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Two-dimensional transition metal dichalcogenides (2D TMDs) possess a tunable
excitonic light emission that is sensitive to external conditions such as electric
field, strain, and chemical doping. In this work, we reveal the interactions between
DNA nucleobases, i.e., adenine (A), guanine (G), cytosine (C), and thymine (T)
and monolayer WS, by investigating the changes in the photoluminescence (PL)
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Germany 2017 emissions of the monolayer WS, after coating with nucleobase solutions. We found

that adenine and guanine exert a clear effect on the PL profile of the monolayer
KEYWORDS WS, and cause different PL evolution trends. In contrast, cytosine and thymine
tungsten disulfide, have little effect on the PL behavior. To obtain information on the interactions
photoluminescence, between the DNA bases and WS,, a series of measurements were conducted on
optical biosensing, adenine-coated WS, monolayers, as a demonstration. The p-type doping of the
chemical doping WS, monolayers on the introduction of adenine is clearly shown by both the

evolution of the PL spectra and the electrical transport response. Our findings
open the door for the development of label-free optical sensing approaches
in which the detection signals arise from the tunable excitonic emission of
the TMD itself rather than the fluorescence signals of label molecules. This
dopant-selective optical response to the DNA nucleobases fills the gaps in
previously reported optical biosensing methods and indicates a potential new
strategy for DNA sequencing.
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1 Introduction

Two-dimensional transition metal dichalcogenides
(2D TMDs) have attracted increasing attention because
of their extraordinary optical and electrical properties
[1-3]. Unlike graphene, monolayer (1L) semiconductor
TMDs, MX, (M = Mo, W; X =5, Se), possess a direct
band gap that gives rise to an anomalously strong
photoluminescence (PL) emission in the visible to
near infrared range [4, 5]. The 2D confinement results
in reduced dielectric screening and enhanced coulomb
interactions, which further lead to relatively large
binding energies of the electron—hole (e-h) quasiparticle-
like neutral excitons (A), charged excitons or trions
(A/A"), and even biexcitons (AA) [6, 7]. These excitonic
states are strongly correlated to the unique electronic
structures of 2D semiconductors and are reflected by
sharp and intense peaks in the PL spectra of these 2D
semiconductors. Therefore, the energy and related
emission states can be manipulated by tuning the
electronic structure, such as by gate/chemical doping
[8,9], applying an external strain [10], or laser
stimulation [11], and probed directly by optical and
electrical measurements. Among these methods, the
modulation of excitonic states via chemical approaches
has become a promising research direction not only
because of the efficient improvement in the optical
qualities of 2D semiconductors on chemical treatment
[12, 13] but also because the coupling between the
chemical compounds and 2D materials indicates
chemical sensing ability, arising from their large surface
to volume ratios. Many efforts have been devoted to
study the charge-transfer-induced interactions between
2D semiconducting TMDs and their surroundings
including environmental molecules like H,O and O,
and typical dopants such as FATCNQ [14, 15]. The
investigation of the interactions of biomolecules with
2D semiconducting TMDs is still in its infancy, and
most studies have been theoretical [16-18]. To date,
experimental reports have focused on the fluorescent
(FL) or chemiluminescent detection of DNA using
liquid-phase exfoliated nanosheets of 2D semicon-
ducting TMDs for optical sensing [19-22]. Specifically,
the optical signals of these platforms originate from
the fluorescence label molecules rather than the TMDs.

In sharp contrast, the observation of tunable excitonic
emissions directly from monolayer TMD samples upon
the physisorption of biomolecules is rare, especially
for the well-analyzed excitonic emission (A/A") features
hidden in the spectra [23].In this work, such changes
in the PL spectra of 2D TMDs, which have been
underestimated in previous biosensing studies, are
monitored and shown to be useful biosensing indices.
Compared to liquid-phase TMD samples in solution,
solid-phase flakes on Si/SiO, wafer substrates are more
suitable for developing sensing devices integrated
on chips. For such applications, the exploration of the
sensing abilities of chemical vapor deposited (CVD)
TMD:s is an essential step. Meanwhile, the CVD process
could be used for mass production of these materials.
Studies of the PL detection of biomolecules using
CVD 2D semiconductor TMDs are scarce but crucial
for the development of biosensing applications.

In recent years, researchers have made considerable
efforts to use 2D materials as platforms for biological
fluorescence sensing and imaging studies [24-26].
Among the various sensing targets, the development
of a low-cost, convenient, label-free DNA detection
platform has gained significant interest [27, 28]. Recently,
several methods for the detection of specific DNA
strands with TMDs based on Forster resonance energy
transfer pairs have been reported [28]. However, these
sensing tactics require complicated probe—target labeling
processes, leaving the area of one-step optical detec-
tion relatively uninvestigated [19, 30]. Furthermore,
previous studies have focused on larger molecules,
such as particular DNA strands, while the detection
of the nucleobases that form the strands has been
ignored. Because the information within DNA is hidden
inside the sequence of these bases, compared to the
recognition of particular DNA strands, the detection
of single bases could serve as an alternative pathway
to decode many DNA molecules within one platform,
leading to a possible solution to optical DNA sequencing
[31]. In this regard, a one-step approach for the optical
detection of nucleobases with 2D materials merits
development. Note that semiconducting TMD materials
stand out as candidates for this purpose because of
their chemically tunable excitonic properties. To achieve
such optical sensing applications, an investigation
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of the impact of DNA bases on optical properties of
semiconducting TMD material is useful.

In this work, the WS,-nucleobase interaction is
systematically studied. We performed PL spectroscopy
measurements on CVD-grown monolayer WS, on
a SiO,/Si substrate both before and after coating
with DNA nucleobase, i.e., adenine (A), guanine (G),
cytosine (C), and thymine (T), solutions. We observed
the conspicuous and distinguishable evolution of
the excitonic states of the monolayer WS, upon the
physisorption of adenine and guanine, whereas cytosine
and thymine show a negligible influence, indicating
the potential of CVD monolayer WS, for optically
sensing DNA nucleobases. To reveal the sensing
mechanism for DNA nucleobases and the doping of
monolayer WS,, the evolution of the PL profiles and the
electrical transport features of monolayer-WS,-based
field effect transistors (FETs) were analyzed in detail.
The results show that p-type doping is responsible
for the optical effects. The typical doping level was
further quantified by analyzing distinctive features in
the PL spectra of monolayer WS, with various dopant
concentration and calculated electron concentrations.
These findings indicate the potential use of monolayer
WS, for the optical detection of DNA nucleobases.
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Figure 1 Characterization of WS, flakes. (a) Optical and (b)
fluorescence images of CVD grown 1L WS, sample on SiO,/Si
substrate. (c) Lorentz-fitted Raman and (d) PL spectra of the WS,
flakes at room temperature in air.

2 Results and discussion

Monolayer WS, flakes were chemically grown on a
300-nm SiO; layer capped on a highly doped Si wafer
using CVD. We followed a method employed in
previous studies on WS, growth [32, 33]. The prepared
samples are symmetric and triangular with strong
and homogeneous fluorescence emissions, as shown
in Figs. S1(a) and S1(b) in the Electronic Supplementary
Material (ESM). To further characterize the sample
quality, both PL and Raman spectra were measured
using a 2.33-eV (532-nm) continuous laser (only the A
exciton was observed in the PL measurements). As
shown in Fig. 1(c), the interpreted Raman features
indicate that our sample is highly crystalline WS,
containing phonon modes of in-plane vibrational
E'»(M) and E'»(I') modes, the second-order longitudinal
acoustic phonon 2LA(M), out-of-plane modes, and
some combinational modes. A frequency difference
of 62 cm™ between the E',(I') and A;, modes was
observed. These signatures agree well with previous
Raman studies of monolayer WS,[33-36]. Figure 1(d)
shows the PL spectra of the as-prepared sample, where
a distinct peak with an emission energy of 1.96 eV
is observed. The peak position agrees well with the
reported range of the A exciton emission of CVD-grown
monolayer WS, at room temperature [32, 36]. By using
Raman fingerprints and striking PL emissions, we
confirmed that the monolayer WS, was obtained. The
PL intensity of the as-grown CVD WS, is intrinsically
higher than that of MoS, [32], even without any further
chemical treatment [12, 13], making it more suitable
for optical applications.

Concerning the shape of the PL spectrum, based on
a previous study, it mainly contains peaks originating
from two kinds of quasi-particles: neutral and charged
excitons. Generally, if there are excessive electrons
(holes) inside the sample, negative (positive) charged
excitons could be formed [6]. Compared to the A,
A/A* consist of an e-h pair with an additional electron
or hole, resulting in different recombination behaviors
and emission energies. Both states can be identified
in the PL spectrum by peak fitting and assignment
because of their different peak positions and peak
widths. Therefore, the PL profile of WS, is sensitive
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Figure 2 Optical detection of DNA nucleobases. (a) Schematic image of the optical nucleobase sensing platform, and (b)—(e) PL
spectra of 1L WS, before and after being coated with 1 mM adenine, guanine, thymine, and cytosine solutions, respectively.

to the charge transfer induced by the adsorption of
p/n-type dopant molecules.

As shown schematically in Fig. 2(a), the as-grown
WS, on the S5iO,/Si wafer was spin coated with a DNA
nucleobase solution and then exposed to laser light
to record the PL spectra before and after the spin
coating of the nucleobase solution, which makes it
possible to study the effect of the nucleobases on WS,
systematically. To validate that the optical responses
arose from the nucleobases alone rather than solvent
(ethanol), we conducted control experiments. The PL
spectra (Fig. S1(a) in the ESM) recorded before and
after the spin coating of pure ethanol on the sample
contain identical features, which indicates that any
further evolution is from the solute (i.e., nucleobases)
rather than the solvent. In addition, this control
experiment eliminates the potential interference of
moisture doping from the ambient environment [8, 14].

TSINGHUA
UNIVERSITY PRESS

The effects of four kinds of nucleobases on WS, were
probed by PL measurements before and after coating
with a 1 mM nucleobase solution, as shown in
Figs. 2(b)-2(e). We found that adenine and guanine
exhibit quantitatively different splitting effects on
the PL profile (Figs. 2(b) and 2(c)), while cytosine and
thymine (Figs. 2(d) and 2(e)) have a negligible impact
on the PL features of WS,. The different effects of
the nucleobases on the PL features of WS, provide a
convenient approach and rich possibilities for detecting
and distinguishing the four bases.

The evolved PL features in Figs. 2(b)-2(e) can be
further decomposed into multiple Lorentz peaks. Based
on the fitted curves and referring to the literature [8],
the lower energy peak can be identified as a negative
trion, A” (1.96 eV), whereas the higher energy peak
originates from a neutral exciton, A (2.01 eV). In the
spectra of WS,, after coating with A/G bases, the neutral
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exciton A peak emerges and dominates the PL spectra.
A similar evolution is observed in the gate [7, 37] and
chemically modulated [8, 14, 15] PL measurements.
Based on these reports, this splitting signature is
attributed to p-type doping. Because adenine gave
rise to a more pronounced emerging neutral exciton
peak compared to guanine, it is worth identifying
the factors that dictate the magnitude of this optical
evolution. Thus, we used adenine as an example
to probe this PL splitting effect comprehensively and
confirm its physical origin using multiple electrical
approaches.

To further understand the adenine-WS, coupling
effect, concentration-dependent PL measurements were
performed and analyzed. Several as-prepared samples
that exhibit trion-dominated emission were tested
after the spin coating of adenine solutions of different
concentrations. As shown in Fig. 3(a), with increasing
concentration, the integrated intensities of the A” and
A components evolve oppositely. Using the same
Lorentz fitting analysis discussed before, as the
concentration rose from 1 uM to 2 mM, the spectral
weight of the A”component decreased, while the weight
of A component increased. This excitonic evolution
caused a continuous transformation of the overall PL
features.

A similar trend has been reported in recent
investigations of chemical doping [38]. Such quantitative
control of many body states is also intrinsically correlated
to the modulation of the electron density of the sample,
as shown in Fig. 3(b) and concerning the band alignment
(Fig. 3(c)). Theoretically, the relationship between the
electron density 1, and the integrated PL intensity of
A~ and A (I5- and I,) can be modeled by a simplification
of the rate equation and mass-action law (Eq. (1)) [36].

I E
nch.y_A.#.KbT.exp[_Kl‘)TJ (1)

Here, vy and ya- are the radiative decay rates of A~
and A and m,, m,-, my,, and m, are the effective masses
of A7, A, holes, and electrons, respectively, where m,- =
2m, + my, and m, = m, + my. In addition, & is the
Planck's constant, K;, is the Boltzmann constant, T is
the room temperature, and E, is the binding energy
of A". Thus, a proportional relationship for n. and
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Figure 3 Further investigation of the effect of adenine on
excitonic emission and electron density of WS,. (a) PL spectra of
WS, doped under different adenine solution concentrations, from
1 uM to 2 mM. (b) Integrated intensities of charged and neutral
excitons derived from the Lorentz fitted spectra in (a). Inset
shows the values of I,/ and n. under different solution con-
centrations with error bars. (c) The calculated electronic band
structure of WS, and adenine, indicating the electron transfer
direction.

I»-/1, is established after the careful consideration
of values of other terms. Specific discussion of the
approximation and choices of constant values can be
found in the ESM.
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Based on this linear relationship, using the given
type of materials and experimental conditions (E,, v,
Ky, T...), the n, can be obtained from decomposed
PL features under different adenine concentration,
which yields the I,7/I, values. The derived value of
1. monotonically decreased from 8.8 x 10" to 2.4 x
10" cm™ as the solute density increased by 3 orders
of magnitude. Previous investigations of the chemical
doping of 1L WS, have reported similar n. values [8].

This tailoring of the PL feature agrees well with the
previous experimental and theoretical reports [16].
Our finding is consistent with those of a previous
electrochemical investigation, which reported the
electron withdrawing ability of adenine and guanine
on TMDs [39]. Regarding theoretical analysis, the
potential interaction mechanism between the bases
and WS, can be understood from a microscopic point
of view, considering the anchoring force, stacking
configuration, and doping effects. After spin coating
the nucleobase solution, the base molecules are
physisorbed onto the WS, surface. The binding energy
and distance were estimated to be around 0.2 eV and
4 A [16, 18, 40], respectively. Based on calculations
[16, 40], guanine and adenine generally have larger
binding energies than cytosine and thymine, which
indicate stronger interactions and agree with our PL
responses. The possible geometries of the nucleobases
with respect to the WS, basal plane have also been
suggested, from parallel [40] to tilted by up to 40° [41].
The large tilting angles can be possibly attributed
to concentration-induced stacking effects [8] and the
presence of defect sites [9, 42] or solvent molecules [40]
on the sample surfaces, which could strongly interact
with the base molecules. Subsequently, an interfacial
dipole between the base and WS, is generated, enabling
the charge transfer process, which was calculated to
be 0.01e per nucleobase molecule on a 5 x 5 WS, unit
cell [16]. This doping effect was equivalently predicted
by the pronounced modification of the work function/
Fermi level and density of states of WS, [43]. The
depletion of electrons is caused by charge transfer
between 1L WS, and adenine, as schematically shown
in Fig. 3(c). Considering the band alignment, Fig. 3(c)
shows the computed minimum of the conduction band
(-3.84 V) and the maximum of the valence band
(-5.82 eV) of 1L WS,, as well as the highest occupied

molecular orbital/lowest occupied molecular orbital
(HOMO/LUMO) energies of adenine [43-45]. The
as-grown sample is intrinsically n-doped, as reflected
by the trion dominated PL features, which leaves
the Fermi level of 1L WS, above the bottom of the
conduction band. This band offset results in a charge
transfer process from WS, to adenine, which neutralizes
the WS, sample and diminishes trion formation. As
the concentration of adenine coated on WS, increased,
more electrons were extracted from the as-grown
n-doped sample, resulting in the further excitonic
evolution of the PL feature.

Our findings indicate that, upon the physisorption
of adenine, the electron density of 1L WS, is strongly
modulated. In addition, the spectral weight transfor-
mation from A~ to A indicates the control of the
excitonic emission states of WS,, which correlates with
the dopant concentration. Such numerical correlation
is beneficial as a sensing index for detecting the
strength of the nucleobase solution.

Thus, the 1L CVD WS, platform may serve as an
alternative optical sensor for nucleobases. Compared
to MoS,, our WS, samples yield a much stronger
emission [32] and a clear peak splitting with two
distinct peaks for the optical signatures of A and A-,
allowing the precise fitting of multiple peaks, which
is vital for the study of the evolution of excitonic
emissions. The easy coating procedure on the as-grown
sample causes a significant signal change, which is
equally effective but much more convenient than
previously reported fluorescence labeling approaches
[19, 29, 46]. Furthermore, the detection limit for adenine
reaches the micromolar level. With further signal
amplification, such as by applying a TMD-gold
plasmonic structure [47], the limit may even reach
the nanomolar or even picomolar level.

To directly observe the p-type doping effect of the
adenine on 1L WS,, a back-gated field effect transistor
was fabricated and measured before and after coating
with the adenine solution. Figure S2(a) in the ESM
shows an optical image of the 1L WS, FET device
which was fabricated via a standard electron-beam
lithography process. We used a mechanically exfoliated
monolayer sample for the devices, which show a
clear transport curve profile and offer the opportunity
to observe any shifts in the threshold voltage [8].
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Figure S2(b) in the ESM is the corresponding fluore-
scence image of the 1L WS, device. The bright
fluorescence feature indicates that the monolayer
channel persists and remains an intense emission after
device fabrication. In Fig. 4(a), electrical transport
curves of the 1L WS, device with and without the
0.7 mM adenine solution coating are shown. As shown
by the red curve, the typical drain-source current verus
back-gate voltage (I4—Vys) transport property of the
as-fabricated device was measured at a bias voltage
(V4s) of 5 V. The result shows an unambiguous n-type
behavior. After depositing adenine, as depicted by the
green curve, the threshold voltage shifts toward the
positive region compared to that of the bare WS, device.
Such a shift in the threshold voltage and decreased
current scale are strong evidence of a reduction in
the electron density in the WS, sample via charge
transfer induced by nucleobase adsorption on the 2D
semiconductor surface. This kind of p-type doping is
shown in the electrical transport characteristics and is in
good agreement with our findings from the optical
measurements discussed above.

To further reveal the effect of adenine on WS,

especially on the carrier concentration when applying
a gate voltage (carrier injection), gate dependent
PL measurements before and after coating with the
adenine solution were performed (Figs. 4(b) and 4(c)).
Upon applying different gate voltages, a series of
shifts in the PL profile were observed. Under each
applied voltage, the evolution of the excitonic states
caused by the adenine coating was well conserved.
As the gate voltage increased, the spectra of the
as-prepared and the doped WS, transformed differently,
which can be attributed to the altered response to the
electrical carrier injection. Consequently, an offset in
PL feature, parallel to the voltage shift in the I3~V
measurement in Fig. 4(a), was discovered. For example,
the PL excitonic feature of pure WS,under -35V is
comparable to that of adenine/WS, at a voltage of
-25V (Fig. S3(b) in the ESM), indicating a voltage
displacement at around 10 V. Within the same
framework, we applied the derived I,-/I, value and
calculated the related n, to illustrate the p-doping
effect of adenine on WS, (Fig. 4(d)). The n, can be
relatively well fit by a linear function for both scenarios.
In the adenine/WS, case, the fitting residuals are nearly
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Figure 4 Modulation of transport properties and gated PL features of exfoliated 1L WS, with a coating of adenine. (a) 4V}, curves
at Vys = 5V for the as-fabricated device and the device with the coating of 0.7 mM adenine solution. (b) and (c) The Lorentz-fitted PL
spectra of the as-prepared 1L WS, and WS, coated with 0.34 mM adenine solution at gate voltages of —35 and —5 V. (d) The intensity
ratio between trion and neutral exciton (/, /1, ) and the electron concentration (n.) of the WS, with/without coating as a function of
gate voltage. The straight lines are the linear fits for 7, /I, and n. with error bars.
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negligible. This proves that our preferred theoretical
framework to determine 7, is reasonable, considering
the linear carrier-injecting nature of gate doping [6].
The difference in the slope of n.-V}, indicates a four-
fold suppression of carrier injection because of the
p-type doping from adenine. These observations reflect
the reduction in the electron concentration of the
sample. In addition, we fabricated few-layer WS,
(Fig. S4 in the ESM) and MoS, (Fig. S1(b) in the ESM)
devices and observed a similar doping effect in the
electrical measurement, indicating the general electron
affinity of adenine when attached to layered TMDs.

This kind of p-type doping is expected to be a
universal effect for other 1L TMD materials like MoS,
(Fig. S1 in the ESM). Besides, because the optical
response of guanine on our CVD WS, platform has
also been observed, based on a comparison of the
same solution concentrations shown in Figs. 2(b) and
2(c), adenine and guanine exhibit different effects on
the PL profile and can be quantitatively distinguished
based on their different PL evolution trends. The PL
profile shows the different responses for adenine and
guanine and the calculated I,-/I, is 6.930 for guanine
and 2.256 for adenine, which indicates a disparity in
the electron modulation ability of these two dopants.
Previous theoretical works have reported less pro-
nounced shifts in the density states of the WS,—
nucleobase complexes of cytosine and thymine,
indicating their generally less effective reduction of
the electron density in the WS, sample [16]. In this
work, we observed a negligible impact of cytosine
and thymine on WS,. This is possibly due to the
difference in electron withdrawing ability relative to
n-type WS, between adenine, guanine, cytosine, and
thymine. The overall three kinds of optical responses
on our WS, platform in the four cases demonstrate an
acceptable selectivity for sensing nucleobases. To further
distinguish cytosine and thymine, more strategies
and systems must be explored.

3 Conclusions

Through experiments, we found that WS, monolayers
exhibit a tunable optical excitonic emission after
coating by nucleobases. This phenomenon was further

investigated and explained as the result of the charge
transfer process generated between the bases and WS,.
Our hypothesis is proven by PL spectra and further
supported by the electrical transport measurements.
In a typical example, a simple and effective modulation
of the excitonic features of monolayer WS, was
demonstrated via the physisorption of adenine, which
should also be applicable to other bases such as
guanine and other TMD materials. We believe this is
a cornerstone study for the development of future
optical sensing, illustrating an alternative way to use
TMD materials in biological applications.

4 Methods
4.1 Materials

All DNA nucleobases powders were purchased
from Sigma-Aldrich (Singapore). The powders were
dissolved in conventional organic solvents (ethanol
and isopropyl alcohol) and water and sonicated for
30 min to obtain clear solutions with micro- to
millimolar concentrations. The as-prepared solutions
and solvents for the control experiment were spin
coated onto the wafer at 1,000 rpm for 60 s to avoid
leaving residues because of the liquid—substrate affinity.

4.2 Preparation of WS, samples

The CVD WS, flakes were directly grown on standard
300-nm SiO,/Si wafer substrates via the sulfurization
of WO, powders, as reported previously [31, 32].
As for the exfoliated samples, they were produced by
mechanical exfoliation from commercial bulk WS,
crystals purchased from 2D Semiconductors Inc., also
onto highly doped 300 nm SiO,/Si wafer.

4.3 Device fabrication

A 5-nm layer of Cr and an 80-nm layer of Au as source
and drain electrodes, respectively, were deposited by
thermal evaporation after using a standard electron-
beam lithography process to pattern the contact
electrodes, followed by a lift off process in acetone
to obtain well-defined metal electrodes. All electrical
transport measurements were conducted under vacuum
(~10° mbar) at room temperature using an Agilent
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Technologies B1500A semiconductor device analyzer.
44 Optical characterization

The micro-PL and Raman measurements were
performed with a WITec CRM 200 system. We used
an excitation laser with a wavelength of 532 nm for
the PL and Raman measurements. The laser power
was kept lower than 60 pW to avoid heating effects.
The gate-dependent PL measurement was conducted
using the same WITec system with the substrate
loaded into the Linkam stage and connected with
a Keithley 4200-SCS semiconductor characterization
system. The configuration remained the same before
and after the solution was spin coated.
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