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ABSTRACT: We investigated the infrared vibrational properties
of pristine and Re-substituted MoS2 nanoparticles and analyzed
the extracted phonon lifetimes in terms of multiple scattering
events. Our measurements reveal both size- and doping-
dependent changes that we attribute to grain boundary scattering
and charge and mass effects, respectively. By contrast, Born charge
is affected only by size. These findings illustrate the utility of
reaching beyond traditional bulk semiconductors and quantum
dots to explore how doping and confinement impact carrier-
phonon interactions in low-dimensional semiconducting nanoma-
terials.
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Phonons and their interactions govern the properties of
many complex materials including ferroelectrics, thermo-

electrics, and multiferroics.1−3 Key to a number of electronics
applications for semiconductors is an understanding of carrier
dynamics, and in particular, phonon scattering.4,5 Vibrational
property measurements directly uncover interactions between
carriers and optical phonons, and the phonon lifetimes (τ’s)
thus extracted (Figure 1) are valuable benchmarks for device
performance.3,4,6−10 Traditional, high-quality polar semicon-
ductors like GaAs, ZnSe, and GaN have τ’s between 2 and 10
ps.4,7−9 Phonon lifetimes in a solid are strongly affected by
anharmonic interactions as well as scattering from defects and
impurities,6 and as a result they influence everything from
carrier mobilities and the dynamical processes of charge
carriers11 to the thermoelectric figure of merit.3 τ is also
important for determining the total energy loss rate, a concept
that has been used to assess confinement in microelectronic
devices.10 As the size of semiconductor electronics becomes
smaller, carrier-phonon interactions have a greater impact on
device performance, and quantitative information on phonon
lifetimes becomes even more critical. The situation also
becomes more complicated because phonon lifetimes in
nanoscale objects are heavily influenced by multiple scattering
events.12,13 MoS2 attracted our attention as a system with which
to reach beyond conventional semiconductors and investigate
phonon lifetimes under both finite size and n-doping
conditions. It displays a number of different morphologies
including various two-dimensional layered structures like
hexagonal 2H-MoS2, nanotubes, nanoparticles (herein abbre-
viated IF-MoS2 where IF = inorganic fullerene), and nano-
sheets.14−16 The recent discovery of high quality Re-doped

nanoparticles (henceforth Re:IF-MoS2 to denote Re as a
substitutional dopant),17−20 the interesting electronic nature of
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Figure 1. Schematic view of a phonon with typical Lorenzian line
shape illustrating how the full width at half-maximum Γ is related to
the lifetime τ as τ = ℏ/Γ. Clearly phonon linewith and lifetime are
expressions of the Heisenberg uncertainty principle.4,45 Schematic
views of the displacement patterns for the infrared-active E1u and A2u
vibrational modes in 2H-MoS2 are also included.37,38.
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these compounds,21−27 and their superior lubrication proper-
ties18,20,28−31 motivates our extended analysis. What differ-
entiates our work from prior efforts on semiconductor quantum
dots32,33 is the two-dimensional nature of MoS2 and the fact
that the confined electrons do not have a well-defined
periodicity.
In this Letter, we report the discovery of dramatic size- and

doping-induced changes in the phonon lifetimes of MoS2
nanoparticles that we analyze in terms of multiple scattering
events. Our spectroscopic measurements reveal that while the
lifetime of 2H-MoS2 is similar in magnitude to that of
semiconductors like GaAs, τ of the nanoparticles is 50%
smaller. The n-doping reduces the phonon lifetime even
further. We discuss these trends in terms of grain boundary
scattering and charge and mass effects, respectively. By contrast,
an analysis of chemical bonding as determined by Born effective
charge, local effective charge, polarizability, and the spring
constant, uncovers only size effects. Taken together, these
findings advance the understanding of carrier−phonon
interactions in low-dimensional semiconducting nanomaterials,
extend the quantitative relationship between Re concentration
and carrier density19,27 to include one of the factors that
influences mobility and charge dynamics, and highlight the
unique character and potential of n-doped chalcogenide
nanoparticles for electronics21,22,24,27 and solid state lubrica-
tion20,28−31 applications.
Re-doped (0.0106 and 0.18%) IF-MoS2 (Re:IF-MoS2) and

IF-MoS2 were synthesized in a gas phase reaction from MoO3
powder by a three-step procedure in a vertical bed reactor.20,34

The resulting nanoparticles ranged in size from 50 to 140 nm in
diameter with a mean size of 80 nm. Formal 0.12 and 0.42% Re
concentrations in the ReO3/MoO3 starting material yielded
actual dopant concentrations of 0.0106 and 0.18% in the
nanoparticles.19 Re engages in substitutional rather than
intercalative doping. The structure35 does not seem to be
influenced by doping, although aggregation of ReS2 islands
cannot be excluded, especially at the highest doping level.19 2H-
MoS2 was purchased directly from Alfa Aesar (99%). The
platelet size was ∼44 μm. Pressed pellets were prepared for
investigating the optical properties of these materials. Densities
of the compresses were, however, only ∼3.5 g/cm3 rather than
the theoretically expected value of 4.996 g/cm3 that is realized
in a 2H-MoS2 single crystal. Sample densities were therefore
∼70% of the single crystal density, a difference that we correct
for in our analysis.39 Near normal reflectance was measured
over a wide frequency range (25−52 000 cm−1) using a series of
spectrometers, and a 2000 Å aluminum overcoat was used to
correct for scattering effects. A Lorenzian oscillator fitting
analysis was used to extract the observed oscillator parame-
ters.40 The intrinsic oscillator parameters were obtained from
the observed fit parameters by applying density, orientational,
and scattering corrections as detailed in ref 42. These
corrections are needed to obtain reliable optical constants for
powdered samples. The agreement of the phonon lifetimes,
Born charges, and force constants for single crystalline and bulk
powdered 2H-MoS2 demonstrate the viability of this approach.
Figure 2a displays a close-up view of the infrared reflectance

spectra of 2H-, IF-, and Re(0.18%):IF-MoS2 at 300 K. Two
vibrational modes are observed, which is in agreement with
group theory predictions for the 2H- polytype.35−38 We assign
the 384 cm−1 peak to the E1u mode and the 468 cm−1 structure
to the A2u mode. These spectral features probe intralayer and
interlayer dynamics, respectively (insets, Figure 1). The overall

number and position of the phonons is in good agreement with
previous single crystal data41 and represents the main evidence
for local 2H- character in the nanoparticles. Striking linewidth
and intensity changes are also immediately apparent in the data,
especially when comparing the 2H- and pristine IF-
response.41,42 E1u and A2u mode character also change with
doping, although the differences are more subtle. We quantified
these effects using classical dielectric oscillator models41,43 and
appropriate density, orientation, and scattering corrections.42,44

The parameters extracted from this analysis are summarized in
Table 1 and Supporting Information Table S1 and are
employed to understand phonon lifetimes and chemical
bonding in these nanoscale chalcogenides.
Figure 2b displays the dielectric response ε2(ω) of 2H-, IF-,

and Re(0.18%):IF-MoS2. Inspection immediately reveals that
damping is significantly larger in the nanoparticles than in the
bulk. We can understand this effect and the doping-induced
trends in terms of phonon lifetimes. Here’s how they are
related. The full width at half-maximum can be estimated

Figure 2. (a) Close-up view of the infrared reflectance of 2H-, IF-, and
Re:IF-(0.18%) MoS2, corrected for scattering effects,42,44 at 300 K.
Black, red, and blue curves correspond to the 2H-, IF-, and Re-
substituted materials respectively. Green dashed lines show the
theoretical fit as described in the text. Inset: high resolution
transmission electron microscopy image of the IF-MoS2 nanoparticles.
(b) ε2(ω) of 2H, IF-, Re:IF-MoS2 calculated from an oscillator fit of
the reflectance. Left inset: close-up view of ε2(ω) comparing 2H- and
IF-MoS2 in the vicinity of the E1u mode. Right inset: ε2(ω) for IF- and
Re:IF-MoS2.
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directly from the spectral data as Γ = γωTO, where γ is the
damping constant and ωTO is the transverse phonon frequency.
These Γ’s can be converted to effective phonon lifetimes as τ =
ℏ/Γ, where, ℏ is the reduced Planck constant (ℏ = h/2π).45

Analysis of the spectral data of Wieting and Verble41 reveals
effective phonon lifetimes of 5.5 and 2.3 ps for the E1u and A2u
modes of single crystalline 2H-MoS2. These values compare
reasonably with the τ’s of other traditional semiconductors. For
instance, τ is 5 ps in GaAs and 10 ps in GaN.4,8 Moreover, the
agreement between single crystal and bulk powder lifetimes in
MoS2 indicates that our technique

42,44 accounts for the nature
of powdered materials reasonably well.
The effective phonon lifetime decreases from 5.5 ps in the

single crystal to 1.4 ps in the nanoparticles. Clearly, size has a
major effect on τ.12,42 Employing a characteristic phonon

velocity of 300 m/s, we find mean free paths of 1.75 and 0.28
nm in 2H- and IF-MoS2, respectively. These length scales are
equivalent to a single MoS2 fragment. By comparison, the
lifetime of the G-mode in single wall carbon nanotubes is 1.1
ps.5 Doping in IF-MoS2 also reduces τ, but the effect is more
modest.46 Table 1 summarizes our findings.
Phonon lifetimes can be determined and their trends

understood by accounting for different scattering contributions
according to Matthiessen’s rule47−49

τ τ τ τ τ
= + + +

−

1 1 1 1 1

u b m e ph (1)

This expression allows consideration of microscopic effects
including three-phonon Umklapp, boundary, mass-difference,
and electron−phonon scattering. These effects are diagrammed
in Figure 3. The overall phonon lifetime is determined by
summing inverse lifetimes for each mechanism. Naturally,
different terms dominate depending upon the situation. For
instance, 1/τu, is proportional to temperature, and because our
measurements are conducted at 300 K, we can neglect
Umklapp effects in our analysis. The other scattering
mechanisms in eq 1 contribute to size and doping effects as
discussed below.
Let us begin by considering size effects. Table 1 reveals that τ

for the E1u mode decreases from 5.5 ps in the 2H-MoS2 single
crystal to 1.4 ps in IF-MoS2. The contribution of τb to the total
phonon lifetime captures the size effect (eq 1). Boundary
scattering effects can be expressed as (1/τb) ∝ (1 − p), where p
is the boundary parameter, and p = 1 is the limiting case of
purely specular scattering.48,49 This model implies that smaller
particles should have shorter lifetime. We therefore attribute
the dramatically decreased phonon lifetime in the 50−140 nm
diameter IF-MoS2 nanoparticles to boundary scattering
effects.12,50 Another interesting result pertains to the A2u
mode behavior. Examination of Table 1 shows that the phonon
lifetime is reduced from 2.3 ps in the single crystal to 1.7 ps in
IF-MoS2, which is a much smaller change that that observed for

Table 1. Intrinsic Oscillator Parameters and Lifetimes of
2H-, IF-, and Re:IF-MoS2

a

material mode ωTO,j (cm−1) γ τ (ps)

2H-MoS2 E1u 384b 0.0025b 5.5
single crystalb A2u 470b 0.005b 2.3
2H-MoS2 E1u 383.7 0.0027 5.1
powder A2u 468.2 0.0053 2.1
IF-MoS2 E1u 384.6 0.0099 1.4

A2u 467.9 0.0067 1.7
Re:IF-MoS2 E1u 384.4 0.0105 1.3
(0.0106%) A2u 468.5 0.0077 1.5
Re:IF-MoS2 E1u 384.5 0.0125 1.1
(0.18%) A2u 468.2 0.0098 1.2

aIntrinsic oscillator parameters of 2H-, IF-, and Re:IF-MoS2 extracted
from an oscillator fit of the reflectance and after scattering,
orientational, and density corrections.42,44 Some segregation of ReS2
islands may occur, especially at the highest doping levels.19 Error bars
are ±1 cm−1 for ωTO,E1u

, ±1 cm−1 for ωTO,A2u
, ±0.0005 for γE1u

, ±0.0007

for γA2u
, ±0.1 ps for τE1u

, and ±0.2 ps for τA2u
. bSingle crystal data from

ref 41.

Figure 3. (a) Schematic approach to the experimental determination of phonon lifetimes. The upper equation includes several possible contributions
to the overall phonon lifetime, τ, based upon Matthiessen’s rule.47,48 (b) Schematic views of three-phonon Umklapp scattering, boundary scattering,
mass-difference scattering, and electron−phonon scattering mechanisms.49.
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the E1u mode. This effect may be due to the weak van der Waals
interactions between layers and smaller structural strains.42

Doping is different. From Table 1, we see that τ for the E1u
mode decreases from 1.4 ps in IF-MoS2 to 1.1 ps in the most
heavily substituted sample. We attribute these small but
systematic trends in the overall phonon lifetime to a
combination of two effects: mass-difference scattering, τm, and
phonon−electron scattering, τe−ph.

49 In the first case, (1/τm) ∝
∑ f Re(1 − (mRe/m̅))

2, where f Re is the fractional concentration
of Re centers, mRe is the mass of Re atom, and m̅ = f RemRe +
fMomMo is the average atomic mass.48,49 As doping increases,
the lifetime becomes shorter. The electron−phonon scattering
contribution can be expressed as (1/τe−ph) ∝ n, where n is
carrier density.48,49 We already know from our prior work that
the relationship between actual doping level and carrier density
is described by the Burstein−Moss shift.27 Thus the portion of
the overall lifetime due to electron−phonon scattering effects is
anticipated to decrease at higher Re concentrations. Another
interesting result pertains to the behavior of the A2u mode.
Doping-induced changes in τ are actually larger than for the E1u
mode, a finding that we attribute to intra- versus interlayer dc
conductivity differences51 rather than structural effects.
It is well-known that carrier mobilities and dynamical

processes in polar semiconductors such as GaAs are determined
by the interaction between carriers and optical phonons.11

Short phonon lifetimes imply stronger carrier-phonon inter-
actions whereas long lifetimes indicate fewer scattering events
in the system.48,49 Re doping of IF-MoS2 decreases τ, so this
system falls into the category for which carrier−phonon
scattering is of greater importance. Essentially, doping (or
applied electric field) offers a trade-off: control of carrier
density versus increased scattering. These considerations
impact a number of engineering properties. For instance,
optical phonon lifetimes are also useful in determining the total
energy loss rate of the carriers.10,52 When the characteristic size
of various electronics components is reduced into the nanoscale
size regime, quantum confinement can modify the hot-electron
energy relaxation rate compared with the bulk-phonon
emission case.10 This is important for semiconductor
quantum-well lasers because it determines the minimum time
needed for on−off switching.10 Charge recombination limits
solar cell and photocatalytic efficiencies as well.53,54 Adding
carriers via chemical doping also increases interparticle
electrostatic repulsion, which improves rheological and
tribological behavior.30

Vibrational spectroscopy also supports an analysis of
chemical bonding. In prior work, we demonstrated that small
size reduces the Born effective charge of IF-MoS2 compared to
that in the 2H- material,42 a development attributed to strain
and curvature in the nanoparticles. This physical effect
manifests itself as a reduction of polarizability in the interlayer
direction (Table 2). The reduced polarizability42 of the
nanoparticles compared to the single crystal indicates improved
electron cloud overlap (which favors stronger covalent
interactions).55 While covalent interactions increase with
decreasing size, ionicity (as quantified by the local charge Z*)
remains the same. This overall stronger chemical bonding may
contribute to the reduced friction coefficient at high loads in
the nanolubricant.20,56 The availability of Re-substitited nano-
particles allows us to extend this analysis. We find essentially no
change in the Born charges of Re:IF-MoS2 compared to IF-
MoS2 at any doping level studied here (Table 2). The extra
carriers from the doping process should therefore be

considered as only small perturbations on heavy ions.57 Similar
local effective charges imply that ionic interactions are
independent of doping. The force constants42 are insensitive
to both size and chemical doping as well, a finding that
reinforces our conclusion that ionicity does not drive the novel
properties.
To summarize, we investigated the infrared vibrational

properties of pristine and Re-substituted MoS2 nanoparticles,
extracted phonon lifetimes, and analyzed the τ’s in terms of
multiple scattering events. Our measurements reveal that while
the lifetime of 2H-MoS2 is similar to that of traditional polar
semiconductors like GaAs, τ of the nanoparticles is 50% smaller
due to grain boundary scattering. The n-doping reduces the
lifetime even further, a trend that we attribute to combined
charge and mass effects. These findings are important for
understanding carrier−phonon interactions in low-dimensional
semiconducting nanomaterials. They also illustrate the utility of
reaching beyond conventional bulk semiconductors and
quantum dots to explore how doping and confinement
underpin performance metrics like mobility and carrier
dynamics in layered systems.
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Table 2. Born Effective Charges (ZB*), Polarizability (α),
Local Effective Charge (Z*), and the Force Constant (k) of
2H-, IF-, and Re:IF-MoS2 in the Two Principle Directionsa

material mode ZB* (e) α (Å3) Z* (e) k (N/m)

2H-MoS2 E1u 1.11 100 0.15 336
single crystal A2u 0.52 200 0.37 501
2H-MoS2 E1u 1.11 100 0.15 336
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IF-MoS2 E1u 0.69 91 0.16 338

A2u 0.52 200 0.37 497
Re:IF-MoS2 E1u 0.69 91 0.16 337
(0.0106%) A2u 0.52 200 0.37 498
Re:IF-MoS2 E1u 0.68 91 0.16 338
(0.18%) A2u 0.52 200 0.37 497

aBecause Born charge contains both dynamic and static contributions,
we decompose it into total polarizability (α) and local effective charge
(Z*). Here α is the sum of cationic and anionic electron cloud volume
contributions, whereas local effective charge indicates the ionicity of a
material.42,44
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