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Enhanced intensity of Raman signals from
hexagonal boron nitride films
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ABSTRACT

Optical spectroscopy is commonly used to study the properties of 2D materials. In order to obtain the best signal-to-noise ratio, it is
important to optimize the incoupling of the excitation laser and, at the same time, reduce spurious light reflection. We performed Raman
spectroscopy on exfoliated hexagonal boron nitride (hBN) flakes of different thicknesses, placed on a 300nm SiO, on Si substrate. By
changing the hBN layer thickness, we found a specific thickness, where the Raman signals from the substrate and the hBN showed
maximum intensity, whereas the backscattered laser light was suppressed. To explain the increased emission, we calculated the reflectivity
and transmissivity of the full layer system (air, hBN, SiO,, and Si) as a function of hBN layer thicknesses for different excitation wavelengths
(457, 532, and 633 nm), using the transfer-matrix algorithm. To compare theory with the experiment, we performed Raman measurements
with these three different excitation wavelengths on different flakes and determined their thicknesses with AFM measurements. The experi-
mental results are in good agreement with the calculations, which shows the importance of thin film interference to obtain optimum spectro-
scopic conditions. Since interference colors are easily visible in an optical microscope, this facilitates the choice of optimum flakes for a wide
range of optical characterization techniques, including Raman, photoluminescence, and single defect spectroscopy.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0159365

The interest in van der Waals materials grew very rapidly since
the first realization of graphene by Andre Geim and Konstantin
Novoselov in 2004." Later, it was found that encapsulation of such
materials in hexagonal boron nitride (hBN) leads to a drastic improve-
ment of their electronic and optical properties.” The van der Waals
material hBN provides materials like graphene or transition metal
dichalcogenides (TMDCs) with protection from oxidation.”* On the
other hand, hBN itself can host optically active single defects, which
are of great interest as room-temperature single photon emitters.”
Therefore, hBN also belongs to the class of 2D materials, which might
serve as building blocks for future quantum technologies. For such
applications, optical excitation and light extraction efficiency are key
parameters.

It was found that hBN-based emitters exhibit very different
brightness, depending on the preparation conditions of the flakes.” "’
To further elucidate these results, we investigate hBN flakes of differ-
ent thicknesses on a standard Si/SiO, substrate. The flake thicknesses,
ranging from a few monolayers up to 290 nm, were determined by
atomic force microscopy (AFM). The Raman peak intensities were

studied as a function of thickness and excitation wavelength, and we
found that they oscillate with the hBN thickness. The results were then
compared to model calculations using the transfer-matrix algorithm
(TMA)."*""” The measured data are in good agreement with the
model. The thickness-dependent difference in reflectivity and trans-
missivity also explains the colorful appearance of different flakes in a
microscope image. Our findings can be used not only to easily approx-
imate hBN layer thicknesses by optical microscopy but also to select
hBN flakes with enhanced light emission."® >’

Our samples are mechanically exfoliated hBN flakes, placed on
top of a Si substrate with a dgo, = 30015 nm thick layer of SiO,
[see Fig. 1(b)]. Figure 1(a) shows a microscope image of the substrate
surface with hBN flakes of different layer thicknesses. Here, we can
already see the different colors due to the difference in the layer thick-
ness, caused by the well-known thin film interference effect (see, e.g,
Ref. 21). The Raman measurements were performed in backscattering
geometry [see Fig. 1(b)], using two different spatially resolved Raman
spectrometers. One is a custom-built setup with a 532 nm excitation
laser and a 50x objective (NA =0.85), resulting in a spot size of
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FIG. 1. Microscope image of the sample surface (a) and the schematic sample
structure (b). (a) White light microscope image of exfoliated hBN flakes with varying
thicknesses. With growing layer number, the flakes change color from green over
yellow and orange to red and then gradually shift back to green and so on. (b)
Schematic illustration of the sample structure cross section. The incoming laser
light is focused on the sample surface, and the scattered light is collected with the
same objective (backscattering geometry).

around 1 um?** The optical signal was detected with a liquid-nitro-

gen-cooled CCD camera, attached to a 500 mm spectrometer. The
exposure time (integration time) was typically 10 s with one single
accumulation for a full spectrum with 0.26 nm (or 0.9 meV) resolu-
tion. The laser power was set to 500 uW. In the other setup, a com-
mercial Raman microscope (WITec alpha300 RA), three different
excitation wavelengths (457, 532, and 633 nm) could be used. All of
the Raman spectra measured in this setup were done with one single
accumulation and an exposure time of 20 s for all lasers. The laser
power of the 457 and 532 nm laser was set to 2 mW, and the power of
the 633 nm laser was 10 mW. Before all Raman measurements, the
spot size was focused and minimized to assure that we had the sample
surface within the focal depth of the Gaussian beam. As mentioned
earlier, the thicknesses of the flakes were determined by AFM (Bruker
Dimension Icon).

Shown in Fig. 2 are Raman spectra, taken on hBN flakes with dif-
ferent thicknesses. All spectra in this work were subtracted by the base-
line and were divided by the exposure time to get the signal in counts
per second (cps). The first peak at 519 cm™ " is the Si Raman signal.”’
Above 780 cm ™', the intensity is scaled by a factor of 10 for better visi-
bility of the weaker Raman signals (right axis). The broad peak
between 930 and 1030 cm ™" is assigned to a Si multi-phonon scatter-
ing process (SiMP).* The peak at around 1365 cm ! is the Raman sig-
nal of hBN.”**” Looking at the intensities of the different Raman
signals for increasing hBN layer thickness (bottom to top), we can
already observe a non-monotonic development of the peak height.
From a thickness of dpgy = 19 to dppny = 65.5 nm, the Si peaks drop
in intensity and then increase again. At around dppy = 120 nm, maxi-
mum intensity is observed, and with increasing hBN layer thickness,
the intensity decreases again.

For the hBN Raman peak, we observe a different behavior, as the
Raman intensity does not decrease from dppy =120 to
dngn = 140 nm. This can be explained by the fact that with increasing
layer thickness, the volume in which hBN Raman scattering can take
place also increases, while the excitation volume remains constant for
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FIG. 2. Raman spectra of hBN flakes with varying thicknesses between 19 and
140 nm on a Si/SiO, substrate, recorded with an excitation wavelength of 532 nm.
The right side of the spectra with the SiMP Raman peak between 930 and
1030cm~" and the hBN peak at 1390cm~" is plotted with an enlarged scale, to
better visualize these weaker peaks. A non-linear behavior of the intensities with
the hBN layer thickness is observed.

the other materials. This offsets the trend in the other Raman signals.
Because the thickness of the hBN is less than the focal depth, the effec-
tive volume increases linearly with increasing hBN thickness. This
agrees with the findings of Rodriguez-Martinez, who found a
Lambert-Beer-like increase in the signal,'® which can be approximated
as linear for thin samples like those investigated here.

We took nine differently colored hBN flakes and determined
their thickness by AFM. The thicknesses ranged from 5 to 190 nm. A
monolayer of hBN has an AFM-measured thickness of around 0.4 nm,
a bilayer of 0.8 nm, and a trilayer of 1.2 nm.”*”” This corresponds to
measured hBN flakes from around 12 layers up to 475 layers. By plot-
ting the Raman peak intensity against the layer thickness of the hBN
flakes, the oscillating behavior becomes more apparent. In Fig. 3, the
intensity of the reflected laser light and the Si Raman signal
(519cm™ ') are plotted as a function of thickness. The relative
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FIG. 3. Intensities of Si Raman peak (orange) and laser reflection peak (blue) are
plotted against the hBN flake thickness together with the theoretical curves (solid
lines) for transmissivity (orange) and reflectivity (blue) based on the TMA model. All
Raman peak intensities are divided by the same fixed normalization factor.

reflection intensity was obtained by detecting the backscattered laser
light, which was strongly suppressed but not completely eliminated
from the spectrum. Figure 3 shows that the reflected laser light and the
Raman peak exhibit opposite oscillation behavior: When the reflected
laser light gains in intensity, the Raman peak gets weaker and vice
versa.

To explain this behavior, we employ the transfer-matrix algo-
rithm (TMA),"* which is commonly used to model light propagation
in a multi-layer system like our sample structure. For perpendicular
incoming light (wavelength /o), the transfer matrix for each layer is'’

1
cos (kon;d;) Esin (kon;d;)

M; = ;
cos (kon;d;)

J

1

—in; sin (kon;d;)

Here, n; is the refractive index, d] is the thickness of layer j (j = hBN,
§i0,), and ko = 3%. The product of all matrices gives the transfer
matrix of the entire layer system,

M= HM, (2)
J

From the elements my of M, it is possible to calculate the reflection
and transmission coefficients,

- (m11 + mypng)ng — (may + mayny) (32)
(my + mlzfll)nf + (ma1 + many) '
2
- el : (3b)
(mn + mlzf’ll)”lf + (ma + mzz”ll)

where ¢ is the refractive index of the first material (air, nf = n4;) and
n; is the refractive index of the last material (Si, #; = ng;). From r and
t, we can calculate the reflectivity R = |r[> and transmissivity
T = ;’—f’ |t]* = o |t|*. In the last step, the material parameters are
inserted for each layer j, like the excitation wavelength Ao, the thickness
of the SiO; layer dsio,, and the corresponding wavelength-dependent
refractive indices [r1s0,(40)>" and nppxn(2o)].” The calculated reflec-
tivity and transmissivity for a laser wavelength of 532 nm and the SiO,
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layer thickness of 285nm, plotted over the hBN thickness, are also
shown in Fig. 3. Apart from a slight adjustment of the SiO, thickness
(within the error margin given by the supplier), there are no fitting
parameters. The curves are calculated with the given parameters, such
as the refractive indices (r,), the vacuum wavelength of the laser (4o),
and the given thickness of the SiO,. The thickness of the hBN was
independently determined by atomic force microscopy. Also note that,
by placing the layered structure within the focal depth of the objective
lens, we made sure that the wavefronts are parallel to the sample sur-
face.”’ Therefore, the transfer matrix formula for perpendicular
incoming light can be used.

For the measurements shown so far, we only used a green laser as
the excitation source. To further substantiate our findings, we per-
formed a second set of experiments with three different excitation laser
wavelengths (4y = 457, 532, and 633 nm). On a new sample, Raman
spectra of 22 flakes with different thicknesses were recorded.

In Fig. 4, the intensities of the SiMP and the hBN Raman signal
are plotted vs the hBN layer thickness for the three excitation wave-
lengths. The intensity of the SIMP signal is the average intensity
between 930 and 1030 cm ™. The solid curves are again calculated by
the TMA, taking into account the refractive indices of the materials for
the different excitation wavelengths.

In Fig. 4 (left), it can be seen that the oscillating behavior of the
SiMP peak for 532 nm excitation is similar to the one shown in Fig. 3.
In comparison with the two additional excitation wavelengths, we
observe that the period of the oscillations increases with increasing
hBN thickness. This is expected, as the oscillations stem from com-
mensurability between the wavelength and the thickness of the dielec-
tric. When we use the respective parameters in the TMA, the
calculated curves exhibit the same behavior as the experimental data
points for all three laser wavelengths. This shows that our model calcu-
lation is sufficient to describe the observed behavior in dependence of
both the hBN thickness and the excitation wavelength. Especially, as
already mentioned, there is no kind of fitting parameter involved in
the theoretical curve. Only the intensity of the data points was
normalized.

As mentioned earlier, for the hBN signal (shown in the right part
of Fig. 4), we use a linear approximation to take into account the
increasing Raman intensity with increasing number of hBN layers.
This approximation, together with the TMA model, fits the oscillating
data points quite well, but with a slightly larger deviation compared to
the SiMP peak. In particular, the data for 633 nm show some deviation
from the model, which might stem from the very simple linear
approximation. We also included other approximations in our model
calculation to account for the increasing scattering volume of the hBN
flakes, such as a Lambert-Beer-like or a square-root behavior.
However, none of these resulted in a better agreement with the data
points. Similar to the SiMP signal, the hBN peaks also show an
increase in the period with increasing excitation wavelength. Again, it
is possible to model the changes in Raman intensity with the TMA
model, using the appropriate parameters and without any fitting
except a constant for the linear increase in the scattering volume for
the hBN Raman peak.

Finally, we would like to briefly discuss why the Si and hBN
Raman signals are enhanced up to almost 60% when the transmission
coefficient is at maximum (rather than the reflection coefficient, see
Fig. 3), even though the measurements were done in backscattering
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FIG. 4. Data points: Normalized Raman intensity as a function of the hBN layer thickness for the SiMP (left) and the hBN (right) Raman line, for the three different excitation
lasers (457, 532, and 633 nm). The solid lines stand for the transmissivity of the TMA model for each excitation wavelength. In the case of the hBN TMA model plots, there is
a linear intensity increase accounting for the increased scattering volume superimposed.

geometry. For maximum transmission, the dielectric layer (SiO, plus
hBN in our case) serves as a resonator, where light is reflected back
and forth, and the partial waves from both interfaces interfere con-
structively. This leads to an amplification of the light intensity within
the layer. We, therefore, conclude that the improved Raman signals
are caused by a more efficient coupling between the impinging laser
light and the dielectric layer that contains the Raman-active media.

The interference colors that can easily be observed under an opti-
cal microscope (see Fig. 1) are, therefore, not only helpful to quickly
approximate the thickness of the material under investigation.'* >’
They can also be used to select flakes with optimum thickness for any
specific excitation wavelength. Alternatively, for a given flake, the opti-
mal excitation wavelength can be chosen for the highest emission
intensity. As seen in Fig. 3, the condition with the highest emission
intensity comes with the additional benefit that the spurious reflected
laser light will be at a minimum. This can lead to a drastically
improved signal-to-noise ratio for the investigated optical process, be
it Raman, bulk photoluminescence, or fluorescence from single defect
emitters.

In summary, we performed Raman measurements with different
excitation wavelengths for hBN flakes of various thicknesses. We
observed thickness-depended oscillations of the Raman signals from
the different materials in our layered system: hBN, SiO,, and Si. It
could be shown that a transfer-matrix approach can be used to well
describe the oscillating behavior of both the reflected and the emitted
Raman signal. To account for the thickness variation of the hBN, and
therefore, a variation of the volume that is available for Raman

excitation, we used a simple linear dependence, which could reproduce
the experimental data well. Our findings are of general applicability for
any layered material system to choose the optimum thickness for a
given excitation wavelength or, vice versa, to choose the best-suited
laser wavelength for a particular layer or flake. Even dissipative materi-
als with an imaginary contribution to the refractive index can be
treated using the TMA model. As long as the penetration depth is
much larger than the optical thickness of the material, (damped) oscil-
lations in the transmission and reflection coefficients are seen in the
calculations.
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