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The twist angle in transition metal dichalcogenide heterobilayers is a compelling degree of freedom that
determines electron correlations and the period of lateral confinement of moiré excitons. Here we perform
polarization-resolved second harmonic generation (SHG) spectroscopy of MoS2/WSe2 heterostructures. We
demonstrate that by choosing suitable laser energies the twist angle between two monolayers can be measured
directly on the assembled heterostructure. We show that the amplitude and polarization of the SHG signal from
the heterostructure are determined by the twist angle between the layers and exciton resonances at the SH energy.
For heterostructures with close to zero twist angle, we observe changes of exciton resonance energies and the
appearance of new resonances in the linear and nonlinear susceptibilities.

DOI: 10.1103/PhysRevB.105.115420

I. INTRODUCTION

The optical and electronic properties of van der Waals
(vdW) materials can be tuned by adjusting the twist an-
gle for bilayer heterostructures [1,2]. A moiré superlattice
forms by stacking two transition metal dichalcogenide (TMD)
monolayers with a finite twist angle and/or different lattice
constants [3]. This periodic pattern can host new quan-
tum phenomena in two-dimensional heterostructures [4] and
homobilayers. Correlated states and superconductivity are in-
vestigated in twisted bilayer graphene [5] and TMDs [6–9],
interlayer excitons trapped in strain-induced [10] and moiré
[11–13] potentials, hybridization of excitons [14–17] and first
hints of collective phenomena such as condensation [18–20].

Nonlinear optics describes the interaction of photons
within a nonlinear medium [21]. In the limit of high light
intensities, second harmonic generation (SHG) can emerge
where two photons of identical energy combine into one
photon of twice this energy [22,23]. Potassium dihydrogen
phosphate and lithium niobate (LiNbO3) [24] are two widely
known examples of crystals for SHG applications in photonics
and laser physics. Other applications include II-VI and III-V
semiconductors [25–28], magnetic- and nonmagnetic layered
materials [29–35], nanotubes [36], and antiferromagnetic ox-
ides and perovskites [37,38].
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Polarization-resolved SHG measurements (PSHG) allows
determining the crystallographic orientation of monolayers,
as well as the twist angle and charge transfer dynamics in
bilayer heterostructures [39–45]. The SHG intensity reaches a
maximum value when the electric field vector of the excitation
laser beam is parallel to the armchair orientation of TMD
monolayers according to the nonlinear susceptibility tensor
χ (2) of the D3h point group [46,47].

The twist angle between two monolayers in a heterostruc-
ture is usually measured by PSHG experiments on the
constituent monolayers and not on the heterostructure region
itself [10,12,44,48,49]. This approach has several drawbacks,
as monolayer drift and rotation are possible during the as-
sembly process. In addition, strain and lattice reconstruction
can naturally occur due to the interaction between the layers
[9,50], depending on the twist angle and lattice mismatch
between the monolayers [1,51]. Direct information from the
assembled bilayer region is therefore needed.

Here, we perform SHG spectroscopy and PSHG with a
tunable laser on several MoS2/WSe2 heterostructures with
different twist angles. Our target is to obtain information from
the individual layers in the already assembled device in order
to control the overall SHG response. The investigated het-
erobilayer system is relevant for optoelectronic applications
extending to the infrared and also as a versatile platform for
moiré physics [52–56]. We vary the fundamental laser energy
(EL) and we collect the amplitude of the SHG in the energy
range across the A and B exciton states. The energies pre-
sented in this work correspond to twice the fundamental laser
energy (2 × EL). We tune the interference between the SHG
signals from the constituent monolayers. We show that the
contribution of each monolayer to the global SHG signal from
the bilayer strongly depends on energy: For the individual
monolayers, we observe orders of magnitude enhancement of
the SHG intensity when twice the laser excitation energy is
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FIG. 1. SHG spectroscopy on monolayers and heterostructure region. (a) Differential reflectivity (red line) and wavelength-dependent SHG
of 1L-MoS2. For the SHG spectra, the energy in the x axis corresponds to twice the fundamental laser energy (2 × EL). (b) Polar plot of SHG
in 1L-MoS2 at 2 × EL = 1.92 eV. We measure over an angle range of 120◦ and generate the rest of the plot by repeating the data. (c) Same
as panel (a) but for 1L-WSe2. (d) Same as panel (b) but at 2 × EL = 1.72 eV in 1L-WSe2. (e) Schematic drawing of the different areas of the
heterostructure with access also to monolayer regions. The twist angle θt is indicated. (f) Same as panels (a) and (c) but for the heterostructure
region. (g) Polar plots for the heterostructure region but at two different values of EL: blue triangles for 2 × EL = 1.72 eV and black circles for
2 × EL = 1.92 eV. All the polar plots are fitted with a cos23(θ − θ0 ) function (red lines), where θ is the angle of the pump laser polarization
and θ0 is a free parameter to extract the armchair orientation with respect to the laboratory axis (here the x axis).

tuned to the A1s exciton of each monolayer alone (these res-
onances are well separated in energy: 1.72 eV for monolayer
WSe2, 1.92 eV for MoS2).

When investigating the heterobilayer with a twist angle
θt , by varying the laser energy, we distinguish three main
scenarios.

(i) The SHG signal from the bilayer is dominated by WSe2

at 2 × EL = 1.72 eV, as the MoS2 SHG contribution at this
energy is orders of magnitude weaker.

(ii) At 2 × EL = 1.92 eV, the SHG from the heterobi-
layer is dominated by MoS2 and the WSe2 contribution is
negligible.

(iii) When 2 × EL is in resonance with a continuum of
states from the heterobilayer band structure, the SHG signal
of the bilayer can be seen as the interference of two plane
waves.

This approach based on tuning 2 × EL to different exciton
resonances allows accessing information on the crystal-
lographic orientation of the individual monolayers in a
heterostructure; i.e., our experiments allow us to extract in-
formation on twist planes in an assembled vdW stack [57].

For the heterostructure sample with close to 0◦ twist angle
we observe enhancement in the SHG intensity at very different
exciton resonance energies as compared to the large twist
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angle sample, possibly linked to strain, the hybridization of
the electronic states, or the formation of moiré minibands
[49,52,58–60]. We believe our results can be directly ap-
plicable to many multilayer systems with distinct exciton
states [1].

II. RESULTS

We investigate three heterobilayers, HS1–HS3, with differ-
ent twist angles θt between WSe2 and MoS2. The structures
share the same MoS2 monolayer and the same hexagonal
Boron Nitride (hBN) encapsulation (top and bottom) to allow
isolating changes due to the twist angle only (see schematics
in Fig. 1(e) and Supplemental Material A for optical micro-
scope image [61]). For SHG spectroscopy we use a pulsed
Ti:sapphire laser source coupled to an optical parametric os-
cillator (OPO) and we scan the fundamental laser energy
(i.e., EL) over the energy range that the SHG corresponds to
the main optical transitions. Experiments are performed at a
temperature of T = 5 K in vacuum in a confocal microscope
(excitation/detection spot diameter of the order of the wave-
length) (see Ref. [2] and Methods).

A. SHG comparison monolayers versus heterobilayers

In Figs. 1(a) and 1(c) we plot SHG spectra from the MoS2

and WSe2 monolayers for laser energies between 2 × EL =
1.6 to 2 eV in steps of ≈3 meV between two adjacent spectra.
Each SHG spectrum is composed of a single peak that corre-
sponds to a separate data acquisition for each excitation laser
energy EL (see Supplemental Material B for experimental de-
tails on SHG spectroscopy [61]) [62]. For 1L-MoS2 the SHG
amplitude is strongly enhanced at 1.92 eV, and for 1L-WSe2

it is strongly enhanced at 1.72 eV. Comparing SHG spectra
with white light reflectivity (see Methods) plotted in the same
panels in Figs. 1(a) and 1(c), we conclude that the maxima
in the SHG amplitude occur when 2 × EL is resonant with
intralayer A excitons (i.e., Coulomb-bound electron-hole pairs
within the same layer) [33,63]. The excitonic contribution to
the SHG intensity can be orders of magnitude higher than
the intrinsic contribution from the crystal, as reported for
TMD monolayers and other material systems [27,32,37,64–
67]. It has been suggested that the D3h point symmetry of
TMD monolayers leads to a mixing between s- and p-shell
excitons making them active in both single- and two-photon
processes [65].

For the MoS2 monolayer we perform PSHG at the
A-exciton resonance (2 × EL = 1.92 eV) to extract the crys-
tallographic orientation [see Fig. 1(b)]. We measure the SHG
amplitude as a function of the linearly polarized excitation
angle with respect to the in-plane crystallographic orientation
(see Supplemental Material C for details on PSHG [61]) and
we present the results in a polar plot in Fig. 1(b). We repeat the
corresponding experiment for the WSe2 monolayer by tuning
now the laser energy in resonance with the corresponding A
exciton (2 × EL = 1.72 eV) and perform PSHG [see polar
plot in Fig. 1(d)]. For both PSHG measurements on mono-
layers the measured SHG integrated intensity modulation can
be fitted with a cos23(θ − θ0) function, where θ is the angle of
the laser polarization and θ0 is a free parameter to extract the

armchair orientation with respect to the laboratory axis (here
the x axis) [68]. Based on the relative armchair orientation,
we determine a twist angle (θt = 21.45 ± 0.39◦) between the
individual monolayers (see Supplemental Material C for a
discussion on the error bars [61]).

For the measurements in Fig. 1(f), we place the
excitation/detection spot on the heterobilayer region of HS1
where MoS2 and WSe2 overlap [see red arrow in Fig. 1(e)],
and we perform SHG spectroscopy. The results in Fig. 1(f)
show strong resonances at the energies of the intralayer A
exciton of WSe2 (1.72 eV) and MoS2 (1.92 eV), respectively.
Note that the overall nonlinear response of the A-excitonic
resonances appears broader in the heterostructures [full width
at half maximum (FWHM) ≈ 15 meV, see Fig. 1(f)] compared
to the bare monolayers [FWHM ≈5 meV, see Figs. 1(a) and
1(b)]. This can be due to fast charge transfer processes due to
the type-II band alignment [69] or/and disorder (i.e., strain,
impurities) introduced by the additional transfer steps.

In a second step, we tune 2 × EL on the WSe2 intralayer
exciton resonance and we perform PSHG [see blue data
points in Fig. 1(g)]. Then we change the laser energy to
2 × EL = 1.92 eV and perform PSHG experiments [see black
data points in Fig. 1(g)]. Comparing the two data sets we
see two very distinctive polar plots using two different val-
ues of EL, although we carried out the measurements at the
same spot of the heterobilayer. We extract a twist angle of
θt = (29.82 ± 0.41)◦ between the two polar plots in Fig. 1(g),
an angle slightly larger than determined for the separate
monolayer orientations, possibly indicating a rotation of the
WSe2 layer during the assembly process (see Supplemental
Material D for discussion on the angle mismatch [61]). If we
compare the PSHG from the heterobilayer with the monolayer
measurements, we find that for the heterostructure the WSe2

contribution totally dominates at 2 × EL = 1.72 eV, whereas
at 2 × EL = 1.92 eV the MoS2 contribution is predominant
(see more quantitative analysis in the Sec. III). The intralayer
A-exciton states of WSe2 and MoS2 have a distinct contribu-
tion in the SHG response of the heterostructure. As a result,
for certain energies one of the two constituent monolayers
will exclusively contribute to the SHG signal. So by varying
the laser energy on an already assembled heterostructure we
can determine in situ the crystallographic direction of the
constituent layers. This has important implications, as the
twist angle determines band structures and hence electrical
and optical properties.

We did not scan the lower energy range for interlayer ex-
citons, as in SHG spectroscopy and linear absorption mainly
direct transitions with high oscillator strength are visible.

B. SHG spectroscopy for heterobilayers with different
twist angles

Our next target is to investigate the SHG response as a
function of twist angle as shown in Fig. 2 for three different
heterostructures. We show in Fig. 2(a) an extended scan of the
results from Fig. 1(f) on HS1. We reveal at energies 2 × EL >

2.05 eV an onset of a continuum of states. In Fig. 2(b) we
cover the same energy range but investigate a different WSe2

layer on top of MoS2 in HS2 (see Supplemental Material A for
sample images [61]). We perform for HS2 PSHG at 2 × EL =
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FIG. 2. SHG spectroscopy and polarization-resolved SHG for three different MoS2/WSe2 heterostructures. From top to bottom: Differen-
tial reflectivity (red lines) and wavelength-dependent SHG of (a) HS1 studied in Fig. 1, (b) HS2, and (c) HS3. For the SHG spectra, the energy
in the x axis corresponds to twice the fundamental laser energy (2 × EL). The A-exciton states of MoS2 and WSe2 are indicated with black and
blue shaded regions, respectively. The respective polar plots when twice the excitation energy is in resonance with the corresponding A excitons
of MoS2 (black) and WSe2 (blue) are shown in panels (d), (e), and (f). Schematic representation of the moiré pattern of 1L-MoS2/1L-WSe2

heterostructures with twist angles θt of (g) HS1 = 29.8◦, (h) HS2 = 4.3◦, and (i) HS3 = 0.8◦. The extracted moiré period is 0.62, 3.84, and
8.45 nm, respectively. Regions with main excitonic transitions are shaded blue and gray. A magenta stripe is shown at 2.1 eV to indicate 2 × EL

used for the experiments presented in Fig. 3.

1.72 eV [blue data in Fig. 2(e)] and 2 × EL = 1.92 eV [black
data in Fig. 2(e)]. Also for HS2 we obtain two very differ-
ent angle dependencies at these different laser energies. This
allows us to extract in situ a twist angle between the layers
of θt = (4.33 ± 0.51)◦, in very good agreement with the twist
angle extracted from the orientation of the monolayer parts
outside the heterostructure region (see Supplemental Material
D [61]). The SHG spectroscopy results obtained throughout
these studies for HS1 and HS2 are very consistent in terms
of exciton resonances and continuum onset; the different twist
angle θt is the most striking difference between HS1 and HS2.

In Figs. 2(g)–2(i) we plot monolayer WSe2 on top of
monolayer MoS2 for different twist angles in an idealized
lattice configuration (ignoring lattice reconstruction). By con-
sidering the lattice mismatch between MoS2 and WSe2, we
graphically extract the periodicity of the moiré superlattice
to be 0.62 and 3.8 nm for twist angles that correspond to
HS1 and HS2, respectively. Interestingly, due to the large
lattice mismatch of 3.7%, also a zero degree twist angle
results, in principle, in the formation of a periodic moiré land-
scape (period ≈8.5 nm). Quantum-confined electronic states
and moiré patterns in MoS2/WSe2 heterobilayers have been

observed previously using spectroscopy techniques and elec-
tron microscopy [52,55].

For HS3 with close to zero twist angle, we measure a very
different response in linear and nonlinear optics as compared
to the larger twist angle samples, namely, (i) in both differ-
ential reflectivity and SHG spectroscopy the main resonances
are strongly red-shifted by 40 meV, and (ii) for HS3 in the
energy range 2 × EL from 1.9 to 2.05 eV a strong SHG signal
amplitude is recorded. In contrast, over this energy range the
signal for the other structures HS1 and HS2 is close to zero.
Both observations indicate that the band structure for HS3 is
altered as compared to HS1 and HS2. In order to perform
PSHG on intralayer excitons, we tune the laser energy to the
red-shifted resonance energies at 1.68 and 1.88 eV clearly
visible in Fig. 2(c); the corresponding angle-dependent data
are plotted in Fig. 2(f). As expected for a sample with close
to zero (or 60◦) twist angle, the two sets of data are oriented
along the same axis. As for HS3, we find an SHG signal
amplitude that is, in general, roughly equal to the sum of the
measured monolayer SHG amplitudes (for 2 × EL = 2.1 eV);
we conclude that the zero degree twist angle corresponds to
R-type and not H-type (i.e., 60◦) stacking [39].
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C. SHG polarization control

In addition to the main intralayer exciton resonances, we
also investigated the SHG response at other energies that
contain crucial information on the heterostructure. In Fig. 3
we plot the PSHG results for the measurements at 2 × EL =
2.1 eV in the continuum of states for HS1–HS3, indicated
by a magenta stripe in Figs. 2(a)–2(c). The results are very
different compared to the SHG close to intralayer exciton
resonances: for HS1 we find that the signal is maximized
along an axis that is neither aligned with MoS2 nor with
WSe2, compare black and blue lines with magenta spheres
in Fig. 3(a). Here, the black and blue dashed lines correspond
to the armchair orientation of MoS2 and WSe2, respectively.
A striking feature is that the signal does not go to zero, so
we have a strongly changed minimum to maximum SHG
signal ratio as a function of the polarization angle for this
measurement. This is a signature of elliptically polarized SHG
emission [43,70], in contrast to the linearly polarized SHG
plotted in Figs. 2(d)–2(f) of the same heterobilayer sample but
at lower laser energy.

For HS2, PSHG measurements also result in a slightly
shifted polar plot as compared to the monolayer orienta-
tions, but now the minimum to maximum SHG signal ratio
is close to zero, indicating close to linear polarization. From
our measurements we determine an angle for the polariza-
tion maximum in-between the MoS2 and WSe2 armchair
directions.

For HS3 close to zero twist angle [θt = (0.79 ± 0.53)◦],
the PSHG results show linearly polarized light, and not el-
liptically polarized light. For the three heterostructures at
2 × EL = 2.1 eV, we use the twist angle, individual layer
contributions, and phase differences to fit the measured data
with a very simple plane wave model [43] (see Sec. III).

III. DISCUSSION

First, we discuss for HS3 with θt = 0.8◦ twist angle pos-
sible origins of the redshift of the main intralayer excitonic
transitions and the appearance of new resonances, which
still need further investigation. Comparing with the litera-
ture, our observations are in agreement with emergent moiré
superlattice exciton states when the two lattices are closely
aligned. This has been previously observed using reflectivity
and photoluminescence excitation experiments in WS2/WSe2

heterostructures [49] where the lattice mismatch of 4% is
very similar to that of MoS2/WSe2 with 3.7%. In a study
that combines spectroscopy with density functional theory,
a large in-plane strain variation across the moiré unit cell
of the MoS2/WSe2 heterobilayer has been proposed [58],
leading to energy shifts. The important role of strain for
the MoS2/WSe2 heterobilayer is also shown when inves-
tigating interlayer exciton formation [60]. In reconstructed
WSe2/WS2 moiré superlattices quantitative studies of moiré
flat bands are reported by comparing scanning tunneling
spectroscopy of high-quality exfoliated TMD heterostructure
devices with ab initio simulations of TMD moiré superlat-
tices. Also, in these studies large in-plane strain redistribution
is identified in WSe2/WS2 moiré heterostructures linked to

(a)

(b)

(c)

FIG. 3. Polarization-angle-dependent SHG and fitting. Using
higher excitation energies (2 × EL = 2.1) eV for (a) HS1, (b) HS2,
and (c) HS3. Experimental points are presented with magenta
spheres and the fitting of the total SHG signal is shown in green
lines. The twist angle values θt used in Eq. (1) for the total fit are
the experimental values 29.8◦, 4.3◦, and 0.8◦ for HS1, HS2, and
HS3, respectively. The amplitude ratio L1(MoS2):L2(WSe2) is 1.5,
1, and 0.6, while the phase, ϕ, is kept at 79◦ in all cases. The SHG
modulation of the individual layers that construct the total SHG is
shown in black and blue lines for MoS2 and WSe2, respectively. For
HS1 (a) where there is a finite minimum to maximum ratio due to
the phase shift and large twist angle, a fitting with zero phase shift is
shown as a dashed red line for comparison.
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three-dimensional buckling [59]. Furthermore, using the same
approach as Refs. [47,62,71], we find that the second-order
sheet susceptibility, χ

(2)
sh , and SHG power on the A-exciton

resonances of the three heterostructures are on the order of
10−20 m2/V and tens of femtowatts, respectively (see Sup-
plemental Material B for comparison of χ

(2)
sh values [61]).

However, in the case of aligned MoS2/WSe2 heterostructures
(HS3), a noticeable decrease of χ

(2)
sh is observed, possibly due

to partial transfer of the oscillator strength from intralayer
A-exciton states to hybridized/moiré states [14].

Second, we analyze the main experimental findings for
the samples with nonzero twist angle, HS1 and HS2. The
main observations are linearly polarized SHG for the spe-
cific case of 2 × EL in resonance with the intralayer exciton
resonances, where the polarization axis is aligned with the
armchair direction of the monolayer whose exciton resonance
was addressed. We then show that at higher laser energies the
SHG from the heterostructure is elliptically polarized for HS1
and close to linearly polarized for HS2, with a polarization
axis away from the monolayer orientations.

An interesting analysis of SHG from homobilayers with
different twist angle is given in Ref. [39]. The situation is
more complex in heterobilayers, where both monolayers have
finite, yet different, contributions in the total SHG signal, as
discussed in Ref. [43]. As a result, the minimum to maximum
SHG signal ratio (i.e., minor to major axial ratio of polariza-
tion, ρ) can change considerably for large twist angles [e.g.,
see Fig. 3(a)]. The combination of a phase difference between
the two fields and a finite twist angle introduce an elliptical
polarization in the total field [70]. To go further in our analy-
sis, we adopt the simple approach proposed in Ref. [43] based
on the interference of plane waves, which does not explicitly
include any layer hybridization. In a PSHG experiment on a
heterobilayer, the parallel component of the SHG signal can
be expressed as

IP = L2
1 cos2(3ϑ ) + L2

2 cos2[3(θt − ϑ )]

+ 2L1L2 cos(3ϑ ) cos[3(θt − ϑ )] cos ϕ, (1)

where L1 and L2 are the SHG amplitudes of the first and
second monolayer, ϑ is the relative angle between the fun-
damental (laser) polarization and the armchair direction of the
monolayer, θt is the twist angle, and ϕ is the phase difference
between the two SHG fields. In our experiment we vary ϑ by
rotating a superachromatic half-wave plate (see Supplemental
Material C for experimental details [61]).

In the experiments presented here, we bring together very
specific conditions that allow us to vary SHG signals from a
heterobilayer described by Eq. (1).

(i) We use a diffraction-limited detection/excitation spot
size, so we can compare monolayer and heterostructure re-
sponse without spatial overlap as the spot size is smaller than
the lateral dimensions of the sample regions.

(ii) Our tunable source is a picosecond laser and has a
narrow spectral FWHM of typically 4 meV.

(iii) We perform experiments at low temperature in high-
quality hBN encapsulated structures, which results in spec-
trally narrow (few meV FWHM) exciton transition linewidth
[72] (see Supplemental Material A for photoluminescence

spectra [61]) and allows us to address individual optical reso-
nances in the two layers.

(iv) A-exciton resonances in WSe2 and MoS2 lie spec-
trally 200 meV apart, allowing us to target them separately.

By carefully adjusting experimental parameters (i) to (iv)
we can control the SHG signal of the heterostructure. Linear
polarization of the SHG signal from the heterobilayer can
occur for several configurations.

(1) Linear polarization can occur by tuning the 2 × EL into
resonance with the A-exciton state of one of the two mono-
layers. Then, independently of the twist angle, IP reduces to a
single cos2(3θ ) term since the SHG from the selected mono-
layer will dominate and either L1 or L2 are zero in Eq. (1).
This allows us to describe the results in Figs. 2(e) and 2(f) and
also in Fig. 1(g).

(2) At energies where both monolayers contribute to the
SHG signal (i.e., both L1 and L2 �= 0) and for nonzero twist
angles, linear polarization occurs if the phase difference ϕ = 0
[see red dashed curve in Fig. 3(a)].

(3) In the case of aligned heterostructures (see HS3 with
θt � 0◦) the polarization of the total SHG field is always
linear.

In order to generate elliptical polarization as observed for
HS1, both the twist angle θt and the phase shift ϕ need to be
nonzero in Eq. (1). In the polarization-dependent plots, as a
function of ϑ in Fig. 3(a) elliptical polarization results in a dif-
ferent ρ. For instance, in HS1 the twist angle is large (≈30◦)
and the minimum to major axial ratio is 1 order of magni-
tude different when we compare 2 × EL = 1.92 eV [Fig. 2(d),
ρ � 0.03:1] with respect to 2 × EL = 2.1 eV [Fig. 3(a), ρ �
0.39:1]. For the fits in Figs. 3(a)–3(c) based on Eq. (1) we use
the twist angle determined beforehand for each HS. We treat
the amplitudes L1 and L2 and the phase ϕ as fitting parameters
in HS1 and then we use the same phase for HS2 and HS3;
the results are summarized in the caption of Fig. 3. Our target
here is not to quantify the phase ϕ, but to demonstrate that the
total SHG signal from a twisted heterostructure can be either
linearly or elliptically polarized, depending on whether both
monolayers contribute to the overall signal. Spectral phase
interferometry can be employed to measure ϕ, as has been
demonstrated elsewhere (see Ref. [43]). The elliptical polar-
ization we experimentally obtain for HS1 at 2 × EL = 2.1 eV
indicates exciton resonances from either layer at this energy
which have a different phase [73]. This could possibly be ex-
plained by different contributions from intralayer B excitons
of WSe2 and MoS2 monolayers at this energy [74–76].

For small and close to zero twist angles of HS2 and HS1
the experimentally measured polarization of the SH is close
to linear as expected from Eq. (1), so fit parameters are not
uniquely defined, as varying the amplitude ratio and the phase
has numerically the same effect on the overall polarization and
amplitude.

IV. CONCLUSIONS

We have performed PSHG spectroscopy in MoS2/WSe2

heterostructures. Tuning twice the excitation energy in reso-
nance with an intralayer excitonic transition of the constituent
monolayers allows the in situ determination (directly on the
heterostructure) of the twist angle. This is a consequence of
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the SHG amplitude and polarization control by addressing
energetically distinct intralayer exciton resonances in the top
and bottom layers. This approach can be applied to a large
number of heterobilayer systems [1]. We conclude that the
total SHG intensity and polarization for a given TMD het-
erostructure depend on (i) the twist angle, (ii) the relative
amplitude between the SH fields of the constituent monolay-
ers at a given excitation energy, and (iii) the phase difference
between the SH waves. Finally, we show in SHG spectroscopy
that the band structure of aligned (close to 0◦) MoS2/WSe2

heterostructures is strongly altered as compared to samples
with larger twist angles. We observe considerable shifts of
exciton resonance energies and the appearance of new reso-
nances in the linear and nonlinear susceptibilities.

V. METHODS

Sample. See Supplemental Material A for an optical mi-
croscope image of the sample [61]. An exfoliated monolayer
MoS2 with large lateral size (≈120 μm, blue dashed lines)
lies on top of an ≈150-nm-thick hBN, while three different
exfoliated WSe2 monolayers (red dashed lines) are deliber-
ately transferred on top of MoS2 in different twist angles
after alignment of the long edges of the flakes. As a re-
sult, three different heterostructures are formed, namely, HS1,
HS2, and HS3. In all cases, there is optical access to the
bare monolayers to confirm the validity of the results col-
lected from the heterostructures. The same thin (≈10 nm) top
hBN covers the whole structure. The uniformity of the top
and bottom hBN thicknesses is important because thin-film
interference effects can modify the SHG intensity and the
reflectivity shape/amplitude when comparing different sam-

ples. We measure differential reflectivity �R/R = (RTMD −
Rsub)/Rsub, where RTMD is the intensity reflection coefficient
of the TMD heterostructure (or the monolayer) and Rsub is
the reflection coefficient of the hBN/SiO2 stack. The overall
shape of the differential reflectivity spectrum depends on cav-
ity effects (thin layer interference) given by the top and bottom
hBN and SiO2 thicknesses. As a result, the exciton transi-
tion line shape varies in amplitude and sign in the presented
spectra [75].

For SHG measurements, we use pulses with a pulse
duration of 1 ps. The pulses are generated by a tunable
optical parametric oscillator synchronously pumped by a
mode-locked Ti:sapphire laser. The SHG signal is collected
in reflection geometry, while before any spectral acquisition
the pulse duration and the spectral shape of the funda-
mental are monitored for every different wavelength by an
autocorrelator and a wave meter. In addition, the average
power of the fundamental is adjusted according to a power
meter, normalized to each wavelength. This allows us to
directly compare the measurements from different samples.
For the polarization-resolved SHG experiments a superachro-
matic Thorlabs SAHWP05M-1700 half-lambda wave plate
was used; the error in retardance within the wavelength range
studied here is smaller than 0.1%.
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