order faster photoresponse
compared to pristine MoS,. The detectivity of pristine devices mostly falls within the range
of 1011-10* Jones, whereas Cu-doped devices achieve values as high as 10'2-10'* Jones. These
findings highlight a simple, scalable, and cost-effective doping strategy for CVD-grown MoS,,

offering a viable pathway toward the realization of high-performance optoelectronic devices.

Results and discussion

Synthesis and Structural Characterization

Figure la shows the schematic of the cation-exchange morphotaxy for Cu doping in MoS,
monolayer. First, monolayer MoS, flakes were grown on a Si/SiO5(300 nm) substrate using the
CVD technique (see the Experimental Section for details.). Then, we employed a solvent-based
method to introduce the Cu doping into MoSs monolayer. Tetrakis(acetonitrile) copper(I)
hexafluorophosphate was used as a precursor, and acetone was used as a solvent. Monovalent

copper is disproportionate in solution according to the equation 1 .84

2Cut(aq) = Cu(0) + Cu®*(aq) (1)

As shown in Figure 1la CVD-grown MoSs on Si/SiOs was immersed in a solution of 10 ml
acetone and 10 mg of precursor for 30 minutes at 50 °C. After the reaction, the substrate was

rinsed with hot acetone and isopropyl alcohol (IPA) several times to remove the residues and



then dried in Ny flow. Figure 1b and 1lc show the optical images of CVD-grown monolayer
MoS, before and after the reaction, respectively. After the reaction, the flake retains its
original shape and dimensions, a key advantage of morphotaxy*® with no residue left on
the sample surface. Figure 1d presents the Raman spectra of pristine and Cu-doped MoS,.
Raman spectra of pristine MoS, exhibit two peaks, an in-plane vibration mode E%g at ~383.76
cm™! and an out-of-plane vibration mode A, at ~401.88 cm™'. The difference between the
Ay and Ezlg peak positions was found to be ~18.12 cm™, which indicated that the synthesized
MoS, is monolayer.? After the reaction, we see a blue shift and reduced full width at half
maxima (FWHM) of A;, peak. By studying the in-situ Raman spectra of top-gated monolayer
MoS,; FETSs, it has been observed that the A;, mode softens and broadens, whereas the EQlg
mode remains largely unaffected upon electron doping.®! These experimental findings were
supported by first-principles density functional theory calculations and a group-theoretical
analysis of symmetry. The electron-phonon coupling (EPC) was calculated for both the
Aj, and E'y, modes. The Aj, phonon mode corresponds to the out-of-plane vibration of
sulfur atoms, moving in opposite directions along the c-axis (perpendicular to the basal
plane), whereas the E's, mode involves in-plane vibrations of both molybdenum and sulfur
atoms in the basal plane. The A;; mode exhibits the symmetry of the lattice, so structural
distortions in this mode do not break the symmetry of MoS,. As a result, the A;, mode
shows strong EPC, making it more sensitive to electron doping, while the coupling of the E's,
mode with electrons is only weakly dependent on doping. Electron doping fills anti-bonding
states in the conduction band, weakening the bonds and softening the A;, mode. Since
the phonon linewidth is proportional to the EPC associated with a particular mode, the
increase in the linewidth of the A;, mode reflects the strengthening of EPC with doping.
Conversely, in our observations, the A, peak frequency increases, and its FWHM decreases,
suggesting a reduction in electron concentration or the introduction of p-type doping after
the reaction. Previous theoretical studies have reported that Cu substitution in MoS,

leads to p-type doping.”*”* Notably, the Ej, peak position and its FWHM remain largely
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Figure 1: Structural characterization of MoS; before and after Cu doping. (a) schematic of
cationic-exchange morphotaxy (b) Optical image of CVD-grown MoSs (scale bar 20 um). (¢) Optical image
of CVD-grown MoS, (scale bar 20 pum) after Cu doping (d) Raman spectra before and after doping (e) PL
spectra before and after doping (f) XPS of Mo 3d core spectra before and after doping (g) XPS of S 2s before

420 1.6 1.7 1.8 19 20 21
Energy (eV)
S2p3,  Pristine MoS,
S2pp  €,%
. e
1 1
1 1
' 1 &8 Cu-doped MoS,
1
1
]

(=)
=)}

162

Shake-up structure Cu 2ps,

Cu 2p,,)

-

0 960 950 940 930 920
Binding Energy (eV)

o Intensity (au.) . . Intensity (a.u.) o

and after doping. (h) XPS of Cu 2p spectra of Cu doped MoSs.



unchanged. Figure le shows the fitted PL spectra of pristine and doped MoS;. The PL
spectra reveal one prominent peak corresponding to the A-exciton and another less prominent
peak corresponding to the B-exciton. The A exciton peak can be deconvoluted into two
components, attributed to the negatively charged trion (X~) and the neutral exciton (X)
peak. PL spectra clearly show that in pristine MoS,, the PL spectral weight of the negative
trion (X7) peak is greater than that of the exciton (X) peak. This observation aligns with
previously reported results, where trion (X~) recombination is dominant in as-prepared
monolayer MoS, due to unintentional high electron (n-type) doping.®® In Cu-doped MoS,, PL
spectra are dominated by the exciton peak, and the overall spectra are blue-shifted. These
findings are consistent with the literature reports for p-type MoSs, where the reduction in
negative carriers results in fewer trion formation.? " Similar results have been observed
previously in gate-dependent PL spectra of MoSs, where at positive gate voltages (p-type
doping), exciton peak becomes dominant, and at negative gate voltages (n-type doping), trion
peak becomes dominant.? Our results from Raman and PL measurement strongly suggest a
decrease in the number of negative charge carriers after the reaction. Further, we performed
XPS measurements on the pristine and Cu-doped MoS; to confirm the doping. Figures 1f and
1g present the Mo 3d and S 2p core spectra before and after doping. After doping, all peaks
shift to lower binding energy by ~ 0.5 eV. Specifically, Mo 3ds/, shifts from 233.4 to 232.9
eV, Mo 3ds/, shifts from 230.3 to 229.8 eV, S 2p; /5 shifts from 164.3 to 163.8 eV, and S 2p3/,
shifts from 163.1 to 162.6 eV. Binding energy shifts in XPS spectra for core-level electrons
have been previously utilized to identify the doping type in MoS,.%5 After the reaction, the
Mo and S XPS peaks shift to lower binding energies, indicating a shift in the Fermi level
toward the valence band maximum and reflecting p-type doping in the MoS,.*>% Figure 1h
shows the Cu 2p XPS spectra displaying Cu 2p3/; at ~ 933 eV and Cu 2p; /2 at ~ 953 eV,
indicating that Cu is chemically reacting with MoSs. Additionally, Cu 2p spectra exhibit
strong satellite peaks ~ 963 eV and ~ 943 eV. These strong satellite shake-up features and

peak positions of Cu 2ps/s and Cu 2p;» confirm that Cu is present in the +2 state.® "% The



XPS results strongly suggest that copper is replacing molybdenum through cation exchange.
Previous theoretical reports have shown that the formation energies for substituting Mo with
Cu in MoS, are non-positive, suggesting that substitutional doping of Cu atoms is feasible
in MoS, matrices.’*% The doping concentration, as determined from the XPS data, was
estimated to be approximately 5%.3%6* Such copper-based cation exchange has been observed
in other materials, such as BiySes and SnS,.%%% It has been observed that layered, 2D SnS,
can be transformed to nonlayered Cu,SnSs via cation exchange.% The synthesis of vertical
CuyS—CdS heterostructures,®” and formation of Cu,Se from CdSe through copper cation

exchange in solution have also been reported. %
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Figure 2: HRTEM image and EDX elemental map of doped MoS,. (a) HRTEM image of doped
MoS;. (b) Enlarged images of selected rectangle areas, shown in image a, 1 enlarged image of green rectangle,
2 enlarged image of yellow rectangle, 3 enlarged image of orange rectangle. Inset images show the intensity
along the selected area in red. (¢) Low magnification TEM image of doped MoSs,. (d) Corresponding EDX
elemental map of Mo (e) EDX elemental map of S (f) EDX elemental map of Cu.

To gain deeper insight into the atomic structure of Cu-doped MoS,, we employed HRTEM
and EDX elemental mapping. Figure 2a presents the HRTEM image of doped MoSs,, while
Figure 2b shows an enlarged view of three selected areas marked in Figure 2a (1 for the green

rectangle, 2 for the yellow rectangle, and 3 for the orange rectangle). The intensity maps,

shown in the inset of Figure 2b, were obtained from specific regions marked in red within



Figure 2b. Compared to Mo (Z = 42), Cu (Z = 29) has an atomic number approximately
30% lower, which suggests that Cu atoms will produce a lower relative intensity. This is
evident in Figure 2b, where the Cu atoms, indicated by red arrows, appear slightly darker
compared to the Mo atoms. The intensity maps inset in Figure 2b clearly reveal that the Cu
atoms exhibit lower intensity. The HRTEM images confirm that Cu is substituting at Mo
sites, as indicated by the red arrows in Figure 2b. Figure 2¢ displays a low-magnification
TEM image of Cu-doped MoS,, while Figures 2d, 2e and 2f show the corresponding EDX
elemental mappings for Mo, S, and Cu, respectively. From the mapping data, it is evident
that the Cu is homogeneously distributed throughout the sample. These findings established
the substitution of Mo with Cu atoms via cation exchange. To further elucidate the effect of
Cu doping, the surface potential of pristine MoS,; and Cu-doped MoS, was investigated using
Kelvin probe force microscopy (KPFM) as shown in Figure S2. The average surface potential
decreases significantly from ~330 mV for pristine MoSy to ~160 mV after Cu doping. Such
a decrease in surface potential corresponds to an increase in the work function of MoS,, as
reported previously. % The increased work function indicates a downward shift of the Fermi
level toward the valence band, providing clear evidence of p-type doping induced by Cu
incorporation. Moreover, theoretical studies have reported that substituting Mo with Cu
induces p-type doping.®*** Our experimental results from Raman, PL, KPFM and XPS also

indicate p-type doping.

Optoelectronic properties

We have explored the optoelectronic properties of Cu-doped MoS, to understand the effect of
cation exchange-based doping. Source/drain electrodes were fabricated using photolithography,
followed by thermal vapour deposition of Cr/Au and a lift-off process. The heavily doped Si
substrate was employed as the back gate electrode and 300 nm SiO, as gate dielectric. The
optical image of the fabricated device is presented in Figure S3 with channel length 4 pym

and width 10 pm. Figure 3a presents the output characteristics of a pristine MoS,-based



device, i.e., the source-to-drain current (Ipg) as a function of source-to-drain voltage (Vps)
for various back gate voltages (Vag). The observed approximate linear relationship between
Ips and Vpg indicates that the contacts are nearly Ohmic. Figure 3b shows the output
characteristics of the Cu-doped MoSy-based device. After Cu doping, a noticeable reduction
in current is observed compared to the pristine device. Figures 3c and 3d present the transfer
characteristics of pristine and Cu-doped MoSs, respectively. These plots illustrate Ipg as
a function of Vgg at a Vpg of 0.5 V, presented in both linear and logarithmic scales. The
transfer characteristics of pristine MoS, exhibit n-type behaviour, as commonly reported in

previous studies. ?
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Figure 3: Electrical characterization of pristine and Cu-doped MoS,. (a) Output-characteristics of
pristine MoSs, Ipg versus Vpg for various gate voltage (Vas). (b) Output-characteristics of Cu-doped MoS,,
Ips versus Vpg for various gate voltage (Vgg) (¢) Transfer-characteristics of pristine MoSs, Ipg versus Vs
at Vps = 0.5 V, left side (blue colour) in linear scale and right side (red colour) in logarithmic scale. (d)
Transfer characteristics of Cu-doped MoS,, Ipg versus Vg at Vpg = 0.5 V| left side (blue colour) in linear
scale and right side (red colour) in logarithmic scale. (e) Hysteresis in transfer-characteristics, for pristine
MoSs in red colour, and for Cu-doped MoS; in blue colour, the arrow is showing the sweeping direction, Vpg
was kept 0.5 V (f) Comparison of Ipg versus Vpg of pristine MoSs and Cu-doped MoSs.

The field-effect mobility (upg) was extracted from the peak transconductance using a

parallel-plate gate capacitance model, and the threshold voltage (Vry) was determined using



the linear extrapolation method. It should be mentioned here that while calculating the
mobility values we have not included the effect of contact resistance. From the transfer
characteristics of pristine MoS,, the extracted ppg and Vg are approximately 11 ecm?V—1s™?
and —8 V, respectively. The on/off current ratio (Iyax/Imin) is ~ 10%, where I, and Ly,
are the maximum and minimum drain currents obtained from the transfer characteristics
at Vps = 0.5 V. The subthreshold swing (SS), extracted over two order of magnitude
change in drain current, is found to be 5.6 V/decade, and the peak transconductance is
6.3 x 1073 uS/um at Vps = 0.5 V. Following Cu doping, the drain current in MoS, decreases
markedly, accompanied by a positive shift in the threshold voltage to approximately 20 V,
indicating suppression of the intrinsic n-type behavior. The field-effect mobility of the Cu-
doped MoS; is reduced to ~ 4 cm?V~1s7!. The on/off current ratio (Iax/lmin), obtained
from the transfer characteristics, decreases to ~ 103, while the SS, extracted over two order of
magnitude change in drain current, increases to 11.5 V/decade and the peak transconductance
value 8.27x 1075 4S/um. The p-branch observed in the transfer characteristics after Cu doping
may arise from either p-type doping of the MoS,; channel or Schottky barrier modulation at
the contacts. However, KPFM and XPS analyses reveal a downward shift of the Fermi level
of MoS, after Cu doping, indicating that the p-branch is governed by p-type channel doping
rather than contact barrier modulation.

To contextualize our device performance, Table 1 presents a comparison of pristine MoSs
n-FET and Cu-doped MoS, devices alongside recently reported high-performance MoS; and
WSe; benchmarks from the literature. Key metrics, including on-state current (Ion), SS,
and Vry, with the corresponding drain voltage (Vpg) and channel length (Le,). As shown in
Tablel, the performance of the present devices is lower than that reported in these benchmark
studies. This is primarily due to the relatively thick back-gate SiO, dielectric (300 nm), the
larger channel lengths and CVD-grown MoSs. Device performance can be further improved

through contact engineering, integration of high-x gate dielectrics, and channel-length scaling.



Table 1: Comparison of pristine MoS; n-FETs and Cu-doped MoS,
p-branch with representative high-performance n-type and p-type
FETs.

CCCeceeceee

Ref Growth / Material / Type Dielectfig (nm) Vps (V) Ion SS (mV
(1A /pm)

0 MOCVD MoS, (n-FET) 10 100 1 336 8¢
nm

HfO,

o MOCVD WSe;y (n-FET) 9 nm 300 1 26 14
Al O3
nm
HfO,/
nm

Al,O;

w

7L MOCVD MoS, (n-FET) 9 nm | 300 1 33 7¢
fXIQ()g
nm
HfO,/
nm

Al,O

w

This work Pristine MoS, (n-FET) 300 4000 0.5 0.18 56(
nm

5104

40 MOCVD WSe, (p-FET) 10 100 1 306 74
nm

HfO,

o MOCVD WSe, (p-FET) 9 nm 300 1 16 24
Al,O4
nm
HfO,/
nm

AL, O

w
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Ref Growth / Material / Type Dielectfig (nm) Vps (V) Ion
(A /pm)

SS (mV

[ MOCVD WSe, (p-FET) 9 nm 300 1 10
AlLOs
nim
HfO,/
nm

AL O3

w

45

20 MOCVD WSe, (p-FET) 10 100 -1 280
nm

HfO,

35

2 CVT MoSe; (p-FET) 25 50 1 212
nm

AL O3

30(

72 MOCVD WSe, (p-FET) 25 20 1 16
nm

AL O3

7

This work  Cu-doped MoS, (p-branch) ~ 300 4000 0.5 2x107°
nm

Si09

Figure 3e displays the hysteresis in the transfer characteristics, clearly showing that after
Cu-doping, the threshold voltage has shifted to the positive side, compared to the pristine
MoS,. Several factors have been identified as potential causes for the observed hysteresis
in the transfer characteristics, including electron trapping and de-trapping by adsorbed
molecules on the MoS, surface, ™ charge trapping at the SiO,/MoS, interface,” and intrinsic

defects within the MoS, material. 7

However, we did not observe any qualitative difference
in the nature of hysteresis after the Cu-doping. Figure S4 shows the hysteresis in the transfer
characteristics of Cu-doped MoS, before and after vacuum annealing at 200 °C for 1 h. No

significant change was observed after annealing.



Figure 3f presents a comparison of Ipg versus Vpg at Vgs = 0 V for both pristine
and Cu-doped MoS,. After Cu doping, the current decreases by ~ 4 order compared
to the pristine MoSs. Dark current significantly impacts photodetector performance, as
reducing it enhances power efficiency and improves photocurrent measurement accuracy by
preventing saturation of read-out electronics.”® Furthermore, dark current is a primary source
of electronic noise, directly impacting signal detection efficiency. Consequently, minimizing
dark current is essential for optimizing the overall performance of photodetectors. In previous
studies, a high negative gate bias has been applied to deplete charge carriers in the channel,
effectively reducing dark current and improving the signal-to-noise ratio (SNR).'"? However,
this approach not only increases power consumption due to the large gate bias but also
compromises responsivity, as the photocurrent is lower when the device operates in the
depletion region.”” We further investigated the influence of Cu-doping on the photoresponse
properties of MoSs-based devices. Figures 4a and 4b depict the Ipg versus Vpg characteristics
at Vgs = 0V for pristine and Cu-doped MoS, devices, respectively, under both light and
dark conditions. The pristine MoS, device (Figure 4a) exhibits an on/off current ratio of

approximately 10, which is defined using the Equation 2:®

Lo _ Jight @)
I Taark
where Ijigp is the current under illumination, and Iqay is the current in the dark. After Cu
doping, the device demonstrates a significantly higher on/off current ratio of approximately
10* (Figure 4b). Figures 4c and 4d illustrate the incident power (P) versus photocurrent
(Ipn) for the pristine and Cu-doped devices, respectively. The photocurrent is defined using
Equation 3

Ioh = light — lqark (3)

The relationship between photocurrent and incident power can be described by the power



law equation 4

Ly, o P° (4)

For the pristine and Cu-doped MoS, devices, the observed a values were 0.57 and 0.96,
respectively. An « value of 1 indicates a linear relationship, suggesting that the increase in
photocurrent is predominantly due to photogenerated carriers (photoconductive effect).”
When a < 1, it indicates sub-linear behaviour, often attributed to the presence of traps,
defects or other complex photogeneration and recombination processes. %8

Figure S5 shows the Ips—Vgg transfer characteristics of the Cu-doped MoS; device
measured under dark and illuminated conditions. Under illumination, the threshold voltage
shifts toward more negative gate voltages, which is attributed to the photogating effect, as
previously reported for MoS, photodetectors. '8! We have measured the gate leakage current
under the same illumination conditions (shown in Figure S6), and the leakage current was
found to be very low.

Figures 4e and 4f show the time-resolved photoresponse of pristine and Cu-doped MoSs,
respectively, under alternating dark and illumination conditions. For pristine sample, a 470
nm light emitting diode (LED) was periodically switched on (30 s) and off (30 s) at different
power levels. For Cu-doped MoS,, the LED was switched on and off for 10 s. With increasing
incident power, both types of samples exhibited an increase in current. For pristine MoSs, the
dark current is around 10 nA, and the change in current under illumination is less than one
order of magnitude. In contrast, for Cu-doped MoS,, the dark current is approximately 0.1
pA, and the change in current under illumination is four orders of magnitude. Additionally,
the cyclic endurance of two devices before and after Cu-doping has been presented in Figures
S7 and S8. In the case of pristine MoS,, the current does not return to its initial value after
the LED is switched off during each cycle. This slow decay is likely due to the persistent
photoconductivity effect, which arises from the trapping of minority carriers (holes) in localized
defect states within MoS, or at the MoSy-substrate interface.'? In contrast, the Cu-doped

device demonstrates consistency and stable photoswitching performance over cycles and
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Figure 4: Opto-electronic properties of pristine and Cu-doped MoSs. (a) Ipg versus Vpg charac-
teristics at Vgg = 0 V for pristine MoS, device, under both light and dark conditions (b)Ipg versus Vpg
characteristics at Vgg = 0 V for Cu-doped MoSs, under both light and dark conditions (c¢) photocurrent
versus incident power for pristine MoS», red line shows the power law (Ipn oc P*) fitting with o = 0.57. (d)
photocurrent versus incident power for Cu-doped MoSs, red line shows the power law fitting with a@ = 0.96..
(e) Time-resolved photoresponse of pristine MoSs under alternating dark and illumination conditions at
different incident powers. A 470 nm LED was periodically turned on and off every 30 seconds. The numbers
shown in the inset, color-coded accordingly, indicate the incident power in mW /cm?. (f) Time-resolved
photoresponse of Cu-doped MoSs under alternating dark and illumination conditions at different incident
powers. A 470 nm LED was periodically turned on and off every 10 seconds. The numbers shown in the inset,
color-coded accordingly, indicate the incident power in mW /cm?. (g) Calculated average rise and fall times
at different incident powers for pristine MoSs. (h) Calculated average rise and fall times at different incident
powers for Cu-doped MoS,. (i) Histogram plot of Dignt/Idark ratio for pristine MoS,. The distribution is
fitted with a log-normal curve, with a mean light/Idark = 10'4. (j) Histogram plot of Tignt /Iqark ratio for
Cu-doped MoSs. The distribution is fitted with a log-normal curve, with a mean value of Iiight/ldark = 1039
(k) Histogram plot of specific detectivity (D*) of pristine MoS, with a average value of detectivity 1017
jones. (1) Histogram of D* for Cu-doped MoS, exhibiting an average value of detectivity of 102 jones.



quickly reverts to its initial dark conductivity once the light source is turned off. Furthermore,
we have analysed the response time using time-resolved photoresponse. The response time of
a photodetector is a key parameter for assessing its sensitivity to light signals, indicating how
quickly it reacts to changes in light intensity. The rise time (7s) is defined as the duration
for the photocurrent to increase from 10% to 90% of its peak value, while the fall time (7¢.;)
represents the duration for the photocurrent to decrease from 90% to 10% of its peak. Figures
4g and 4h present the calculated average rise and fall times at various light intensities, for
pristine and Cu-doped MoS,, respectively. For pristine MoSs, average rise time increases
slightly from approximately 14 to 16 s, while the fall time increases from 18 to 22 s as light
intensity increases. This behaviour may be attributed to the presence of trap states in the
material. In comparison, Cu-doped MoS, (Figure 4h) exhibits a much faster response, with
the average rise times ranging from 487 to 529 ms and fall times of 320 to 347 ms. Figures 4i
and 4j present a statistical study of 70 devices fabricated with identical geometry (Figure
S3, channel length 4 pm and width 10 pm), illustrating a log-normal distribution of the
Light /lqark ratio before and after Cu-doping. Before doping (Figure 4i), most devices exhibit
a ratio in the range of 10'-102. While after Cu-doping (Figure 4j), the majority of devices
show a significantly higher ratio, reaching approximately 10*. Figures S8 to S14 show a
comparison of dark current and time-resolved photoresponse of six representative devices
before and after Cu doping, clearly illustrating the improved photoresponse and suppressed
dark current after doping. Figure S15 further supports this trend with a histogram of dark
current values. Before doping, the majority of devices exhibit dark currents exceeding 1 nA,
whereas after doping, most devices show a substantial reduction, with values predominantly
in the 0.1-10 pA range. The Specific detectivity (D*) for each device was also evaluated,
which is an important figure of merit for photodetectors, representing the sensitivity level of

the device. The specific detectivity is calculated using Equation (5)

* 26-[dalrk 12
D" = R x ( ! > (5)



where R is the responsivity, A is the device area, ¢ is the electronic charge, and Iq. is the
dark current. Figures 4k and 41 present histograms of the specific detectivity for pristine and
Cu-doped MoS,, respectively. For pristine MoS,, the majority of devices show detectivity in
the range of 10'* to 10*? jones, while for Cu-doped MoS,, most devices exhibit detectivity in
the range of 102 to 10'* jones. Furthermore, to assess device-to-device variability and the
effect of Cu doping on transistor performance, Figures S16-S19 show the distributions of oy,
urE, Vra, and SS before and after Cu-doping.

To gain further insight into the photoresponse, the transient curves of pristine and Cu-
doped MoS; were fitted using an exponential function with two decay times, as shown in
Equation 6. Here A; and As represent the trap coefficients for the exponential curve. The
faster decay component is attributed to shallow traps, while the slower decay component
corresponds to deep traps.®? Figure 5a illustrates the schematic of the band structure of an
n-type semiconductor with trap and recombination center. For simplicity, one shallow trap,

one deep trap, and one recombination centers are considered.

I = Io + Aleit/ﬂ + Ageit/ﬁ (6)

Localized states within the bandgap can act as a recombination center, shallow trap or
deep trap, depending on their position in the bandgap and the Fermi level.?*% Previous
studies have shown that band tail states are present in the conduction and valence bands
of MoS,.%# In addition to these shallow traps, deep traps and recombination centers are
also present.”?8* These trap states are caused by structural defects in MoS, such as vacancies
and grain boundaries, or by a distribution of trap charges introduced by the MoS;-SiOq
interface. %2848 Furthermore, sulfur vacancies in MoS, have been reported to introduce
both deep and shallow level traps, but the trap density is higher at the deep level.®? Figure
5b shows the transient response of pristine MoSs, along with the fitted curve. The extracted

decay times (71 and 75) and trap coefficients (A; and As) are summarized in supplementary
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Figure 5: (a) Schematic diagram of the band structure of an n-type semiconductor showing representative
trap and recombination centers. For clarity, one shallow trap, one deep trap, and a single recombination
center are included. (b) Decay curve of pristine MoS; at Vps = 0.5 V and Vgs = 0 V (c) decay curve of
Cu-doped MoS, under the same bias conditions. (d) Average fall time for 20 devices before and after doping.
(e) Average rise time for 20 devices before and after doping. (f) Time-resolved photoresponse of Cu-doped
device under alternating dark and illuminated conditions ( on/off time 10 s and illumination power = 8
mW em ™2 and bias condition at Vps = 0.5 V and Vgs = 0 V) after 1 day and 365 days. (g) Average rise
and fall time for various days from 1st to 365 days. (h) Noise spectral density as a function of frequency
under ambient conditions. The black dots represent the background noise, while the green and blue dots
correspond to the noise spectra before and after doping, respectively, at Vpg = 0.5 V. The red line shows the
1/f# fitting, with 8 = 0.95 before doping and § = 1.05 after doping. (i) Dark current versus noise current for
pristine MoSs and Cu-doped MoS,.



table 1. Before Cu doping, the contribution from deep traps was significant. The de-trapping
time of carriers from deep traps can be longer by several orders of magnitude compared
to shallow traps, leading to an extended decay or response time of the device. Figure 5c
shows the transient response of Cu-doped MoS,, where the contribution from shallow traps
becomes dominant compared to deep traps, leading to a faster photoresponse. Similarly, in
ReSs-based photodetectors, photoresponse speed has been improved by modulating deep
traps to shallow traps using defect engineering.?® Further analysis of fall and rise time was
carried out for 20 devices before and after doping. Figure 5d illustrates the distribution of
fall times before and after doping. Before doping, the fall time varies between 13 and 35 s, as
indicated by the blue data points on the left y-axis. After Cu doping, a substantial reduction
in fall time is observed, with values ranging from 296 to 412 ms (red data points, right y-axis).
A similar trend is evident in the rise time behaviour, as shown in Figure 5e. Before doping,
the rise time ranges from 10 to 30 s (blue data points, left y-axis), whereas after doping it
decreases significantly to 480 to 600 ms (red data points, right y-axis). Additionally, the
long-term operational stability of the device was assessed by monitoring its time-resolved
photoresponse over an extended duration. Figure 5f presents the photoresponse measured on
day 1 and after 365 days. The results show negligible degradation in photocurrent amplitude
or dynamics, indicating robust stability of the device under ambient storage conditions. To
further quantify this, the corresponding rise and fall times over different time points are
plotted in Figure 5g. The absence of any significant variation in these parameters confirms
the excellent temporal stability and reproducibility of the photoresponse in Cu-doped MoS,
devices. Next, we have evaluated the current noise power spectral density (PSD) of both
the pristine and Cu-doped MoS, devices. Figure 5h shows the noise spectra as a function of
frequency, revealing characteristic 1/f” behaviour with exponents 8 = 0.95 (before doping)
and f = 1.05 (after doping). However, noise detection above 10 Hz was limited by the
instrument’s resolution, as shown in Figure 5h. We measured the background noise (black

dots), which remained lower than the device noise both before (green dots) and after (blue



dots) doping. The differing frequency ranges observed in the three spectra are due to the
instrument’s resolution, which varies depending on the measured current range. We estimated
the specific detectivity of the devices using the measured noise spectra and Equation 7
VABR
D" = — (7)

in

where A is the area of device, R is the responsivity, B is the bandwidth and i, is the noise
current. For our device A =40 um? and B = 1 Hz. The measured noise current decreased
significantly from 1.03 x 10'2 A Hz~'/2 in the pristine device to 1.13 x 104 A Hz~/2 after
doping. Correspondingly, the calculated specific detectivity improved from 2.4 x 10'° cm
Hz W1 to 3.5 x 10'® cm Hz W~!. Additionally, Figure 5i illustrates the variation of noise
current with respect to dark current. An overall increasing trend in noise current is observed
with higher dark current levels. Notably, after Cu doping, the noise current is consistently
lower than that of the pristine device. Additionally, Figures S12a and S12b compare the shot
noise limit with noise current at different dark current levels.

In Table 2 we have presented a comparison of key photodetection metrics for our MoS,
devices with representative previous works. %3878 Overall, these results demonstrate that
the optoelectronic performance of monolayer MoS, improves significantly after morphotaxial

Cu doping.



Table 2: Comparison of photodetector performance of MoS,-based

devices.
CCCCCCeecee
Ref Channel Area| A (nm) P;, (mw/cm?) R D* (jones) NEP (}
(A/W)

87 MoSs 1um | 450-625 2 3.6 x 107 | 5.6x 10
X
dpm

> MoS; 2.1um 450 — 4.2x 1074 -
X
2.6un

13 MoS, - 561 0.024 881 — 1.8 x

88 MoS, - 470 10 17.4 2.48 x 1012

This work  Pristine MoS, 4 470 8 313 2.4 x 101 1.6 x
[m
X
10
pm

This work Cu-doped MoS, 4 470 8 15.6 3.5 x 10 6.4 x
[m
X
10
pm

Conclusion

In summary, we demonstrate that solvent-mediated morphotaxial cation exchange enables

substitutional Cu incorporation in CVD-grown monolayer MoSs while preserving the crystal

morphology. Beyond inducing stable p-type behavior, this lattice-level doping fundamentally



modifies the electronic defect landscape of MoS;. The Cu-doped monolayers exhibit a
dramatic suppression of dark current, resulting in nearly three orders of magnitude increase
in the light-to-dark current ratio and more than an order of magnitude faster photoresponse.
Transient and noise analyses reveal that these improvements arise from the reduction of deep
trap states and the associated suppression of trap-assisted carrier fluctuations, establishing
substitutional doping as an effective route for trap-state engineering rather than simple carrier
density modulation.

In the absence of gate bias, the dark current in doped devices is reduced by four orders
of magnitude compared to pristine devices, further highlighting their improved energy
efficiency. As a result, the doped devices achieve detectivity values up to 10 Jones without
gate bias, together with excellent operational stability under ambient conditions. These
findings introduce morphotaxial substitution as a scalable strategy for electronically modifying
monolayer semiconductors and demonstrate that controlled lattice doping can simultaneously
address dark current, response speed, and noise limitations in 2D photodetectors. More
broadly, this work highlights substitutional chemistry as a powerful tool for tailoring defect

physics and advancing the performance limits of atomically thin optoelectronic materials.

Methods

Growth of monolayer MoS,

Monolayer MoSs was synthesized on 285 nm SiOs coated Si substrates via atmospheric pressure
chemical vapor deposition (APCVD). Sulfur (Sigma-Aldrich) and molybdenum trioxide MoOs,
99.98% trace metals, Sigma-Aldrich) powders were used as sulfur and molybdenum sources,
respectively. The substrates were first cleaned through sequential sonication in acetone and
isopropyl alcohol, each for 10 minutes, and then subjected to oxygen plasma treatment at
~400mTorr for 5 minutes using a 40 W RF source. During the growth process, 400 mg

of sulfur powder (towards the outside furnace) was placed in an alumina boat positioned



about 18 cm upstream from the MoOj3 boat, in a 3.5 cm diameter quartz tube furnace. A
heating belt was employed to control the sulfur temperature independently. The cleaned
substrates were placed downstream from the MoQOj3 boat, approximately 5cm apart, in a
separate alumina boat. Before heating, the system was purged with ultrahigh-purity argon
gas at 400 sccm for 15 minutes, then reduced to 20 sccm for the remainder of the process.
The furnace was ramped to 700°C at 5°C/min and held for 5 minutes before allowing it to
cool naturally. Meanwhile, sulfur was heated to 150°C using the heating belt as the furnace
approached its target temperature, and this temperature was maintained for 25 minutes

before cooling.

Material Characterization
Raman and Photoluminescence Spectroscopy

Raman and PL spectra were collected using a LabRAM HR, Horiba Jobin Yvon spectrometer

with a 532 nm laser.

X-ray Photoelectron spectroscopy(XPS)

X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific XPS
instrument, which was equipped with a monochromatic Ka Al X-ray line as the X-ray source.
The X-ray beam had an approximate diameter of 400 um and an energy of 1486.6 eV. To
counter sample charging, all spectra underwent charge correction against the C 1s adventitious

carbon peak at 284.8 eV.

High-Resolution Transmission Electron Microscopy (HRTEM)

High-resolution transmission electron microscopy (HRTEM) images were acquired using
a JEOL HRTEM instrument, JEM-2200FS, and the microscopes were employed with an

acceleration voltage of 200 kV.



Kelvin Probe Force Microscopy (KPFM)

KPFM measurements were done using an Asylum Research MFP-3D Origin™ instrument in

non-contact mode.

Device fabrication and Opto-electrical Measurement

Devices were fabricated using a standard photolithography method followed by thermal
evaporation of metal (5nm Cr and 50nm Au) and lift-off in acetone. All electrical measure-
ments were performed in a home-built probe station using a Keithley 2636B dual-channel
source meter unit and home-built LabVIEW programs at ambient conditions. A 470 nm
LED, connected in series and controlled by an Arduino, was employed as the light source
for measuring photoresponse. The optical power was calibrated at the device plane using a

Thorlabs power meter.

Data availability

The data that support the findings of this study are available from the corresponding author

upon reasonable request.
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Table -1 Comparison of pristine MoS; n-FETs and Cu-doped MoS; p-branch with
representative high-performance n-type and p-type FETs.

Growth /
L | SS (mV [
Ref Material / | Dielectric ch VDS (V) ON (_1 VTH (V) (I)N
Type (nm) (nA/pm) | dec™ ) /'OFF
MOCVD 10 nm
40 MoSz (n- | 1o, 100 1 336 83 1 >107
FET)
9 nm
MOCVD | aj, 03 /3 ,
70 wsez (n- | - Hfoy/3 | 300 1 26 142 1.35 10
FET) nm Al203
9 nm
MOCVD | a1, 03 /3 ,
71 MoSz (n- | Hf0y/3 | 300 1 33 79 2.7 >10
FET) nm Al203
Pristine
- 300
This MoSy (n- | 2.0 hm 4000 | 0.5 0.18 5600 | -8V ~ 106
work Si02
FET)
MOCVD 10 nm
40 WSe2 (p- HfO? 100 1 306 74 -0.85 108
FET)
9 nm
MOCVD | A}, 03 /3
70 wse2 (p- | Hf0 /3 300 1 16 244 -084 | 107
FET) nm Al203
9 nm
MOCVD | a1, 03 /3 ,
71 wsez (p- | - Hf0,/3 | 300 1 10 450 -2 10
FET) nm Alp03
MOCVD 10 nm
20 WSe2 (p- HfO? 100 -1 280 350 -0.5 107
FET)
CVT
25 nm Al
21 MoSe? o 2 |50 1 212 3000 - 104
(p-FET) | 3
MOCVD
25 nm Al
72 WSe2 (p- o 2 120 1 16 770 2 10°
FET) 3
Cu-doped
MoS
This e 300mm 1000 |05 -5 20 2
work SiOZ . 2x10 - ~ = ~ 10
(p-
branch)




Table -2 Comparison of photodetector performance of MoS2-based devices.

p NEP
Ref Ch 1 la A n 2 R D* Trise / V\?S
€ anne rea (mw/cm (A/W) | (jones) Wz Tfall /VGs
(nm) ) 1/2 V)
)
10 ms
lpm x | 450- 3.6 x 5.6x /0.1
M -
87 %2 \sum |ezs |2 107 | 1013 6/5
ms
5 MoS2 x 450 - -4 - - /50 1/0
2.6um 10 ms
1.8 x
13 MoS2 - 561 0.024 881 - 10-15 35/9 8/-70
2.48 x
88 MoS»2 - 470 10 17.4 1012 - 8/8.5 | 0.5/0
This | Pristine | 4 pm x 10 | 16* | 16s/
work MoS? 10 um 470 8 313 2.4x10 10_14 22s 0.5/0
Cu- 529
This 4 um x 64x | ms/
doped 13
work Mope 10 um 470 8 15.6 3.5x10 10—16 347 0.5/0
0S2 ms




