
p-GaInP2/TiO2 exhibit oscillations similar to that
for p-GaInP2/Pt, meaning that the surface field
increases substantially when the TiO2 thickness
increases from 0.5 to 35 nm. The formation and
decay time constant of DF for these samples are
extracted from the correspondingTPRkinetics (fig.
S9B). Best-fit parameters are tabulated in table
S1. Thicker TiO2 layers exhibit slightly faster field
formation but slower decay, which is likely due
to the larger built-in field that drives carriers apart
and separates them at a greater distance, both of
which lead to slower recombination. We find that
the kinetics are effectively unperturbed once a suf-
ficient amorphousTiO2 thickness has been reached,
suggesting that thicker layers would not drastical-
ly influence the photoconversion performance
from a charge dynamics perspective. A thick TiO2

layer may still be necessary for other reasons (such
as elimination of pinholes) that affect stabilization
against photocorrosion, as has been found for
140-nm-thick amorphous TiO2 layers on Si, GaAs,
and GaP photoanodes (2).
Our results uncover key beneficial roles of

amorphous TiO2 in the energy-conversion pro-
cess that have come under intense investigation
after several recent reports of TiO2-stablized photo-
electrodes (2,29,30). TheTPR techniquedeveloped
here furthermore introduces a general method
to understand charge transfer at semiconductor
junctions.
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Near-unity photoluminescence
quantum yield in MoS2
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Two-dimensional (2D) transition metal dichalcogenides have emerged as a promising material
system for optoelectronic applications, but their primary figure of merit, the room-temperature
photoluminescence quantum yield (QY), is extremely low.The prototypical 2D material
molybdenum disulfide (MoS2) is reported to have a maximum QYof 0.6%, which indicates a
considerable defect density. Herewe report on an air-stable, solution-based chemical treatment
by an organic superacid, which uniformly enhances the photoluminescence and minority
carrier lifetime of MoS2 monolayers by more than two orders of magnitude.The treatment
eliminates defect-mediatednonradiative recombination, thus resulting in a finalQYofmore than
95%, with a longest-observed lifetime of 10.8 0.6 nanoseconds. Our ability to obtain
optoelectronic monolayers with near-perfect properties opens the door for the development of
highly efficient light-emitting diodes, lasers, and solar cells based on 2D materials.

M
onolayer transitionmetal dichalcogenides
(TMDCs) have properties thatmake them
highly suitable for optoelectronics (1, 2),
including the ability to formvanderWaals
heterostructures without the need for lat-

tice matching (3, 4), circular dichroism arising
from the direct band gap occurring at the K and
K′ points of the Brillouin zone (5), and widely
tunable band structure through the application

of external forces such as electric field and strain
(6). Unlike III-V semiconductors, the optical prop-
erties of TMDCs are dominated by excitons with
strong binding energies (on the order of 300meV)
(7–9) and large radii (~1.6 nm) (10). However,
TMDCs have exhibited poor luminescence quan-
tum yield (QY)—that is, the number of photons
thematerial radiates ismuch lower than the num-
ber of generated electron-hole pairs. QY values
ranging from 0.01 to 6% have been reported,
indicating a high density of defect states and
mediocre electronic quality (11–13). The origin of
the low quantum yield observed in these mate-
rials is attributed to defect-mediated nonradia-
tive recombination andbiexcitonic recombination
at higher excitation powers (11, 13).
Two-dimensional (2D)monolayers are amena-

ble to surface passivation by chemical treatments.
We studied a wide range of chemical treatments
and describe here an air-stable, solution-based
process using an organic superacid that removes
the contribution of defect-mediated nonradiative
recombination acting on electronically active de-
fect sites by uniformly passivating them, repairing
them, or both. With the use of this process, the
photoluminescence (PL) in MoS2 monolayers
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increased by more than two orders of magnitude,
resulting in a QY > 95% and a characteristic life-
time of 10.8 ± 0.6 ns at low excitation densities.
In this study, we treatedMoS2monolayers with

a nonoxidizing organic superacid: bis(trifluoro-
methane) sulfonimide (TFSI). Superacids are
strong protonating agents and have a Hammett
acidity function (H0) that is lower than that of
pure sulfuric acid. [Details of the sample prepa-
ration and treatment procedure are discussed in
the supplementary materials and methods (14).]
The PL spectra of a MoS2 monolayer measured
before and after TFSI treatment (Fig. 1A) show a
190-fold increase in the PL peak intensity, with
no change in the overall spectral shape. Themag-
nitude of the enhancement depended strongly
on the quality of the original as-exfoliatedmono-
layer (14). (The term "as-exfoliated" indicates that
the MoS2 flakes were not processed after exfolia-
tion.) PL images of a monolayer (Fig. 1, B and C,
and fig. S4) (14), taken before and after treat-
ment at the same illumination conditions, show
that the enhancement from the superacid treat-
ment is spatially uniform.
Calibrated steady-state PL measurements (14)

showed that the spectral shape of the emission
remained unchanged over a pump intensity dy-
namic range spanning six orders of magnitude
(10−4 to 102 W cm−2) (fig. S2) (14). From the
pump-power dependence of the calibrated lumi-
nescence intensity (Fig. 2A), we extracted the QY
(Fig. 2B). As-exfoliated samples exhibited low
QY, with a peak efficiency of 1% measured at
10−2 W cm−2. The absolute efficiency (12, 13) and
observed power law (13) are consistent with pre-
vious reports for exfoliated MoS2. After TFSI
treatment, the QY reached a plateau at a low
pump intensity (<10−2 W cm−2), with a maximum
value greater than 95%. The near-unity QY sug-
gests that, within this range of incident power,
there was negligible nonradiative recombination
occurring in the sample. Although pure radiative
recombination is commonly observed for fluores-
cent molecules that inherently have no dangling
bonds, only a few semiconductors, such as GaAs
doubleheterostructures (15) and surface-passivated

quantum dots (16), show this behavior at room
temperature.
At high pump power, we observed a sharp drop-

off in the QY, possibly caused by nonradiative
biexcitonic recombination. We consider several
models to explain the carrier density–dependent
recombination mechanisms in MoS2 before and
after TFSI treatment. Here, n and p are the 2D
electron and hole concentrations, respectively. At
high-level injection, the dopant concentration is
much less than the number of optically gener-
ated carriers, allowing n = p. The traditional in-
terpretation without excitons (17) invokes a total
recombination, R, as R = An + Bn2 + Cn3, where
A is the Shockley-Read-Hall (SRH) recombina-
tion rate, B is the radiative recombination rate,
and C is the Auger recombination rate. The QY is
given as the radiative recombination rate over
the total recombination. Auger processes domi-
nate at high carrier concentrations, whereas SRH
recombination dominates at low carrier concen-
trations. In the SRH regime (i.e., low pumppower),
QY increases with pump intensity. This behavior,

however, was not observed in previous MoS2
studies (12, 13) or in this work.
The standard model poorly describes our QY

data (fig. S10) (14), which are strongly influenced
by bound excitons (9). As a result, the radiative
rate is proportional to the total excitonpopulation,
hNi (18). At high exciton densities, nonradiative
biexcitonic recombination can dominate, leading
to a recombination rate proportional to hNi2 (18).
Previous reports also suggest that the luminescence
in as-exfoliated samples is limited by nonradiative
defect-mediated processes (19, 20), resulting in low
QY. Although the precise nature of the defect-
mediated nonradiative recombination is unclear,
a simple analytical model can be developed to
describe our experimental results. The total excita-
tion rate, R, in MoS2 is balanced by recombination

R = Bnrn
2 + Brn

2 (1)

where Bnr is the nonradiative defect-mediated
recombination rate and Br is the formation rate of
excitons. The generated excitons can then either
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Fig. 1. Enhancement of PL by
chemical treatment. (A) PL
spectrum for both the as-exfoliated
and TFSI-treated MoS2 mono-
layers measured at an incident
power of 1 × 10−2 W cm−2.
The inset shows normalized
spectra. (B and C) PL images of
a MoS2 monolayer before (B)
and after treatment (C). Insets
show optical micrographs.

Fig. 2. Steady-state luminescence. (A) Pump-power dependence of the integrated PL for as-exfoliated
and treated MoS2. Dashed lines show power law fits for the three dominant recombination regimes.
(B) Pump-power dependence of the QY for as-exfoliated and treated MoS2. Dashed lines show the re-
combination model.
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undergo radiative recombination or nonradiatively
recombine with a second exciton according to
Brn2 ¼ t−1r hNi þ CbxhNi2 (19), where tr is the
radiative lifetime and Cbx is the biexcitonic re-
combination rate. The QY is then given as

QY ¼ t−1r hNi
t−1r hNi þ Bnrn2 þ CbxhNi2 ð2Þ

For the case of the TFSI-treated sample, Bnr is
negligible because the QY at low pump powers is
>95%, allowing us to extract a biexcitonic re-
combination coefficient Cbx = 2.8 cm2 s−1. For the
as-exfoliated sample, the defect-mediated non-
radiative recombination can be fit to Bnr = 1.5 ×
106 cm2 s−1, using the same Cbx value. The fit-
ting results are plotted as the dashed curves in
Fig. 2B.
To investigate the carrier recombination dy-

namics, we performed time-resolved measure-
ments on both as-exfoliated and chemically treated
samples. The luminescence decay was nonexpo-
nential, but not in the standard form known for
bimolecular (Bn2) recombination (17). As-exfoliated
monolayers of MoS2 had extremely short lifetimes
on the order of 100 ps (Fig. 3A and fig. S6) (14),
consistent with previous reports (21). After treat-
ment, we saw a substantial increase in the lifetime,
which is shownat several pump fluences inFig. 3A.
Fitting was performed with a single exponential
decay that described only the initial characteristic
lifetime for a given pump intensity. After the pump
pulse, the exciton population decayed, which
resulted in nonexponential decay through reduced
nonradiative biexcitonic recombination. At the
lowestmeasurable pump fluences, we observed a
luminescence lifetime of 10.8 ± 0.6 ns in the
treated sample, compared with ~0.3 ns in the
untreated case at a pump fluence of 5 × 10−4 mJ
cm−2 (Fig. 3C). The contrast between panels A
and B of Fig. 3 is consistent with the QY trend.
Urbach tails, which depict the sharpness of the

band edges (22), were derived from the steady-
state PL spectra via the van Roosbroeck–Shockley

equation and are plotted in fig. S8. After treat-
ment with TFSI, a noticeable decrease in the
Urbach energy (E0) from 17.4 to 13.3 meV was
observed, indicating a reduction in the overall dis-
order from potential fluctuations and improved
band-edge sharpness (22). A spatial map show-
ing Urbach energy (fig. S8) (14) further indicates
that the treatment was highly uniform. To eval-
uate stability, the QY in air for chemically treated
MoS2 was measured daily at a constant pump
power over the course of 1 week, during which
the samplewas storedwithout any passivation in
ambient lab conditions (20° to 22°C, 40 to 60%
relative humidity), as shown in fig. S9 (14). The
QY remained above 80% during this period, in-
dicating that the treatment resulted in samples
that were relatively stable.
We then turned our attention to the effect of

TFSI treatment on other properties of MoS2. The
monolayer surface was imaged by atomic force
microscopy (AFM) before and after treatment
(Fig. 4A). No visible change to the surface mor-
phology was observed. We also investigated the
effect of the treatment on the electrical proper-
ties of a back-gatedMoS2 transistor. The transfer
characteristics of thismajority carrier device before
and after treatment showed a shift in the thresh-
old voltage toward zero, indicating that the na-
tive n-type doping in theMoS2 was removed while
the same drive current was maintained (Fig. 4B).
An improvement in the subthreshold slope indi-
cated that the treatment reduces interface trap
states. TheRaman spectra of an as-exfoliated and
treated monolayer (Fig. 4C) showed that there
was no change in the relative intensity or peak
position. Thus, the structure of MoS2 was not al-
tered during treatment, and the lattice was not
subjected to any induced strain (23). Because ab-
solute absorption was used in the calibration of
QY, we performed careful absorption measure-
ments using two different methods (14), both be-
fore and after treatment (Fig. 4D). At the pump
wavelength (514.5 nm), no measurable change of
the absolute absorption from the treatment was

observed. The strong resonances at 1.88 and2.04 eV
(corresponding to theA andB excitons, respectively)
are consistent with previous reports (12). We then
performed surface-sensitive x-ray photoelectron
spectroscopy (XPS) on bulk MoS2 from the same
crystal used for micromechanical exfoliation. The
Mo 3d and S 2p core levels (Fig. 4E) showed no
observable change in oxidation state and bonding
after treatment (24). Thus, an array of different
techniques for materials characterization shows
that the structure of the MoS2 remains intact
after TFSI treatment, with only the minority
carrier properties (i.e., QY and lifetime) enhanced.
The effect of treatment by a wide variety of mol-

ecules is shown in table S1 and discussed in the
supplementary text. Various polar, nonpolar, and
fluorinated molecules, including strong acids
and the solvents used for TFSI treatment (di-
chlorobenzene and dichloroethane), were explored.
Treatment with the phenylated derivative of su-
peracid TFSI was also performed (fig. S11) (14).
These treatments all led to no or minimal (less
than one order of magnitude) enhancement
in PL QY.
The exact mechanism by which the TFSI pas-

sivates surface defects is not fully understood.
Exfoliated MoS2 surfaces contain regions with a
large number of defect sites in the form of sulfur
vacancies, adatoms on the surface, and numer-
ous impurities (25–27). In fig. S12A (14), the cal-
culated midgap energy is shown for several defect
types, including a sulfur vacancy, adsorbed –OH,
and adsorbedwater. Deep-level traps—which con-
tribute to defect-mediated nonradiative recombi-
nation, resulting in a low QY (27)—are observed
for all of these cases. The strong protonating na-
ture of the superacid can remove absorbedwater,
hydroxyl groups, oxygen, and other contaminants
on the surface. Although these reactions will not
remove the contribution of defects to nonradia-
tive recombination, theywill open the active defect
sites to passivation by a second mechanism. One
possibility is the protonation of the three dangling
bonds at each sulfur vacancy site. However, density
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Fig. 3. Time-resolved luminescence. (A) Radiative decay of an as-exfoliated MoS2 sample at various initial carrier concentrations (n0), as well as the
instrument response function (IRF). (B) Radiative decay of a treated MoS2 sample plotted for several initial carrier concentrations (n0), as well as the IRF.
Dashed lines in (A) and (B) indicate single exponential fits. (C) Effective PL lifetime as a function of pump fluence. Dashed lines show a power law fit for
the dominant recombination regimes.
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functional theory calculations (fig. S12C) (14) show
that this reaction is energetically unfavorable. A
second possibility is that the surface is restructured
to reduce the sulfur vacancies through rearrange-
ment of sulfur adatoms on the surface, which can
be facilitated by hydrogenation via TFSI (14). The
presence of sulfur adatom clusters has previously
been confirmed by scanning tunneling micros-
copy and energy-dispersive x-ray spectroscopy
(27–30). Careful examination of the XPS data
over multiple spots before and after TFSI treat-
ment (fig. S13) (14) reveals that the ratio of bonded
sulfur to molybdenum (S/Mo) increased from
1.84 ± 0.04 in the as-exfoliated case to 1.95 ± 0.05
after treatment (table S2) (14).
We have demonstrated an air-stable process by

which the PL ofmonolayerMoS2 can be increased
by more than two orders of magnitude, resulting
in near-unity luminescence yield. This result sheds
light on the importance of defects in limiting the
performance of 2D systems and presents a prac-
tical route to eliminate their effect on optoelec-
tronic properties. The existence of monolayers
with near-ideal optoelectronic properties should
enable the development of new high-performance
light-emitting diodes, lasers, and solar cells. These
devices can fulfill the revolutionary potential of the
2D semiconductors (1), which require interfacial
passivation, as in all classic semiconductors.
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Fig. 4. Material and device characterization. (A) AFM images taken before and after TFSI treatment. (B) Transfer characteristics of a monolayer MoS2

transistor, both before and after treatment. VDS, drain-source voltage; S, source; D, drain; G, gate. (C) Raman spectrum of as-exfoliated and TFSI-treated MoS2

samples. a.u., arbitrary units; E′, MoS2 in-plane mode; A′, MoS2 out-of-plane mode; Si, silicon Raman peak. (D) Absorption spectrum of the as-exfoliated and
treated MoS2 samples. A and B indicate the exciton resonances. (E) XPS spectrum of the S 2p and Mo 3d core levels before and after treatment. The insets
show that there is no appearance of SOx or change in the MoOx peak intensity after treatment.
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