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ABSTRACT Deoxyribonucleic acid (DNA) and two-dimensional (2D) transition
metal dichalcogenide (TMD) nanotechnology holds great potential for the
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development of extremely small devices with increasingly complex functionality.
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However, most current research related to DNA is limited to crystal growth and
synthesis. In addition, since controllable doping methods like ion implantation can
cause fatal crystal damage to 2D TMD materials, it is very hard to achieve a low-

level doping concentration (nondegenerate regime) on TMD in the present state of
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technology. Here, we report a nondegenerate doping phenomenon for TMD
materials (MoS, and WSe, which represent n- and p-channel materials, respectively) using DNA and slightly modified DNA by metal ions (Zn®*, Ni?*, Co> ™,

and Cu®"),

named as M-DNA. This study is an example of interdisciplinary convergence research between DNA nanotechnology and TMD-based 2D device
technology. The phosphate backbone (PO,™) in DNA attracts and holds hole carriers in the TMD region, n-doping the TMD films. Conversely, M-DNA
nanostructures, which are functionalized by intercalating metal ions, have positive dipole moments and consequently reduce the electron carrier density of
TMD materials, resulting in p-doping phenomenon. N-doping by DNA occurs at ~6.4 < 10" cm 2 on MoS, and ~7.3 x 10° cm 2 on WSe,, which is
uniform across the TMD area. p-Doping which is uniformly achieved by M-DNA occurs between 2.3 x 10" and 5.5 x 10'® cm 2 on MoS, and between
2.4 10" and 5.0 x 10" cam 2 on WSe,. These doping levels are in the nondegenerate regime, allowing for the proper design of performance parameters
of TMD-based electronic and optoelectronic devices (Vry, on-/off-currents, field-effect mobility, photoresponsivity, and detectivity). In addition, by
controlling the metal ions used, the p-doping level of TMD materials, which also influences their performance parameters, can be controlled. This
interdisciplinary convergence research will allow for the successful integration of future layered semiconductor devices requiring extremely small and very

complicated structures.
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rtificial deoxyribonucleic acid (DNA)
Ananostructures are currently being

used in various nanoscale research
fields including spintronics,’? nanoelectro-
nics,>* biosensors,>® and nanophotonics.”?
Due to the incredible flexibility of DNA base
sequence design, diverse nanomaterials like
proteins, nanoparticles (NPs), nanowires
(NWs), and metal ions have been success-
fully attached to DNA nanostructures by
simply modifying molecules in the DNA®~ "
Yan et al. reported the successful self-
assembly of discrete metal (Au and Ag)
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NP- and protein-based nanostructures on
DNA templates.’ The incorporation of metal
ions (Cu®*, Ni**, and Co*") into DNA base
pairs was demonstrated by Shionoya et al.'?
and others,'”>™"> subsequently creating
functionalized DNA nanostructures. Addi-
tionally, the self-assembly of single-walled
carbon nanotubes (SWNTs) into natural and
origami templates of DNA was confirmed by
Braun et al.'® and Maune et al."” Although a
field effect transistor (FET) device has been
previously presented on the self-assembled
SWNTs on DNA,"” most research related to
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DNA-based nanostructures is stalled in the growth/
synthesis stage and cannot yet be incorporated
into the fabrication of electronic and optoelectronic
devices.

Transition metal dichalcogenide (TMD) materials
with two-dimensional (2D) layered structures are con-
sidered promising materials for next-generation wear-
able, flexible, stretchable, and transparent electronics
due to their superior electrical, optical, and mechanical
properties.'®">> Their scalable thickness (down to
the monolayer) and van der Waals epitaxial structure
(ideally, no surface dangling bonds) free TMD-based
thin film transistors (TFTs) from short channel effects
(SCE) and carrier mobility degradation by surface
oxidation/scattering."®*® In addition, changing the
number of layers results in varied energy bandgaps,
allowing for the development of various TMD-based
2D optoelectronic devices with wide spectral ranges
from ultraviolet (UV) to near-infrared (IR).>>**?° How-
ever, since controllable doping methods like ion im-
plantation can cause fatal crystal damage to 2D TMD
materials, resent research has focused on developing
a safe doping method that avoids crystal damage and
allows for the successful integration of TMD-based 2D
electronic and optoelectronic devices. Fang et al. re-
ported a potassium-based degenerate n-doping pro-
cess for molybdenum disulfide (MoS,, typically serving
as a n-channel TMD material in TFT) and tungsten
diselenide (WSe,, a p-channel TMD material in TFT)
through surface charge transfer?” They used this
method to form highly n-doped source/drain (S/D)
regions in TMD-based 2D TFTs. Sreeprasad et al. also
reported a method for n- and p-doping of MoS,
through functionalization of Au NPs® Moreover,
n-and p-doping by polymers such as polyethylenimine
(PEI) and functional self-assembled monolayers (SAMs)
with different dipole moments were proposed by
Du et al.?° and Li et al.>° Chen et al. reported p-doping
of MoS, through selective area plasma treatment with
fluorine (F) or oxygen (0).2" Although these doping
methods protected the crystallinity of TMD materials,
they all are in a high-level doping concentration
regime (degenerate), treating TMD materials as a
near-metallic layer. In this light, a nondegenerate light
doping technique (where TMD materials serve as
semiconductors) that does not cause crystal damage
is crucial for the design and fabrication of TMD-based
2D electronic and optoelectronic devices. However,
nondegenerate doping on 2D TMD materials presents
a major challenge because traditional ion implantation
technique causes severe crystal damage. Recently,
nondegenerate n- and p-doping of Mo$S, was achieved
by Lin et al. using cesium carbonate (Cs,COs) and
molybdenum trioxide (MoOs), respectively.3%33

Here, we also report nondegenerate n- and
p-doping of TMD materials (MoS, and WSe,, which
are representative n- and p-channel materials,
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respectively) by both native DNA and M-DNA, slightly
modified by metal ions (Zn?*, Ni**, Co®", and Cu*").
This research advances interdisciplinary convergence
research between DNA nanotechnology and TMD-
based 2D device technology. The phosphate backbone
(PO4 ") of DNA nanostructures attracts and holds hole
carriers on the side of TMD, thereby n-doping the TMD
films. Conversely, M-DNA nanostructures, which are
functionalized by positive metal ions, have positive
dipole moments and consequently are also predicted
to have reduced electron carrier density in the TMD
materials, resulting in p-doping. We investigated the
doping of TMD materials by DNA or M-DNA in terms
of the operations of electronic and optoelectronic
devices using atomic force microscopy (AFM), Raman
spectroscopy, and electrical/optical measurements
(Io—Vg with/without exposure to a 785 nm laser).
By selecting different metal ions, we controlled the
p-doping level of TMD materials and selectively influ-
enced their performance parameters (Vqy, on-/off-
currents, mobility, photoresponsivity, and detectivity).

RESULTS AND DISCUSSION

Synthesis and Analysis of 2D DNA and M-DNA Nanostructures
on TMDs. In this experiment, we used a double cross-
over (DX) lattice structure with two repeating DX tiles
(Supporting Information Figure 51 and Tables S1and 52).3*
A single unit of the DX tile is organized such that two
crossover junctions and two parallel duplexes are
clinched up by the junctions. Panels a and b of Figure 1,
show, respectively, AFM image schematics of DNA and
M-DNA DX lattice fabrication by the free solution
annealing method. Initially, we prepared a 1 M stock
solution of all metal ions. Four different divalent metal
ions (Zn**, Ni**, Co?*, and Cu?") were added into the
DX lattice at their optimal concentrations, in order to
avoid structural deformation of the DX lattices.>® The
optimal concentration of each divalent metal ion was
[Cu®*] 4 mM; nickel ion [Ni**] 2 mM; zinc ion [Zn**]
1 mM; and cobalt ion [Co®>"] 1 mM. Initially, we con-
ducted the experiment by adding metal ions into the
DNA buffer solution before annealing in order to
evaluate DNA crystal stability. Supporting Information
Figure S2 shows the AFM images of Zn*"—DNA with
various [Zn?"]. Here, deformation-free structures were
observed up to 1 mM of [Zn*'] and, beyond this
concentration, we clearly confirmed the presence
of deformation structures (Supporting Information
Figure S2). A similar phenomenon was observed for
other metal ions at different ion concentrations. To
avoid structural deformation, we adopted the optimized
metal ion doping concentration after the annealing
procedure. To verify DX lattice formation, we performed
AFM analysis again to visualize the DNA and Cu>™—DNA
DX lattices immobilized on a mica substrate. The insets
in the top corners of Figure 1a,b are the noise-filtered
2D spectrum images after fast Fourier transform (FFT),
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Figure 1. Schematic diagrams and AFM images of DNA and
M-DNA DX lattice fabrication by free solution annealing
method and the Raman spectra of DNA and M-DNA. (a and
b) Schematic diagrams of DNA and M-DNA DX structure
fabrication, and AFM images of pristine DNA and M-DNA
with 4mM Cu?*. The insets in (a and b) are the noise-filtered
2D spectrum images with a scan size of 100 nm x 100 nm,
showing the periodicity of the DNA and M-DNA lattices.
(c) Raman spectra of DNA and Cu>"—DNA. (d) The Raman
intensity data as a function of bases and backbone sites
(A, C, G, T, and PO, ). Here, we considered the strongest
intensity of each A, C, G, T, and PO, .

showing the clear periodicity of each DX lattice. The
scale bars in all AFM images are 100 nm, and the inset
size is 100 x 100 nm?. The Raman spectra measured on
DNA and M-DNA (Cu®™ 4 mM) structures are shown in
Figure 1c. Raman signals were observed at 1246 and
1420 cm™" for adenine (A); 770 and 1469 cm™' for
thymine (T); 931 and 1590 cm ™" for guanine (G); 618,
655, and 1348 cm ™' for cytosine (C); and 1066 and
1145 cm ™' for the phosphate backbone (PO, ™) in DNA
crystals without Cu>" .33 Figure 1d shows the extracted
maximum intensity of A, C, G, T, and PO, peaks in DNA
and Cu*"-DNA. The intensity of the bases and the
backbone decreased after incorporating Cu?* ions be-
cause the metal ions in the DNA molecules are prefer-
ably intercalated between the base-pairs and bound
to the backbone sites. After correction for the reduced
maximum intensity of each A, T, G, C, and PO,~ Raman
band was performed, their binding preferences were
estimated to be 67—70% into base pairings (33—34% for
A—Tand 34—36% for G—C) and 30—33% into PO, sites
in backbones. Eichhorn et al. suggested that the metal
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ion binding sites in the DNA molecule were either
phosphate groups or electron donor atoms on the
heterocyclic bases.?® Their report suggested that metal
ions binding to phosphate sites stabilized the DNA helix,
while metal ions intercalated between base-pairs desta-
bilized the DNA helix. Lee et al."® also reported M-DNA
with divalent metal ions intercalated between the base
pairs. In that study, one to five Cu*"-mediated base pairs
of hydroxypyridone nucleobases were systematically
incorporated into the middle of a DNA duplex in the
solution phase.

After fabricating DNA and M-DNA nanostructures,
the artificially designed DNA or M-DNA DX solution was
dropped onto the MoS, and WSe, surfaces using a
micropipette (40 uL) and dried three times, physically
immobilizing the DX lattices onto the MoS, and WSe,
surfaces. Here, the DNA nanostructures were homo-
geneously dispersed along the surface of MoS, and
WSe,. In the DNA-deposited TMD sample without
metal ions, shown in Figure 2a, the phosphate back-
bone in DNA was expected to induce and hold positive
charges (holes) at the interface region in the side of the
TMD, resulting in n-doping. The M-DNA nanostructures
with positive metal ions attracted negative charges
(electrons) at the interface between DNA and TMD,
resulting in p-type doping in the TMD films coated with
M-DNA. Since we already confirmed two possible
binding sites (A—T/G—C base pairings and PO, in
backbones) for metal ions through Raman spectro-
scopic analysis, as seen in Figure 2b, two cases of
negative charge induction were predicted at the
DNA—TMD interface. One was charge induction by
the positive metal ions intercalated to DNA base pairs,
and the other was induction by the metal ions at PO,~
sites in DNA backbones. The metal ions bound at the
base pairings and backbones seemed to similarly con-
tribute to p-doping because their binding preferences
were estimated to be 67—70% base pairings (33—34%
for A—T and 34—36% for G—C) and 30—33% PO, sites
in backbones.

Raman Analysis of TMD Films Doped by DNA or M-DNA. To
confirm that TMD can be doped by DNA or M-DNA
through surface charge induction, Raman analysis with
mapping was performed on TMD films coated by DNA
or M-DNA. Figure 3 shows Raman spectra measured
on MoS, and WSe; films doped by DNA and M-DNA
(with metal ions of Zn?", Ni*", Co®", and Cu*"). Two
conventional peaks (E'5q and A;g) were observed
at ~380 and ~406 cm™" in MoS, films, indicating the
in-plane and out-of-plane vibrations for bulk TMD
materials, respectively. In contrast, only a single peak
at ~250 cm~' was produced in WSe, films because
both the E129 and the A;4 modes for WSe, are close
to 250 cm™ "> The peak position shifts in E' g, A, and
E129 + A, 4 after DNA or M-DNA coating were extracted
and plotted as shown in Figures 3b,d. In the DNA-
coated TMD films, all of the peaks were red-shifted by
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Figure 2. Doping mechanism of TMD films by DNA or M-DNA. (a) Schematic diagrams of DNA-deposited TMD sample
showing n-type doping of TMD films by DNA. (b) Schematic diagrams of M-DNA-deposited TMD sample showing p-type

doping of TMD films by M-DNA.

19-23 cm™ ' (E'y), 18-20 cm ' (Ay), or
18-22cm™" (E12g + Aqg), indicating n-doping of both
MoS; and WSe,. This seemed to originate from positive
charge induction at the DNA—TMD interface by the
PO, in DNA backbones. This red-shift was previously
observed on MoS, and WSe, by several research
groups studying functionalized Au nanoparticles,?®
polymers with different dipole moments3® In the
M-DNA-coated TMD films, a blue-shift was observed
in all peaks, indicating p-doping. When M-DNA
nanostructures with Zn®" and Ni*" were used, the
peaks were blue-shifted by 2.8—3.6 cm™' (E',) and
37-38 cm™’ (A1g) in the MoS, samples and
3.1-39cm ™' (E'yg + Ayg) in WSe, samples. However,
for the MoS, and WSe; films doped by M-DNA with
Co?" and Cu®", the peaks were pushed further to
the right (AE',g=~5.0cm ™', AAjg=~52cm ', and
AE12g + Ayg = ~5.1 cm™") compared with the peak
shifts in Zn>"— and Ni*"—DNA samples. The positive
charge strength of the nucleus seems to increase with
corresponding increases in atomic number from 27
(Co) to 30 (Zn) due to the increasing atomic radius.
However, when comparing Zn*" and Co®" at the same
concentration (1 mM), M-DNA functionalized by Co?t
ions exhibits a much stronger p-doping phenomenon
on MoS, and WSe,. It is thought that Zn*>" ions with
a larger radius are more difficult to attach in base
pairings. In the case of Ni*" and Cu?* ions, the higher
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concentration (4 mM) of Cu®" ions determined during
the DNA crystal stability experiment is expected to
lead to a stronger Cu>"—DNA p-doping effect than
Ni*"—DNA on the TMDs. A similar blue-shift of the A,
peak by 0.8—1.7 cm™" was observed by Li et al. in MoS,
flakes on substrates treated by octyltrichlorosilane
(OTS) with a —CH5 functional group and trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane (FOTS) with a —CF3
functional group, with p-doping phenomenon con-
firmed through an electrical measurement.>® Although
the blue-shift in the Raman peak for WSe;, has not
previously been linked to doping, the blue-shift of
the E', + A4 peak is also expected to be a result of
p-doping because the change in the hole-phonon
coupling of the A,y mode is caused by p-doping of
MoS,.>° We also predicted that the A;; mode peak was
adominantcomponentin the single peak since the E129
mode is known to be weakly dependent upon doping.*°
As shown in Supporting Information Figure S3, the E129,
Aigand E'y5 + A, peaks in TMD films doped by only
metal ions (no DNA templates) were blue-shifted by
1.8—3.8,24-3.8,and 1.8—3.8cm™ ', respectively. Com-
pared to M-DNA samples, the degree of blue-shift in the
peaks was lower and had a larger error range. In doping
by metal ions without DNA templates, it seems that
fewer metal ions were nonuniformly and nonspecifically
adsorbed on the TMD films because there were no
negative charge sites for the metal ions. We also note
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Figure 3. Raman analysis of TMD films doped by DNA or M-DNA. (a) Raman spectra of MoS, doped by DNA or M-DNA, and
(b) extracted E12g and A4 peak shift data for MoS,. (c) Raman spectra of WSe, doped by DNA or M-DNA, and (d) extracted

E'5g + Ai1g peak shift data for WSe,.

that ten samples were used for Raman analysis in
each doping condition and Raman measurement was
performed at five different points for each sample.
Although 50 Raman peak position values were obtained
for each doping condition, significant variation in peak
position was not observed within each doping condition
(Supporting Information Figure S4). Figure 4 shows
Raman mapping images corresponding to E129, Ag
and E129 + Aqg peaks in MoS, and WSe, before/after
DNA and Cu®"-DNA doping. Compared to undoped
MoS, and WSe, flakes, darker and brighter MoS, and
WSe, images were observed over the whole area after
n- and p-doping, indicating that the MoS, and WSe,
flakes were uniformly doped by the DNA and M-DNA.
The color difference inside the flakes was most likely due
to thickness variations because Raman peak position
was dependent on the number of TMD layers.°
Electrical Characterization of DNA- or M-DNA-Doped TMD
Electronic Devices. We fabricated and investigated MoS,
and WSe; transistors doped by DNA or M-DNA (ten
different devices for each doping condition) in order
to reconfirm the n- and p-doping phenomena of TMDs.
Figure 5a shows a schematic diagram of a MoS,
transistor doped by M-DNA with the energy band
diagrams of Ti-undoped/doped MoS,—Ti junctions
when a positive Vps is applied. Compared to the control
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sample (undoped MoS,), hole carriers are further
accumulated at the interface between DNA and MoS,
because DNA has a large number of PO, sites with
negative polarity, subsequently n-doping the MoS,
region. Similarly in the case of M-DNA, positive
metal ions attached at base pairings and backbones
(PO, sites) induce negative charges (electrons) at the
M-DNA and MoS, interface, resulting in p-doping of
MoS,. n- and p-Doping of MoS, by DNA and M-DNA
influence the tunneling probability of electron carriers
from the source to MoS,. In DNA-doped MoS,, n-doping
shifted the energy band to a lower value and increased
the electric field at the source-MoS; junction. The raised
electric field increased the tunneling probability of
electrons and reduced the contact resistance, resulting
in a negative shift in Vyy. In contrast, a positive Vry
shift occurred in the M-DNA-doped MoS, transistors.
Figure 5b shows Ip—V characteristics measured at
Vps = 5V, reflecting this positive Vry shift (AVqy =
+4.6 V) after Cu>"—DNA doping of the MoS, transistor.
The on-current at Vg5 = 20 V also decreased from
8 A/um (control) to 1 A/um after Cu>*—DNA doping.
As shown in Figure 5¢, we then calculated the AVqy
(= Vrr_ona (OF Vii_mona) — Vi control) @nd on-current
ratio (=lon_pna (OF Jon_mona) divided by on control)
of each sample. Negative (DNA-doping) and positive
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Figure 4. Raman mapping images of TMD films doped by DNA and Cu?>"—DNA. (a and d) E'zg, (b and e) A,4 peaks for
MoS, and (c and f) E12g + A, 4 peak for WSe, before (a, b and c) and after (d, e and f) n-doping by DNA. (g and j) E129, (handk) A,
peaks for MoS, and (i and I) E',q + A4 peak for WSe, before (g, h and i) and after (j, k and I) p-doping by Cu®* —DNA.

(M-DNA-doping) shifts in V4 were observed in the
MoS, transistors. A AV of —3 V was obtained in the
DNA-doped MoS; transistor and that of ~1 V in the
Zn*"— and Ni**—DNA doped devices. For the transis-
tors doped by Co?* and Cu®"—DNA, the Vq, was shifted
further in the positive direction (AVry = 42—4.6 V)
compared with the Zn*"— and Ni*"—DNA-doped de-
vices, which is consistent with the blue-shift phenom-
enon in the E’zg and A,y peaks described above.
We also found a significant increase in on-current
(on-current ratio = ~7) after DNA n-doping, while
the level of on-current was not significantly changed
after M-DNA p-doping. We determined that a larger
number of electron carriers may have accumulated in
the channel region at the same Vg5 — Vi due to the
reduced effective electron barrier height after DNA-
based n-doping. As shown in Figure 5d, we also ex-
tracted the field-effect mobility of the doped devices
(at Vps =5V and Vs = Vq) and found that the mobility
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(~35 cm? V' s7") of DNA-doped devices increased
~8 times relative to the initial value (~4 cm?V~" s7") of
the control sample. However, in M-DNA-doped devices,
an improvement in field-effect mobility was not ob-
served because of the increased contact resistance in
the source-MoS; junction. Here, the field-effect mobility
values were roughly calculated from Ip—V; character-
istic curves without excluding a contact resistance
effect for the next estimation of doping concentration.
The 2D sheet doping concentration was calculated as
n (or p) = IpsL/qWuVps. The doping concentration after
DNA n-doping increased from 3.8 x 10 to 64 x
10" cm™ (An = ~2.6 x 10'® cm™?). Previously re-
ported n-doping concentrations were ~10'* cm™2 on
MoS, doped by potassium, ~5.6 x 10'2cm™2 by APTES,
and ~34 x 10" cm 2 by FOTS3%%° |n the M-DNA
samples, negative An values of about —1.5 x 10" cm 2
were obtained due to the reduction in electron carriers
by the positive metal ions in M-DNA. Compared to
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Figure 5. Schematic diagrams and electrical characterizations of TMD transistors doped by DNA and M-DNA. Schematic
diagrams of back-gated transistor fabricated on (a) MoS, and (e) WSe, doped by M-DNA, along with the energy band
diagrams of Ti-undoped/doped MoS,—Ti and Pt-undoped/doped WSe,—Pt junctions. Ip—V, characteristics of the transistors
fabricated on (b) MoS, and (f) WSe, films before/after DNA and Cu®>"—DNA doping. Threshold voltage shift (AVq, =
Viiona or mbNA — VrH_control) @nd on-current ratio (fon ratio = lon pna or m-DNA/fon_control) Of (€) M0S; and (g) WSe;
transistors before/after DNA and M-DNA doping. Field-effect mobility ratio (ure ratio = tre pna or M-DNA/UFE_Control) @nd
variation of carrier concentration (An =N_pna or M-DNA — N_controlr AP = P_bDNA or M-DNA — P_control) in (d) MoS; and (h)
WSe, transistors before/after DNA and M-DNA doping.

Zn*"— and Ni*"—DNA-doped devices, the further elec- lower hole barrier heights for hole injection, and the
tron reduction in Co®"— and Cu®>"—DNA samples was barrier height was further reduced by M-DNA p-doping.
also consistent with the blue-shifted trend in the E'5g Small on-current enhancement (on-current ratio = ~13)

and A4 peaks shown above. was observed in the devices weakly doped by Zn*"—
Similar DNA and M-DNA doping was observed in and Ni*"—DNA, but the on-current ratio dramatically
WSe, films acting as p-channel materials due to the increased to 58—125 when Co®"- and Cu?*-DNA were

relatively low hole barrier height in the metal-WSe, used to dope the WSe;, films. In addition, the field-effect
junction. As shown in Figure 5e, n-doping by PO, sites mobility slightly increased after doping with Zn** — and
in the DNA backbone was expected to reduce the  Ni*"—DNA (31—43 cm? V' s '), and mobility in-
number of holes by increasing the effective hole barrier creased significantly in the devices strongly doped by
height in WSe, but not increasing the concentration Co?"- and Cu®>"-DNA (430—650 cm?V~"s™"). In devices
of electron carriers, as it did in MoS,. This was because n-doped by DNA, no increase in on-current or mobility
the energy band of WSe, was down-shifted by DNA was observed. According to the extracted 2D doping
n-doping and eventually decreased the electric field concentration data shown in Figure 5h, hole carrier
in the left-side Pt-WSe; junction. However, in WSe, concentration slightly increased from 2.2 x 10'° to
doped by M-DNA, the energy band was up-shifted,the 2.6 x 10'® cm™2 in Zn*"— and Ni*"—DNA samples
tunneling probability of holes from the source to WSe,  (Ap = ~0.4 x 10'° cm™2) and from 3.3 x 10'° t0 4.8 x

increased, and the concentration of hole carriers in- 10" cm™2 (Ap = ~1.5 x 10" cm™?) in Co®*"— and
creased. Figure 5f shows the Ip—V characteristics of Cu”>"—DNA samples. In devices n-doped by DNA, PO,,~
a WSe, transistor before/after Cu>"—DNA doping, sites captured hole carriers in WSe,, resulting in a Ap of
demonstrating a significant increase in on- and off- about —1.5 x 10'° cm™2 These electrical characteriza-
current levels from a reduction in the contact resis- tions on the doped 2D TMD films reconfirmed doping

tance of the Pt—WSe; junction. As seen in the case of of the 2D semiconductors (including TMDs) by DNA
MoS, transistors, higher positive shifts in Vq (3.6—4.4 V) and M-DNA. We also elucidated how doping by DNA

were observed in the WSe, transistors doped by Co* " — or M-DNA affects the performance parameters (Vq,
and Cu®"—DNA than those doped by Zn*'— and on-current, and field-effect mobility) of TMD-based elec-
Ni*—DNA (1.2—1.8 V). Since DNA with negative PO, ~ tronic devices. Here, we also note that negligibly small

sites caused n-doping on WSe,, a negative Vyy shift variation was observed in AV and on-current ratio even
of about —2.6 V was obtained. Contrary to the MoS, though ten different transistors were measured for each
transistors, an increase in on-current was observed in doping condition (Supporting Information Figure S5),
M-DNA samples because WSe, transistors had relatively and variation by solvent-doping (DI water, acetone, IPA,
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Figure 6. Schematic diagrams and characterization of TMD photodetectors doped by DNA and M-DNA. (a and e) Schematic
diagrams showing the operation of DNA- or M-DNA-doped MoS,/WSe, photodetectors with a light source (A = 785 nm and
P =1 mW), and the energy band diagrams of Ti-MoS,—Ti/Pt-WSe,—Pt junctions under the illuminated condition. Ipb—Vg
characteristics of Cu>"-DNA-doped (b) MoS, and (f) WSe, photodetectors before/after exposure to light. Photoresponsivity of
(c) MoS, and (g) WSe, photodetectors as a function of Vgs—Vqy (in off-state). Detectivity of (d) MoS, and (h) WSe,

photodetectors as a function of Vgs—Vyy (in off-state).

and 1 x TAE/Mg*>" buffer solution) in AVry and on-
current ratio was also negligible. In particular, the AV
values of the doped MoS, and WSe, devices were not
greatly changed even after 240 h of air-exposure
(Supporting Information Figure S6). In the case of DNA-
doped devices, AVy values were increased from —2.9 to
—1.9Vin the MoS, device and from —2.8to —1.8 Vin the
WSe, device, with a slight loss of the n-doping effect as a
function of air-exposure time. In M-DNA-doped MoS,
and WSe, devices, AVqy values were decreased by
0.3—0.9 and 0.3—1 V, respectively, also indicating the
weakening of the p-doping phenomenon after 240 h of
air-exposure.

Characterization of DNA- or M-DNA-Doped TMD Optoelectronic
Devices. Additionally, in order to investigate the effects
of DNA or M-DNA doping on optoelectronic device
performance, a photocurrent measurement was per-
formed on the doped MoS, and WSe, photodetector
devices, using a 785 nm laser source. Figure 6a shows a
schematic diagram of the doped MoS, photodetector,
along with the corresponding energy band diagrams
of DNA and M-DNA-doped devices under negative Vgs
(Vs < Vqu, off-state) and positive Vps bias condition.
The photocurrent was only observed in the negative
Vs region (off-state) owing to the low dark current
level under 107> A/um, as seen in Figure 6b which
presents Ip—Vg characteristics of Cu?>"—DNA-doped
device before and after exposing the light. In the off-
state, the absence of electron paths in MoS, (low
electron current) and the high hole barrier height
(low hole current) reduced the dark current level
to the order of 107® A/um. We then extracted and

PARK ET AL.

plotted photoresponsivity (R = Iphoto/PLight) and detec-
tivity (D* = (RA"?)/(2elpand’’?) values as a function
of Vgs—Vrn, where the generated photocurrent
(= ILaser_on — ILaser_off)s PLignt is the total incident optical
power, A is the effective area of the device, e is the
absolute value of the electron charge (1.6 x 107'° ),
and Ipa is dark current. Compared to the DNA-doped
device, an increase in depletion width of the left-
side MoS,/Ti junction after M-DNA doping may help
in collecting more photogenerated holes and conse-
quently increasing photocurrent. In Figure 6¢, M-DNA-
doped devices show higher photoresponsivity values
than DNA-doped samples due to higher photo-
currents. The photoresponsivity measured in M-DNA
devices strongly doped by Co?*— and Cu®>"—DNA was
much higher than those in Zn®*- and Ni*"-DNA-doped
devices. As the Vs increased to Vqy, the weakened
conductivity of the hole channel reduced photore-
sponsivity. A similar trend was observed in detectivity
(D*), as shown in Figure 6d, and the highest value
(maximum D* = ~1.79 x 10° Jones) was obtained in
the Cu*"—DNA-doped device. This was because de-
tectivity can be expressed as the ratio of Ippoto tO Iparks
and the Ip,« is not dependent on variations in injection
barrier height by different types of doping (n-type by
DNA and p-type by M-DNA). Reductions in photo-
current and photoresponsivity resulting from Vs in-
creases decreased the detectivity values as a function
of Vgs — Vrp.

In the WSe; device shown in Figure 6e, lower levels
of photocurrent were expected after M-DNA-doping
compared to DNA-doping because the narrowed
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depletion region in the left-side junction results in a
poor photocarrier collection. Figure 6f shows Ip—Vg
characteristics before and after light exposure, mea-
sured on a Cu?>"—DNA-doped WSe, device, which
confirmed a photocurrent in the off-state (Vgs > Vin).
Using the Ip—V; curves of DNA- and M-DNA-doped
devices, we also extracted and plotted photorespon-
sivity and detectivity as a function of Vgs—Vqy, as
shown in Figure 6g,h. Much higher photoresponsivity
(maximum: ~54 mA/W at Vgs = Vg + 3 V) was
observed in the DNA-doped device because its
wider depletion region enhanced photocarrier collec-
tion (electrons). Among the M-DNA-doped devices,
the strongly doped Co*"— and Cu®*"—DNA samples
presented the lowest photoresponsivity values
(maximums were ~0.8 and ~0.4 mA/W at Vgs = Voy
+ 3V, respectively). In addition, the photoresponsivity
slightly increased as Vgs positively rose because the
left-side depletion widened through the down-shift of
WSe, energy band. Due to increased photocurrent in
the DNA-doped device, higher detectivity (maximum
D* = ~4.3 x 10° Jones) was also observed, compared
to that of M-DNA-doped samples. The Co*"— and
Cu?**—DNA-doped devices showing strong p-type
doping presented relatively low detectivity values
around 10° Jones.

CONCLUSIONS

In summary, we reported nondegenerate doping
phenomenon on TMD films (MoS, and WSe;) using
DNA and M-DNA with various metal ions (Zn*", Ni*™,
Co*™, and Cu*™). This work advances interdisciplinary
convergence research between DNA nanotechnology
and TMD-based 2D device technology. It is thought
that the PO, sites in DNA backbones hold hole
carriers at the DNA—TMD interface region, thereby
n-doping the TMD films. Conversely, since M-DNA
nanostructures functionalized by conjugated metal

EXPERIMENTAL METHODS

DNA DX Lattice Fabrication. High-performance liquid chroma-
tography (HPLQ)-purified synthetic oligonucleotides of DNA
were purchased from BIONEER (www.bioneer.com). Two DX
tiles were used for the construction of a 2D DNA nanostructure
that was fabricated by conventional free solution annealing
process. Complexes were formed by mixing a stoichiometric
quantity of each strand in physiological 1x TAE/Mg*" buffer
(40 mM Tris base, 20 mM acetic acid, 1 mM EDTA (pH 8.0), and
12.5 mM magnesium acetate) for DX structure. They were
cooled slowly from 95 to 25 °C to facilitate hybridization by
placing the microtubes in 2 L of boiled water in a Styrofoam
box for at least 24 h. The final concentration of DX DNA lattices
was 200 nM.

Metal lon Coordination on DNA. After annealing DX lattices in a
test tube, the appropriate amount of 1 M concentration of Cu®"
solution [Cu(NO5)], (4 mM), Ni** solution [NiCl,] (2 mM), Zn**
solution [ZnCl,] (1 mM), or Co?* solution [CoCl,] (1 mM) was
added, and the mixture was incubated at room temperature
for 24 h.

PARK ET AL.

ions have positive dipole moments, they reduce the
electron carrier density in TMD materials and conse-
quently induce p-doping on TMD films. The low levels
of n-doping achieved by DNA on the MoS, and WSe,
films (~6.4 x 10" and ~7.4 x 10° cm 2, respectively)
were confirmed by Raman spectroscopy and Ip—Vg
measurement. The p-doping concentrations by M-DNA
were between 2.3 x 10'°and 5.5 x 10'°cm ™2 on MoS,
and between 2.4 x 10'®and 5.0 x 10'° cm ™2 on WSe,.
In addition, Raman mapping images confirmed that
the n- and p-doping were uniformly distributed across
the TMD area. Both n- and p-doping levels were in the
nondegenerate regime, allowing for the adjustment of
the performance parameters of TMD-based electronic
and optoelectronic devices (Vru!, on-/off-currentst,
field-effect mobility?, photoresponsivityl, and detecti-
vityl by increasing doping concentration level). We also
found a significant increase in on-current after DNA
n-doping on the MoS, device and M-DNA p-doping on
the WSe, device, because a larger number of carriers
had accumulated in the channel region at the
same voltage bias (Vgs — Vqn) due to the reduced
effective barrier height after DNA and M-DNA doping.
However, compared to the DNA-doped MoS, device
(or the M-DNA-doped WSe, device), an increase in
the depletion width of the left-side MoS,/Ti junction
after M-DNA doping (or the left-side WSe,/Pt junction
after DNA doping) helped in collecting more photo-
generated holes (or electrons for the WSe, device)
and, consequently, increasing photocurrent. By vary-
ing the type of metal ions attached to the DNA
nanostructure, we controlled the p-doping level of
TMD materials. Through this interdisciplinary con-
vergence research between DNA nanotechnology
and TMD-based 2D device technology, we hope to
successfully integrate future layered semiconductor
devices with extremely smaller and more complicated
structures.

AFM Measurement on DNA and M-DNA. AFM measurement was
performed in fluid tapping mode in 1 x TAE/Mg>" buffer. A
DNA-covered mica sheet was attached to the metal puck using
instant glue and 5 uL of DX solution, then 30 uL of 1x TAE/Mg*"
buffer was dropped onto the mica, and 10 uL of 1x TAE/Mg*"
buffer was mounted onto the AFM tip [A NP-S oxide-sharpened
silicon nitride tip (Veeco)]. AFM images were obtained by a
Digital Instruments Nanoscope IIl (Veeco).

Characterizations of DNA- or M-DNA-Doped TMD Films. DNA or
M-DNA/TMD/SiO,/Si samples were investigated and compared
with a control sample (TMD/SiO,/Si) by PL/Raman spectroscopy
(Alpha300 M+, WITec). Here, TMD bulk flakes with similar thick-
ness (~32 nm for MoS, and ~26 nm for WSe,) were selected in
order to avoid the thickness effect. ARaman spectroscopy with an
excitation wavelength of 532 nm was used, the laser beam size
was approximately 0.7—0.9 um, and the instrumental spectral
resolution was less than 0.9 cm™". An integration time of 5 s and
a spectrometer with 1800 grooves/mm were used.

Fabrication and Electrical Characterization of DNA- or M-DNA-Doped
TMD Electronic Devices. For the fabrication of back-gated TMD
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transistors, source/drain electrode regions were patterned
(channel length and width are 5 um) on TMD/SiO,/Si samples
by optical lithography, followed by 10 nm-thick Ti (for MoS,) or
Pt (for WSe,) and 50 nm-thick Au deposition in an e-beam
evaporator. Transistors were doped by DNA or M-DNA with
different metal ions (Zn?>*, Ni?*, Co®", and Cu?") and were
electrically analyzed using an HP 4415B semiconductor para-
meter analyzer (Ib—Vp and Ipb—Vg) and an HP 4284A precision
LCR meter (C—V). The threshold voltage (Vry), carrier concen-
tration (n), and field-effect mobility (ure) were calculated
from Ip—Vs data. All drain currents (lps) were normalized
according to the channel width (W). We used the equations
e =L/(WVpsCox) X (3lp/dVgs) and n (or p) = IpsL/qWuVps, where
g is the electron charge, L and W are the length and width of the
channel, respectively, and the gate oxide capacitance per unit
area (Coy) is €ox X &o/tox. For comparison with other doping
studies performed with different numbers of layers of TMD
films, we normalized the extracted 2D electron concentration
values by the number of TMD layers.

Characterization of DNA- or M-DNA-Doped TMD Optoelectronic Devices.
To investigate the optoelectronic properties of the fabricated
DNA- or M-DNA-doped TMD devices, a current—voltage (Ip— V)
measurement was performed under both dark and illuminated
conditions. The light source was a dot laser with a wavelength of
785 nm and an optical power of 1 mW. For the characterization
and comparison of the TMD optoelectronic devices doped
by DNA or M-DNA with different metal ions (Zn**, Ni*", Co**,
or Cu®h), photoresponsivity (R) and detectivity (D*) were
calculated from Ip—Vg curves. R was lppoto/Prighe and D* was
(RAV)/(2elpand) "%, Where Ippoto is the generated photocurrent,
Piignt is the total incident optical power, A is the effective
area of the detector, e is the absolute value of electron charge
(1.6 x 107"° ), and Ipa is the dark current.
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