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in strain and local carrier concentration (Rhodes et al. 2019). The increase in helicity is roughly 10 % 
compared to the SiO2/Si supported flakes.   

 

Figure 29 | Analysis of the Polarization State of the Photoluminescence of WS2-Homobilayers of Different Stacking Type. 
(a) shows helicity resolved PL-measurements while (b) shows the linear polarization anisotropy of the PL at the A-resonance 
for different stacking configuration. (c &d) are plots of the power dependent PL-spectra in different circular polarization for 
a different stacking of the bilayers. The insets show the extracted degree of helicity for each power level.  All measurements 
were performed under CW excitation at 2.33 eV excitation energy. Constant offsets have been applied to increase visibility. 
Adapted with permission from (Lorenz Maximilian Schneider, Kuhnert, et al. 2019). Copyright (2019) American Chemical 
Society. 

The linear polarization anisotropy found is a sign of a sufficiently long coherence time of the valley 
population compared to the PL-decay rate. For the substrate supported flakes a degree of about 11% 
is found. On h-BN, where the defects and doping induced dephasing is reduced compared to the SiO2-
supported case, a degree of about 21% is observed for the AA’ and 32% for the AB stacked case. Caused 
by this reasoning it is not surprising that for the sample on h-BN an increased degree of polarization is 
found for the AB-stacked case. Generally, in AB-stacked bilayers a scattering into the other valley will 
result in a decrease of the polarization. In the AA’-stacked case, however, in addition a scattering to 
the other layer in the same valley will result in a loss, too. Due to these increased channels of 
decoherence a faster decay of the coherent state can be expected.  

 

5.1.3 Reflection Contrast and Energetics 
Having verified the alignment of the flakes, a series of reflection contrast measurements has been 
performed at RT as well as 10K. As the different growth parameters favor but not strictly define a 
certain growth phase, AA’ and AB stacks have been measured under both growth condition. The result 
for 10 K is shown in Figure 30. Sample 2 has been grown with parameters favoring AA’ while Sample 3 
favors the growth of AB stacked bilayers. Measurements at room temperature can be found in the 
appendix A5. 

If the reflection contrast is compared qualitatively, both substrates show qualitatively similar results, 
however, sample 2 shows sharper features. When compared to the TEM pictures (not shown), sample 
3 probably has a higher amount of disorder. In both substrate pieces the bilayers’ A- and B-exciton 
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resonances are redshifted compared to the monolayer. The AB-bilayer samples though show a bigger 
shift then the AA’-stacked case. This can be seen easily at the B exciton, furthermore, the energetic 
separation between A and B exciton series is changing slightly. 

If analyzed carefully, also higher order Rydberg states can be seen in the data. The graph shows a 
zoom-in in the lower inset, where the 2s state of the mono- and bilayers are marked. Furthermore, at 
close look the reflection contrast reveals a splitting of the 1s-resonance for the bilayers revealing two 
respectively three features as a fine structure for AA’ and AB alignment. The splitting can be easily seen 
in the upper insets of Figure 30. 

 

Figure 30 | Comparison of the Derivative of the Reflection Contrast for Differently Stacked WS2 Bilayers. Measurement 
done on Substrate No.2 and (b) on Substrate No.3. The upper insets show a zoom in to the reflection contrast at the A-
resonance. The lower insets depict a zoom-in to the excited states of the A- and B-exciton series. (c) shows a theoretical 
prediction based on many-body theory assuming a linewidth of 30 meV for the A-exciton and 45 meV for the B-exciton. 
Adapted with permission from (Lorenz Maximilian Schneider, Kuhnert, et al. 2019). Copyright (2019) American Chemical 
Society. 

5.1.4 Comparison to Theory 
In order to understand the observed phenomena many body calculations taking a DFT-bandstructure 
as input have been performed by colleagues from semiconductor theoretical physics. For 
computational details the reader is recommended reading our paper (Lorenz Maximilian Schneider, 
Kuhnert, et al. 2019) and (Lars Meckbach, Stroucken, and Koch 2018b) for the derivation of the 
underlying gap equations. In short, a DFT-calculation including spin-orbit coupling was performed as 
implemented in the Vienna ab initio simulation package (VASP) (Kresse and Furthmüller 1996; Kresse 
and Hafner 1994; Kresse and Joubert 1999; Steiner et al. 2016). The exchange correlation as well as 
the van-der-Waals forces have been considered by using the Perdew-Burke-Ernzerhof functional with 
van-der-Waals correction (PBE-D3) (Grimme et al. 2010; Perdew, Burke, and Ernzerhof 1996). The 
resulting two highest valence and conduction bands are used as input to an additional many body 
calculation. Here, the anisotropic screening is modelled by an electrostatic model. Then the gap 
equations and the Dirac-Bloch equations (Horng et al. 2018; L Meckbach et al. 2018; Lars Meckbach, 
Stroucken, and Koch 2018a) were used to compute the optical linear response. The calculated bands 
from DFT are plotted in Figure 31. This calculation is still not including excitonic effects, however this 
result from the single-particle calculation already shows the expected change of selection rules and 
alignment of the bands.  
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Figure 31 | DFT-Calculation for a WS2 Monolayer in Comparison with AA’- and AB-Stacked Bilayers. (a-c) schematic band 
alignment for the three cases at the K-Point. Red (blue) represents bands with spin up (down). Grey (black) represent allowed 
transition for right-(left-) circular light. (d-f) show the complete calculated band structure. The calculation has been provided 
by members of Stefan Koch research group of theoretical semiconductor physics. Adapted with permission from (Lorenz 
Maximilian Schneider, Kuhnert, et al. 2019). Copyright 2019 American Chemical Society. 

As can be seen from Figure 31 (d-f) the interaction of both layers at K and K’-points of the joint Brillouin  
is relatively weak, however states near to the indirect band gap at Q pockets (along Λ path) of the 
bilayers show small effects of hybridization. Nevertheless, as the major experimental findings have 
concentrated on the emission from the direct band gap at K/K’-points of the joint Brillouin zone, a 
discussion in terms of a superposition of two monolayers with a certain alignment of the high 
symmetry points of the individual layers is possible in good approximation. Also, the calculated 
interlayer transition moments are an order of magnitude lower than the intralayer moments, 
confirming this statement. Interestingly, also the dipole matrix elements (cf. Table 5) of the transitions 
belonging to the direct gap in the bilayer are almost similar to the monolayer.  

Table 5 | DFT Transition Energies and Dipole-Matrix Elements for Differently Stacked Bilayers Compared to a Monolayer. 
Note the table shows the results directly taken from the DFT, i.e. before coulomb and excitonic effects have been considered 
using the gap equations. Adapted with permission from (Lorenz Maximilian Schneider, Kuhnert, et al. 2019). Copyright 2019 
American Chemical Society. 

 ML AA’-BL AB-BL 

XA (eV) 1.627 2.634 1.622 / 1.630 
XB (eV) 2.022 2.035 2.017 / 2.025 
dA (eÅ) 4.00 3.79 4.01 / 4.00 
dB (eÅ) 3.09 2.97 3.09 / 3.09 

 

The upper panel of the calculation (Figure 31 a-c) shows a schematic zoom in to the relevant K-point 
of the joint Brillouin zone. For the monolayer, the well-known alignment for WS2 is found with the spin 
forbidden transition (triplet state) slightly lower than the spin-allowed transition (bright singlet state). 
Thus, it features the same selection rules for the bright A- and B-excitonic transitions, i.e. both 
transitions in this valley can only be pumped by one type of circular polarization. Similarly, in the case 
of AB-stacking, where a broken inversion symmetry and time-reversal symmetry is still present, spin-
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To quantify this observation, the amount of helicity was calculated for the shown timesteps for the 
monolayer as well as all different stacks (cf. Figure 34.a). First of all, one can clearly see the 
improvement, when a h-BN buffer layer is used: The decay gets slower and the initial amount of helicity 
is bigger. This is expected as the reduced inhomogeneity increases the polarization lifetime. 

If AA’- and AB-stacked bilayers are compared, the AA’-stack shows a significantly faster decay of the 
helicity then the AB stack or the monolayer. This can be understood as in the AA’-stacked case two 
decay channels, namely scattering to the other layer or valley, while in the AB-BL and monolayer case 
only scattering to the other valley results in a loss of helicity. Nevertheless, it seems surprising, that 
the AB stacked bilayer shows a similar helicity lifetime than the monolayer as a scattering to the 
indirect bandgap in Λ-valley as well as the additional phonon states should naturally increase the 
dephasing. 

5.2 Characterization of a Twisted WS2/WSe2 Heterobilayer 
In this chapter the optical properties of a WS2/WSe2/h-BN/SiO2/Si structure are discussed. The work 
has been done together with my master student Manan Shah. The sample was fabricated by 
mechanical exfoliation in Marburg and was later on annealed at 350° C for four hours in UHV (cf. Figure 
35). As it is understood (Tongay et al. 2014), that this annealing step will increase the coupling of both 
monolayers, characterization have been performed before and after annealing. While before 
annealing often huge numbers of small bubbles of remaining polymer are present, they accumulate 
during annealing in an Oswald ripening process to form only a few big bubbles. Thus, in the remaining 
part the layers can get very close, resulting in a strongly coupled system. Unfortunately, the sample 
got destroyed in one of the last measurements, therefore the important SHG measurement, that was 
planned to determine the twist angle, could not be obtained. Thus, the study (Shah, Schneider, and 
Rahimi-Iman 2019) has to be seen as a preliminary study. Nevertheless, the results are promising and 
show indeed sign of moiré excitons.  

Figure 34 | Waterfall Plot of the Time- and Helicity-Resolved Photoluminescence for Monolayer and Differently Stacked 
Bilayers. Exemplary co- (red) and contra (black) polarized measurement at the example of a monolayer (a) at 10K at a density 
of 0.25 mJ/cm2 under non resonant excitation at 2.75 eV. (b) Extracted Helicity as a function of time for the different stacking 
types and the monolayer. 
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Both the reflection as well as the PL have the common shape found in textbooks for polariton 
formation in bulk crystals. Thus, a full many-body calculation including the screening and polarization 
in the h-BN encapsulation and the substrate is needed to answer, which interpretation is indeed valid.  

To get an estimate of the effect, that the exciton polariton is also coupling to the polarization induced 
in the surrounding h-BN, a simple effective medium theory model was employed. It accounts for the 
volume fraction of the monolayer and h-BN within the Bohr radius and is used to calculate a new 
effective permittivity by linear combination with this factor. As the comparison between Figure 53 (d) 
without including the response of h-BN and (c) from the effective medium theory and the comparison 
of both dispersion relations (cf. solid and dashed lines in Figure 53 b) shows that including also the 
response of the surrounding is influences the energetics and the shape of the main feature. In short, 
the interaction gets weaker; thus, the main peak is shifted red and the dispersion is slightly weaker. 
Nonetheless in both cases a curvature of the reflection contrast derivative is predicted. Both 
calculations were performed assuming 5 meV Gaussian broadening and 2 meV Lorentzian broadening. 
While such a model can be used to include the h-BN, the model result is strongly depending on the 
radius considered. Here the approximate Bohr-radius of 1.3 nm was used. While this choice seems 
natural, also other scales could be used. Indeed, using a convolution of the possible radii with their 
probability would lead to a better description. As such, the quantitative response should be handled 
with care. In addition, also a van der Waals gap between the monolayer an the encapsulant (filled with 
vacuum) could be included, that would further influence the result. As the inclusion of h-BN gives 
results closer to the experiment, it’s likely that response has to be considered more than just including 
the increased screening already included in the gap equations/DFT. For quantitatively correct results, 
the h-BN has to be included in the DFT similar to (Gerber and Marie 2018a). 

 

Figure 53 | Comparison of Exciton-Polariton Model with the Experimental Data. (a) Experimental derivative of the reflection 
contrast (green) compared to the calculated derivative of reflectivity neglecting the multilayer structure (red) close to normal 
incidence. The PL is shown in blue as a complimentary information. (b) Comparison of the derivative of the angle-resolved 
reflection contrast from the measurement with the calculated reflectivity from the model dielectric function. The blue straight 
(dashed) line corresponds to the calculated dispersion exciton-polariton dispersion without (with) using the 
phenomenological effective medium theory. Zoom in to the A-1s exciton for the bare model (d) and (c) for the case an 
effective medium theory approach was used. 
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Figure 71 |Comparison of Topographic Information and Near-Field Signal in the CIDBROM and the Reference Structure. 
(top right axis) Topography as determined from the AFM taken simultaneously with the near-field data (bottom left axis). The 
comparison is shown for the open and covered cavity as well as the covered reference.  For the CIDBROM also measurement 
at different excitation wavelength are shown namely, 532 nm (green lines), which is the excitation laser within the stopband, 
and 850 nm (red lines), which is outside the stopband. The near-field signal has been normalized to the value on the substrate 
and each type is offset for clarity.  

As the standing wave can also be seen in the capped CIDBROM, the design consideration could be 
proven experimentally. However, it seems a little distorted. This has several reasons, firstly surface 
wave starting from the cavity can also be observed, secondly the bending that induces strain and 
changes the dipole alignment of h-BN as well as WS2 in the bended regions with respect to the lab 
coordinate system complexifies the structure even further. This tilt of the dipoles of the bright excitons 
allows a direct radiative coupling with the out-of-plane electric field.  

For the case of near-field measurement of the cavity at 850 nm, interestingly, we find an anti-aligned 
pattern, where strong field and a depletion of the signal in the center are found on the GaP, not on the 
etched parts, instead. This strong contrast has to be discussed carefully, as s-SNOM always measures 
the field as well as the nonlinear scatter efficiency of the material simultaneously (Brehm et al. 2006; 
Huber et al. 2007; von Ribbeck et al. 2008). It is likely that in the 532 nm measurement the signal is 
dominated by the standing wave contribution, while in the measurement at 850 nm could be 
dominated by the different scattering efficiency. A pseudo-heterodyne detection of the s-SNOM signal 
together with a careful analysis could help in principle to disentangle these two effects leading to a 
better understanding of the monolayer integrated to this stucture and similar nanophotonic devices. 

To further quantify the difference, the cylindrical symmetry of the structure was used to calculate 
radial profiles (cf. Figure 71). This angular averaging decreases the influence of local changes and 
therefore provides a cleaner analysis compared to linear profiles. The CIDBROM shows a nice increase 
of the near-field signal at the center of the structure both for the covered and the uncovered one. 
However, the field modulation is weakened by the coverage (34% in contrast to 300% compared to 
the signal outside the structure). The reference in comparison shows almost no modulation, but a small 
increase at the edges of the hole can be found.  

In the next step the PL was investigated by means of confocal measurements (cf. Figure 72) as well as 
using the spectrometer in imaging mode (cf. Figure 73). For spectral analysis the PL of the structure, 
respectively, the emission next to it on h-BN, was selected by the confocal iris and is plotted in Figure 
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72. Also here, an increase of the emission is found. Furthermore, a blueshift of the emission and 
reflection dip can be observed. The occurring blueshifts (up to ten meV) can be expected as we deal 
now with a flake with periodically different screening scenarios, only thin h-BN or h-BN and substrate. 
This changes the screening and will lead to a blueshift. For the enhancement on average a factor of 
ten in peak intensity can be found for the CIDBROM and 3.5 for the reference. When we want to 
compare to the multiple reflection model, we have to account just for the suspended areas of the stack 
(referred as 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) were the considered interference in MRM takes place.  

Equation 7-5 | Experimental enhancement factor 

𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸 =
𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒.,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒.𝑅𝑅𝑅𝑅𝑅𝑅.
=

10
3.5

= 2.9 

𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀 =
𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀,𝑅𝑅𝑅𝑅𝑅𝑅 

𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒,𝑅𝑅𝑅𝑅𝑅𝑅

𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 
=

68
32

8.4 µ𝑚𝑚2

5.7 µ𝑚𝑚2 = 3.1  

Generally, when corrected in this way a nice agreement between the prediction and the experimental 
findings can be found. This confirms that the out-of-plane confinement indeed can be observed.  

 

Figure 72 |PL- and Reflection Contrast Spectra of the Covered CIDBROM as well as the Reference Compared to the h-BN 
Supported Case in the Surrounding. (a) shows the CIDBROM and (b) the reference. Adapted with permission from (Mey et 
al. 2019). Copyright 2019 American Chemical Society. 

In order to further investigate the in-plane confinement the spectrometer was used in imaging mode. 
The resulting PL images are shown in Figure 73 a and b. The shape of the flake as well as the structure 
can be easily identified in these pictures, by the circular-shaped region of emission enhancement. 
Profiles have been extracted in different directions through the structures. In the CIDBROM 
enhancement of the PL emission is found at the edges of the structure as well as a small increase 
exactly in the center similar to the s-SNOM measurement. However, caused by the resolution no 
fringes can be found in the interior as they are averaged out by the optical resolution in these 
experiments. Similarly, for the reference enhancement is found at the edges. In addition, an artifact 
caused by a wrinkle on top of the reference causes a drop of the intensity along a line. The local 
enhancement compared to the h-BN supported surrounding is shown in Figure 73 e-g. 
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A7 Helicity and Time-Resolved Photoluminescence Measurements for AA’ and AB 
Stacks 
Similar to the helicity and time resolved photoluminescence of the monolayer shown in Figure 34 also 
measurements have been performed at AA’ and AB stacked bilayer grown by CVD and transferred to 
SiO2/Si substrate. The decay of co- and contra polarized emission is shown in Figure A8. While noisy, a 
small amount of polarization can be found in the emission for small times after the excitation. For 
example, the polarization of the AB stack has decayed after 20 ps. In contrast for the AA’ stacked case 
a longer dephasing time is found for these samples on bare substrate. 

 

Figure A8 | Waterfall Plots of the Polarization and Time-Resolved Measurement of Photoluminescence of AA’ and AB 
Stacked Bilayers. The measurement is performed at 10K at a pump density of 0.25 mJ/cm2 under non resonant excitation at 
2.75 eV. 

A8 Microscopic Pictures of the Layers Comprising the High-Quality Stack 
The flake mostly discussed in chapter 7 has been assembled by a dry stacking method by our 
collaborators at the Columbia university. Pictures of the individual parts are shown in Figure A9. 

 

  

Figure A9 | Microscopic Pictures of the Individual Parts of the Sample discussed in Chapter 7. From left: bottom h-BN, 
WSe2 flake with ML part, upper h-BN flake and competed stack 
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A9 Fourier-Space Spectra of the Control Samples, Repeatability and Spatial 
Dependence of Dispersion 
To judge on the reproducibility and the fluctuations between different flakes, the temperature and 
power series for angle dependent measurements have been carried out on four samples. The 
corresponding PL (cf. Figure A10) and reflection contrast (cf. Figure A11) Fourier image as used in the 
temperature series is shown at the example of 10K. For all samples a measurable dispersion can be 
found.  

 

Figure A10 |Fourier Images of PL-emission of other High-Quality Encapsulated WSe2 Samples at 10 K. All show almost the 
same amount of dispersion. The measurements have been performed at quasi-resonant condition similar to the 
measurements presented in chapter 6. The graph has been adapted from (L. M. Schneider, S. S. Esdaille et al. 2020) under 
the OSA Open Access License. 
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Figure A11 | Fourier Spectra of the Reflection Contrast Derivate for all Four High Quality Encapsulated WSe2 Samples. 

In addition to measuring several samples also the spatial homogeneity of the signal was investigated. 
Therefore, Fourier images were acquired at different spots of one of the samples (cf. Figure A12). For 
measurements in the center area of the flake (spot 3 and 6) a symmetric picture is found. For 
measurements taken on the samples edge (spots 1,2 and 5) only a faint signature of a half arm is found. 
As the light from one side cannot arrive under high angles this is not surprising but expected. At spots 
outside the layer (4, 7 and measurements spots on the SiO2 substrate) no signature is found. 

 

Figure A12 |Spatial Dependence of Measured Fourier-Images. (a) Microscopical picture with enhanced contrast. The dashed 
line represents a guide to the eye marking the position of the WSe2 monolayer. The numbered dots are the investigated 
measurement points. (b-g) Acquired Fourier-space-spectra at these spots.  
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A10 Angle Integrated Spectra for Different Detunings 
In order to analyze spectral changes for different excitation wavelength, angle integrated spectra 
where calculated from the angle resolved measurements. In order to correct for small spatial 
inhomogeneities, the spectra are plotted with respect to the exciton energy (cf. Figure A13). As already 
mentioned in the main text, starting from pumping above the 2s state biexcitonic features can be 
observed. The grey exciton and its phonon sidebands in contrast can be observed at all detuning, 
although they are more prominent at large detunings. Interestingly, in the spectra with the lowest 
detuning periodic sidebands can be observed. They have an approximate spacing of 4.5 meV. They are 
most likely arising from phonon emission during recombination similar to (Chow et al. 2017; Maciej R. 
Molas et al. 2017). If the lineshape of the neutral exciton for higher excitation detuning is examined, 
one can also see a shoulder or an asymmetrie at the very same energetic position of the first sidebands. 
Nonetheless, there are less pronounced, indicating that the surplus energy of the excitation is relaxed 
by other processes most likely Auger processes. This would also explain the different magnitude of 
trion emission in the spectra. 

 

Figure A13 |Angle Integrated Spectra for Helicity-Resolved Spectra for Different Laser Excitations. The spectra are 
horizontally offset by one order of magnitude for clarity. The dashed lines are a guide to the eye indicating the approximate 
position of the individual features. Op. SB and ac. SB denote the sidebands of the dark exciton. The figure is adapted from 
(Schneider et al., 2020b) under the Attribution 3.0 Unported (CC BY 3.0) License. 
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A11 Dispersion Calculation Assuming Different Linewidths 
In order to reach a better agreement between the calculated reflection and the experimentally 
observed reflection, a stitched permittivity assuming different homogenous linewidth (2 meV for A1s, 
5 meV for the excited states of the A exciton series, 3 meV for the B-exciton and 5 meV for the excited 
states of the B-excitons series) for different resonances was created and was used for a calculation 
similar to Figure 53. The stitching was done in a region where the background contribution dominates 
in order not to introduce new features. 

 

Figure A 14 | Comparison of Experiment and Exciton Polariton Using Different Homogenous Linewidth for the Different 
Resonances. In the insets an individual offset is applied to remove the not exactly matching theoretically binding energy. (left 
panel) angle integrated derivative of the reflection contrast spectra (green) in comparison with the calculated derivative of 
the calculated reflectivity (red). In addition, the experimental PL spectra is shown for quasi-resonant excitation. (main panel) 
angle resolved experimental spectra (left part) together with the calculated one (right part). The blue linear shows the 
polariton dispersion and the green on the extracted dispersion. The right panels show a zoom in to the 1s and 2s-resonance 
in calculation and experiment for comparison.  
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A12 Temperature Dependence of Phonon Sidebands 
A temperature dependent measurement of the PL-Spectra of the h-BN encapsulated sample discussed 
in the section 6.8 has been performed under pulsed excitation. The spectra match the predictions of 
(Brem et al. 2020) nicely. The peaks at 1.65-1.66 eV, thus can be identified as the phonon sideband of 
the dark exciton. 

 

Figure A 15 | PL-Temperature Series of a h-BN encapsulated WSe2 Monolayer. The excitonic species are marked as usual. 
Reused under the Creative Commons Attribution CC BY 4.0 International License (Commons 2020)  from (Lorenz Maximilian 
Schneider et al. 2020). 
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