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I
n the last two decades, atomically loca-
lized impurities in semiconductor mate-
rials have become a hot topic for the

quantum scientific field because single im-
purities could be used as the “qubits” of
quantum computation, as well as nonclas-
sical light sources, in quantum information
science.1�3 Since the excitons trapped by
the localized impurities have a long coher-
ence length, photoluminescence (PL) spec-
tra from such excitons are known to show
very sharp peak width. The localized single
impurities have been studied in many semi-
conductor materials, such as nitrogen-
vacancy (NV) centers in diamond, isoelec-
tronic tellurium impurity centers in ZnSe,
and N pairs in GaP.4�8 However, controlling
the impurity state in order to obtain desir-
able and reproducible features still remains
difficult since serious challenges, as well as
significant contributions, are expected to
arise from the investigation of ideal semi-
conductor materials with single impurities.9

Transition metal dichalcogenide (TMD) is
a semiconductor material with true two-
dimensional (2D) atomic scale thick-
ness.10,11 In addition to this structural ad-
vantage, TMD includes many outstanding

optical characteristics such as a clear band
gapwith direct optical transition, spin-valley
coupling, and stable exciton and trion
(charged exciton) states.12�14 Despite those
potentials of TMD in optical science and
applications, the number of optical studies
dealing with the impurity state in TMD is
very small. The only PL feature related to
defects in TMD was reported as a broad
PL peak.15 The optically detectable, highly
localized impurity state in TMDhas not been
reported yet.
Here, we demonstrate the first opti-

cal detection for the localized-impurity
state in TMD. The novel impurity states
in PL spectra show very narrow peak width
(ΓPL≈10meV) and small energy shift (ΔEPL≈
100 meV) from the neutral excitons at low
temperature (83 K), which is completely dif-
ferent from the previously reported features
(ΓPL ≈ 200 meV, ΔEPL ≈ 200 meV) of defect-
induced PL in TMD.15 Systematic PL investi-
gations revealed that the observed peak can
be explained by the highly localized state of
bound excitons that are trapped by surface
impurities on TMD. Our finding can break
groundonanovel stageof TMD investigation
that deals with atomic scale impurity physics
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ABSTRACT A photoluminescence (PL) peak has been observed

from a monolayer of transition metal dichalcogenide (TMD), which is

known to be an ideal 2D semiconductor. The PL peak appears near

the low-energy side of neutral free excitons with very sharp peak

width (∼10 meV) at low temperature (83 K). Systematic tempera-

ture-dependent PL measurements reveal that the peak can be

explained by bound excitons being trapped by the surface impu-

rities, which results in a highly localized state for the excitons. Since

the optically detectable, highly localized impurity state promises to

have extensive practical applications for quantum optics, our finding represents an important step in the study of 2D materials for use in quantum

computation and information.
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and engineering, which is expected to contribute to
the future development of TMD-based quantum op-
tical science and its applications.

RESULTS AND DISCUSSION

The WS2 sample was grown by a conventional
chemical vapor deposition (CVD) method (see the
Methods section).16 Figure 1 shows the structural
model (Figure 1a), a typical SEM image (Figure 1b),
and AFM image (Figure 1c) of a single crystal mono-
layerWS2 sample. The crystals were observed to have a
triangular shape with ∼1 nm thickness. The E12g and
A1g Ramanmodes were obtained with∼60 cm�1 peak
difference (Figure 1d). Bright PL spectra were obtained
from the triangularly shaped WS2 sample. The PL
intensity was over 100 times brighter than that of the
Raman scattering spectrum from a silicon substrate
(Figure 1e). These data are consistent with the features
of monolayer and single crystal WS2.

16,17

Detailed PL measurements were then carried out on
the CVD grown single crystal WS2. All of the PL spectra
were measured under low temperature (83 K) and
vacuum (<0.2 Pa) conditions, unless otherwise noted.
In most cases, the PL spectrum of the WS2 sample can
be decomposed into neutral excitons (A) (∼2.05 eV)
and trions (A�) (∼1.98 eV) by careful fitting with the
Gauss�Lorentzian function (Figure 2a). Occasionally,
however, another sharp peak (denoted by an “X” in
Figure 2b) was observed between 1.8 and 2 eV
(Figure 2b). To identify the origin of this peak, PL
intensity mapping was carried out via confocal micro-
scopy. Careful comparison of PL intensitymapping and
AFM images showed that peak X can be observed only

from the specific area shown in Figure 2 panels c, d, and
e (area P2). To reveal the fine structure in this region,
further detailed AFM measurements were carried out
for the area (P2), showing that it consists of six triangles
of WS2 (Figure 2f). Phase image (Figure 2g), height
image (Figure 2h), and line profile (Figure 2i) of the AFM
show that the triangles of WS2 are connected to each
other without layer-by-layer stacking. This indicates
that grain boundaries should be formed between each
crystal. Since the area (P2) where peak X was observed
is well matched with the position of the grain bound-
ary, it can be concluded that peak X corresponds to the
grain boundary in WS2. Similar peaks can be observed
in other samples (see Supporting Information). It
should be noted that not all positions, but only a
specific position in the grain boundaries, can give rise
to the characteristic peak X. Peak X sometimes sud-
denly disappeared during the measurement process.
This indicates that the origin of peak X may be asso-
ciated with a renormalized band state formed by
physisorbed surface impurities such as N2 and O2 at
the grain boundary (discussed later).15

Through the systematic measurements conducted,
it was found that there is a sample-to-sample variation
for the energy of peak X, ranging from 1.8 to 2 eV
(Figure 3a). The full width at half-maximum (fwhm) of
peak X (ΓPLX) was plotted as a function of peak energy
shift from neutral excitons (ΔEPL), as shown in Figure 3
panels b and c. The ΓPLX and ΔEPL are distributed in a
much lower energy range than that of the data shown
in ref 15 (Figure 3b), which indicates that the origin of
peak X should be different from the previously re-
ported one.15 Figure 3c illustrates the enlarged plot
of Figure 3b around the peak X region. The ΓPLX�
ΔEPL plot suggests categorizing peak X into two types:
type 1, which appears at small ΔEPL (<0.12 eV) with
narrowΓPLX (10�40meV), and type 2, which appears at
large ΔEPL (>0.12 eV) with broad ΓPLX (>50 meV). The
origin of the peak X for type 1 and type 2 are subse-
quently investigated.
According to previous studies on multiple semicon-

ductor materials, there aremany kinds of peaks around
the lower energy side of neutral free excitons.18�20 The
main features of these peaks are as follows: (1) Bound
excitons trapped by a shallow potential. These are
associated with a sharp peak width, which is not
broadened by an increase in temperature, and a rela-
tively small energy shift from the neutral excitons.18,19

(2) Bound excitons trapped by a deep potential. These
are associated with a broad peak width and a relatively
large peak energy shift from neutral excitons.18,19 (3)
Phonon sideband. This is associated with a broad peak
width, which is broadened by an increase in tempera-
ture, and a peak energy shift from neutral excitons that
decreases with an increase in temperature.20

In an effort to identify the origin of peak X, we
measured the temperature dependence of PL width

Figure 1. (a) Schematic illustration of monolayer and single
crystal WS2 structure; typical (b) SEM and (c) AFM images of
WS2 triangle crystals grown by CVD; (d) Raman scattering
spectrum; and (e) PL spectrum of WS2.
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and ΔEPL. In the case of type 1, ΓPLX decreases with an
increase in temperature (Figure 4a) (discussed later). In
contrast, ΓPLX increases with temperature for type 2
(Figure 4b). The increasing of ΓPL with temperature is a
well-known phenomenon and can be explained as the
result of phonons scattering.21

The temperature dependence of ΔEPL was also
investigated. For type 2, ΔEPL is not influenced by
temperature and decreases monotonically with an
increase in temperature by following the conventional
Varshni eq (Figure 4d, e).22 Interestingly, for type 1, the
ΔEPL increases with temperature, indicating enhanced

localization by temperature increase (discussed as
follows) (Figure 4c,e).
These results indicate that peak X cannot be ex-

plained by the phonon sideband because ΔEPL was
either constant or increased with temperature. Since
the peak is sharp with small ΔEPL and broad with large
ΔEPL, type 1 and type 2 can be expected to originate
from the bound excitons trapped by shallow and deep
potentials, respectively.
The best possible explanation of type 1 and type 2

peaks can be summarized by the following model,
illustrated in Figure 5. As shown in Figure 2, peak

Figure 2. (a,b) The PL spectra of WS2 taken at (a) P1 and (b) P2 shown in panels c to e. (c) AFM image, PL intensity mapping
image of (d) all peaks (A, A�, X), and (e) peak X of WS2. (f) Schematic illustration, (g) phase, and (h) height AFM images of WS2
triangle structure in the P2 region. (i) Line profile of AFM from points 1 to 2 in panel h. Arrows in panels h, f, and I show the
position of the grain boundary.

Figure 3. (a) Typical PL spectra of WS2 taken at the different sample positions. Arrows show the new peak position. (b) ΓPLX

(0, type 1;9, type 2) as a function ofΔEPLwith the comparison of data from ref 15 (dashed square region). (c) Enlargedplots of
ΓPLX (0, type 1; 9, type 2)�ΔEPL, where the mark O denotes the fwhm of neutral excitons (ΓPLn).
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Figure 4. Temperature dependence of (a,b) ΓPLX, (c,d) peak energy, and (e) ΔEPL for (a,c) type 1, (b,d) type 2.

Figure 5. Schematic model for peak X for (a�d) type 1 and (e�h) type 2. Band structure of WS2 before laser excitation for
exciton generation (a,e) without and (b,f) with molecule adsorption. Exciton diffusion kinetics for (c,g) low and (d,h) high
temperature after exciton generation for (c,d) type 1 and (g,h) type 2.
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X can be observed only from the grain boundary re-
gion where certain amounts of potential fluctuations
should exist. Once the potential fluctuation is formed
(Figure 5a), some impurities (atoms or molecules) can
be stabilized by physisorption at the fluctuated poten-
tial, and the original band structures of TMD can be
renormalized (Figure 5b).15 For type 1, the shallow
potential fluctuations are localized, and therefore gen-
erated excitons can be trapped by the surface impu-
rities (not by shallow potential itself) adsorbed at the
localized potential. In this case, the trapping efficiency
of free excitons by surface impurities should depend
on temperature. At low temperature, the free excitons
can be efficiently trapped by surface impurities due to
the relatively low kinetic energy of free excitons
(Figure 5c), whereas the trapping efficiency decreases
with an increase in temperature because of the thermal
activation of free excitons (Figure 5d). The PL emissions
can be explained through the recombination of ex-
citons trapped by the surface impurities. Since such
excitons can be formed only at the spots where the
binding energy between the surface impurity and
free excitons is higher than the kinetic energy of free
excitons, the number of trapping sites should decrease
with an increase in temperature, and furthermore
the localization should be enhanced, resulting in
the narrowing of ΓPLX (consistent with Figure 4a). In
general, the binding energy of neutral exciton itself
(electron�hole binding energy) is known to be esti-
mated from the energy shift between band gap
(estimated from optical absorption spectra) and PL
peak. Thus, the PL peak of neutral excitons with strong
binding energy appears with the large red shift from
the band gap energy. A similar tendency can appear for
the bound excitons. The PL energy shift for bound
excitons (neutral excitons trapped by the impurities)
from that of neutral exciton can be directly influenced
by the binding energy between impurities and neutral
excitons. Thus, ΔEPL here includes the important

information for the binding energy between impurity
and neutral exciton, that is, the binding energy of
bound excitons. A higher binding energy is required
to form surface-impurity-trapped bound excitons at
high temperature, resulting in the increase ofΔEPL with
temperature (consistent with Figure 4c,d).
For the case of type 2, deep potential fluctuations

should exist in relatively large surface regions
(Figure 5e) where physisorbed impurities can renor-
malize the band structures (Figure 5f), just as in the
case of type 1.15 At this point, free excitons can be
trapped in the deep potential around the defect where
it is more energetically stable than forming bound
excitons with the surface impurities (Figure 5g). The
excitons trapped by the deep potentials are stable and
show a weak temperature dependence of ΓPLX and
ΔEPL (Figure 5h), which is consistent with Figure 4
panels d and e.
To confirm the accuracy of the explanation given

above and depicted in Figure 5, the spatial distribu-
tions of peak Xweremeasured at various temperatures
by confocal PL mapping (all mapping data are shown
in the Supporting Information). Each measurement
was carried out with 400 nm step mapping at the
same region in the same sample. The red squares in
the integrated PL intensity map indicate the spots
where peak X can be observed (Figure 6 panels a�d).
For type 1 (Figure 6a,b,e), spatial distribution gradually
decreased with an increase in temperature. Moreover,
only several spots can clearly show peak X at a rela-
tively high temperature condition (119 K) (Figure 6b).
By way of contrast, the distribution for type 2 varied
little with an increase in temperature (Figure 6c�e).
Since the trapping rate of free excitons captured by the
adsorbed impurities can decrease with thermal activa-
tion, the number of peak X spots should decrease with
a temperature increase for type 1, whereas the trap-
ping rate of free excitons by the deep potential around
defects does not changewith temperature. This results

Figure 6. (a�d) IPL mapping at low and high temperature for type 1 and type 2. A red square denotes the spots where peak X
was observed. (e) Concentration of peak X spots in measured area as a function of temperature.
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in an almost constant spatial distribution of peak Xwith
temperature increase for type 2. These data are con-
sistent with the temperature dependence of ΓPL

(Figure 4a,b),ΔEPL (Figures 4c,e), and themodel shown
in Figure 5. It should be also mentioned that the size of
the emission site is different for type 1 and type 2.
Whenwe estimate theminimum scale of emission spot
from the PL mapping results, it is about 0.9 μm2 and
2.8 μm2 for type 1 and type 2, respectively. Although
the spatial resolution of PL mapping is not enough to
discuss the atomic scale structures, it can be conjec-
tured that the defect for type 1 can include relatively
smaller scale structures than that of type 2.
Further important information relating to the di-

mension of excitons for type 1 and type 2 can be
obtained from the temperature dependence of inte-
grated PL intensity (IPL). The IPL of excitons in the
N-(0-, 1-, 2-) dimension is proportional to their
N-dimension radiative decay rate kND and the popula-
tion of excitons nex as IPL � kNDnex.

23 Note that kND
depends on T0 (constant), T�1/2, and T�1 for 0, 1, and
2 dimensions, respectively, which arises from the
N-dimension density of states (DOS) and their therma-
lization within the exciton band.23,24

The T-dependence of IPL was measured at the in-
plane region of the sample, where peak X cannot be
observed. In this case, the IPL tends to follow the T�γ

curve with γ ≈ 1.1. Because the density of neutral
excitons (nexn) should be proportional to the laser
excitation power, and should be independent of T,
the radiative decay rate of neutral excitons (kNDn) can
be proportional to T�1.1 (Figure 7a). This suggests that
the motion of neutral excitons in the WS2 sample can
be well described as free excitons in 2D structures. The
IPL of type 1 and type 2 were then investigated as a
function of temperature. Interestingly, type 2 does not
show clear temperature dependence, that is, �T0

(Figure 7b). This indicates that the excitons for type 2
have 0D motion,23 providing further evidence that
type 2 originates from the localized bound excitons.
The PL intensity of type 1 noticeably decreased with
the temperature increase (Figure 7c). This can be
explained by the temperature dependence of densities
of bound excitons. As explained in Figure 5 and

Figure 6, the trapping rate of free excitons with the
surface impurities decreases with an increase in tem-
perature. This indicates that the generation rate of
bound excitons decreased with temperature, resulting
in the depletion of IPL with temperature increase. This is
consistent with the previous report for bound excitons
trapped by the shallow potential in other semiconduc-
tor materials.25,26 Since ΔEPL, a sign of the binding
energy between impurities and excitons, is high
(Figure 3c), type 2 bound excitons are more stable
than type 1 excitons. Therefore, detrapping of neutral
excitons by thermal activation with temperature in-
crease can be negligible for type 2 excitons at least in
this temperature range (83�300 K) (Figure 5).
On the basis of these results relating to the tem-

perature dependence of ΓPL (Figure 4a,b), ΔEPL
(Figure 4c�4e), spatial distribution (Figure 6), and IPL
(Figure 7), we can conclude that the origin of type 1
and type 2 peaks concerns bound excitons trapped by
the shallow and deep potential fluctuations, respec-
tively. Since the peak width of type 1 is very narrow
(10�40 meV) at low temperature (83 K), the state of
type 1 excitons should be highly localized, possibly at
the scale of single or several molecules. This is the first
report optically revealing the existence of the impurity
state with strong localizations in TMD.
As we have demonstrated above, type 1 can be

identified as bound excitons trapped by surface im-
purities with strong localization. We now attempt to
discuss possible candidates for the kind of impurities
responsible for trapping the excitons. As Tongay et al.
reported, physisorbtion of molecules such as nitrogen
and oxygen strongly affects the band state of TMD.15 In
response to this report, systematic investigations were
carried out to study the effects of physisorbed mol-
ecules. At first, as-grown WS2 with relatively high
crystallinity was used. The PL intensity was measured
under vacuum conditions, as well as in the presence
of N2 (2000 Pa), and O2 (2000 Pa), at a low temperature
(83 K). Compared with the case of the vacuum, certain
values of increase can be observed in IPL under the
presence N2 and O2. However, the peak X cannot be
observed in any spots (see Supporting Information).
We then used a WS2 sample including a certain

Figure 7. Temperature dependence of IPL for (a) peak A measured at in-plane area, (b) type 2, and (c) type 1.
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amount of defects. The defects were created by
exposing the sample to vapor from boiled water. In
this case, the IPL drastically increased with an increase
in the N2 pressure. At suitable conditions, the IPL
increased by a factor of almost 10, compared to its
value before the N2 exposure. With an increase in the
N2 pressure, the integrated intensity ratio of neutral
excitons to trions (IA/IA

�) gradually increased, and the
peak position of neutral excitons increased (see Sup-
porting Information). These features show that the
adsorption of N2 molecules on the surface of the WS2
sample caused the neutralization of trions, resulting
in the drastic increase of IA.

15 Furthermore, peak X can
often be clearly observed for the defect-induced
sample under the presence of N2 (Figure 8). On the
basis of the plot of peak width vs energy shift from the
neutral exciton peak, all of the peak X in Figure 8 are
distributed in the very narrow peak width region
(0.01�0.02 eV), which is similar to that of type 1
(0.01�0.04 eV) shown in Figure 2. Although several
peaks show slightly larger energy shifts (0.15 eV) than
that of type 1 in Figure 2 (∼0.12 eV), it can be
explained by the difference of exciton binding states
within the localized states. This indicates that the

localized excitons formed at naturally formed grain
boundary defects (Figures 2 and 3) and externally
introduced defects by water vapor exposure with N2

adsorption (Figures 8, S4) should have almost the
same optical state even though the measurement
condition was not exactly the same.
As we show in Figure 2, the peak energy was slightly

varied even in the type 1 peaks. This can be caused by
the deviation of impurity species. Interestingly, when
we introduced the N2 under the vacuum condition, the
deviation of peak energy drastically decreased, and
ΔEPL degenerated into three energy states as shown in
Figure 8(i, j). The explanation for this is that the
deviation of peak energy for type 1 can be suppressed
by decreasing the kinds of adsorbed species. Although
the reason for the multipeaks in Figure 8 is not clear, it
can be supposed that the band structures of the defect
with a large amount of N2 adsorption may be degen-
erated into several different states with about several
tens of meV energy separations, which may appear as
different trapping states for type 1 excitons. This im-
plies that the fine band structures at the defects may
be investigated from the multiple type 1 peaks, which
is the next topic of this study.

Figure 8. (a,e) IPL mapping image and (b�d, f�h) raw PL spectra of defect-induced WS2 taken under the (a�d) vacuum and
(e�h) N2 conditions at 83 K. (i, j) Enlarged plot of type 1 ΓPLX as a function of ΔEPL measured (i) under the vacuum with as-
grownWS2 (natural grain boundary defect) and (j) under the N2 atmosphere (2000 Pa) with defect-inducedWS2. Dashed lines
denote the distribution of ΔEPL.
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Similar effects can be also observed under the
presence of O2. This indicates that the defective site
is necessary to stabilize the physisorbtion of molecules
such as N2 and O2, and that these molecules play an
essential role as the trapping center of free excitons,
which gives rise to impurity-trapped bound excitons.
Note that the type 1 peak can be often observed
around the grain boundary region rather than the
defective area at the in-plane region. This may indicate
that the shallow potential fluctuation can be domi-
nantly formed around the grain boundary region. The
defects at the in-plane region may easily cause the
deep potential fluctuation resulting in the formation of
type 2 bound excitons.
Finally, we discuss the state of the surface impurities

on the WS2 sample by considering the effective mass
model. It is known that there are requisite conditions to
trap the free excitons by the ionized impurities. For the
ionized donors, the effectivemass ratio of electron (me

*)
to hole (mh

* ) (me
*/mh

* ) should be <0.43, whereas ame
*/mh

*

ratio greater than 2.33 is required to trap the free
excitons by the ionized acceptors.27 Since the me

*/mh
*

ratio ofWS2 is 0.75,
28 both conditions of ionized donors

and acceptors cannot be satisfied, indicating that
the surface impurities exist with the neutral state.

Furthermore, as discussed above, the N2 and O2 ad-
sorptions enhance the formation of bound excitons,
and such molecules play a role as electron acceptors
for WS2. Thus, it can be conjectured that the surface
impurities forming the bound excitons with strong
localization should exist with the neutral acceptor state
on the surface of WS2.

CONCLUSION

A novel PL peak has been observed in WS2. Detailed
temperature dependence measurements of PL width,
peak energy, spatial distributions, and integrated inten-
sities have been reported. On the basis of these mea-
surements, we conclude that the peak is the result of
boundexcitons trappedby the surface impurities,which
is completely different from the feature of previously
reported bound excitons trapped by the defects. The
bound excitons trapped by the surface impurities ex-
hibit very narrow (∼10 meV) PL spectra width at low
temperature (83 K), showing the trapping state to be
highly localized. This finding of the optically detectable
localized impurity state in TMD exhibits the promising
potential to expand the study of TMD for atomic
impurity physics and engineering, with applications
ultimately residing in the realm of quantum optics.

METHODS
Material Synthesis. The WS2 was grown by a conventional

chemical vapor deposition (CVD) method.16 Thin WO3 film was
first deposited on a SiO2 substrate via vacuum evaporation. The
substrate was then heated up to the desired temperature
(700�900 �C) and sulfur vapor introduced to cause chemical
reaction of 2WO3 þ 7S = 2WS2 þ 3SO2, resulting in the
formation of monolayer and single crystal WS2.

Characterizations. The structure of the WS2 sample was char-
acterized by atomic force microscopy (AFM; JEOL, JSPM-5400,
Japan), scanning electron microscopy (SEM; Hitachi, SU1510,
Japan), Raman scattering spectroscopy, and PL spectroscopy.
PL measurements were carried out by confocal Raman/PL
microscopy (Horiba, HR 800, Japan) with 488 nm laser excita-
tion. The temperature of the sample was controlled by low-
temperature stage units (Japan High Tech, 10086L, Japan).
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