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Layered material heterostructures (LMHs) can be used to fabricate electroluminescent, devices op-
erating in the visible spectral region. A major advantage of LMH-light emitting diodes (LEDs) is that
electroluminescence (EL) emission can be tuned across that of different exciton complexes (e.g. biex-
citons, trions, quintons) by controlling the charge density. However, these.devices have/an EL quan-
tum efficiency as low as~107*%. Here, we show that the superacid bis-(triuoromethane)sulfonimide
(TFSI) treatment of monolayer WS2-LEDs boosts EL quantum efficiency by over one order of
magnitude at room temperature. Non-treated devices emit light mainly from negatively charged ex-
citons, while the emission in treated ones predominantly involves radiative recombination of neutral
excitons. This paves the way to tunable and efficient LMH-LEDs.

Transition metal dichalcogenide monolayers (1L-
TMDs) are ideal to study light-matter interactions and
many-body effects at the atomic scale[1-3]. Compared
to bulk semiconductors[2], the reduced dielectric screen-
ing combined with the spatial confinement of charge
carriers[1] favours the formation of various excitonic com-
plexes which can be controlled by modulation of the car=
rier density[1-8]. Thus, 1L-TMDs photoluminescence
(PL) spectra host features arising from formation of
charged[4-8] and neutral[9-12] exciton complexes:

Layered material heterostructures (LMHs) combining
single layer graphene (SLG), 1L-TMDs, and hexagonal
boron nitride (hBN), from 1L-hBN to hundreds of lay-
ers, are promising for electronics[13, 14], .photonics[15],
and optoelectronics[16, 17]. Direct bandgap 1L-TMDs
and LMHs can be used to make light-emitting; diodes
(LEDs)[18-27], with fast modulation“speed< (up to
GHz)[7, 25, 28], and emission wavelength tunability[6, 7,
25] besides multi-spectral (visible~618nm[21-23] to near-
infrared~1160nm[29, 30]) émission.

In 1L-TMD-based LEDs, the electroluminescence (EL)
efficiency (ngr), i.e. ratio'between emitted photons and
injected electrons (e)[19, 20], depends on the optical
emission of the material[30-37], as well as on its doping
level[6, 38-41]. In doped 1L-TMDs, the PL and EL emis-
sion originates from either negative (X7)[28, 33, 34, 38]
or positive (X1)[6,,19, 20] trions, depending on the
type of doping. However; 1L-TMD-LEDs based on tri-
onic emission show low ngr (typically<0.05%[19, 20])
with respect' to neutral exciton (X°) emission (typi-
cally ngr <1%[6;07, 31, 32, 38, 39]). This differ-
ence in ngpr octurs due the small (~30meV) binding
energy ofytrions[42]. Since the X~ binding energy is
close to the'lattice thermal energy at room-temperature
(RT=300K,~25.2meV), trions dissociate[2]. An excess
of free-carriers decreases the available phase-space fill-
ing for exciton complexes, due to Pauli blocking, with a

reduction ofstrion and exciton binding energies[43] and
oscillator strengths[44] (i.e. the probability of absorp-
tion/emission of electromagnetic radiation[45]).

In »1L-TMDs, low  light-emission  efficiency
is tbserved in both EL (ngpp ~107%[33, 34]
to~1%[6, 7, 31, 32, 38, 39]) and PL (npr ~1073[36, 40]
to~B%[1-3]). npy is defined as the ratio between emitted
and absorbed photons[19, 20]. Thus, several chemical
approaches were suggested[46] to enhance npy, such as
treatment with sodium sulphide[47], 2,3,5,6 tetraflu-
oro tetracyanoquinodimethane (F4ATCNQ)[11, 48],
tris(4-bromophenyl)ammoniumyl hexachloroantimonate
(magic blue)[49], water[11], hydrogen peroxide[50],
titanyl phthalocyanine[51], sulfuric acid[52], oleic
acid[53-55], and the superacid (i.e.  with acidity
greater than that of 100% pure sulfuric acid[56]) bis-
(trifluoromethane)sulfonimide (TFSI)[49, 57-70], in
addition to other no chemical treatments[8, 71-75]. The
PL enhancement reported to date for 1L-WS2 treated
with different chemical and non-chemical approaches
is summarized in Table 1. The effect of chemical
passivation of on ng; combined with gated-PL emission
in 1L-TMD-based LEDs was not reported to date, to
the best of our knowledge.

Refs.[57-64] reported PL measurements on 1L-TMDs
and focused on non-gated samples, thus limiting the
modulation of charge density in 1L-TMDs. Ref.[8] per-
formed gated-PL measurements in 1L-WSs, finding that
both TFSI treatment and electrical gating increase npr,
by a factor of up to~10 (at~10°cm~2s~! photocarrier
generation rate), because both processes reduce the n-
type behaviour of 1L-WSy and suppress X~ formation,
thus enhancing X° radiative recombination. However,
gated-PL measurements after TFSI passivation were not
provided. The activation of trapping states on TFSI-
treated 1L-TMDs was not discussed. Ref.[76] carried
out EL experiments with TFSI passivation for high-speed
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TABLE I. PL and EL intensity enhancement for 1L-WS, treated with different methods compared to pristine’samples. The
PL and EL intensities of pristine samples is normalized to 1. X means no value reported

Relative PL intensity Relative EL intensity Reference
enhancement enhancement
Chemical Methods
Sodium Triflanate ~1 times X [49]
Lithium Triflate ~2 times X [49]
Water 1 to 4 times X [11]
FATCNQ 1 to 5 times X [11,49]
TFSI 1 to 11 times X [65, 57, 5960, 69, 70]
TFSI ~5 times ~5 times [76]
TFSI ~5 times ~10 times . This work
Magic blue ~9 times X [49]
Sodium Sulphide 5 to 25 times X [47]
Oleic Acid 10 to 26 times X [63-55]
Non-Chemical Methods
Pulsed V bias X ~4 times [33]
Plasmonic Ag Nanowires ~4-7 times X [72]
Ag film ~10 times X [74]
Au nanoantenna 4 to 10 times X [75]
Photonic cavity X up to 16’ times This work

(MHz) modulation, but did not report PL nor EL emis-
sion tunability. Therefore, an investigation on how TFSI
affects EL emission and modifies gated-PL of 1TL=TMD-
based devices is required.

Here, we fabricate LEDs with 1L-WS, as active ma-
terial on a metal-insulator-semiconductor, (MIS) struc-
ture. We measure EL and gated-PL before,and after
TFSI treatment. We find that TFSI increases ng; by
over one order of magnitude at RT, and'PL intensity by a
factor~5. Our PL results on TFSI-treatedssamples agree
with previous literature, Table 1[57, 59,60, 69, 70], while
EL for TFSI-treated samples is twice than of Ref.[76], re-
porting both EL and PL characterization.béfore and after
TFSI treatment, but not gated-PL. We find that X~ and
X0 are present in both ELéand PL before TFSI treatment,
whereas X° dominates after. We attribute this to deple-
tion of excess e and changes in the relaxation pathway,
induced by the treatment. This‘paves the way to more
efficient 1L.-TMDs-based LEDs and excitonic devices.

RESULTS,AND DISCUSSION

We use 11-WSgrasthe active light-emitting layer since
it has & direct bandgap[77-80], its PL emission is~60
times stronger than 11-MoS2[39, 78] at RT, ngy, can be
up to~50 timeslarger than 11-MoS2[19, 20] at RT, while
Refs.[55, 57-68] demonstrated that TFSI treatment in-
creases up to~10-times its PL intensity.

Fig.1a shows the 1L-WS3/hBN/SLG tunnel junction

configuration used here, where the metallic electrodes
praovide contacts to apply a voltage (V) between SLG
and 1L-WS,. This is prepared as follows.

WSs crystals are synthesized using a two-step self-flux
technique[81] using 99.9999% purity W and S powders
without any transporting agents. Commercial (Alfa Ae-
sar) sources of powders contain a number of defects and
impurities (Li, O, Na, and other metals as determined
by secondary ion mass spectroscopy). Before growth,
W and S powders are thus purified using electrolytic[82]
and H,[82] based techniques to reach 99.995% purity.
WSs polycrystalline powders are created by annealing
a stoichiometric ratio of powders at 900°C for 3 weeks
in a quartz ampoule sealed at 10~7 Torr. The result-
ing powders are re-sealed in a different quartz ampoule
under similar pressures and further annealed at 870-
910°C with thermodynamic temperature differential (hot
to cold zone difference)~40°C. The growth process takes
5 weeks. At the end of the growth, ampoules are cooled
to RT slowly (~40°C/hour)[83]. We use this material as
bulk source because we previously[83] demonstrated that
this has a point defect density~10°-10'° cm~2, on par or
better than previous reports[84].

Bulk WS, hBN (grown by the temperature-gradient
method[85]), and graphite (sourced from HQ Graphene)
crystals are then exfoliated by micromechanical cleav-
age using Nitto-tape[86] on 285nm SiO5/Si. Optical
contrast[87] is first used to identify 1L-WSs, SLG, FLG
(3-10nm), and hBN(<5nm). The LMs are then charac-
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FIG. 1. a) Schematic of LED. Cr/Au electrodes, SLG, FLG,
hBN, and 1L-WS3 are indicated as well as the electrical con-
nection. b) Optical image of device. Scale bar 4um. The
dotted lines highlight the footprint of SLG (black dashed
line), FLG (orange dashed line), hBN (blue dashed line), 1L-
WS, (red dashed line). The green-shaded part corresponds
to the active area~23um?. Cr/Au contacts the bottom SLG;
FLG contacts the top 1L-WS2. Schematic band diagram for
(¢) V=0V and (d) V>0V for pristine 1L-WSy LED and (e)
V>0V for TFSI-treated 1L-WSy LED. Tuning the SLG Er
(gray dotted line) across the 1L-WS; valence band edgé, Ey
allows h tunneling from SLG to 1L-WSs, resulting in current
onset and light emission via radiative recombination with e
from the n-type 1L-WS,. The blue circles represent e accu-
mulated on 1L-WSs due to the MIS structure, while therred
circles are h injected into 1L-WSs through the hBN barrier.
The TFSI promotes a reduction of excess e in the 1L-WSs

terized by Raman spectroscopy as discussed in Methods.
After Raman characterization of all individual LMs on
SiO2/8Si, the FLG/1L-WS5 /hBN/SLG LMHis assembled
using dry-transfer as for Refs.[88] 89]./ FLG is picked-
up from SiO5/Si using a polycarbonate (PC) membrane
on a polydimethylsiloxane (PDMS) stamp’ (as mechani-
cal support) at 40°C. We use 40°C because this is suf-
ficient to increase the adhesion of the PC film[90], to
pick all LMs from SiO5/Si. Then, FLG is aligned to one
edge of 1L-WSs on SiOg/Si and) brought into contact
using zyz micromanipulatorsiat.40°C, leaving the major-
ity of 1L-WS, without FLGacover to be used as active
area (AA). AA is'thefregion from where light emission
is expected, and it is the.overlap area between 1L-WSs
and SLG (green-shaded part in Fig.1b). Next, FLG/1L-
WS, is aligned to a hBN flake deposited onto SiO5/Si
and brought intoeontact using zyz micromanipulators
at 40°C. FinallyFLG/1L-WS, /hBN is aligned to a SLG
on SiO5/Si and brought into contact using zyz micro-
manipulatorsyat 180°C, whereby PC preferentially ad-
heres to SiO-[88], allowing PDMS to be peeled away,
leaving PC/FLG/1L-WS,/hBN/SLG on SiOy/Si. PC is
then dissolved in chloroform for~15mins at RT, leaving

AUTHOR SUBMITTED MANUSCRIPT - 2DM-108641.R1

FLG/1L-WS,/hBN/SLG LMH on SiO»/Si[88, 89]. Af-
ter LMH assembly, Cr/Au electrodes are fabricated by
electron beam lithography (EBPG 5200, Raith GMBH),
followed by metallization (1:50nm) and lift=eff.

The tunnel junction based on a MIS structure consists
of a LMH with 1L-WS, as, the light\emitter, FL-hBN
(typically from 2 to 4nm) acting as tunnel“barrier, and
a SLG electrode to inject heles (k). into 1L=WS,. We
use FL-hBN<5nm so that 'a low (typically<bV) driv-
ing voltage is sufficient for charge injection to the 1L-
WS2[91, 92]. We employ FLG (~3-10nm) to contact 1L-
WSa, because FLG reduces the contact resistance[93],
while Cr/Au electrodes give Ohmic contacts to SLG and
FLG[93]. SLG could alsesbé used to contact 1L-WSq,
however, as the optical contrast is higher in FLG than
SLGI87, 94], using FLG makes it easier to align it to 1L-
WSs during transfer. Since TFSI treatment requires di-
rect expostre of 1L-TMDs[57], we place 1L-WSs on top
of the stack to,compare the device performance before
and after treatment. We TFSI-treat 4 samples for EL
and,gated-PL measurements. These are immersed in a
TESI solution (0.2 mg/mL) in a closed vial for 10mins at
100°C[57-59], then removed, dried by a Ny gun, and an-
nealéd on @ hot plate at 100°C for 5mins[57-59]. Fig.1b
is an image of the 1L-WS,-LEDs. The FLG electrode
is placed on the side of the SLG to avoid direct tunnel-
ing of carriers from SLG to FLG, hence keeping as AA
the)LMH region extended over SLG and 1L-WSs, green-
shaded in Fig.1b. If there is a FLG/SLG overlap, tunnel-
ing through FLG-SLG may be possible, not resulting in
e-h recombination into 11-WSs, hence no EL[6, 25, 38].

Figs.1c,d sketch the band diagram of our LEDs for
V=0V and V>0V, respectively. For V=0V (at thermo-
dynamic equilibrium as indicated in Fig.1c), the Fermi
level, Ep, is constant across the junction, and the net
current (1) is zero[6, 21, 25, 28, 38]. For V>0V (positive
potential on SLG), the SLG Ep is shifted below the 1L-
WS, valence band energy Ey (Fig.1d), and h from SLG
tunnel across the hBN barrier into 1L-WSs, promoting
EL emission by radiative recombination between the in-
jected excess h and intrinsic e[21-24, 28, 35, 38]. The
EL emission is expected to increase as a function of tun-
neling current because of the increasing h injected into
1L-WS, available for e-h recombination.

The LMs are characterized by Raman, PL, EL spec-
troscopy using a Horiba LabRam HR Evolution. The
Raman spectra are collected using a 100x objective with
numerical aperture (NA)=0.9, and a 514.5nm laser with
a power~5uW to avoid damage or heating. The volt-
age bias dependent PL and EL are collected using a
long working distance 50x objective (NA=0.45). For
the PL spectra, we use a A=532nm (2.33eV) continuous-
wave laser in order to excite above the X° emission
(~2eV)[9, 10]. The laser power is kept~80nW to avoid
laser-induced thermal effects[2, 9-11]. The spot size
Aot for the PL measurements was calculated by Agpor =
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FIG. 2. 514.5nm Raman spectrum of 1L-WS,/hBN/SLG
LMH after device fabrication. The SLG and hBN Raman
modes are labelled. The 1L-WS3 modes are summarized in
Table II. The 1300-2900cm ™! spectral window is multiplied
by a factor 10 for better visualization

7[1.220/2NA]? ~ 1.6um?. The voltage (V) and curzent
(I) between source (SLG) and drain (1L-WSs) electrodes
are set (V) and measured (I) by a Keithley 2400 (see
Methods for details of electrical measurements).

Fig.2 plots the Raman spectrum of 1L-WSo/hBN/SLG
on Si/SiOy after device fabrication and before ¢urrent-
voltage (I-V) measurements. The Raman modes of each
LM can be identified, Table II. For 41=WS,, Pos(Al)
and its full width af half maximum, FWHM(A, ), change
from~418.940.2cm~!; 3.940.2cm ™!, Mbefore “assembly,
to~419.840.2cm™!; 3.4+0.2cm ™!, after. All the changes
in the other modes are close to our 'speetral resolution
and errors, as for Ref.[95]. Pos(A{) andFWHM(A)) are
sensitive to changes in n-doping[96,.97]. The mechanism
responsible for this effect is an enhancement of electron-
phonon (e-ph) coupling when e populate the valleys at
K and Q simultaneously[97]. " The energy of the K and
Q valleys is modulated by the Aj ph[97]. Since the K
and Q energies are modulated out-of-phase, charge trans-
fer between the twovalleys oecurs in presence of the A}
ph[96, 97]. When the K and Q valleys are populated by e,
these are transferred back and forward from one valley to
the other[97, 98]: This increases the e-ph coupling of out-
of-plane modes, such as A;[97]. The same process does
not occur for p-doping[97]. The reason for this asym-
metry between m-rand p-doping is due to a much larger
energy [Separation(~230meV[97]) between the VB I' and
K valleysithan that (~100meV[97]) of the CB K and Q
valleys. Fromuthe changes in Pos(A}) and FWHM(A)),
and.-by comparison with Ref.[97], we estimate a reduction
in n-doping= 5 x 10'2cm~2.

For hBN in Fig.2, Pos(Eg;)~1366.4+£0.2cm™! and

4
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o

Page 4 of 17

.
o
(=]

-
W

EL Inténsity. (a.u.)
S

600 620 640 660 680
Wavelength (nm)

FIG. 3. a) I as a function of V for 1L-WS-LED. Inset:
schematic of I-V data collection. Purple, SiO2(300nm)/Si
substrate; black, SLG; blue, hBN; green, 1L-WSs; yellow,
Cr/Au electrodes. The voltage V is applied while the current
I is measured. b) EL spectra for different tunneling currents
without TFSI treatment. The dashed black line is the PL
spectrum for V=0, normalized to the maximum EL intensity

Although FWHM(E,,)

-1

FWHM (Eg,)~9.2+0.2cm ™1,
changes within the error, Pos(Eg,) downshifts~2.1cm
after assembly, suggesting a contribution from strain (see
Methods for comparison between FL- and bulk-hBN Ra-
man). Uniaxial strain lifts the degeneracy of the Eq
mode and results in the splitting in two subpeaks E;rg and
E,,, with shift rates~-8.4 and -25.2cm ™" /%[99, 100]. For
small levels of uniaxial strain (<0.5%) splitting cannot
be observed and the shift rate is~-16.8cm=! /%[99, 100].
For biaxial strain, splitting does not occur and Eo, shifts
with rate~-39.1cm~!/%[99]. Since we do not observe
splitting, the Eo4 shift can be attributed to uniaxial or
biaxial tensile strain~0.13% or~0.06%, respectively.

For SLG in Fig.2, no D peak is observed
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2 TABLE II. Pos and (FWHM) in cm ™" of WS2 Raman peaks, before and after LMH assembly, and TESItreatment

2 Peak|Bulk-WS2 Assignment| Bulk-WS2 |1L-WS2 Assignment|1L-WS3-SiO2 | 1L-WSo-LMH | TFSI + 1L-WSs-LMH

5 1 LA(M) 174.5 (11.1) LA(M) 175.6 (14.5) | 175.6 (14.6) 174.9 (144)

6 2 LA(K) 194.8 (3.3) LA(K) 193.3 (4.5) | 193.8 (3.3) 193.3 (4.7)

7 3 Ay (K)-LA(K) 213.7 (4.2) | AL(K)-LA(K) 2145 (5.7) | 214.5 (5.2) 213:5 (6.0)

8 4 A (M)-LAM)  [232.8 (5.7) | Ay (M)-LA(M) | 2315 (6.7) | 2319 (7.1) 231.4(5:9)

9 5 A1y (M)-ZAM) | 266.8 (6.9) | A}(M)-ZAM) | 265.3 (6.9) | 265.9 (7.2) 265.4 (7.0)

10 6 E3,(T) 297.6 (4.2) E’(I) 297.7 (2.8) | 298.5 (3.1) 298.7 (2.6)

11 7 LAM)+TA(M) | 311.2(2.4) | LA(M)+TA(M) | 311.2 (2.5) | 311.8 (2:3) 311.2 (2.4)

12 8 E3, (M) 324.6 (17.5) E” (M) 326.7 (25.5) | 325.9'(24.7) 327.7 (25.7)

13 2LA(M) 350.6 (8.3) 2LA (M) 352.4 (9.3) | 352.7(9.2) 352.7 (8.0)

14 EL, (I) 356.9 (1.5) E'(I) 357.2 (3.3) | #57.4 (3) 357.2 (2.9)

::2 Aq14(T) 420.8 (2.1) All () 418.9 (3.9) 4198 (3.4) 419.9 (3.4)

17

12 after LMH assembly, indicating negligible carriers[6,4109]. Thisyshift and EL broadening is at-
20 defects[101-103]. In Fig.2 Pos(G)~1585.14+0.2cm~!,  tributed to heating jeffects at the layered junction[28].
21 FWHM(G)~9.04+0.2cm ™!, Pos(2D)~2692.34+0.2cm™!, A red4shiftd8meV is observed in EL emission~634nm
2 FWHM(2D)~20.94£0.2cm™t,  I(2D)/I(G)~2.4, and (~1.956eV) withrespect to the PL X emission of the un-
23 A(2D)/A(G)~5.6. These indicate that the SLG is  biased device (dashed black line, Fig.3b). Fig.3b shows
2 p-doped, with Ep ~150+50meV[102-104] by tak- & EL peak position close to X~ of unbiased PL (dashed
25 ing into account the average dielectric constant black line, F?g.?)b), implying a trionic EL emission, due to
2% (~3.85) of the environment (£g,0, ~3.8[105] and ‘excess e in 11L-WS5[28, 38]. In contrast, no light emission
>7 enpN ~3.9[106]). Ep ~150meV should correspond to, is obgerved for V< 0V and small positive (0 <V <Von)
28 Pos(G)~1584.1cm ™! for unstrained SLG[107]. However,  wbias, below the tunneling condition (Voy<4.1V).

29 I’?OS(G)N1585~1i0~2.Cm_17 _ WhiCh 'implies a 'contribu— To further understand the EL emission origin, we per-
30 tion from compressive uniaxial (biaxial) str@ine0.04% \ form EL and PL spectroscopy at the same V. Fig.4a
31 (~0.01%). The strain level for SLG and hBN are™s plots PL spectra at different V. At V=0V, the PL
32 d%fferent, mos:t likely due -to thfe fact. that th(.e SLG is peak is~619.2nm (~2.002¢V), assigned to X°[9, 78].
33 directly exfoliated onto SiOs/Si, whileshBN is picked By increasing V (i.e. increasing e density in 1L-
34 up and transferred by PDMS stamps, henee; this could  WS,), a second peak appears at longer wavelengths
35 induce a larger amount of strain on hBN. (~630nm,~1.968eV), due to X~ [9-11, 108]. The dashed
36 Fig.3a plots the I-V characteristics. \For V=0V the lines in Fig.4a describe the peak position evolution
37 current is zero (Fig.1¢). When V isappliedpan electrical of X and X~ emission for different V. For V>0V,
38 rectification (i.e. diode behavior) awith negligible leakage the X° intensity gradually decreases and nearly van-
39 current (I<107'A) for V<0 is séen. /A tunneling onset, ishes, while X~ shifts to longer wavelengths, Fig.4a,
40 (i.e. exponential increase ‘of ) is seen.at Von~4.1V, reaching a similar position for both EL and PL emis-
41 Fig.3a. Vo is related to the breakdown electric field  sion (see Methods for further details). Fig.4a demon-
42 (Epq) across the junctiongwhich depends on the voltage strates that the gated-PL data show multipeak emis-
43 drop on the hBN tunnel barrier-and hBN thickness (d)  sions at certain V (i.e. 0V<Vy) due to injection of
44 accordingly to Epg=(Vpg/d)~0.7-1V/nm[91, 92|, where  charge carriers from SLG to 1L-WSj, allowing the re-
45 Vg is voltage breakdown Vyg=qnid>/(cocnpn), q is the e combination of both X° and X, whereas for n-doping
46 charge, n is total charge/congentration, e=8.854x 10712 (V>>0V), only X~ recombination takes place. This is
47 F/m and e,py ~3.9[91, 92]; so that Von can vary be- expected for trionic emission, due to e-doping induced
48 tween different’devicess When V>Vopn, h from SLG by V[9-12, 38, 108]. Similar effects were observed in
49 tunnel acros§ the hBN barrier into 1L-WS3, promot-  1L-MoS3/SiO2/Si[111], hBN/1L-WSeo/hBN/Si045/Si[6],
50 ing EL emission by radiative recombination between  and hBN/1L-WS;/hBN/SiO2/Si[28]. Therefore, for sim-
51 the injected h andsmajority e in 1L-WSy (Fig.1c)[21- ilar tunneling current, EL agrees in energy and shape
55 24, 35,/ 38]. Thé EL intensity~634nm (~1.956eV) in-  with the PL emission, further verifying the same ori-
53 creases ‘with tunneling current, as in Fig.3b. The red-  gin for EL and PL, Fig.4b. This is confirmed by
54 shifts (<2nm)zin the EL emission in Fig.3b for larger I Fig.4c, where EL and PL peak positions are plotted
55 canybe attributed to the Ep shift induced by the MIS for 4 devices, showing EL and PL emission at similar
56 structure[6,731, 33]. FWHM(EL) also increases with wavelengths. Thus, EL predominantly originates from
57 L, attributed to the scattering of excitons with extra X6, 9, 10, 21, 38]. The variations in X~ for different
58

59
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FIG. 6. Fitting of PL spectra for (a) pristine and (b) TFSI-
treated 1L-WS; on SiO4/Si, for 532nm excitation

LEDs are due to changes in charge carriers density across
different samples. The charge density variation can be
due to the number of vacancies in 1L-WS3[41] and ex-
ternal impurities (PC residues and adsorbed water) after
LED fabrication, which may vary from sample to sample.

We now consider the origin and consequences of excess
e in 1L-WS; for EL emission induced by V. Besides the
intrinsic charge carriers in 11L-WS, (typically n-type due
to S vacancies[41]), there is also an electrostatically in-
duced charge in 1L-WSs when V>0V. A SLG/hBN/1L-
WS, tunneling junction acts as a MIS capacitor|[6, 28, 38].
When V>0 is applied to SLG, inducing positive charges

Page 6 of 17
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in SLG, there is an opposite (negative) charge induced
in 1L-WS5[6, 28, 38], thus making the charge density on
1L-WSs larger than for V=0. When V> Vpoy, h will be
injected by tunneling into 1L-WSs (Fig.1d), hence, h will
recombine with e. Consequently, the EL emission orig-
inates from X~ states. However, the radiative recombi-
nation efficiency (defined as the number of e-h pairs that
recombine by emission of a photon divided by total num-
ber of e-h pairs) of X~ is lower than X° because of the
small (~30meV) binding energy of trions[42]. Thus, to
gain higher gz, one should favor X° EL emission by low-
ering the unbalanced free-carriers concentration in 1L-
TMDs by either gate modulation[6, 12, 28, 31, 36, 38],
physical[112, 113], or chemical doping[11, 25].

We thus treat 1L-WSs using TFSI to reduce doping
and favor X° emission under bias and investigate
the effects on EL emission and gated-PL. Fig.5 plots
representative Raman spectra before (black) and after
(red) TFSI treatment. By comparing the spectra before
and after TFSI treatment, and the fits for 1L-WS,
in Table II, we do not observe significant changes
in peak position and FHWM. However, there is an
overall intensity increase of the Raman peaks of~50%,
compared to the Si peak. This indicates a reduction
of n-doping induced by TFSI treatment, because S
vacancies in 1L-TMDs are commonly associated to
n-type behaviour and the reduction of these defects will
reflect in p-type doping fingerprint[57-59, 69]. Pos(A])
is unaffected by TFSI treatment, which suggests,that
the reduction in the intrinsic 1L-WSy n-doping in-
duced by TFSI is<<102cm=2[97].  Although TESI
is able to p-dope SLG when it is in‘contact with the
TFSI solution[114], Fig.5 shows negligible '(within the
errors[95]) changes in the SLG (e.g./ beforen(after):
Pos(G)~1585.1  (1585.0)+0.2cm~1, " FWHM(G)~9.0
(9.1)+0.2cm™t,  Pos(2D)~2692.3 47(2692:2)+-0.2cm 1,
FWHM(2D)~20.9 (20.8)+0.2cmd™ !, AI(2D)/1(G)~2.4
(2.4), and A(2D)/A(G)~5.6 (5.6)) and  hBN (e.g.
before (after): Pos(Eq,)~1866.4 (1366.5)40.2cm ™! and
FWHM(E,,;)~9.2 (9.1)£0.2em™!) Raman spectra after
treatment, as both are pretected by the top 1L-Ws.

Fig.6a plots a representative PL spectrum of 1L-
WS, embedded in the  LMH before TFSI treatment,
and Fig.6b after. For the pristine case, there are two
components, fitted by gwo Lorentzians~618.7nm with
FHWM~8.4nm and~629.lnm with FHWM~18.1nm,
which correspond to »X%[78, 80] and X~ emission,
respectively[108, 110].4The observation of the X~ emis-
sion and a broader FWHM (X~ )>FWHM(X") is related
to the n-type dopingbehavior of the 1L-WS5[115], which
favors the X~ récombination. For non-biased devices,
the spectral weight (defined as the area of each peak)
of the PL emission indicates a majority emission due
tonX". After treatment, the PL emission evolves to a
main single peak~618.1nm with FHWM~8.7nm, accom-
panied by a~4-fold increase in PL intensity. The PL
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FIG. 74 I-V, curvesof 3 LEDs before (solid black lines) and
after (dashed red lines) TFSI treatment.

intensity enfancement induced by the TFSI is consistent
with that reported in Refs. [8, 49, 55, 57, 59, 60, 69, 70]
The changes in spectral weight of X° and X~ emission
and the FHWM after treatment can be assigned to a re-
duction in the e-density in 1L-WS3[57-59], in agreement
with our Raman analysis. Refs.[53-55, 57-68] reported
that PL enhancement depends on sample quality (de-
fects) and may vary 1 to 10 times. We observe a PL
increase~5+1-times, as for Refs.[53-55, 57-68].

Fig.7a plots typical I-V characteristics of 3 devices be-
fore (solid black lines) and after (dashed red lines) TFSI
treatment. [ is not affected by the treatment. Von
is related to the breakdown electric field Eyq across the
junction, which depends on the voltage drop on the hBN
tunnel barrier and hBN thickness[91, 92]. Our LED-
devices use 2 to 4nm hBN as tunnel barrier. Conse-
quently, Von can vary between different devices. Our
results on the same device demonstrate that TFSI treat-
ment does not induce changes in the tunneling because
the chemical treatment does not modify the MIS struc-
ture. Figs.9a,b show EL collected before and after TFSI,
respectively, for different I. In both cases, EL is triggered
for similar current levels (I<5nA), and the intensity in-
creases linearly with I, Fig.9c. The EL intensity slope
as a function of current density (I divided by AA) is
affected by TFSI. For pristine-LEDs we get an average
slope a ~1.440.3, while after TFST a ~13.5+1.1, with 1
order of magnitude ngy increase, Fig.9c. The red-shifts
in the EL emission with I increase in pristine (<6nm) and
TFSI treated LEDs (<5nm), Figs.9a,b, can be assigned
to Ep shift induced by the MIS structure[6, 31, 33|, or
heating effects at the layered junction|[28].

Next, we estimate the external quantum efficiency
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(EQE) of our LEDs. This is defined as the ratio be-
tween the number of emitted photons (N ;) and that of
injected h per second (Nj)[116]:

Nph _ Z)\ Nphfcounts « Aeff

EQFE = — =
Q Nh Nh nsys

(1)

where ZA Nph—counts is the sum of the total photons
collected by the spectrometer over the measured spectral
range, Acrr = AA/Aspor, where Agpo is the microscope
objective spot size Agpor ~2.2um?, with A=618nm and
NA=0.45), and Np=Ixt/q, where t is the acquisition
time, and ¢ the e charge. The efficiency factor (defined
as the ratio between the photons collected by the detector
and the emitted photons by EL at the sample position)
of our setup, including all optical components and spec-
trometer, is 7y, ~0.0051, see Methods.

From Eql we get EQE~0.025%40.021%
and~0.195%+0.324% for pristine- and TFSI treated-
LEDs, respectively, corresponding to a~8.741.5-fold
increase, thus demonstrating that TFSI can boost
EQE by almost one order of magnitude. EQE~0.2%
is better than previously reported for 1L-WSs-based
EL (~0.1%) on a SiO2/SiN, microcavity[35], bulk
organic (2,7-bis[9,9-di(4-methylphenyl)-fluoren-2-
y1]-9,9-di(4-methylphenyl)fluorene)  emissive  layer
(~0.1%)[117], and semiconducting (6,5) single-wall
nanotubes (~0.1%)[118]. The WS2-LED performance
can be further improved if placed within a photonie
cavity[25, 119-127].

To evaluate the cavity enhanced EQE, we extract the
performance metrics from our reference measurements
on Si03/Si and project them on simulation results for a
cavity system. We first estimate the reference internal
quantum efficiency 1QE,c; = EQE,df/M(catrmep)[116],
where 7(cqtr ref) is the extraction efficiency on SiO;/Si,
defined as the number of photons emittedsinto free space
over the total number of emitted photons[116]. Emitted
photons not reaching free space inelude those absorbed
and/or lost into the referenee substrate.<By 3d finite-
difference time-domain method (FEDTD) simulations[128,
129], of a 10x 10um? referefice systemywith a single trans-
verse electric (TE) (i.e.[ parallel'to the surface) point
dipole emitter on the surface at A=624nm, we calculate
Neatrref) ~14%, i.eq'asignificant (~86%) portion of the
emitted light is absorbed and/orilost into the substrate.
This yields for the TESI-treated LED IQE,.; ~1.43%.
In turn, IQE, gf'is related-to the ratio of radiative to to-
tal recombination rates, 1.e. IQE,;ef =T'g ref/(Tryes +
I'nr)[116, 130), where I'r o and I'y g denote the radia-
tive anddnon-radiative rates, respectively. For simplic-
ity we assume I'ior = I'v R rey independent of substrate,
i.e., themon-radiative relaxation pathways are unaffected
by the enviromment. Thus I'ygp = FRmef(IQET_éc -
1)spnside a cavity, the radiative density of states in-
creases, leading to a proportional increase in radiative
rate/due to the Purcell effect[130, 131]. Thus, IQF.q, =

8

FR,cav/(FR,cav +FNR)7 where FR,caU = nPFR,ref and np
is the relative Purcell enhancement factor calculated by
FDTD as the ratio of total light (free and lost) emitted
by a point dipole in the cavity over the total light emit-
ted on the reference substrate. Combining the above
relations, we get IQE.} = 1+ n;l(IQES?OQ/Si - 1).
The external quantum efficieney becomes FQFE..,, =
Newtr,cavd QEcavs With Neztr cap thenextractiomefficiency
of the cavity evaluated by, JDTD. The,photonic cavity,
shown in the top inset of Fig.8; is asymmetric to enable
maximal unidirectionalfemission. ®NboOj5/SiO5 bilayers
are used for the Bragg mirrors, with Np NbyOj5/SiOq
periods on top, a SiOgycavity/in the middle, and an
Ag back mirror./ At A=624nm the refractive indices
are nyv,0, = 2.325(132],ng;0, = 1.457[133], nay, =
0.0581 + “.212[134], nsré = 2.787 + i1.443[135, 136],
nppn = 2.12[137]pnvs, = 5.38 + 0.382[138]. The
layer thicknesses are dxp,0,=67nm, dsio,=107nm and
d can=191nm; while AL-WS, /hBN(3nm)/SLG is placed
in the middle of the SiO; cavity layer. FDTD simu-
lations predict the cavity enhanced EQE as a function
Np_as for Fig.8. For Np=1 the EQE gets a x5.75 en-
hancement, reaching~1.15%, attributed to a Purcell en-
hancement of x1.15 and a x5 increase in extraction ef-
ficiency. | Cavity effects also enhance the directionality
of light; as shown in the bottom inset of Fig.8 for the
Si04/Si reference structure as well as for the Np=1 and
Np=2 cavity structures. To quantify the enhancement
in the vertical direction (e.g. were we to use a narrow
numerical aperture, NA=0.0125[127]), we also plot the
normal emission enhancement through a 1d calculation
in Fig.8. These are consistent with the angular plots of
full 3d systems (lower inset of Fig.8) and predict an op-
timal cavity with Np=3 and relative normal emissivity
enhancement of x16. Further enhancement mechanisms
can also be considered, such as plasmonic cavities and/or
antenna-coupling[139-145], as well as dielectric domes on
top of the device to further boost extraction.

We now consider the EL emission features induced
by TFSI treatment. By comparing EL before and af-
ter TFSI (Figs.9a,b), a blue-shift in EL is observed. In
pristine-LEDs, the main EL emission can be fitted with
a single Lorenztian at~641.8nm with FHWM~28.6nm,
Fig.10a, whereas after treatment it can be fitted
with two-Lorentzian~625.9nm with FHWM~28.6nm
and ~640.1nm with FHWM~29.2nm, Fig.10b. The ob-
servation of X° emission and similar FWHM(X~) and
Pos(X™) after TFSI treatment suggests that there is a
reduction in n-doping behavior, consistent with PL and
Raman analysis. The fact that we observe X~ emission
in EL after TFSI treatment indicates that 1L-WSs is still
n-doped, which can be caused by e injection from the V
bias in the MIS structure[6, 28, 33, 109]. Fig.10c plots
the EL peak position before and after treatment in 4 de-
vices. After treatment, the EL emission shifts to shorter
wavelengths, where XU is expected[77, 78] (dashed line in
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1L-WS,-LEDs for different tunneling currents. AA~21um?.
¢) EL intensity as a function of tunneling current divided by
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10

tribute to the X~ emission pathway. Therefore, similar
to Figs.10a,b, PL also indicates that the emission after
TFSI treatment predominantly originates from radiative
recombination of X°, independent of /. Refs.[57,/59, 61—
64] claimed that TFSI treatment reduces the\extent of
n-type behavior in S-based AL-TMDs due to S vacancies
passivation, consistent with the suppression of X~ for-
mation in Refs.[60, 65-68]. Ref.[8],reportedithat TFSI
acts as a Lewis acid, i.e. it_can accepthan e pair from a
donor[56], suppressing X~ formation. Whereas Refs.[53—
55] claimed that TFSLdnay activate sub-gap states and
reduce the n-type behavior in S-based TMDs, as well as
reducing X~ formatien.»Our I.V, EL and gated-PL re-
sults suggest thatTFSI treatment i) depletes the excess
e in 1L-WS,, acting a8 a Lewis acid[8] and ii) favours the
radiative recomibination of X" independent of bias, due to
the activation of trapping states[53, 55] in 1L-WS, caused
by the treatment. One would expect changes in the exci-
tonic emissionhat such trapping states at RT, where the
thermal energy can assist carrier de-trapping, and ra-
diative recombination from excitons[67]. Therefore, the
modification from non-radiative to radiative recombina-
tion by,activation of trapping states could be further en-
gineéred to Achieve more efficient optoelectronic devices.

CONCLUSIONS

We demonstrated a one order of magnitude enhance-
ment in EL emission of 1L-WSs-LEDs by performing
TFSI treatment. EL predominantly originates from tri-
ons in pristine devices, while neutral excitons dominate
in treated ones. The neutral excitonic emission is also re-
stored in 1L-WS; gated-PL measurements. We attribute
these changes to a reduction of n-doping of 1L-WS,, as
well as changes in the relaxation and recombination path-
ways within 1L-WSs. This paves the way to more effi-
cient 1L-TMDs-based LEDs, and sheds light into tun-
ability of the excitonic emission of these devices.

METHODS

Raman characterization of LMH individual
constituents

Raman spectroscopy allows us to monitor LMs at ev-
ery step of device fabrication. This should always be
performed on individual LMs before and after assembly
in LMHs and devices. This is an essential step to ensure
reproducibility of the results, but, unfortunately, this is
often neglected in literature.

Ultralow-frequency (ULF) Raman spectra in the
range~10-50cm~! probe shear (C), corresponding to
layer motion parallel to the planes, and layer breath-
ing modes (LBM), corresponding to the motion perpen-
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FIG. 11. (a) Low- and (b) high-frequency 514.5nm Raman
spectra of 1L-WS; (red) and bulk-WS; (black) on Si/SiO2,
normalized to the Si peak, with labels as for Table II

dicular to them[102, 146-148]. Pos(C)x can determine
the number of layers[146-149] N=m (2 cos~! [ggség))i N7t
with Pos(C) the bulk Pos(C).

Fig.11 plots the Raman spectra of non-treated 1L-
WSs and bulk-WS,. In Fig.1la, the C mode and
LBM are not observed for 1L-WS,, as expected[146-
148]. In bulk-WSj, Pos(C)~ 26.9 & 0.14cm~!. The
spectral resolutiond0.14cm™! for the ULF region his
obtained as for Ref.[95]. We observe two additional
peaks~28.7+0.14cm ! and 46.44-0.14cm ™!, respectively,
in agreement with Refs.[150-152]. These do net depend
on N[150, 151] and are seen because 514.5nm (~2.41eV)
is nearly resonant with the B exciton (~2.4eV) of,1L-
WS2[153-157], and~20meV above thesbulk-WS, B ex=
citon (~2.38e¢V)[154, 155]. This gives rise to a resonant
process[153-157], which occurs becausethe lager energy
matches the electronic transition of theB exciton, reveal-
ing features associated with intervalley\scattering me-
diated by acoustic ph[158-160]. A similar process also
happens in 1L-MoS3[150, 151] and other 1I-TMDs[158-
160]. Although our ULF filters,cutaem Y the LBM is
not detected in bulk-WS,, as its frequency is expected
to be<10cm~![148], because.this resonant process with
a 514.5nm laser reduces the signal to noise ratio in this
spectral region[150].

The high-frequency(HF) Raman spectra of non-
treated 1L-WSy and bulk-WSs3, (Fig.11b) show various
peaks, Table II. The first order Raman modes,
ie. E, Al n IL-WSs[77-80] and Ei, Ay, in
bulk-WS,[77480].  E. (Ely,) and A} (Ay,) corre-
spond to in-plane and out-of-plane optical ph for
1L(bulk)sWS,." Their nomenclature for 1L and bulk
differs fdue to athe different crystal symmetry[77-
80]. Im 1L-WS, we get Pos(E)~356.840.2cm™!,
FWHM(BE)na3.2+0.2cm ™!, Pos(A])~418.5+0.2cm ™,
EWHM(A})~4.340.2cm™.  In bulk-WS, we have
Pos(E},)a856.8:£0.2cm ", FWHM(E} )~1.5:£0.2cm ™",

Pos(A)~420.840.2cm ™,  FWHM(A])~2.1+0.2cm ™.
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FIG. 13. (a) ULF and (b) HF 514.5nm Raman spectra of
SLG and FLG on Si/SiO2 normalized to the Si peak

In 1L-WS, the difference in peaks’ position [POS(E/)-
Pos(A})] is~61.7cm~! while this is~64.0cm~! in
bulk-WSs, further corroborating the identification
of 1L[77]. In the HF spectra of 1L- and bulk-WS,
we also observe the 2LA(M) mode, involving two
longitudinal acoustic (LA) ph close to the M point[77—
79]. For 1L-WSy; Pos(2LA(M))~351.94-0.2cm ™!
and FWHM (2LA (M))~9.240.2cm™?, whereas
for  bulk-WSy  Pos(2LA(M))~350.640.2cm~!  and
FWHM (2LA(M))~8.3+0.2cm 1. The 2LA(M)
mode originates from a second-order double reso-
nant process[158-160], where momentum conservation is
satisfied by two LA ph with opposite momenta around
K- and M-points[159], therefore sensitive to differences
in band structure between bulk and 1L-WS,[77, 161].
I(A1,)/I(E1g)~3.2 in bulk-WSy, with I is the
peak height, is higher than I(A})/I(E)~0.8 in 1L-
WSs.  I(2LA)/I(E14)~1 in bulk-WS, is lower than
I(2LA(M))/I(E')~1.7 in 1L-WS,. This can be explained
considering that the main first-order (E', A|) and second-
order (2LA(M)) Raman modes are enhanced for 2.41eV
excitation, due to exciton-ph coupling effects involving
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B exciton transitions[156, 162]. These depend on mode
symmetry (i.e. differ between out-of-plane and in-plane
modes) as well as N[158]. In bulk-WS,, the out-of-
plane A is resonant with the B exciton, unlike Ej/[158].
The enhancement of A;, decreases with decreasing N
due to the dependence of the lifetime of the interme-
diate excitonic states on N[158]. The difference between
I(2LA)/I(E;) in 1L-WS, and I(2LA)/I(E},) in bulk-WS,
is due to a change in band structure from direct bandgap
in 1L to indirect in bulk-WS5[77-80], which changes the
double resonance conditions[158-160].

The Raman spectrum of 1L-WSs also shows 8 peaks
in the range 170-350cm~! (Fig.10b and Table II).
LA(M) and LA(K) correspond to one-ph processes orig-
inating from the LA branch at the M- and the K-
points, respectively[77-80]. Since LA(M) and LA(K)
and E%Q(M) are one-ph processes from the edge of the
BZ (q#0)[77-80], they should not be seen in the Ra-
man spectra considering that, due to the Raman fun-
damental selection rule[163], one-ph processes are Ra-
man active only for ph with q~0, whereas for multi-ph
scattering the sum of ph momenta needs to be~0[158-
161]. However these modes can be activated in pres-
ence of defects, as these can exchange momentum with
ph, such that the sum of the momenta in the process
is~0[77-80]. A14(K)-LA(K), A14(M)-LA(M), A;q(M)=
ZA (M), LA(M)+TA(M) in bulk-WS, and A" (K)-LA(K),
AL(M)-LAM), A} (M)-ZA(M), LAM)+TA(M) in 1L-
WS are combinational modes, and Raman @llowed[77—
80]. E3,(M) correspond to a one-ph process originat-
ing from the transverse optical (TO) branch at the M-
point[77-80]. E3,(T) is a degenerate ‘mode originating
from the LO and TO branches at I'[77-80].

Fig.12 plots the Raman spectra fof a~3nm, hBN
flake (black curves) and bulk-hBN\ (red curves).
The latter has 2 Raman-actiyé modes[164, 165],
C and Ey,. In Fig.12a Pog(C).y=52.3+0.14cm™!
with  FWHM~0.740.2cm~!  for 4/ bulk-hBN  and
Pos(C) y=50.440.14cm~! FWHM~0.840:2cm ™~ for the

hBN flake. In bulk-hBN Pos(C)m:%\/% =52.3cm™1,

with g =6.9x10%"kgA~% the mass of one layer per unit
area, ¢ the speed of light in cm s7!, and « the spring
constant associated tethe coupling between the adjacent
layers[95, 148]. From this, we get o = 16.9 x 10'¥Nm—3.
From N=7T(2COS_1[%%])_1, we get N=6+1 for
the 3nm thickflake (measured with a Dimension Icon
Bruker AFM in tapping mode) as shown in the inset
of Fig.12b)." , In Fig.12b Pos(Ez,)~1368.5+0.2cm™*
and FWHM(Egz)~9.1+0.2cm ™! for FL-
hBN, and Pos(Egg)~1367+0.2cm ™! with
FWHM(E,,)~7.6£0.2cm™" for bulk-hBN. The peak
broadening~lsfern—! in FL-hBN can be attributed
towstrain variations within the laser spot, as thin-
ner flakes eonform more closely to the roughness of
the aunderlying SiO5[95]. This is consistent with the
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fact that thicker hBN have lower root,mean square
(RMS) roughness[88, 92, 95, 166], e.g." 300nm SiOs
has RMS roughness~1nm[92], 2-8nm hBN»,has RMS
roughness~0.2-0.6nm[95],  while>10nm »hBN thick
presents RMS roughness~0.1nm[88,/92].

The red curves in ,Figs.13a,b, are / the Ra-
man spectra of SLG on £Si02/Si "before LMH
assembly. Pos(G)=1586:9+0.2cm=! with
FWHM(G)=7.740.2cm~ !, Pos(2D)=2685.240.2cm
with  FWHM(2D)~29.3+0.2em !, I(2D)/1(G)~0.85,
A(2D)/A(G)~3.3. These indicate,a p-doping[102-104]
with Ep ~ 200+£50meV. No I peak is observed, thus
negligible defects[104=103]. Pos(G) and Pos(2D) are
affected by the /presence. strain[102, 103].  Biaxial
strain can be differéntiated from uniaxial from the
absence of G-peak splitting with increasing €[167, 168],
however at low (£046%) e the splitting cannot be
resolved[167, 168]. | Thus, the presence (or coexis-
tence) of biaxial strain cannot be ruled out. For
uniaxjal(biaxial) strain, Pos(G) shifts by APos(G)/Ae
~23(60)cm 1 /%[167, 168]. Pos(G) also depends on
doping[104, 107]. Ep ~ 200+50meV should corre-
spond 'to Pos(G)~1584.3cm ™! for unstrained SLG[107].
However, in’ our experiment Pos(G)~1586.940.2cm ™1,
which implies a contribution from compressive uniaxial
(biaxial) strain~0.1% (~0.04%). The black curves
in Figs.12a,b show the Raman spectrum of the FLG
eléctrode on SiO2/Si. Pos(G)~ 1581.240.2cm™~! with
FWHM~1240.2cm ™, Pos(2D; )~ 2694.040.2cm~! with
FWHM~48+0.2cm~!, and Pos(2D3)~ 272540.2cm~?
with FWHM~3340.2cm™!. Pos(C)y ~41.4+0.14cm™?,
corresponding to N=5.

Electrical characterization

Electrical characterization is performed at RT and in
air, using two micrometric (zyz) positioners (Lambda
EverBeing EB-050) with 10zmum W tips to provide sig-
nal and check the read-out. A Keithley 2400 sourcemeter
is used as a DC source for the voltage potential V, with
constant reading of the current I. The I-V curves are
measured in a two-probe station, with one the probes
touching the Cr/Au pad connecting the SLG, while the
second connecting to the pad associated to 1L-WSs. The
1L-WS; electrode is grounded to keep the electric field
aligned from SLG towards 1L-WSs, inducing e carries
on 1L-WSe for V>0. For the I-V curves, the voltage
sweep is 10mV/s and the data acquisition is interrupted
as soon as I has exponential rise, to avoiding damage.
The first measurement is the I-V curve, followed by EL,
then, gated-PL spectra collection. For EL and gated-PL,
the voltage is set manually to the desired V, then either
EL or PL are acquired for 10 and 1s, respectively. A new
V' is then set by hand, followed by the next data acqui-
sition. As soon as [ reaches the values measured in the
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FIG. 14. a-b) Non-normalized gated-PL spectra for the data
in Fig.da. c¢) EL and gated-PL positions from 8 devices
fabricated following different approaches: (I) Top: 1L-WS2
on hBN and SLG. (II) Encap.: 1L-WS; encapsulated by 2
hBN (top and bottom), with SLG on the top-hBN. IIT) Bot-
tom: 1L-WS; is sitting directly onto SiO2/Si, capped with
hBN and SLG. The emission values are taken by fitting with
Lorentzians the PL and EL spectra at similar I, considering
the center of the main emission peak (higher spectral weight):
The error bars are within the size of the symbols

I-V curve, V is manually set back tozero. This guar-
antees that the devices can be measured at.least 6 times
(I-V, EL, and gated-PL before and after TFSI treatment)
without damage.

N

Trionic PL and EL emission in 1L-WSs LEDs

Figs.14a-b show the gated-PL'spectra with a continu-
ous shift for larger V, withfa~20nm shift, consistent with
Ref.[28]. To further corroborate that both gated-PL and
EL come from X~ , we fabricate 3 types of 11.-WS, based
LEDs, Fig.14c: i) 1LsWS5 ontepof hBN and SLG layers;
ii) 1L-WS, encapsulated by 2 hBN layers (top and bot-
tom), and SLG on'thetop-hBN layer; iii) 1L-WS sitting
directly onto S8i03/Si, eapped with hBN and SLG. All
devices are made following similar procedures. Electri-
cal connectioniis done /by applying V' between SLG and
1L-WSV4 The hBN-tunnel barrier is 2-4nm thick. All de-
vices are then chéecked by I-V measurements, gated-PL,
and EL: Fig.14c demonstrates that all devices present a
good match for' EL. and PL emission, in agreement with
the, X" emission of Fig.4. We then TFSI treat 4 devices,
those with TL-WS, at the top of stack, allowing direct
comparison before and after treatment.
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Spectrometer efficiency

The 7sys of our spectrometer isderived as, fol-
lows. We use a 50x objective (NA=0.45). »Henee, the
solid angle is 6=(1-cosf)x2mw, where f=arcsin(NA/n),
and n is the refractive index. “Assuming n=1 we
get 0=0.672. Thus, Mso,_dpp=0/(4m)x100%~5.4%.
In our Horiba system, the»optical path from Msg,
to CCD includes 7 Mimrors (Mcsp »~83%), a slit
(Sersr ~90%), a grating (Gerr ~60%) and a
CCD detector (CCDgyy ~85%): Therefore, the
calculated overall collection+Horiba efficiency is:
M5()I,eff><(Meff)7XSeffXGeffXCCDeff ~0.0067. To
experimentally validatesthe calculation, we use a 0.5pW
laser at 632.8nm ‘and‘measure the counts at the CCD de-
tector Neounts=149748. The photon energy at 632.8nm is
E,n=(1.24/0.638)x1u6e~1°=3.13¢~19J. The laser power
is Popr=0%5e12 J/s. |As a result, if the system efficiency
is 100%mwe expect’ to get 0.5e7'2/3.13e~19=1597444
counts. Therefore, the Horiba system efficiency
is 4Systes,=149748,/1597444=0.094. Considering
Msoz—cfps. We get an overall collection + Horiba
efficiency . Msog—cffxSystes=0.054x0.094=0.0051,
consistent with the theoretical estimation.
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