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Excitonic luminescence of the Br,-intercalated layered semiconductors 2H-WS,
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Radiative recombination processes in the transition metal dichalcogenide compound 2H-WS, are investi-
gated. The strong sharp line photoluminescence in the spectral range 1.32—1.34 eV is attributed to the recom-
bination of excitons bound on electron-attractive neutral centers, formed by Br, molecules intercalated in the
van der Waals gap of the 2H-WS, layered crystals. These centers, located at energy E;=0.1 eV below the
conduction band, display properties similar to the acceptorlike isoelectronic traps in GaP or Si, providing
efficient radiative recombination. The temperature dependence of the zero-phonon spectral line intensities and
of the luminescence decay time is described in the framework of a kinetic model in thermal equilibrium
conditions. The atypical temperature increase of the luminescence decay time in the temperature range 7'
=2-7 K is related to the presence of a long lifetime sublevel, situated at 0.3 meV above the lowest excitonic
state. The observed broadband emission centered at 0.97 eV is ascribed to recombination via a deep center due

to an instrinsic defect of the layered crystal.
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I. INTRODUCTION

The hexagonal 2H-polytype of tungsten disulphide WS,
belongs to the class of transition metal dichalcogenides that
exhibit many physical properties with a pronounced two-
dimensional character."> The peculiar properties of these ma-
terials result from their layered structure (P6/ mmc—Déh),
consisting of covalently bonded S-W-S sheets linked by
weak van der Waals forces. Within each sheet there is a
trigonal prismatic coordination between the metal and chal-
cogenide atoms. Like the other transition metal dichalco-
genide compounds, WS, is an indirect-gap semiconductor
with the valence band maximum located at the center of the
Brillouin zone and the conduction minimum between I' and
K points.!>-® The energy of the indirect band gap is E
=1.35 eV at room temperature®® and 1.45 eV at T=80 K
The smallest direct optical transition associated with exci-
tonic absorption peak at energy of 2.05 eV (77 K)!-31011 ig
located at the K point of the Brillouin zone.3-

Owing to the layered structure, the electronic properties
of the transition metal dichalcogenides can be essentially
modified by intercalation of different chemical species be-
tween layers.12 The iodine, bromine, or chlorine usually used
as transport agents for crystal growth by halogen vapor
transport'3 can also be treated as intercalants. The influence
of the interlayer halogen impurities, incorporated during the
crystal growth, on the electrical properties of the MoTe,
single crystals were revealed in Ref. 14. However, subse-
quently, in spite of numerous papers on intercalation com-
plexes of transition metal dichalcogenides,'>!>1¢ as well as
of a direct analogy with bromine intercalated graphite
compounds,'” the intercalation of halogen molecules in
lamellar TX, crystals has been not investigated.
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PACS number(s): 78.55.Hx, 71.35.Gg, 78.55.—m

Recently we reported an observation of the excitonic lu-
minescence in tungsten dichalcogenides layered compounds
2H-WS, and 2H-WSe,, intercalated by Br, and I, molecules
during the crystal growth processes.'® The halogen molecule
placed in the adjacent tetrahedral sites of the gap gives rise to
the neutral radiative center, with properties, similar to that of
the isoelectronic impurities in GaP (Ref. 19) or Si,® which
provide the strong bound-exciton luminescence of the indi-
rect band gap semiconductor. Excitonic photoluminescence
(PL) has been also observed in synthetic 2H-MoS, single
crystals grown using chlorine Cl, as the transport agent.?' It
was shown that the PL spectral lines at energies near 1.2 eV
have an origin similar to that of the excitonic emission in
tungsten dichalcogenides, that is the recombination of exci-
tons bound to the centers formed by the halogen (Cl,) mol-
ecules. For natural MoS, samples (mineral molybdenite,
grown without any transport agents) excitonic luminescence
was not observed. However, as in the case of the synthetic
MoS, crystals containing chlorine, a broadband IR emission
centered at 0.95 eV was detected. This vibronic emission
band has been associated with an intrinsic defect of the MoS,
crystalline lattice, inherent to both types of samples.

Thus, the intercalation of transition metals dichalco-
genides by halogen molecules provides a potential use of
these layered materials: Now, besides applications in such
important areas as photovoltaic solar cells,?? solid
lubricants,” or intercalation batteries!!"'® (and references
therein), the TX, compounds could be of interest as efficient
luminescent materials in the near IR spectral region. It is
appropriate to mention that recently synthesized MoS, nano-
tube bundles contained iodine;2* iodine was used as a trans-
port agent and plays a crucial role in the formation of the
structure of these low-dimensional dichalcogenide systems.>

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.075336

KULYUK et al.

A (6K)
WSZ:Brz,

81+ x0.02 -
. 1-T=6K —
2 2-T= 80K,
5
o 64 u
8
=
=
5 Broad Band Excitons|
7 :

2l B(80K)

C (80K
2
0L o .Mlk iyl
08 09 1.0 1.1 1.2 1.3 14
Energy (sV)
FIG. 1. (Color online) Photoluminescence spectra of 2H

-WS,:Br, layered crystals at 6 and 80 K.

In this paper the results of systematic investigations of the
excitonic luminescence of Br, intercalated 2H-WS, single
crystals are presented. The observed temperature evolution
of the steady-state emission spectra, the fast thermal quench-
ing, as well as the temperature dependence of the lumines-
cence decay time are described in the framework of a kinetic
model applied to a n-type compensated semiconductor in
thermal equilibrium conditions.

II. EXPERIMENTAL RESULTS

The 2H-WS, single crystals were grown at University of
Konstanz (Konstanz, Germany) by means of chemical vapor
transport using bromine as transport agent.!%!3 The presence
of a small amount of bromine (~2X107'at. % in the
2H-WS, samples) was determined by x-ray microanalysis on
a “Siemens” sequential x-ray spectrometer SRS-3000. The
electron concentration as measured by standard Hall effect
technique was n,~10'"-10'® cm= at room temperature and
about 10'-10'"" cm™ at T<140 K. The samples investi-
gated were a few millimeters in diameter and a few tens of
micrometers thick.

The photoluminescence (PL) measurements in the tem-
perature range 7=2-120 K were performed with a variable-
temperature optical cryostat, a one-meter grating Czerny-
Turner monochromator coupled to a liquid nitrogen cooled
Ge detector or a photomultiplier with a S1 photocathode,
using either standard lock-in detection techniques or a digi-
tizing scope. The steady-state luminescence was excited us-
ing a Kr-ion laser (568 nm line) or a diode-pumped cw solid-
state laser (532 nm). The time resolved PL was excited by
the 532 nm (2.34 eV) output from a frequency doubled
Q-switched YAG:Nd pulsed laser (A7=~107% s).

The PL spectra of 2H-WS,:Br,, as in the case of syn-
thetic 2H-MoS,:Cl,,?! consist of two parts (Fig. 1): a short-
wave excitonic region (Eg =~ 1.25-1.34 V), which includes
several sharp intense lines, and a relatively weak broadband
centered at 0.97 eV with a half-width of about 0.15 eV.

Figure 2 shows the temperature evolution of the excitonic
emission spectrum. At low temperatures the spectra are
dominated by two narrow lines A and B, separated by A,z
=3.0 meV. The energies of the doublet peaks E,=1.323 eV,
Ep=1.326 eV, are smaller by approximately 0.12 ¢V than the
indirect band gap energy of the WS,. Figure 3 shows the
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FIG. 2. (Color online) Bound-exciton emission spectra of
2H-WS,:Br, at different temperatures. The phonon replicas of the
A and B electronic lines labeled A;,i-Ap4 and B,yi-B,,4 are shown
at 6 and 45 K. Peaks marked A5 pp0 and By pi are 2E,;, repli-
cas of the respective no-phonon lines.

intensities of the two lines and the integral intensity of the
doublet versus 1000/7 in a semi-logarithmic plot. When the
temperature increases, the PL intensity is redistributed from
the long wavelength peak A to peak B, while the integral
intensity of the doublet does not depend on 7 and remains
constant up to 50 K. Such a temperature evolution confirms
that the observed lines originate from a unique radiative cen-
ter. The contribution of the third line C (E-=1.336 eV,
E—~E,=13 meV), which can be observed beginning from
T>20 K, is quite small. At 7> 70 K the amplitude of line C
becomes comparable to that of line B; however, above 50 K
a fast thermal quenching of the excitonic emission occurs
(Fig. 3). The thermal activation energy of this exponential
quenching is 0.1 eV. The broadband emission intensity re-
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FIG. 3. (Color online) Temperature dependence of the A-B dou-
blet intensities: The open squares and circles are experimental
points; the open triangles represent the sum of the A and B peak
intensities; the solid lines are theoretical fits according to Egs. (7).
Shown in the inset is the ratio of the C- and B-line intensities as a

function of 1000/T [solid line—calculated ratio nic) (1)/ ngB)(T)].
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FIG. 4. (Color online) Temperature dependence of the PL decay
time. The curve represents the fit of Eq. (1) to the experimental data
(circles). In the inset—the A-B excitonic doublet at low tempera-
tures (in order to detect the B peak, the spectrum at 5 K was taken
at lower resolution).

mains practically constant in the whole temperature range
where excitonic luminescence is observed (Fig. 1). As in
2H-MoS, (Ref. 21) thermal quenching of the IR broadband
emission starts at 7> 100 K.

The main phonon replicas of the A,B, and C lines
are  shifted by E,,=195meV (157 cm™), E,,
=30.7 meV (247 cm™), E,;3=41.6 meV (335 cm™), and
E,;4=55.9 meV (450.8 cm™) to the Stokes side of the spec-
trum (Fig. 2). These shifts, being quite different from the
frequencies of the infrared- and Raman-active modes in
2H-WS, crystals,®?=28 can be ascribed to the local vibronic
modes of the impurity center, which provides the radiative
recombination.

Figure 4 (circles) shows the experimental temperature de-
pendence of the luminescence decay time of the zero phonon
lines. The temporal decay was exponential at all tempera-
tures (2-70 K). The initial temperature increase of the lumi-
nescence decay time 75 (7) is remarkable. After reaching
the maximal value 75" . =20 us at T=7 K the radiative
lifetime decreases to about 6 us. Then a fast radiative decay
time occurring for 7> 50 K is observed, likely caused by the
same thermal quenching process which dominates the
steady-state PL.

II1. DISCUSSION

As noted above, the short wavelength part of the emission
spectra is caused by the recombination of excitons bound to
the electron-attractive centers. These centers in 2H-WS, are
formed by diatomic halogen molecules unambiguously posi-
tioned within the van der Waals gap: Spectra obtained for
WS, grown with I, or Br, as transport agents are quite dif-
ferent in their linewidth and peak positions but with a similar
temperature behavior strongly implying that the PL is related
to the respective molecules; in addition WSe, crystals grown
with a halogen transport agent display excitonic lumines-
cence while crystals grown without do not.'® We wish to
point out that in the case of 2H-WS,, the Br, molecule di-
mensions are very well matched to the host crystalline lattice
and are almost ideal for insertion within the interstitial
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(b)

FIG. 5. (Color online) (a) Three projections of the 2H-WS,
crystalline lattice fragment with a Br, molecule positioned in the
van der Waals gap. The large black (blue in color version) spheres
represent tungsten (W), the small light grey (yellow), sulfur (S), and
the dark grey (red), bromine (Br) atoms. The atomic radius values
are represented in the same scale as the lattice parameters and cor-
respond to the atomic radius of the respective elements rg
=1.035 A, ry=1.37 A, and rp,=1.145 A (see text). (b) Illustration
of diatomic halogen molecule intercalation within interstitial quasi-
tetrahedral sites of the 2H-WS, van der Waals gap.

spaces of the two adjacent triangular pyramids (quasi-
tetrahedra) formed by sulphur atoms [Fig. 5(a)]. Indeed, tak-
ing into account the 2H-WS, lattice parameters a=3.153 A,
c=12.323 A, 7=0.6225% and the S atomic radius rg
=1.035 A, one can show that in each pyramid (quasitetrahe-
dron) a sphere with radius equal to 1.1 A can be inscribed.
This value is very close to the Br atomic radius rg,
=1.145 A. The distance between the centers of pyramids
with a common lateral side is ~2.3 A, just equal to
2rg—the intramolecular bromine-bromine distance. Owing
to this excellent matching, the Br, molecules used as a trans-
port agent in the crystal growth process are readily interca-
lated in well-defined locations within the van der Waals gap
[Fig. 5(b)].

In order to explain the behavior of the experimentally
measured decay time as a function of temperature 75" (T),
taking into account the fact that there are at least three zero-
phonon lines in the steady-state PL spectra, Eq. (7) as de-
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rived by Bergman et al.,”® which describes the decay from
any thermalized many-level system, will be used

N
E (gi/gl)exp(Ail/kT)

i=1

TR}C(T) =N s (1)
> [7t + 7 (E)1(gil g1 )exp(= Ay /kT)
=1

where A;; is the energy between the ith level and the lowest
excited level i=1 (A;;=0), g; is the degeneracy of the ith
level and 7,,(E,) is the decay time of the thermal quenching.
It is assumed?®3° that this quenching is due to a single ther-
mally activated process

7 (E,) = 7' X exp(= E/kT), )

where E, is the activation energy and 7'51 is of the order of
the phonon frequency 10'>~10"3 s~!, and does not depend on
temperature.

The redistribution of the steady-state PL intensity as the
temperature increases in favor of the short wavelength lines
B, and then C, is a demonstration that the transition prob-
abilities from the upper excitonic states are higher than from
the lower ones (i.e., the respective radiative lifetimes are
shorter). In this situation, the relative contributions in the
excitonic radiative recombination of the upper levels become
dominant as their thermal population increases.’! However,
the rising part of the experimental dependence 75, (7T) at
T<7 K, where only the low-energy A line is observed in the
steady-state spectrum, means that between the two levels re-
sponsible for A and B lines there is an intermediate excited
state A* with a radiative lifetime much longer than the life-
time of the lowest excitonic level—-i.e., the radiative transi-
tion from this state is forbidden (Fig. 6). As a result, even
though the A™ level is populated already at lowest tempera-
tures, its contribution to the steady-state spectrum is very
weak and experimentally it can be revealed only in the
luminescence-decay-time temperature dependence. This situ-
ation is not typical of other indirect band gap semiconductors
that exhibit bound exciton luminescence!®?2° where the
lowest state is characterized by the longest lifetime value.

The best fit of Eq. (1) to experimental data was obtained
with: 71=10 us, =1 ms, =25 us, 7=05 us, A,
=0.3 meV, E,=0.1 ¢V, g;=g4=1, g,=g3=2. Energy values
for A3;=A,3=3.0 meV, and A;;=A,=13 meV were taken
from the steady state spectra. It should be pointed out that
the shape of the calculated 7%,(7) is rather insensitive to the
lifetime of the second level, as long as 7, is greater than 1
ms. The activation energy E, of the quenching process is
practically the same as for steady-state luminescence. The
pre-exponential factor 7 ! was taken equal to the frequency
of the most prominent local vibronic mode, E,;»
=30.7 meV (75'=7.3x 102 s71).

The temperature dependence of the A,B, and C spectral
line intensities can be described using an excitonic recombi-
nation kinetic model, similar to the model proposed for
n-type GaP:N (Ref. 32) (Fig. 7). Because of the small value
of the majority-carrier concentration in n-2H-WS,, the non-
radiative excitonic recombination due to Auger processes is
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FIG. 6. (Color online) Schematic representation of bound-
exciton states and radiative transitions in 2H-WS,: Br, layered crys-
tals. The dashed arrow corresponds to the forbidden radiative tran-
sition experimentally revealed from the temperature dependence of
the luminescence decay time.

considered negligible. Another recombination shunt channel
involving the broadband IR emission via T,-deep level will
be described by the hole shunt-path capture time 7 (see be-
low).

Under the assumptions of low-level excitation and ther-
mal equilibrium the equations, which describe the kinetic
behavior of minority carriers in n-type material, are given as

follows:?2
X X
: T1 71
N)}l =p Xy, X O'px(NeTl - );1) - -, (3a)
TRx Txp
CB N<<N,
@ [ ] o o
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FIG. 7. (Color online) The kinetic model of the recombination
emission in 2H-WS, containing neutral radiative centers T, formed
by Br, intercalated molecules, and a shunt recombination channel,
which includes the deep level T,, responsible for broadband emis-
sion (Ref. 21).
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NXTI P
- . 3b
Ts ( )

p=G=p X vy X0, (Nyy —Npy) +
xp
Here p is the concentration of the minority holes, N%, the
concentration of electron-occupied centers, Ny, the concen-
tration of centers which have an exciton bound to the site,
Tr, 18 the bound exciton radiative recombination time defined
by Eq. (1) without thermal quenching term [i.e., E,— o,
7, (E,)=0], 7,»(7,,) is the exciton hole capture (thermaliza-
tion) time, o, is the hole capture cross section by electron
occupied centers, v, is thermal velocity of minority carriers,
and G is the excitation rate.

From the steady-state solution (1\'7’}1 ,p=0) of Egs. (3a) and
(3b), assuming that at low-level excitation in n-type material
N5, > N7, the following relationship results for the quantum
efficiency 7y, of the excitonic radiative recombination:

Nx 1 -1
m:le{HE%+ﬁ”, )
TRx G Ts Txp

where 7,.,= (v, X 0, X N%,)7! is defined as the capture time
of holes by electron-occupied radiative centers. Furthermore,
taking into consideration the fact that in thermal equilibrium
the bound excitons are canonically distributed amongst the
four sublevels, Ny, =% N7, ie.,

Nilg;=(Nj/g;exp(= A;/kT), (3)

the quantum efficiencies of each excitonic line in the steady-
state PL spectra defined as

Ni(T)
7-G

4
n(T) = . el D) = 2 (T) (6)
i=1

may be presented in the following form:

-A A
nWm:manb+3&w4—iﬂ+3&w4—iﬂ
T T3 81 kT

281 kT
A -1
+ﬂg—46xp(—i>} , (7)
T4g1 kT
A g A
By = ()| 1+ B8 (i>+_3_2 (ﬁ)
73 (T) = 7p,( ){ P ar ) T e S
A -1
+E&exp(—ﬁ)] , (8)
7483 kT
A T8 A
OT) = mo (T 1 4 281 (A)+_4_2 (ﬁ)
7, (T) = 7p,( )[ 7_1g4exp o 7_2g4ex o
A -1
+E&exp<ﬁ>] . 9)
T3 84 kT

It should be noted that the contribution of the second exci-
tonic A" sublevel n(A*)(T), which is unambiguously revealed
in the experimental 75.°(7) dependence at lowest tempera-
tures, is negligible compared to that of the dominant A line:
n;A )/n(lA)zTI/ 7,~ 1073, Equations (4) and (7)-(10) de-
scribe the temperature behavior of the radiative recombina-
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tion intensity through the lifetimes 7(T), 7;, 7.,(T), 7,,(T),
and 7.

Before fitting the experimental results shown in Fig. 4, it
is necessary to identify the origin of the fast thermal lumi-
nescence quenching, which occurs at 7>50 K, in order to
determine the lifetimes responsible for this process. As was
mentioned earlier, the activation energy of the exponential
decay coincides with the difference E;"d—E AB
=1.45-1.32eV=0.13 eV. This equality suggests that the
abrupt quenching is caused by the thermal depopulation of
the electron-attractive centers involved in the radiative re-
combination (lifetimes 7., and 7,,), rather than by a nonra-
diative multiphonon recombination process with the same
value of the thermal activation energy.’?

The capture time of holes 7,,(7) is governed by the tem-
perature dependence of the concentration of the electron-
occupied radiative centers N7,, which are in thermal equilib-
rium with the majority-carrier concentration n,. At low-level
excitation and non-degenerate conditions the occupation
probability f,=N5,/Np, can be written as>*

Ne -
f‘;l =1+ ng—eXp(— ETI/kT) . (]O)
0
where g7 is the level degeneracy, Er; is the binding energy
of the electron on the center, and N is the density of states
of the conduction band with electron effective mass m,

Ne=22m X m, X kTIh?)>?. (11)

The N value, as well as the value of Ny (see below) for
WS,, has been calculated assuming that m,=m;,=mg (m, is
the free electron mass), as in the related compounds WSe,
and MoSe,.!!33-36

In the temperature range of the PL quenching (T
=60-100 K) the temperature dependence ny(7T) is essentially
constant 715(7<120 K)=10'" cm™. Inserting the experi-
mental data on n, at low temperature in Eq. (10), the calcu-
lated value of N, the electron binding energy E =0.1 eV
(taking into account, that Ez+E,=E,~E, ) and gy =1, it
can be shown that the function f%, has a similar temperature
behavior as the excitonic luminescence intensity: f7,=1 at
T<50 K; between 50 and 100 K, when the Fermi level goes
down through the T level, f5,(T) decreases by five orders of
magnitude. This thermalization of the electron-attractive cen-
ters leads to the dissociation of the bound excitons. In es-
sence, the PL quenching due to the thermal depopulation of
the 7, center in steady-state conditions is equivalent to the
single thermally activated process, described by Eq. (2) for
pulsed PL excitation, i.e., E;j=E,.

The excitonic-hole thermalization time depends on the
temperature as’’

Tp =2 X exp(E/kT) (0, X vy, X Ny) ™", (12)

where 2 is the spin degeneracy factor, E), is the hole binding
energy, Ny is the density of states in the valence band defined
similarly as N [Eq. (12)] with the hole effective mass m,,
v;,=\3 X kT/m, is the thermal velocity of the holes.

Using Egs. (6)—(9), the resulting fit to the experimental
data is shown by solid lines in Fig. 3. It should be noted that
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above 30 K, the accuracy of the I,(7) measurements is af-
fected by the overlap with the strong B line. In addition to
the parameter values used in the fit of the lifetime tempera-
ture dependence, the following parameters are introduced:
En=E,=0.1eV, E,=0.03eV, 7=2X100s, Np
=10" cm™, and Opy = 10716 cm?,

The evaluation of the binding energies Ey and Ej is
based on the analysis of PL exponential thermal decay taking
into consideration the free electron density in the samples,
and practically does not depend on unknown parameters. The
concentration Ny, corresponds to the content of bromine in
the WS, samples measured by x-ray analysis. Finally, the
adjusted value of the last parameter o, is in a good agree-
ment with analogous values for typical isoelectronic centers
in GaP.34,37—39

The value of the hole shunt-path capture time 7y is essen-
tially shorter than the measured excitonic radiative time
Tr(T). Apparently the recombination channel responsible for
IR broadband emission acts as a shunt, which contributes
to the thermal quenching of the excitonic emission at
T>60 K. However, as mentioned above, the integral inten-
sity of this emission does not change (increase) when the
much more intense excitonic luminescence quenches (Fig.
1). This indicates that the capture time 7¢ is determined
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mainly by an additional nonradiative recombination process,
which is much faster than the radiative one. Both recombi-
nation processes are due to deep centers associated, presum-
ably, with intrinsic defects of the WS, crystalline lattice.

IV. CONCLUSION

The strong bound exciton luminescence of the 2H
-WS,:Br, layered compound is due to the neutral centers
formed by bromine molecules incorporated in the interstitial
sites of the van der Waals gap during the growth of the
synthetic crystals. It should be interesting to extend the ex-
citonic PL study to WS, thin films'%!'40 and commercial
powders having been submitted to an intercalation process in
a bromine atmosphere.
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