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1. Introduction

Currently, there is an increased research 
interest in 2D layered materials[1–10] 
because of their exciting layer dependent 
properties. For instance, transition metal 
dichalcogenides (TMDs) are semicon-
ducting layered materials which exhibit 
promising layer dependent optical and 
electronic properties.[11–15] For instance, 
one layer (1L) molybdenum diselenide 
(MoSe2) is a direct bandgap semicon-
ductor material with enhanced photolu-
minescence (PL) properties. On the other 
hand, 2L MoSe2 is an indirect bandgap 
semiconductor with low PL emission.[16,17] 
The remarkable layer dependent proper-
ties of TMDs suggest their potential to be 
used in nanoscale optical and electronic 
device fabrication.[18–27]

Temperature is found to alter optoelec-
tronic properties such as bandgap modu-
lation,[17] variation in phonon modes,[28–31] 
and tuning in carrier mobility[32–36] in 

nano materials. Therefore, it is important to investigate the 
layer dependent thermal variation in 2D TMDs in order to 
better control and optimize the performance of electronic 
devices. Recently, optical second-harmonic generation (SHG) 
have shown high sensitivity to lattice symmetry, therefore, SHG 
effect is used to probe lattice symmetry,[37] lattice variation,[31] 
strain direction and intensity,[38–40] and mechanical pressure[41] 
in 2D layered materials. Thermal variation causes significant 
structural variation in 2D TMD which makes SHG a poten-
tially useful and powerful tool to investigate thermal changes in 
ultrathin TMDs. In this work, we show SHG as a highly sensi-
tive tool to investigate the thermal variation in ultrathin TMDs. 
Moreover, an opposite SHG trend is observed for single layer 
and few odd layers (3L, 5L, 7L, etc.) of TMDs. In this regard, a 
remarkable SHG enhancement (25.8%) in single layer MoSe2 
is found with rise in temperature. On the other hand, few 
odd layers show considerable temperature dependent SHG 
quenching for 3L (-55.2%), 5L (-31.02%), and 7L (–18.4%) of 
MoSe2. Other TMD materials, like, MoS2, WS2, and WSe2 
show the similar trend which reveals an important structural 
characteristic for TMDs. Nonlinear susceptibility calculations  
considering thermal expansion behavior for single layer and 
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few layers TMD explains the layer dependent temperature 
dependent SHG behavior, which shows good agreement with 
the experimental findings. Our results show SHG as a powerful 
and sensitive probe to monitor thermal variation in layered 
TMDs.

2. Results and Discussions

In our experiment, few-layered MoSe2 flakes are mechani-
cally exfoliated onto a Si/SiO2 (275 nm) chip substrate using a 
scotch tape, following the prescription of Ref. [42–44]. MoSe2 
layers are identified by their color contrast on an optical micro-
scope as shown in Figure 1b. Variable colors contrast indicate 
height variation. Phase-shifting interferometry[45–49] is used 

to identify the layer number of ultrathin MoSe2 as shown in 
Figure S1a,b, Supporting Information. Confocal light micro-
scope (Zeiss 780) with 900  nm laser excitation is employed 
for second harmonic generation (SHG) (see methods sec-
tion for more details). SHG mapping of 1–8L MoSe2 at room 
temperature is done in order to check the layer dependent 
SHG response as shown in Figure  1c. Even layers of MoSe2 
belong to the centrosymmetric D3d space group, whereas 
odd layer number belongs to the non-centrosymmetric D3h 
space group, therefore, we get SHG signal from odd layer 
number, such as, 1L, 3L,5L, and 7L and we do not get SHG 
response from even layer number, such as, 2L, 4L, 6L, and 
8L (Figure  1d), consistent with the previous studies[37,38,50,51] 
which show SHG a sensitive probe to lattice symmetry. As 
SHG shows quadratic scaling behavior,[52–55] therefore, power 
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Figure 1. Layer dependent second harmonic generation in MoSe2. a) Schematic illustration of the SHG process, two photons of the same frequency ω 
merge into a single photon with double frequency 2ω. b) Optical microscopic image of 1–8L MoSe2 for second harmonic generation (SHG) mapping. 
c) SHG image of (b) showing the layer dependent SHG response (laser excitation: 900 nm). d) Column chart showing layer dependent SHG response 
of 1–8L MoSe2. Histogram shows the SHG intensity response, with variation in measurements indicated by the error bars. Power dependent SHG of 
e) 1L and f) 3L, 5L, and 7L. (Note: All the SHG measurements are taken at 900 nm laser excitation.)
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dependent SHG measurements are performed for all the odd 
layers (1L, 3L, 5L, and 7L) in order to confirm the existence 
of SH photons. The corresponding SHG signal responses 
for each odd layer were drawn with excitation power on a log 
scale[56–58] as shown in Figure 1e,f. The obtained slope values 
≈2.0 confirm the SHG.

In order to determine the temperature dependent SHG 
behavior, temperature controller equipped with liquid nitrogen 
and heating source is used to tune the temperature of the 
sample (for more details see Methods section). SHG inten-
sity mappings are performed at variable temperature set-
tings ranging from -130  °C to 110  °C for 1–8L MoSe2 using 
900  nm laser excitation as shown in Figure 2a–c. Even layers 
of MoSe2 do not show SHG response at all scanned tempera-
tures. Interestingly, single layer and few odd layers of MoSe2 
show opposite temperature dependent SHG behavior. SHG 
intensity of 1L MoSe2 increases with the temperature whereas 
few odd layers of MoSe2 such as, 3L, 5L, and 7L show the 
opposite trend. The measured temperature dependence of 
SHG fits linearly and α1, α3, α5, and α7 represent the slopes 
of the linear fitted lines for 1L, 3L, 5L, and 7L. The measure-
ments show α1  = 25.8±3.5 (brown), α3  = -55.2 ± 4.5 (green), 
α5 = -31.02 ± 4 (blue), and α7 = -18.2 ± 3 (purple) for MoSe2 as 
shown in Figure 2d (variation in values is indicated by the error 
bars). SHG slopes ratios α1/α3 (green), α1/α5 (blue), and α1/α7 
(purple) are shown in Figure  2e which show the increasing 
trend of α1/αn as layer number “n” increases.

The temperature dependent SHG investigation indi-
cates SHG is sensitive to thermal variation in MoSe2. In 
order to find the temperature dependent SHG behavior with 
other layer dependent TMDs, we performed temperature 
dependent layer dependent SHG measurements for layer 

dependent WSe2, WS2, and MoS2 at the same laser excita-
tion that is, 900  nm (Figure  3a–e). SHG mappings indicate 
that temperature dependent SHG for other TMDs shows 
the similar behavior like thermal investigation in MoSe2. For 
instance, SHG response of 1L WSe2 increases with the tem-
perature whereas 3L WSe2 show a decreasing SHG response 
(Figure  3a,b). Similarly, SHG intensity for higher few layers 
such as 5L, 7L decreases with the rise in temperature. Layer 
dependent WS2 (Figure  3c,d) and MoS2 (Figure  3e) show the 
similar trend. Here, we find the temperature dependent SHG 
slope values as under; α1 = 63.12 ± 7.00, α3 = -33.22 ± 5.16, and 
α5  = -29.74 ± 4.98 for WS2, α1  = 18.29 ± 2.91, α3  = -25.72 ± 
3.93, α5 = -21.51 ± 4.07, and α7 = -14.02 ± 3.28 for WSe2, and 
α1 = 93.03 ± 8.91, α3 = -57.99 ± 6.84, α5 = -52.89 ± 6.46, and 
α7 = -43.97 ± 4.22 for MoS2 (Figure 3f). Temperature dependent 
SHG slope ratios (1L to 3L, 5L, and 7L) indicate α1/α3 = 1.9 ± 
0.165 and α1/α5  = 2.18 ± 0.18 for WS2, α1/α3  = 0.71 ± 0.068, 
α1/α5 = 0.85 ± 0.075, and α1/α7 = 1.304 ± 0.115 for WSe2, and 
α1/α3  = 1.6 ± 0.1, α1/α5  = 1.76 ± 0.11, and α1/α7  = 2.11 ± 0.16 
for MoS2 as shown in Figure 3g which show similar tempera-
ture dependent SHG behavior for other TMDs. As temperature 
dependent SHG behavior for other TMDs is found similar and 
SHG response is sensitive to variation in lattice structure, SHG 
behavior indicates an important structural characteristic for 
TMDs. Therefore, we explore the thermal expansion behavior 
of TMDs to understand and explain the temperature dependent 
SHG in TMDs layers.

The optical field of the SHG is proportional to the non-
linear optical susceptibility; therefore, the relation between 
SHG intensity and crystal lattice can be shown by calculating 
second order nonlinear susceptibility considering thermal 
expansion in layer dependent TMDs. Phase matching is an 
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Figure 2. Temperature dependent SHG of layered MoSe2. a) Second harmonic mapping of 1–8L MoSe2 sample at -90 °C and 110 °C. Temperature 
dependent SHG response of b) 1L and c) 3L, 5L, and 7L, where dashed lines indicate the linear fits; α1, α3, α5, and α7 indicate the slopes of the linear 
fit dashed lines for 1L, 3L, 5L, and 7L. d) Layer dependent temperature dependent SHG slope values (α1, α3, α5, and α7). The variation in the measure-
ments is indicated by the error bars. e) SHG slope ratios (α1/α3), (α1/α5), and (α1/α7) for MoSe2. (All the SHG measurements are taken at 900 nm 
laser excitation.)
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important condition for SHG efficiency, therefore, conven-
tional nonlinear materials have certain limitations for usage in 
future nonlinear photonic devices[59–62] due to phase matching 
issues. Extraordinary SHG discovery in 2D TMDs including 
monolayer/multilayer MoS2,[37,63,64] MoSe2,[65] WS2,[56] and 
WSe2

[66] is interesting which is attributed to their perfect phase 
matching.[59] Because 2D TMDs have a thickness far below the 
optical coherence length,[51,59] thus eliminating the requirement 
for phase matching for ultrathin TMDs and hence, for their 
small thermal expansion (≈10-5–10-6 K-1).[67,68] In this regard, we 
employ first-principles density functional theory (DFT)[69] using 
simulation code Abinit to calculate the second order nonlinear 
susceptibility Iχ (-2ω, ω, ω).[56] Exchange-correlation function 
within the local density approximation[70] and a k-point sampling 
for the Brillouin zone integration are used . An energy cutoff 

of 52Ry for the plane wave basis and a k-point sampling of 30 
× 30 × 1 is applied in the simulation. A vacuum layer thicker 
than 10 Å is added to avoid the mirror interaction. Dynam-
ical stability of the crystal structures is confirmed by phonon 
dispersion from density functional perturbation theory calcula-
tions. We speculate that thermal expansion behavior in TMD 
layers might lead to the opposite SHG responses in 1L and few 
odd layers of TMDs. Few layers and bulk TMDs, with weak van 
der Waal forces (X-X) between vertically stacked layers, show 
higher thermal expansion than 1L TMDs in interlayer direc-
tion.[71] Therefore, we consider van der Waal gap during thermal 
expansion behavior in few odd layers of TMDs. In 1L MoS2, 
vertical lattice parameter is represented by “d” or (SMoS) 
bond length and horizontal lattice parameter is represented by 
“a” 1L MoS2 (TMD) as shown in Figure 4a. Lattice parameters 
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Figure 3. Temperature dependent SHG of other layered transition metal dichalcogenides (TMDs). a) Optical microscope image of 1–3L WSe2 sample 
used for SHG mapping. b) Temperature dependent SHG mapping of WSe2 at -194 °C and 70 °C. c) Optical microscope image of 1–3L WS2 sample.  
d) Temperature dependent SHG mapping of WS2 sample at -120 °C and 20 °C. e) Temperature dependent SHG mapping of the sample at -50 °C and 
70 °C. (Note: All scale bars indicate 5 µm length, laser excitation = 900 nm) f) Layer dependent temperature dependent SHG slope values (α) for WS2, 
WSe2, and MoS2. g) SHG slope ratios for WSe2, WSe2, and MoSe2. A variation in measurements is indicated by the error bars.
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increase with the rise in temperature. Thermal expansion of 
the vertical lattice parameter (d) is reported to be greater than 
thermal expansion of horizontal lattice parameter (a).[72] There-
fore, we have calculated the second order nonlinear suscepti-
bility Iχ (-2ω, ω, ω) (mV) of 1L MoS2 for three cases; (i) free 
1L MoS2, (ii) 4% increase in d, and (iii) 1% increase in a. DFT 
calculations show that nonlinear susceptibility (Iχ) decreases 
as horizontal lattice parameter (a) increases whereas nonlinear 
susceptibility (Iχ) shows an enhancement with increase in d 
(Figure 4b) which explains the SHG enhancement with temper-
ature in 1L TMDs. Few layers in TMDs are under the influence 
of interlayer attraction forces from other layers which are of 
van der Waal’s type.[73–76] Therefore, in comparison with 1L, few 
layers and bulk TMDs are reported with comparatively higher 
out-of-plane expansion coefficient as compared to in-plane 
expansion coefficient.[71,72] This directional dependence thermal 

expansion behavior can lead to variable lattice symmetries for 
1L and few odd layers of TMDs showing us the opposite SHG 
behavior for 1L and few layers TMDs. This interlayer attraction 
due to SS bond length is represented by van der Waal’s gap 
d2 as shown in Figure  4c. On the other hand, d1 indicates the 
vertical intralayer attraction due to SMS bond length. Van 
der Waal forces of attraction are considered weak forces of 
attraction as compared to intralayer forces of attraction, there-
fore, d2 is expected to increase considerably greater than d1 with 
temperature increase. We have calculated the second order non-
linear susceptibility Iχ (-2ω, ω, ω) (mV) for few layers of MoS2 
for three cases; (i) free few layer MoS2, (ii) 4% increase in d1, 
and(iii) 8% increase in d2. nonlinear susceptibility calculations 
show that Iχ (-2ω, ω, ω) decreases as d2 increases for few layers 
MoS2 as shown in Figure  4d. The considerable increase of d2 
with temperature shows SHG quenching. Thus, the calculated 
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Figure 4. Temperature dependent nonlinear susceptibilities in 1L and 3L of TMDs. a) 1L MoS2 (side view) showing intralayer attraction as represented 
by (SMS) bond length d (side view) and lattice constant a (top view). As temperature increases, d increases greater than a. b) Second-order non-
linear susceptibility calculation for 1L with 4% increase in d shows enhancement in nonlinear susceptibility response as compared to free 1L. c) Few 
layer MoS2 showing intralayer attraction as represented by (SMS) bond length d1 and van der Waal gap d2 between two layers. As temperature 
increases, d2 increases greater than d1. d) Second-order nonlinear susceptibility calculation for few layers with 8% increase in d2 shows quenching in 
nonlinear susceptibility as compared to free few layers.
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results of 1L and few layers for temperature dependent second 
order nonlinear susceptibility show good agreement with our 
experimental findings.

3. Conclusion

In conclusion, we have shown that SHG response is highly sen-
sitive to temperature modulation in 2D TMD. Temperature var-
iation in ultrathin TMDs is found to tune SHG response which 
has variable trend for single layer and few odd layers (3L, 5L, 
7L, etc.) of TMDs. 1L MoSe2 shows remarkable SHG enhance-
ment (25.8%) in single layer MoSe2 with temperature increase. 
On the other hand, few odd layers show considerable SHG 
quenching which is found to be -55.2%, -31.02%, and -18.4% 
in case of 3L, 5L, and 7L of MoSe2. Other TMDs materials, like 
MoS2, WS2 and WSe2 show the similar trend which reveals an 
important structural characteristic for TMDs. Second order 
nonlinear susceptibility calculations considering weak van der 
Waal forces during thermal expansion in ultrathin TMDs show 
good agreement with the experimental findings. Our results 
would pave the way to enable novel applications of TMDs in 
nonlinear optical devices.

4. Experimental Section
Sample Fabrication: The SHG measurements were performed on 

Zeiss 780 Confocal Microscopy with repetition rate ≈ 80 MHz and 150 fs 
pulse width (Ti:sapphire) tunable pulse. SHG measurements were taken 
at 900 nm laser excitation. The reflected SH signal was collected by the 
same objective, separated by a beam splitter and filtered by suitable 
optical filters to block the reflected fundamental radiation. The SH 
character of the detected radiation was verified by its wavelength and 
quadratic power dependence on the pump intensity. For temperature 
dependent measurements, the sample was placed into a Linkam THMS 
600 chamber. A temperature controller equipped with a heating source 
(thermos-couples) and cooling source (liquid nitrogen) was used to 
control the temperature of the sample.
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