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We report a novel approach for non-contact simultaneous determination of the hot carrier diffusion
coefficient (D) and interface thermal resistance (R) of sub-10 nm virgin mechanically exfoliated MoS,
nanosheets on c-Si. The effect of hot carrier diffusion in heat conduction by photon excitation, diffusion,
and recombination is identified by varying the heating spot size from 0.294 pm to 1.14 pm (radius) and
probing the local temperature rise using Raman spectroscopy. R is determined as 4.46-7.66 x 1078 K m? W,
indicating excellent contact between MoS, and c-Si. D is determined to be 1187532, 107537
1207934 and 1.627932 cm? s7* for 3.6 nm, 5.4 nm, 8.4 nm, and 9.0 nm thick MoS, samples, showing little
dependence on the thickness. The hot carrier diffusion length (Lp) can be determined without knowledge
of the hot carrier's life-time. The four samples Lp is determined as 0.344°384% (3.6 nm), 0.327°3:552
(5.4 nm), 0.34675:%4¢ (8.4 nm), and 0.402°383% um (9.0 nm). Unlike previous methods that are
implemented by making electrical contact and applying an electric field for D measurement, our tech-
nique has the advantage of being truly non-contact and non-invasive, and is able to characterize the
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electron diffusion behavior of virgin 2D materials. Also it points out that hot carrier diffusion needs to be
taken into serious consideration in Raman-based thermal property characterization of 2D materials,
especially under very tightly focused laser heating whose spot size is comparable to the hot carrier
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1. Introduction

Two-dimensional (2D) atomic materials such as graphene and
transition metal dichalcogenides (TMDs) (e.g. MoS,, WS,, and
MoSe,) have attracted considerable attention because of their
suitability for future electronic, piezoelectric and opto-
electronic device applications.' ™ Especially, TMDs are interest-
ing for next generation devices because, in contrast to gra-
phene, they are semiconductors with a tunable bandgap. For
instance, a single layer of MoS, has a direct band gap of 1.8 eV
compared with the indirect band gap of 1.29 eV in bulk.>®
This thickness-dependent band gap makes MoS, suitable for
potential photo-detection and optoelectronic applications and
could be of interest for achieving a higher power conversion
efficiency in traditional silicon solar cells.””®

As investigated, electrons or holes in semiconductor
materials with higher energies compared with the Fermi
energy are called hot carriers. They can be generated electri-

Department of Mechanical Engineering, Iowa State University, 271 Applied Science
Complex II, Ames, IA 50011, USA. E-mail: xwang3@iastate.edu;

Tel: +1-515-294-8023

+These authors contributed equally to this work.

6808 | Nanoscale, 2017, 9, 6808-6820

cally by high electrical fields or by injection through a barrier.
Carrier mobility (¢) describes the motion of electrons under
electric fields. Hot carriers can also be produced optically by
photons with excessive energy. In this electric field free
environment, the carrier diffusion coefficient (D) is more
common for the description of charge movement. The
diffusion is caused and directed by the concentration gradient
instead of the electric field. The hot carrier’s behavior plays a
significant role in modern semiconductor science. Hot carrier
phenomena (e.g. hot carrier effects) are important in the oper-
ation of many semiconductor devices such as laser diodes,
solar cells, short-channel field-effect transistors (FETs), and
high-speed devices like ultrafast photodetectors and hot-elec-
tron transistors.® ! Like free electrons in metals, the transport
of hot carriers is affected by various interactions between car-
riers and other elementary excitations (e.g. electron-phonon
coupling, electron-electron collisions, the capture of carriers
by impurities, exciton interactions, etc.) in semiconductor
materials.> So the study of hot carrier transport properties
provides important information about the scattering processes
in semiconductors. Additionally, extensive work has been done
on hot carrier in graphene with measured D as high as
11000 cm® s~ *,%'37*% while reports on MoS, are scarce.'®
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To date, several methods have been developed and applied
to study hot carrier transport properties (mobility or diffusion
coefficient) under either high electric fields or photon-injec-
tion. The majority of works focus on electrically generated hot
carriers. However, the experimentally measured carrier mobi-
lity by different methods varies by almost an order of magni-
tude. This large discrepancy could result from many factors:
the charge impurity scattering, electron-phonon interaction,
and screening by the surrounding dielectric environment."”
Besides, even the suppression of Coulomb scattering and
modification of phonon dispersion from the device prepa-
ration process can introduce strong effects. For example, the
mobility of mechanically exfoliated multilayered (15-90 nm)
MoS, FETs with SiO, as a high-x dielectric is reported in the
range of 30-60 cm” V™' s7! in a four-probe configuration.®
The exfoliated multilayered (8-40 nm) MoS, FETs on SiO, have
a carrier mobility from 10 to 50 cm® V™' s™' by two-probe
measurements for back-gated structures.'® In contrast, the top-
gated MoS, FETs with HfO, demonstrated a mobility up to
about 200 cm® V' s7!, which is even higher than that of
bandgap-engineered graphene.'® During those measurements,
they have to apply a voltage to the electric contact to control
the electron population in the material. However, the question
is still open regarding the role of the electrical contacts
causing screening disorder in multilayered MoS, FETs.'®?°
The use of a high-x gate dielectric in a top-gated device is
shown to boost the carrier mobility which is caused by screen-
ing of impurities by the dielectric and/or modifications of the
MoS, phonons in the top-gated sample.'® Besides, the
nanosheets could be potentially modified and even destroyed
during the device preparation process (e.g. pattern electrical
contacts using electron-beam lithography), especially for ultra-
thin samples.?'>* So optical-based measurements of hot car-
riers transport properties could give us more in-depth under-
standing of virgin 2D materials. For MoS,, very little optical-
based studies have been reported on electron transport.
Kumar et al. used transient absorption microscopy to deter-
mine the diffusion coefficient of the thermalized electron (hot
electron) of bulk MoS, crystal to be around 4.2 cm?* s™*.>* For
multilayered MoS,, Wang et al. employed a spatially and tem-
porally resolved pump-probe technique and obtained the
carrier diffusion coefficient as 20 = 10 cm® s for few-layered
(1.5-2.2 nm) MoS, on Si.*

In this work, we develop a non-contact technique to directly
measure the hot carrier diffusion coefficient. By varying the
laser heating spot size, the effect of hot carrier diffusion is
identified by the local temperature rise, which is probed by
using Raman spectroscopy. Unlike previous studies by electri-
cal techniques where the mobility of carriers was measured
under an external electric field, we characterize the hot carrier
diffusion caused by the density gradient without making any
electrical contact with the sample or exposing it to an electric
field. Therefore this technique eliminates the detrimental
effect of direct contact and measures the intrinsic carrier
transport properties of materials. We deduce the hot carrier
diffusion coefficient as 1.07-1.62 cm® s~ and the interface
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thermal resistance as 4.42 x 10%-7.66 x 10°® K m*> W" for
mechanically exfoliated sub-10 nm virgin MoS, on c-Si sub-
strate. This technique could be a very promising tool for inves-
tigating the hot carrier transport of various virgin 2D
materials.

2. Physical principles

The schematic in Fig. 1(a) shows the physical principles of our
non-contact technique. Here we use a CW (continuous-wave)
532 nm (E = 2.33 eV) laser to excite the MoS,/c-Si structure.
Because the excitation energy E is greater than the band gap of
MoS, (E; = 1.29-1.80 eV) and c-Si (E, = 1.15 eV), the electrons
(e) are excited by the absorbed photons to the conduction
band, leaving holes (h) in the valence band. Part of the photon
energy AE = (E — E,) of hot carriers is quickly dissipated to
other electrons and the lattice by a fast non-radiative process.
This occurs very quickly (about 10712 s) so that we can neglect
carrier diffusion effects during this process. The remaining
photon energy (E,) is carried by electrons. They store this
photon energy and diffuse out of the excitation spot before
recombining with holes, leading to a significantly wider
thermal source spatial redistribution as a result of diffusion.
Due to the Coulomb attraction, the excited electrons and holes
move together as e-h pairs in this diffusion process. This
diffusion process time is typically nanoseconds and diffusion
cannot be neglected.26 Since both the multilayered MoS, and
¢-Si have an indirect bandgap, the radiative recombination of
carriers is greatly restricted by crystal momentum conserva-
tion. So the excited hot electrons would release the laser
energy via non-radiative recombination with holes by exciting
phonons. The energy of these phonons in MoS, dissipates
within the 2D nanosheet and through layers down to substrate
to raise the temperature, eventually reaching thermal equili-
brium with the electrons. The generation and diffusion of heat
and hot carriers in the sample are governed by two partial
differential equations in steady state (AN/dt = 0).>”*® The first
one is the carrier diffusion equation to determine the hot
carrier concentration AN(r,t) (cm™>):
DVZANfA—N+%£+¢a=O, (1)
T JaT ©
where D (cm?® s™%), 7 (s) and @ (photons per ecm?® per s) are the
carrier diffusion coefficient, the electron-hole recombination
time of MoS, and the incident photon flux of the laser source.
a is the optical absorption coefficient of the MoS, nanosheets.
no (em™) is the equilibrium free-carrier density at temperature
T. The first term on the left side is about the carrier diffusion
and the second term: AN/z represents the electron-hole recom-
bination. The thermal activation term (dn,/0T)AT/z is related
to the carrier creation due to the temperature rise. It is negli-
gible under a relatively low-temperature rise and in small free-
carrier density cases.””*® In our experiment, for the 3.6 nm
thick sample, the temperature rise under a 20x objective is
only 1.0 K mW ' (temperature rises for the other samples
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Fig. 1 (a) Schematic of MoS, under a CW 532 nm (2.33 eV) laser illumination (not to scale). The photons generate hot carriers in the MoS, sample
by exciting electrons (e) to the conduction band, leaving holes (h) in the valance band. The hot carriers transfer part of the photon energy (E — E;) to
the lattice thermal energy by fast thermalization, diffuse out of the direct laser heating region to the low population region, and then recombine
with holes to lose the rest part of the photon energy (Eg) through phonon emission (carrier-phonon scattering). We use two objective lenses to
achieve different laser spot size heating with simultaneous Raman probing to detect the local temperature rise. (b) Schematic of the experimental
setup for micro-Raman experiment of MoS,/c-Si sample. The sample is illuminated by the laser and the Raman signals of MoS, and c-Si are excited
by the same laser and collected by a confocal Raman spectrometer (Voyage, B&W Tek, Inc.) with a spectral resolution of 1.05-1.99 cm™. The laser
power is adjusted by a motorized ND filter. The spectrometer and ND filter are controlled by LabVIEW-based software. The MoS, nanosheets absorb
laser energy and dissipate heat to the c-Si substrate through their interface. (c), (d) The spatial energy distribution of the laser beam and spot size are
measured with a CCD camera (Olympus DP-26, Olympus Optical Co., Ltd). The red points in (c) and (d) are laser beam spot size data taken from the
CCD camera images. The white curves are fits to the Gaussians. The laser beam radius (at e™%) on the sample is determined as 1.14 pm under 20x
objective, and 0.294 pm under 100x. (e) When laser beam irradiates the sample surface, multiple reflections happen at the interface between MoS,
and c-Si. The transmitted power at the top surface (lp;), the transmitted power in c-Si top surface (/o) and the reflected power at the bottom surface
(lo3) of MoS; are calculated out according to the Transfer Matrix Method (TMM).? (f) Temperatures of both MoS, and c-Si can be determined simul-
taneously by their Raman spectra. Here we choose the Eég mode to evaluate the MoS, temperature.

under different lenses are summarized in Table 1). Besides,
the free carrier density at equilibrium could be given as n, =
N exp(—Ey/2ksT), where Ny is the number density of effectively
available states. It is in the order of 10" cm™ at room temp-
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erature and increases with temperature. kg is the Boltzmann’s
constant. E, is the band gap energy. At room temperature,
kT = 0.026 eV. Since E, = 1.3 eV, we have kzT < E,. This leads
to a very small n, (room temperature) to neglect the thermal
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Table 1 Summary of Raman experiment results of four MoS, samples. The power coefficients (yp) under different objective lenses from both Eég
and A;q modes of MoS; and the substrate c-Si, and temperature coefficients (y1) from both Eig and A;q modes. The Raman/laser intensity weighted
average temperature rise per unit laser power (ATMosZ) and temperature difference [AT = (A"I'Mos2 — AT..s)] between MoS; and c-Si under different

objective lenses by using the Raman results of Eég mode of MoS,

Sample thickness: 3.6 nm

5.4 nm 8.4 nm 9.0 nm

Xpox) (cm ™ mW ) MoS, Ej,  —(0.029+6.4x107%)
A —(0.027£7.0x107%)
c-Si —(0.008 + 3.0 x 107%)
Xp(100 (cm™t mW ) MoS, Ej,  —(0.151+3.8x107°)
A —(0.151+4.1x107%)
c-Si —(0.012 + 3.0 x 107%)
Jrox (em™ K1) E}, —(0.029 £+ 1.3 x107%)
Aig —(0.028 + 1.1 x 107%)
ATios, (KmW™) 20x —(1.00 + 0.05)
100x —(5.21 £ 0.26)
AT = ATyios, — ATesi (KmW ™) 20% —(0.71 £ 0.05)
100x —(4.74 £ 0.24)

activation term. The last term ®a is the carrier photogenera-
tion source term. In our work, the MoS, film is very thin (sub-
10 nm) compared with its lateral dimension (4-12 pum), so the
hot carrier gradient in the thickness direction is neglected.
Therefore, eqn (1) only considers the in-plane direction
diffusion.

The second equation is the thermal diffusion equation
which involves the free carrier density since the non-radiative
recombination is a heat source:

EgAN _

kV?AT + (hv — Ey)®a + 0, (2)
where AT(r,t) (K), k (W m™ K ') and E, (eV) are the tempera-
ture rise, the thermal conductivity and the bandgap energy of
the multilayered MoS,. And Av (eV) is the photon energy of the
laser source. The second term of eqn (2), (hv — Eg)®a, which is
proportional to hv — Ej, represents the heat generation due to
photo-generated carriers giving off the excess energy to the
MoS, lattice. The term E,AN/z contains the carrier concen-
tration representing the heat generation through the non-
radiative recombination of free carriers.

The hot electrons diffuse in the sample until they recom-
bine with holes through non-radiative transition. Therefore,
the real heating area is not simply the laser irradiating area.
Instead, it is strongly affected by the hot carrier diffusion
length (Lp = /zD) of the electrons. When the laser heating
spot size (radius: 0.294 pm to 1.14 pm) is comparable to the
carrier diffusion length and the laser heating spot size is rela-
tively small, this effect becomes more prominent. If the laser
heating spot size is sufficiently large, the hot carrier diffusion
will have less or negligible effect on the heating area. For
multilayered MoS,, the hot carrier diffusion length is in the
order of 0.1 pm."®*° So we could observe different heating
phenomena in MoS, by changing the laser heating spot size.
However, the c¢-Si used in this experiment is single-side polished
silicon wafer (p-doped, (100)-oriented, 0-100 Q cm resistivity,

This journal is © The Royal Society of Chemistry 2017

—(0.024 £+ 1.1 x107%)
—(0.025 + 8.5 x 107%)
—(0.007 + 2.2 x 107%)

—(0.030 + 8.5 x 107")
—(0.025 + 1.5 x 107%)
—(0.011 + 4.2 x 107%)

—(0.030 + 9.4 x 1077
—(0.032 + 9.6 x 1077)
—(0.010 + 2.7 x 107%)

—(0.142 £+ 6.2 x 107%)
—(0.163 + 8.5 x 107%)
—(0.016 + 5.2 x 107%)

—(0.163 £ 7.4 x 107%)
—(0.163 + 8.9 x 107%)
—(0.026 + 9.0 x 10™%)

—(0.154 + 4.2 X 107%)
—(0.152 + 4.9 x 107%)
—(0.013 5.3 x 107%)

—(0.020 £+ 1.2 x107%)

—(0.016 + 7.0 x 107%)
—(0.018 +1.3 x 107%)

—(0.014 + 9.0 x 1077)

—(0.024 + 7.6 x 1077)
—(0.021 + 1.1 x 107%)

—(1.16 + 0.08) —(1.85 + 0.10) —(1.26 + 0.06)
—(6.86 + 0.49) —(9.96 + 0.62) —(6.42 + 0.27)
—(0.89 + 0.06) —(1.41 + 0.07) —(0.89 + 0.04)
—(6.27 + 0.45) —(8.94 + 0.55) —(5.92 + 0.25)

~0.335 pm thickness) from University Wafer Company
(Boston, MA). The diffusion length of this p-type Si is around
700 pm (ref. 31), which is much larger than our laser heating
spot size. Generally, bulk and surface recombination mecha-
nisms coexist. Nevertheless, we only consider the bulk recom-
bination process here. The physics can be explained as below.
First, consider the c-Si surface area of the MoS,/c-Si interface.
MosS, could be thought of as native n-doping due to its sulfur
vacancies.>® So the MoS,/c-Si structure is just one p-n junc-
tion, and the depletion region of that has been found to con-
siderably reduce the surface recombination rate.>® Then, for
the remaining c-Si surface, its native oxide layer could be the
predominant passivating layer which can also significantly
reduce the surface recombination rate.>® So we could neglect
the effect of the carriers surface recombination for the
diffusion process. In this case, the transmitted laser energy
only heats the c-Si substrate by the fast thermalization process
(AE=E — Eg‘c—si) because the hot carriers with the remaining
photon energy (Eg|c-si) diffuse such a long distance that a
uniform heating of the overall Si substrate is induced. As a
result, the measured temperature rise of MoS, (by Raman spec-
trum) is determined by the hot carrier diffusion and the MoS,/
¢-Si interface thermal resistance. Eqn (1) and (2) are solved to
analyze the experimental results and determine the hot elec-
tron diffusion coefficient and the interface thermal resistance/
conductance. In our work, the temperature difference between
MoS, and Si is determined and used. This treatment has taken
into full consideration the temperature rise effect of the c-Si
substrate.

3. Experimental details

Raman experiments are conducted by using a confocal Raman
system that consists of a Raman spectrometer (Voyage™, B&W
Tek, Inc.) and a microscope (Olympus BX53). We use a longi-
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tudinal single mode laser of 532 nm as shown in Fig. 1(b). The
laser is introduced to the Raman system and its power is
adjusted by a motorized neutral-density (ND) filter system
(CONEX-NSR1 and NSND-5, Newport Corporation). We use a
3D piezo-actuated nano-stage (MAX313D, Thorlabs, Inc.) with
a resolution of 5 nm to search for and identify the MoS,
sample on the c-Si under a microscope. The laser beam is
focused on a specific area of the samples (detailed in Fig. 2)
and the laser power is varied to introduce different heating
levels in the MoS, samples. The optically generated heat is dis-
sipated away across the MoS,/c-Si interface to the substrate.
During the experiments, both the Raman spectrometer and
the motorized ND filter are controlled by LabVIEW-based soft-
ware on a computer. The Raman spectrometer could collect
and store the spectra for each energy level automatically after
the ND filter is set. This significantly shortens the experiment
time, reduces the external disturbance, and improves the pre-
cision and accuracy of the experiment. We use the Raman
spectrometer to measure the temperature rise of MoS, and
c-Si. Based on the temperature rise and the absorbed laser
power, we can directly determine the hot carrier diffusion
coefficient and interfacial thermal resistance.

Shown in Fig. 1(c) and (d) are the laser energy distribution
contours under 20x and 100x objective lenses for focused laser
spot images obtained by using a CCD camera. The beam size
at the focal plane is measured by using the CCD camera,
where there is enough irradiance to have a suitable signal-to-
noise ratio without saturating the camera, and the beam
lineout is fitted with a Gaussian function [the white curves in
Fig. 1(c) and (d)] for both x and y directions to take the average

6 — r - : :
(a-1)
4t
= ~3.6 nm
52
go
D 4 (a-2) 1
ne
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as final results. For the CCD camera, the pixel size under 20x,
50%, and 100x lenses is 0.347, 0.123 and 0.069 pm per pixel,
respectively. Then the Gaussian beam spot size r, (at e™* peak
value) under 20%, 50x, and 100x lenses is 1.14 + 0.01, 0.531 +
0.006, and 0.294 + 0.003 pm, respectively. When the laser
beam irradiates the sample surface, multiple reflections
happen within the MoS, film. According to the Transfer Matrix
Method (TMM)** and the complex refractive index of two
materials,®® we could determine the transmitted power at the
top surface (Iy,), the transmitted power in c-Si top surface (Iy,)
and the reflected power at the bottom surface (I;) of MoS,.
Note that we assume that the complex refractive index of MoS,
is constant because it has been found that the complex refrac-
tive index has little change with the sample’s thickness for our
sample thickness range.’

4. Results and discussion
4.1 Structure of MoS, film on c-Si

We prepare the sub-10 nm thick multilayered MoS, samples by
micromechanical cleavage from their parent bulk MoS, crys-
tals (429MS-AB, molybdenum disulfide, small crystals from
the USA, SPI Suppliers). Among atomically thin nanosheets
preparation methods such as chemical vapor deposition and
liquid exfoliation, mechanical exfoliation is widely used and is
the most efficient way to produce clean, high quality atomically
thin structures layered materials for fundamental studies.® As
in the typical micromechanical exfoliation process, ordinary
adhesive Scotch tape and gel film (Gel-Film, PF-20/1.5-X4,

~5.4nm
(b-2)

200 400 600 800
Lateral distance (nm)

Height (nm)

O W O W OoOWoHWOWON

Lateral distance (um)

Fig. 2 AFM measurement results of four MoS, samples. (a)—(d) AFM images of four MoS, nanosheets. The white dashed circled area indicates the
MoS, sample. The blue dashed box indicates the sample roughness study area. The bottom two figures [e.g. (a-1) and (a-2)] in each panel show the
step height measurement results from the substrate to the sample. The measurement is along the red lines in the upper figure. The R, value in each

AFM image indicates the RMS roughness.
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Gel-Pak) are used to prepare layered MoS, nanosheets on a
freshly cleaned c-Si substrate.>®?” The lateral size of layered
MoS, nanosheets ranges from 4 to 12 pm. We use an optical
microscope, an atomic force microscope (AFM) (Model
MMAFM-2, Digital Instruments, CA, USA) and Raman spec-
troscopy to identify and locate the MoS, nanosheets.

Fig. 2 shows AFM scan images of the four studied MoS,
samples on the c-Si substrate. The samples have a thickness of
3.6 nm, 5.4 nm, 8.4 nm, and 9.0 nm, respectively. During AFM
imaging, instead of using tapping or other modes, we choose
contact mode in order to reduce the thickness measurement
noise.*® In Fig. 2, for each sample, the sample area is marked
by the dashed white curves. Two red lines indicate the edges
for height measurements, and the measurement results are
shown in the two right-hand-side figures for each sample. The
blue box in each sample AFM image shows the area where the
laser is focused during Raman experiment. The sample
surface roughness is evaluated as well. The 3.6 nm thick
sample has a root-mean-square (RMS) roughness (Rq) of
0.563 nm. As the thickness increases, RMS roughness
increases: the Rq value for the 5.4 nm, 8.4 nm, and 9.0 nm
thick sample is 0.970 nm, 0.911 nm, and 1.10 nm, respectively.
This is probably due to possible wrinkles or ripples in the
samples. Also, the substrate (c-Si) has a Ry of 0.09 nm, con-
firming its atomically smooth surface.

4.2 Steady thermal response of MoS, and c-Si under laser
heating of different spot sizes

In our experiments, for all the four samples, eight room-temp-
erature Raman spectra are collected at laser power (P) span-
ning from 2.49 to 11.9 mW (the corresponding average power
density P/nr,® is 0.942 to 4.50 MW cm™?) under a 100x objec-
tive and from 6.83 to 32.8 mW (P/nry> from 0.167 to 8.03
MW cm™2) under a 20x objective. Note that this laser power is the
level just before the laser enters the MoS, sample. This heating
power variation is designed to study the Raman spectrum
change under optical heating, and this could also significantly
suppress the experiment noise of a single laser power experi-
ment. To avoid damage to the sample and to stay within the
linear temperature-dependence range for Raman properties,
we try to keep the excitation laser power as low as possible.
The Raman spectra of MoS, nanosheets taken with a 532 nm
wavelength laser show two prominent phonon modes, Eég
and A, The E;g mode is associated with the in-plane opposite
vibration of two sulfur atoms with respect to the molybdenum
atom, whereas the A;; mode is associated with the out-of-
plane vibration of only sulfur atoms in opposite directions,*
as depicted in the insets of Fig. 3(a). Five representative
room temperature Raman spectra under 100x objective lens
and their corresponding Lorentzian fits collected from the
3.6 nm thick MoS, sample are shown in Fig. 3(a), where both
E}, and A;; modes shift left (red-shift) linearly with increased
laser power and the peak position shifts are visible as
Aw|(2.49 mW-11.9 mW). These changes indicate that the local
temperature of the sample surface becomes higher under a
higher laser power. We use two objective lenses to generate
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different optical heating phenomena. Fig. 3(c) and (d) show
the Raman shift for the two vibration modes as a function of
incident laser power under 20x and 100x objective lenses,
respectively. In our specified laser power range, it is observed
that the Raman shift linearly depends on the laser power by
Aw = w(P,) — o(Py) = yp(P, — P;) = ypAP. yp is the first-order
laser power coefficient for two vibration modes of MoS, and
¢-Si, and P is the laser power. For this 3.6 nm thick sample,
the fitted yp for Eég and A;; modes are quite close, —(0.151 +
3.8x107) em™ mW " and —(0.151 + 4.1 x 10%) cm™' mwW "
under a 100x objective, and —(0.029 + 6.0 x 10™*) cm™" mw "
and —(0.027 + 7.0 x 10™") em™" mW ™" under a 20x objective,
respectively. Note that the laser power coefficients for the two
vibration modes under the 100x objective are higher than
those under the 20x objective. This is because the temperature
rise determined by Raman spectra under the 100x objective
increases more rapidly than that under the 20x objective due
to the larger power density under the 100x objective lens. The
fitted yp of c-Si for this 3.6 nm thick MoS, sample are —(0.008 +
3.0 x 107%) em™ mW " (Fig. 3(e)) and —(0.151 + 4 x 1077)
em™" mW™' (Fig. 3(f)) under 20x and 100x objectives,
respectively.

We also conduct the temperature calibration experiment for
MoS, and c-Si to determine the local temperature rise during
the above experiment. The calibration experiment is carefully
performed for each sample considering the possible sample-
to-sample difference. To keep the entire MoS, nanosheets and
the c-Si substrate at the same temperature, we place the MoS,/
¢-Si sample on a heat stage and control the sample’s tempera-
ture by a voltage transformer that powers the heater, and
monitor the temperature by a thermocouple. The Raman
spectra of both MoS, and c-Si are collected after the sample’s
temperature reaches a steady reading. Fig. 3(b) shows five
representative  Raman spectra and their corresponding
Lorentzian fits with the temperature ranging from 297 to
398 K under a 50x objective lens. The power of the incident
laser power is maintained low enough to not increase much
the temperature rise at the irradiated spot (1.10 mW before
entering the sample). The Raman shift of both E;g and A,
modes decreases with increased temperature, which is visible
as Aw|(297 K-398 K). The temperature dependence of both
Eég and A,;, modes of MoS, and c-Si measured between 297
and 398 K is depicted in Fig. 3(b). The Raman shift for both
E;g and A;, modes decreases with increased global tempera-
ture for all cases and exhibits linear temperature dependence
in the range used in our experiment.

We could describe the Raman peak position as a function
of temperature as Aw = o(T,) — o(Ty) = yr(To — T1) = yrAT. yr is
the first-order temperature coefficient for MoS, vibration
modes and c-Si, and T is temperature. Here, we do not con-
sider the higher order temperature coefficients because these
terms are only significant at a higher temperature about 570 K
and above.*®*! For the 3.6 nm thick MoS, sample, as shown in
Fig. 3(g), the extracted y; values are —(0.029 + 1 x 1077)
em™ K7' and —(0.028 + 1 x 107°) em™ K ' for Ej, and Ay,
modes, and —(0.026 + 1 x 10~*) em ™" K" for the c-Si substrate.
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Fig. 3 The Lorentzian-fit Raman spectra of MoS, nanosheets. The sample with a thickness of 3.6 nm is used as an example to illustrate the micro-
Raman results of hot carrier diffusion coefficient study and Raman temperature calibration experiment. (a) Five representative Raman spectra of
MoS, at increased excitation laser power under 100X objective in ambient environment. Spectra are vertically shifted for clarity purpose. When the
laser power increases, the local temperature increases. The Raman shifts for two modes are visible as Aw|(2.49 mW-11.9 mW). The Raman shift for
A and Eég modes of MoS; as a function of laser power under 20x and 100x objectives are shown in (c) and (d), respectively. The Raman shift for
c-Si as a function of laser power under 20x and 100X objective lenses are shown in (e) and (f), respectively. Fitting results (solid lines) for linear
power coefficients yp are shown in these figures. (b) Five representative Raman spectra of MoS, collected at 297, 325, 357, 380 and 398 K under 50%
objective during Raman temperature coefficient calibration experiment. Spectra are vertically shifted for clarity purpose. When the global tempera-
ture increases, the Raman shift for two modes are visible as Aw|(297 K-398 K). (g) The Raman shift for A;4 and Eég modes of MoS; and c-Si as a func-
tion of temperature in calibration experiment. Fitting results (solid lines) for linear temperature coefficients y are shown in the figure.

The temperature coefficients of all four samples are summar-
ized in Table 1. The temperature-dependent changes in the
Raman spectra are due to the anharmonic terms in the lattice
potential energy, mediated by phonon-phonon interactions.*?
We note that for the 3.6 nm MoS, sample, the yr value from
E;, mode (=0.029 ecm™" K™') is slightly (3%) larger than that

6814 | Nanoscale, 2017, 9, 6808-6820

from A;; mode (—0.028 cm™" K '). The difference in yr value
between those two modes becomes larger for the other three
samples (e.g. yr of Eég mode is ~14% larger than that of A,
mode for the 9.0 nm sample). It makes sense that the out-of-
plane A, mode shows a weaker temperature response for all
these four multilayer MoS, samples, where there are interlayer
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interactions restricting the vibrations away from the basal
plane. And this restriction increases with increased layer
number. The in-plane E;, mode will be less affected by the
interlayer interactions and weakly affected by the substrate,*'
so we use the Raman results from this vibration mode as the
properties to evaluate the interface thermal resistance and the
hot carrier diffusion coefficient.

In our experiment, the MoS,/c-Si samples are firmly placed
on a 3D nano-stage and the same point of each sample (as
marked in Fig. 2 with dashed blue box) is measured during
the entire experiments. This treatment could eliminate any
possible location-to-location structure variation and tempera-
ture coefficient variation. For each MoS, sample, the average
temperature rise per unit laser power (AT,ox and AT, qox) could
be experimentally obtained by ATyios, or csi = )(MT_1 (K mw™).
And this value for the four MoS, samples is summarized in
Table 1. The use of AT instead of direct temperature rise AT
(K) for the determination of D and R is to avoid artificial shifts
of peak position resulting from calibration errors of two
different objectives. Generally, a higher ATy, is induced for a
thicker sample because a thicker sample comes with a higher
absorbance level. This results in a higher temperature rise in
MoS, to transfer the heat across the interface down to the sub-
strate. However, from Table 1, the temperature rise of the 9 nm
MoS, (6.42 K at 100x) is lower than that of 8.4 nm MoS,
(9.96 K at 100x). This is caused by lower interface thermal
resistance (R) of 9.0 nm MoS, sample: the R for the 9.0 nm and
8.4 nm MoS, sample is 4.46 x 10~° and 7.66 x 107 K m*> W,
respectively (from Table 2). So there is more heat going into
the substrate from the MoS, film for 9.0 nm sample. For the
3.6 nm thick MoS, sample, the highest temperature rise of the
MoS, film and c-Si we have heated to is around 33 K and 10 K
under the 20x objective, respectively, and around 62 K and
5.6 K under the 100x objective, respectively.

The heat transfer across the MoS,/c-Si structure could be
described by Ag = A(Twmos, — Tsi)/R (A is the heating area, Ag is
the net heat flow). So the temperature difference between MoS,
film and c-Si should be proportional to the inverse of the heating
spot area. However, our results show that it is significantly
different from this prediction, indicating the hot carrier
diffusion effect. Taking the 3.6 nm MoS, as an example, under
the 20x objective, the measured temperature difference per mW
laser heating is 0.71 K. Under the 100x objective, the laser

Table 2 The summary of the calculated hot electron diffusion coeffi-
cient (D) and the interface thermal resistance (R) from the 3D numerical
modeling and data fitting, and the corresponding electron mobility (x)
and electron diffusion length (Lp)

Sample R D u Lp

thickness (10*Km*W™") (em®s™) (em*V's™") (um)

3.6 nm 6.15792 1187939 47.4%%0 0.34475:0%

5.4 nm 6.2710:38 1.0715937 42,7147 0.32710:052

8.4 nm 7.661937 1.20703%  47.97333 0.34675:91¢
0.1 0.30 12.2 0.036

9.0 nm 4.42+917 1.621930  64.871%2 0.4021903¢
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heating spot size is 6.6% of that under the 20x objective. As a
result, we expect that the temperature rise difference is around
10.7 K under the 100x objective. But our measurement only gives
a temperature rise difference of 4.74 K mW " under the 100x
objective. This strongly indicates that the hot carriers diffuse out
of the heating region, make the effective heating spot size bigger
than the laser spot, and reduce the temperature difference.

4.3 Determination of the hot carrier diffusion coefficient

Then we conduct a 3D numerical modeling based on the finite
volume method to calculate the temperature rise to determine
the hot carrier diffusion coefficient (D) and the interface
thermal resistance (R). The model calculation size of the sub-
strate has a radius and thickness of 50 pm. The MoS, sample
has the actual size and thickness as those in the experiment.
The smallest mesh size along the thickness direction is 0.1 nm
and increases from the MoS, surface to the substrate with an
increasing ratio of 1.02. The smallest mesh size is 1 nm in the
radial direction and also increases with a ratio of 1.02. In our
modeling, in the in-plane and cross-plane directions, we take
kj=52Wm™ K (ref. 40) and k; =2 Wm™ K, " k.g; = 148
W m™ K "* P=1mW is the excitation laser energy before
entering the sample. The thickness dependent bandgap of
MoS, thin film has been investigated,® and we fit the E, values
for different thickness samples by an exponential function as
E, (eV) = 0.5836 x exp(—thickness/3.525) + 1.29 as shown in the
inset of Fig. 5(c). Then we extract the E, values for our samples
as 1.48 eV for 3.6 nm, 1.41 eV for 5.4 nm, 1.34 eV for both
8.4 nm and 1.33 eV for the 9.0 nm thick sample. This treat-
ment could help us determine R and D values with better con-
fidence instead of using a constant E, value. 7 is set as 1 ns at
room temperature.’® For MoS,, it has been documented that
the photo-excited electrons have a lifetime of hundreds of pico-
seconds in few-layer samples and nanoseconds or longer in
the thick crystal.”®*® We first solve the carrier diffusion
equation [eqn (1)] and then the heat conduction one with the
hot carrier concentration AN(r,t) used in the source term.

Here we take the 3.6 nm thick MoS, sample for example to
discuss the modeling results. In our modeling, we scan the
combined space of diffusion coefficient D and interface
thermal resistance R to calculate the temperature difference
between MoS, and c-Si under 20x and 100x objective laser
heating. The (D, R) pair giving the temperature difference both
agreeing with the 20x and 100x experimental results is taken
as the real properties of the sample. Note that in our Raman
experiment, the measured temperature rise of both MoS, and
¢-Si are the Raman-intensity weighted average temperature of
the sample as AT = [[[ ATTgamandV/ [[[ IramandV. At a location
of the sample, the local Raman intensity is proportional to the
local laser intensity and the scattered Raman signal multi-
reflected in the sample. All these have been considered in our
modeling to evaluate the temperature rise of both MoS, and
the c-Si substrate.

In Fig. 4(a) and (b), we present the calculated averaged
temperature difference under two different objective lenses:
ATy« and ATy« in the (D, R) space for the 3.6 nm thick MoS,
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Fig. 4 3D numerical modeling results for the sample with a thickness of 3.6 nm to illustrate the results. The Raman intensity-weighted average
temperature difference for different values of the electron diffusion coefficient and interface thermal resistance is shown in (a) under 20X objective
and in (b) under 100x objective. The experimentally obtained temperature difference AT,ox = 0.71 K at 20x objective and AT;g0x = 4.75 K at 100x
objective are shown in these two figures. (c) Determined D and R as well as the uncertainty region. The normalized probability distribution function
(¥) contour shows the uncertainty distribution: 0.6065 is for the ¢ confidence. (d) Calculated temperature rise distribution in the 3.6 nm MoS,
sample on c-Si substrate under laser heating with 20X and 100x objective lenses using the determined D and R for this sample.

nanosheet. In both cases, the lower electron diffusion coeffi-
cient or higher interface thermal resistance implies a higher
temperature rise. When D is lower, the heating area will be
limited to the laser heating region, resulting in a higher local
temperature rise and difference. When R is higher, less heat
will dissipate from MoS, to the c-Si substrate under the same
temperature drop. This will require a higher local temperature
rise to dissipate the heat to the substrate. Additionally, in
Fig. 4(a) (under the 20x lens), it is evident that the temperature
difference is less sensitive to the D change, especially for the

6816 | Nanoscale, 2017, 9, 6808-6820

lower values of R. However, when the laser spot size reduces
(under 100x lens), the sensitivity of ATjo0x on D changes
increases. The physics can be explained as below. The hot
carrier diffusion length is L, = /7D = 0.344 um (based on our
measured D for this sample, and detailed later). This is around
1.5 times the laser spot size under 100x lens (r, = 0.294 pm).
So the hot carriers could diffuse out of the laser spot size more
easily and their effect becomes more prominent.

In Fig. 4(a) and (b), for each heating spot size, the experi-
mentally obtained temperature difference (the isolines) could

This journal is © The Royal Society of Chemistry 2017
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be satisfied by many different (D, R) pairs. So we could not
determine final results based on a single case. To determine
D and R, we combine the results from both cases as shown in
Fig. 4(c). For the sample of 3.6 nm thick MoS,, by the cross
point of the red (AT;00x) and blue (AT,x) dashed curves, we
could determine that D is 1.18 ecm” s™" and R is 6.15 x 10~®
K m> W', To better present the uncertainty of D and R, we
calculate the normalized probability distribution function (¥)
as ¥ = exp[—(x — %)*/(26°)], where x, %, and ¢ are the variable,
its average, and the standard deviation. In the (D, R) space, we
have ¥pr) = ¥ati, - Fary,, We use the value of ¥pp =
0.6065 corresponding to the ¢ confidence in the (D, R) space to
show the final result uncertainty. Finally, the deduced R is
6.157022 x 107 K m* W' and D is 1.18%)39 em® s™'. The
uncertainty of these two values is determined by ¥ gy distri-
bution as shown in Fig. 4(c). For example, to determine the
uncertainty of D, by letting ¥ (p¢26x10-5) = 0.6065 in the ¥ )
distribution and fixing the R value, we could obtain D, =
0.950 cm? s™! and Dy = 1.48 cm? s™'. The final results and
the uncertainty for the other three samples are summarized in
Table 2 and also plotted in Fig. 5.

Fig. 4(d) shows the calculated temperature rise distribution
in the 3.6 nm MoS, sample on the c-Si substrate under laser
heating with 20x and 100x objective lenses by the determined
D and R. For both cases, the temperature rise is quite uniform
in the thickness direction in MoS, because the sample is very
thin. Also the heat conduction/transfer along the thickness
direction in MoS, is much larger than that in the in-plane
direction. Besides, the temperature rise of c-Si is very small
because of its high thermal conductivity. For the 3.6 nm thick
MoS, sample, from the Raman experiment (AT = yyrr '), the
temperature rise is much smaller than that of MoS, as we dis-
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Fig. 5 (a) Interface thermal resistance (R), (b) hot electron diffusion
coefficient (D), corresponding electron mobility (x), and (c) the electron
diffusion length (Lp) of four MoS, samples. The inset of (c) shows the
bandgap energy (dark dot) of thin layers of MoS, from Yim et al.'s work.®
We did the exponential fitting (red curve) for the their results to extract
E4 values for our four MoS; samples. Little thickness effect on hot
carrier diffusion was observed here.
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cussed in the temperature calibration experiment section. So it
can easily conduct the heat away from the heating region.
Compared with the laser energy distribution, the temperature
distribution is out of the laser spot a lot, especially for the case
under the 100x objective. As discussed above, the diffusion
length Ly, is only 1/3 of the laser spot size under the 20x objec-
tive and around 1.5 times of that under the 100x objective.
This makes the hot carrier diffusion have a significant contri-
bution to our observations under the 100x objective.

As discussed above, during the diffusion process, electrons
(e) and holes (h) move as pairs due to the Coulomb attraction
between them. Therefore, the measured D is the ambipolar
diffusion coefficient, D = 2D.Dy/(D. + Dy), where Dey is the
unipolar diffusion coefficient of electrons (holes).’® In our
optical study, equal numbers of electrons and holes are gener-
ated. Besides, the effective masses of electrons and holes of
MoS, are comparable and even similar.”” Therefore, the
diffusion coefficients for both D, and Dy, are expected to be the
same. As a result, the measured value D can be approximately
treated as unipolar carrier diffusion coefficients of both elec-
trons and holes. In this thermalized system, the diffusion
coefficient is related to the mobility (x) by the Einstein
relation, D/kgT = u/q, where kg, T, and g are the Boltzmann con-
stant, temperature, and the amount of charge of each carrier.
For the 3.6 nm thick MoS, nanosheets sample, the measured
D corresponds to a mobility of y = 47.4 cm®* V' s™'. Here, we
assume that the carriers have a thermal distribution of 300 K
during the diffusion process because the energy relaxation
time is only several picoseconds.”® Our measured u is very
close to the literature values of 30-60 cm® V™' s™* for multi-
layer MoS, on Si0,,"® and ~70 cm® V™' s for multilayer MoS,
on AL,0,.*®

The interface thermal resistance we obtain here is in the
order of 6 x 107® K m> W' as summarized in Table 2. They
are lower than what we found in previous work, such as the
7.8 nm MoS, on ¢-Si with an R of 1.66 x 1077 K m* W™'.%> We
attribute this mainly to the fact that the samples we prepare
here have better interface contact due to our development
experience in sample preparation. Tang et al. found that the
loose (imperfect) contact at the interface could dramatically
reduce the interface thermal energy coupling.*®

4.4 Discussions

As reported before, one approach that could simultaneously
extract the thermal conductivity and interface thermal resist-
ance of supported 2D layered material has been developed by
exploiting the property of the laser beam.’® However, that
method cannot explain the results we observed in this work
because they did not consider the hot carrier diffusion
phenomena. For the purpose of non-contact detection, the
pump-probe technique has also been applied to study charge
carriers in MoS,*° and graphene nanosheets.””> The biggest
difference between the optical and electric measurement of
carrier mobility is that we do not need to cover the sample
(MoS, nanosheet) with a dielectric layer such as HfO,."® The
dielectric layer is believed to affect mobility because of the
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suppression of Coulomb scattering by the dielectric.’™*
Nevertheless, our optically measured mobility is still compar-
able to those with a dielectric top layer. As described above,
during the diffusion process, the electron-hole pair moves as a
unit so that the pair is electrically neutral. In this case, the
pair will not be influenced by the Coulomb scattering.>’

In our data processing by solving eqn (1) and (2), = takes
1 ns. The finally determined D is dependent on the 7 value. To
further elucidate this effect, we use a normalized hot carrier
concentration ¢ = AN/z to re-express eqn (1) and (2) as (by
neglecting the thermal activation term):

DtV — &4 da =0, (3)
kV2AT + (hv — Eg)®a + Eg& = 0. (4)

From the above equation, it is clear the term Dz can be
determined without the input of other hot carrier properties.
The carrier diffusion coefficient D is determined based on the
carrier lifetime z. However, the interface thermal resistance R
has no dependence on the carrier lifetime. The lifetime
diffusion length of the hot carriers is calculated from D and 7
as Lp = /zD. As summarized in Table 2, for the four samples
(3.6 nm, 5.4 nm, 8.4 nm, and 9.0 nm thickness), their L, are
determined as 0.344 pm, 0.327 pm, 0.346 pm, and 0.402 pm,
respectively. It is conclusive that the technology developed in
this work can firmly determine the lifetime diffusion length of
hot carriers. Their diffusion coefficient is dependent on the
lifetime data, which needs to be obtained from a separate
experiment. A recently published work found that the photo-
carriers in the C-exciton state are hot carriers with free-carrier
properties which could also transport energy.”> Under our
532 nm (2.33 eV) laser excitation, the high energy C-exciton
(transition optical band gap of C-excitonic transition for few-
layered MoS, is 2.70 eV (ref. 54)) could also be generated by
the up-conversion process but with relatively lower possibility
than that using a 400 nm (3.10 eV) laser. This C-exciton effect
is actually already included in our experimental model
because C-excitons will also contribute to the local tempera-
ture rise and energy transfer which is probed by Raman spec-
troscopy to identify the effect of the hot carrier diffusion in
our work.

As shown in Table 2 and Fig. 5, the R and D have a relatively
high uncertainty, especially for D. This is mainly caused by the
uncertainty from the linearly fitting of y,, and yr. Additionally,
the little thickness-dependent hot carrier diffusion coefficient
we find here may be attributed to the stronger effect of
Coulomb scattering or weaker in-plane electron-phonon inter-
action for thicker samples.’® As for the sample, we do not
reduce the thickness of MoS, nanosheets to a single layer due
to sample preparation difficulty. Under an optical microscope,
the single-layered MoS, has very weak visibility on the c-Si sub-
strate compared with that on the SiO, substrate. This makes it
extremely difficult to identify it for Raman study. Besides, for
single-layered MoS,, its larger bandgap (~1.8 eV) could poten-
tially reduce electron mobility®® and it is very sensitive to air
exposure which is so far believed to make it have a lower mobi-
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lity.”” Both experiment and analytic modeling have shown that
multilayered MoS, devices could have a higher mobility and
density of states under the same dielectric environment. Also,
they have a higher current limit and better manufacturability
compared with single layer devices.’®

5. Conclusions

In summary, we have developed a novel technology for the
determination of both the hot carrier diffusion coefficient (D)
and the interface thermal resistance (R) of sub-10 nm virgin
mechanically exfoliated MoS, nanosheets on the c-Si substrate.
The hot carrier effect on heat conduction by photon excitation,
diffusion, and recombination could significantly extend the
heating area size, especially when the laser focal spot size is
comparable to the hot carrier diffusion length. The laser focal
spot size was varied from 0.294 pm to 1.14 pm to change its
effect in heat conduction, and the resulting temperature rise
was measured by Raman spectroscopy. For our four sub-10 nm
MoS, samples (3.6, 5.4, 8.4 and 9.0 nm), their hot carrier
diffusion coefficient was measured as 1.18703%, 1.071337
1201934 and 1.627939 cm® s~ under a 1 ns hot carrier life-
time. A little thickness effect on hot carrier diffusion was
observed. In fact, this technology can firmly determine the hot
carrier diffusion length without knowledge of the lifetime. The
four samples’ hot carrier diffusion length was determined as
0.34470:051 (3.6 nm), 0.3275:032 (5.4 nm), 0.34675:045 (8.4 nm),
and 0.402739% pum (9.0 nm). The hot carrier diffusion coeffi-
cient study is conducted without applying an electric field or
electrical contact so the results could reflect the intrinsic pro-
perties of virgin 2D materials. We believe this non-contact and
non-invasive technique could also be used for carrier transport
and interface energy coupling study of other 2D materials.
There have been only a few reports regarding hot carrier trans-
port studies for MoS, nanosheets or the methods to exclude
the potential influence on the transport measurement caused
by the electrode. Also the results point out that for photon-
excitation based energy transport study in 2D materials, hot
carrier diffusion could play a big role in affecting the results,
especially when the excitation size is comparable to the hot
carrier diffusion length.
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