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Abstract

We utilized excitation in the ultraviolet (UV) spectral range for the study of

hexagonal boron nitride (h-BN) thin films on different substrates by Raman

spectroscopy. Whereas UV excitation offers fundamental advantages for the

investigation of h-BN and heterostructures with graphene, the actual Raman

spectra recorded under ambient conditions reveal a temporal decay of the sig-

nal intensity. The disappearance of the Raman signal is found to be induced

by thermally activated chemical reactions with ambient molecules at the h-BN

surface. The chemical reactions could be strongly suppressed under vacuum

conditions which, however, favor the formation of a carbonaceous surface con-

tamination layer. For the improvement of the signal-to-noise ratio under ambi-

ent conditions, we propose a line-scan method for the acquisition of UV

Raman spectra in atomically thin h-BN, a material which is expected to play a

key role in future technologies based on 2D van der Waals heterostructures.
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1 | INTRODUCTION

Hexagonal boron nitride (h-BN) is a wide band gap semi-
conductor that is promising for a plethora of applications
including neutron detection and quantum information
processing.[1,2] It has also been successfully employed as
ultra-smooth substrates and encapsulation layers for two-
dimensional (2D) materials such as graphene and transi-
tion metal dichalcogenides.[3–5] h-BN has a layered crys-
tal structure very similar to that of graphite, with the
interaction between the layers being of the weak van der
Waals (vdW) type. Within each layer, B and N atoms are
connected via sp2-hybridized bonds forming a hexagonal
lattice, which renders this material robustness with excel-
lent chemical and thermal stability.[6,7] Even h-BN crys-
tals with a thickness of a few atomic layers are known to

be stable against oxidation up to temperatures around
1000�C.[8] Such excellent properties are complemented
by h-BN's efficiency as a dielectric layer. With a dielectric
constant that remains almost unaltered from bulk down
to a single atomic layer,[9] a high breakdown field of
about 9.75 MV/cm has been reported for monolayer-thick
h-BN tunneling barriers,[10] which is very promising for
the implementation of this material into electronic
devices.

The use of thin h-BN crystals with thicknesses that
can vary from a single atomic layer to a few tens of nano-
meters, either as a single material (e.g. hosting single
photon sources)[11] or incorporated into hybrid vertical
vdW heterostructures,[12] has intensified in the last years.
For their preparation, various methods have been
employed, the most common still being mechanical
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exfoliation of micrometer-sized flakes from bulk h-BN
crystals.[12,13] Nevertheless, aiming at the realization
of large-area synthesis—a crucial step towards
applications—scalable approaches such as chemical
vapor deposition (CVD),[14] metalorganic vapor phase
epitaxy,[15] atomic layer deposition,[16] and molecular
beam epitaxy (MBE)[10,17–21] have been explored as well.
Here, it is particularly important to be able to evaluate
the quality of the synthesized films regarding their struc-
ture and optoelectronic properties and compare it, for
instance, with results achieved for state-of-the-art bulk h-
BN crystals. Among different characterization methods,
Raman spectroscopy has already been employed as a fast
and, in principle, nondestructive tool to evaluate the crys-
talline quality of h-BN. A challenge is, however, that dif-
ferently from graphene, the characteristic peak of h-BN
located between 1360 and 1370 cm−1, which is due to the
E2g phonon mode and equivalent to the G peak of
graphene,[13,22] has a weak intensity under visible wave-
length excitation. The proportionality between its inte-
grated intensity and the number of atomic layers makes
Raman analysis of films only a few atomic layers thick
especially difficult. Another complication is added when
h-BN is combined with graphene in vdW heterostructures:
The h-BN E2g phonon mode might interfere with the
relatively broad defect-related D peak of graphene appe-
aring in the same spectral regions for visible excita-
tion.[20,21] A similar problem is found for heterostructures
formed of h-BN and epitaxial graphene on SiC(0001),
where even in the absence of a D peak, the h-BN signal
can superimpose with the Raman signal originating from
the 6(√3 × √3)R30� interfacial layer between graphene
and SiC (also known as buffer layer),[18] which consists of
broad bands spreading over 1200 and 1660 cm−1.[23]

In order to overcome all these obstacles, Raman spec-
troscopy utilizing ultraviolet (UV) excitation has been
proposed. Based on calculations and experimental obser-
vation, Reich et al. demonstrated that UV excitation
(e.g., λ = 244 nm, or Eg = 5.08 eV) during the Raman
measurements is more suitable than the visible ones for
characterizing h-BN.[24] This is because upon UV laser
excitation, the signal due to the E2g optical phonon of h-
BN increases, because a certain degree of resonance for
the Raman scattering is achieved at an energy of 5.08 eV,
which approaches the band gap of the h-BN. Moreover,
UV Raman is very useful to analyze h-BN/graphene het-
erostructures. For the D peak of graphene, a
wavenumber shift to 1485 cm−1 is expected together with
a pronounced quenching of its intensity, when UV excita-
tion with λ = 244 nm is used.[25] This avoids overlapping
between the D peak and the E2g optical phonon of h-BN,
which has been proven highly beneficial for the evalua-
tion of the individual properties of h-BN co-existing with

graphene in large-area heterostructures.[18,21] Finally, for
the case of atomically thin h-BN grown on top of metallic
substrates such as Ni, another benefit of Raman analysis
under UV excitation is the absence of an inhomogeneous
luminescence originating from the underlying metal,[21]

which results in a strong background signal and is
observed when visible wavelength excitation is
employed.[17] Such an asset of UV Raman is also antici-
pated to hold true for broad luminescence signals origi-
nating from precursor impurities during CVD-based
synthesis or residual contamination associated with
transfer processes of h-BN layers.[26,27]

Despite the advantages listed above, a potential draw-
back of UV Raman spectroscopy is that it may lead to the
modification and/or strong degradation of the material
under analysis, due to the high energy of the photons.
Indeed, our present work demonstrates a destructive
effect when employing UV excitation for Raman spec-
troscopy of thin h-BN films. The determinant impact is
explicit in the gradual quenching of the h-BN's Raman
signal during measurement and the local deformation of
the surface, which coincides with the beam location. In
some cases, long exposure time causes a complete disap-
pearance of the Raman peak. Hence, the intuitive choice
of long integration times during the measurement,
aiming at the enhancement of the signal intensity, is not
applicable and may potentially lead to a wrong interpre-
tation of results regarding structural characteristics such
as layer homogeneity and crystalline quality. At this
point, the question arises: what is the reason for the
strong signal degradation during UV Raman of h-BN,
even though this material is expected to be thermally and
chemically stable down to monolayer level? We hypothe-
size that this behavior is related to a combination of fac-
tors associated with the interaction of the UV laser with
the h-BN, the ambient gas, and the substrate. In this con-
tribution, we report on a systematic investigation aiming
at the verification of these hypotheses. Time-decay
Raman experiments in ambient pressure and vacuum
were performed on h-BN films of different thicknesses
grown by MBE on Ni templates and transferred to sub-
strates offering different thermal stability. The aim of
these experiments was twofold: (i) to study the type and
degree of interaction of the UV laser excitation with each
type of sample and ambient and (ii) to determine an opti-
mized exposure time with minimum degradation of the
Raman signal based on sample properties such as h-BN
thickness and substrate type. The latter allows us to pro-
pose a straightforward solution for the use of UV Raman
spectroscopy for the analysis of atomically thin h-BN
films, including the use of a line-mapping methodology
to enhance the signal-to-noise ratio (S/N ratio) of UV
Raman spectra.
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2 | EXPERIMENTAL

h-BN thin films were grown by MBE on Ni templates,
which consisted of a 400-nm-thick Ni polycrystalline film
on a sapphire substrate (Al2O3(0001)) with a size of
10 mm × 10 mm. For the synthesis of h-BN, a high-temper-
ature effusion source is used to provide the boron beam,
while a radio-frequency plasma source produces the active
N species. The substrate was kept at 700�C during growth,
and different growth times were utilized in order to
prepare h-BN films with different thicknesses. More details
about sample preparation can be found elsewhere.[17]

Transfer of the MBE-grown h-BN films is performed
using a wet chemical transfer technique adapted from
Suk et al.[28] First, the h-BN surface is spin coated with
poly(methyl methacrylate) (PMMA) at 3000 rpm for
1 min, and then, the sample is immersed in a shallow
beaker containing diluted nitric acid (10%) to etch the Ni
film. After that, the floating PMMA/h-BN stack (about
9 mm × 9 mm) is rinsed in dilute HCl to remove residual
Ni etchants as well as particles. Then, it is rinsed in
deionized water and transferred onto 10 mm × 10 mm
large substrates. Besides SiO2 (100 nm thick, thermally
grown on Si(100)), which is a standard substrate for trans-
ferred 2D materials, we also employed GaAs(001) and
Al2O3(0001). Note that in order to allow for comparison,
the h-BN films transferred to different types of substrates
were grown simultaneously in the same growth experi-
ment. This is followed by baking at 150�C on a hot plate
to remove the water molecules trapped at the h-BN/sub-
strate interface. As a last step, the PMMA coating is
washed away in acetone. The average thickness of the
transferred h-BN films, as well as their surface morphol-
ogy, was obtained by depth profiling using atomic force
microscopy (AFM) in tapping mode. In the present study,
the transferred h-BN films possessed the following thick-
nesses: 2.5 ± 0.3 nm, 6.5 ± 0.2 nm, and 12.0 ± 2.5 nm.
For the Raman spectroscopy studies, all measurements
were conducted at room temperature either in air or vac-
uum (10−5 to 10−6 mbar) in a backscattering configura-
tion using the intracavity frequency-doubled output of an
Ar+ ion laser at 244 nm for optical excitation. The laser
light has been focused by an 80× objective to a spot of
�1 μm on the sample surface with a power of about
1 mW. This excitation power has been chosen for all mea-
surements in order to obtain a S/N ratio, which allowed
for proper spectral analysis of the samples investigated
here. Even though the use of moderately reduced powers
could partially mitigate the degradation of the samples
(see Figures S1 and S2), the corresponding strong
decrease of the S/N ratio for the h-BN Raman signal
impeded time-decay Raman experiments at much lower
laser power. The scattered light has been collected by the

same objective, dispersed spectrally by an 80-cm Jobin-
Yvon spectrograph (3600 lines/mm grating) and detected
by a LN2-cooled CCD camera. For line-scan measure-
ments, a motorized sample stage has been utilized.

3 | RESULTS AND DISCUSSIONS

3.1 | Morphological characteristics

Figure 1 shows a collection of results which illustrates
the morphological characteristics of the investigated sam-
ples. Figure 1a shows a photograph of an approximately
9 mm × 9 mm large h-BN film transferred to a SiO2/Si
substrate. In this case, the film is about 12.0 ± 2.5 nm
thick and thus exhibits a very clear contrast to the under-
lying SiO2. For thinner h-BN films and/or GaAs and
Al2O3 substrates, a much weaker contrast is observed
(not shown). Note that the square patterning seen at the
central part of the SiO2/Si substrate contains different
types of nanopillar structures. Their effect on the Raman
measurements will not be discussed here. In fact, all mea-
surements displayed and discussed in the present study
were performed outside such patterned areas. In
Figure 1b–d, images taken for the 2.5 ± 0.3-nm-thick h-
BN film are shown. Figure 1b illustrates an optical micro-
graph of an edge of this h-BN film after transfer to the
SiO2/Si substrate. One can see that the h-BN surface area
is clean without the existence of large residual contami-
nation originating, for instance, from PMMA. Moreover,
the picture shows that the h-BN edge is defective with
film tearing and folding taking place. Such areas were
avoided for the Raman studies. Figure 1c depicts an AFM
image of an edge for the same h-BN film. Corroborating
Figure 1b, the AFM image shows that the film is continu-
ous also within a microscopic scale. The film continuity
and some thickness variation (i.e., the existence of
brighter areas which correspond to regions where more
h-BN layers formed) agree well with the AFM results
obtained for the films before transfer (not shown). Exam-
ples of profile measurements, which were used to deter-
mine the average thickness of the transferred h-BN films,
are presented in Figure 1d.

3.2 | Effect of continuous UV laser
exposure on h-BN films

Figure 2a depicts Raman spectra collected under UV exci-
tation under ambient conditions for the 12.0 ± 2.5-nm-
thick h-BN film transferred onto SiO2/Si. They serve to
illustrate the degradation observed in the E2g Raman
peak of h-BN located around 1364 cm−1 as a function of
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time. For these experiments, the h-BN film was exposed
continuously in the same surface spot while the Raman
signal was collected after each 2 min. The spectra shown
in Figure 2a correspond thus to the first and the last
Raman signal measurement. It is clearly visible that the
h-BN's peak intensity is strongly quenched as the expo-
sure time to the UV laser excitation increases.

Interestingly, the full width at half maximum (FWHM),
which was determined by applying a peak fitting to the
E2g peak (Lorentzian function), does not significantly
change for all measurements remaining at
11.8 ± 0.5 cm−1. Note that this FWHM value is compared
with what has been reported for state-of-the-art h-BN
flakes and serves as an indication for the high crystalline

FIGURE 1 (a) Photograph

of a sample containing a

�9 mm × 9 mm large hexagonal

boron nitride (h-BN) film

(thickness = 12.0 ± 2.5 nm)

transferred to a SiO2/Si

substrate. (b) Optical micrograph

showing the edge of a h-BN film

(thickness = 2.5 ± 0.3 nm)

transferred to SiO2/Si.

(c) Atomic force microscopy

(AFM) image of an edge region

of the same h-BN film. (d) Plots

of the Profiles 1 and 2 depicted

in white in (c). For them, a

thickness of about 2.5 nm could

be deduced for the transferred h-

BN film. Note that the strong

height oscillations correspond to

the film edge region where

defects such as layer tearing and

folding are abundant, as visible

in (b) and (c) [Colour figure can

be viewed at wileyonlinelibrary.

com]

FIGURE 2 (a) UV Raman spectra for a

12.0 ± 2.5-nm-thick hexagonal boron nitride (h-

BN) film transferred onto SiO2/Si obtained after

2 and 32 min exposure times. (b) Normalized

intensity of the E2g Raman peak of h-BN as a

function of exposure time for sequentially

recorded spectra. The acquisition time for each

individual spectrum was 2 min. The intensity

axis was normalized with respect to the intensity

of the first spectrum collected after 2 min of

exposure (here plotted at half time of the total

exposure time, i.e., 1 min). (c) Decay constant

for the E2g Raman mode of h-BN for films of

different thicknesses transferred onto SiO2/Si

substrates. (d) Decay constant for the E2g Raman

mode of h-BN for 2.5 ± 0.3-nm-thick h-BN films

transferred to GaAs, SiO2/Si, and Al2O3

substrates [Colour figure can be viewed at

wileyonlinelibrary.com]
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quality of our MBE-grown films.[13,17] Also, the position
of the h-BN peak remains unaltered for all measure-
ments. The peak at 1556 cm−1 corresponds to the vibra-
tional mode of O2 in the air,[17,29] while the broad band
appearing between 1500 and 1600 cm−1 originates from a
carbonaceous surface contamination, as it will be dis-
cussed later.

The evolution of the degradation in the Raman signal
for all measurements is shown in Figure 2b, which is a
plot of the normalized Raman area intensity as a function
of UV exposure time. The observed time dependence is
well described by an exponential decay

ISP tð Þ= I0e
− t=τ, ð1Þ

where τ is the characteristic decay constant. This finding
suggests that degradation of the h-BN film inside the
excitation spot takes place already during the acquisition
of the first Raman spectrum.

The same kind of Raman intensity decay experiment
was performed for the other samples containing trans-
ferred h-BN films with thicknesses of 2.5 ± 0.3 nm and
6.5 ± 0.2 nm. Similar to the thicker h-BN film, no signifi-
cant changes in the FWHM and position of the Raman
peaks were observed. The decay constant τ obtained by
an exponential curve fitting of the data is plotted in
Figure 2c as a function of the average film thickness. The
faster decay obtained for reduced h-BN film thicknesses
suggests that special attention must be given to UV
Raman analysis of atomically thin h-BN films. As dis-
cussed earlier (see Figures S1 and S2), note that the use of
a lower laser power (0.25 mW instead of 1 mW) could
reduce degradation resulting thus in a slower decay of the
signal (decay constant of 12 min instead of 3.9 min). One
can anticipate that for h-BN surface coverages, which are
only one to a few atomic layers thick, the use of integra-
tion times longer than 2 or 3 min using UV excitation
(λ = 244 nm) may result in the complete quench of the
Raman signal due to its temporal degradation. This, in
turn, can lead to a wrong interpretation of the structural
and morphological properties of the material.

At this point, it is important to address, even if from a
qualitative viewpoint, the main effects associated with
the degradation of the h-BN films under UV exposure.
The first effect to be considered is the local heating of
sample due to the interaction with the UV laser. Ther-
mally activated chemical reactions may lead to a substitu-
tion or removal of the h-BN film, most likely around
defective areas either created during growth (e.g., grain
boundaries and point defects such as vacancies) or during
transfer (e.g., cracks). In particular, oxidation of h-BN at
elevated temperature might play a major role.[30,31]

However, the fact that the width and position of the
h-BN Raman peak remains unaltered during the time-
decay experiments suggests that regions with oxidized h-
BN (if not removed from the surface) do not contribute to
E2g mode. Due to the Gaussian intensity profile of the
focused laser spot, one can speculate that the h-BN
Raman signal originates mainly from the surface area
excited by the outer ring of the laser spot, where either a
reduced or no oxidation takes place given the lower
heating in this region in comparison to the spot center.
Finally, the increase of the decay constant for the E2g

h-BN signal as a function of the film thickness is proba-
bly related to the larger volume of available material and
the accordingly improved heat dissipation.

The heating of the sample should occur due to the
interaction of the UV laser not only with h-BN but also
with the underlying substrate. Although the laser energy
(5.08 eV) is smaller than the band gap of h-BN (around
6 eV),[1] a certain degree of absorption of UV light by the
h-BN is expected, for instance, due to the existence of
structural defects in the h-BN layers.[32] In fact, surface
oxidation and even ablation induced by UV exposure
have been reported for pulsed irradiation at a wavelength
of 248 nm.[33,34] Moreover, considering now the substrate
SiO2/Si, while the high band gap of SiO2 (8.9 eV)[35]

makes it in principle transparent to the UV light, heating
of the Si substrate (with an indirect band gap of 1.1 eV)
located 100 nm below the SiO2 surface should also con-
tribute to heating during UV exposure.

Following the assumption that UV substrate heating
plays a role in h-BN's heating and degradation, transfer-
ring the same type of h-BN films to other substrates
offering optical band gap and thermal conductivity differ-
ent from those of SiO2/Si should lead to a systematical
change in the stability of the h-BN film under UV expo-
sure, that is, different decay constants τ should be
observed. Hence, in addition to SiO2/Si, we made use of
GaAs(001) and Al2O3(0001) as transfer templates. While
GaAs has a band gap of 1.4 eV,[36] Al2O3 is an ultra-wide
band gap dielectric with reported values for the band gap
ranging from 7 up to 8.8 eV.[35,37–39] Figure 2d depicts a
comparison of the decay constants τ obtained by expo-
nential curve fittings (see Figure S3) for the E2g Raman
intensity of 2.5 ± 0.3-nm-thick h-BN films transferred to
GaAs, SiO2/Si, and Al2O3 substrates. In comparison with
SiO2/Si, longer and shorter time-decay constants are,
respectively, determined when Al2O3 and GaAs are
employed. These results serve as an evidence for the con-
tribution of the underlying material to the local heating
and apparent degradation of the h-BN film. The sapphire
substrate is transparent to the UV radiation due to its
high energy band gap, meaning that its direct heating
under the laser spot is a very inefficient if not an
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inexistent process. Accordingly, the faster intensity decay
observed for the other substrates is attributed to the
strong optical absorption of UV light in GaAs and Si
(absorption in SiO2 with a band gap of about 9 eV can be
neglected). The weaker decay for SiO2/Si compared with
GaAs substrates can be explained by the better heat dissi-
pation. Whereas the optical absorption coefficient at
244 nm is smaller for Si by only 10% compared with
GaAs,[40] the thermal conductivity in Si is three times
larger than in GaAs.[41] In fact, a strong morphological
change in the surface areas of the Raman measurements
can be seen in the case of GaAs substrates. Figure 3 dis-
plays optical and AFM micrographs of such areas. It was
observed by the objective of the Raman spectroscopy that
the UV laser beam creates almost circular features just
below the beam during the measurements. In Figure 3a,
features created by several measurements performed fol-
lowing a line can be seen. From this image, it seems that
the UV radiation creates holes on the surface of the sam-
ple. However, the AFM image in Figure 3b reveals that
these features are actually large protrusions with heights
reaching up to 2 μm. Although the reason for this behav-
ior is not understood, it is possible that local melting of
the GaAs leads to the creation of protrusions and thus to
the full destruction of the uppermost h-BN film. The sur-
face degradation upon UV exposure could be reduced by
decreasing the laser power (see Figure S2). However,
even after a power reduction by a factor of 20, it is still
possible to identify surface damage.

In general, it is expected that the use of other excita-
tion energies, which are higher than the direct band gap
of the substrate material, will also result in heating of the
substrate, which might contribute to the degradation of
the h-BN Raman signal. Also, the optical absorption coef-
ficients for many materials increase towards the UV spec-
tral range, leading to particularly strong heating effects.

Furthermore, the role of photochemistry might be more
important in the UV spectral range.

3.3 | Suppression of chemical reactions:
High-vacuum conditions

In order to verify whether or not chemical reactions with
ambient gas molecules indeed play a major role in the
decay of the UV Raman signal, we carried out experi-
ments under high-vacuum conditions in an optical cryo-
stat. Figure 4a displays Raman spectra of a 2.5-nm-thick
h-BN film on a SiO2/Si substrate measured after different
exposure times. Besides the E2g phonon peak from h-BN,
all spectra exhibit the Si phonon line at 520 cm−1 from
the substrate and the carbon-related peak at about
1600 cm−1. The intensity of the E2g phonon line again
decreases with increasing exposure time (cf. Figure 2). At
the same time, in striking difference to the case of ambi-
ent conditions, the carbon-related peak is found to
increase. We attribute this peak to the formation of a car-
bonaceous adlayer at the h-BN surface, which likely orig-
inates from an UV-induced cracking of hydrocarbon
molecules.[42] The temporal evolution of the different
Raman signals is shown in Figure 4b. The decay constant
of τ = 40 min obtained for the h-BN signal constitutes an
enhancement by one order of magnitude compared with
ambient conditions (see Figure 2). This observation pro-
vides evidence for chemical reactions with ambient gas
molecules being indeed the main reason for the decay of
the Raman signal under UV exposure. The temporal evo-
lution of the carbon-related peak indicates that the thick-
ness of the carbonaceous adlayer on the h-BN surface
grows during the UV exposure and finally reaches a satu-
ration value. Indeed, the UV light-induced adsorption
and desorption of ambient gas molecules depends

FIGURE 3 (a) Optical micrograph in differential interference contrast mode of a line of surface defects produced by UV laser exposure

during Raman measurement of a �2.5-nm-thick hexagonal boron nitride (h-BN) film transferred onto GaAs. The exposure time employed

was 2 min. (b) Atomic force microscopy (AFM) image (in 3D representation) of some of the features shown in (a) [Colour figure can be

viewed at wileyonlinelibrary.com]
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critically on the surface characteristics of the investigated
sample, as shown previously for GaN and ZnO surfaces
under ambient and vacuum conditions.[43–47] For the case
of h-BN, it has been shown in Museur et al.[33] that UV
irradiation leads to the formation of nitrogen vacancies
and the breaking of B–N bonds, which promotes oxida-
tion processes at the h-BN surface. The suppressed oxida-
tion under vacuum conditions leads to qualitatively
different surface characteristics,[33] which might be favor-
able for the formation of a carbonaceous adlayer and,
thus, cause the observed temporal evolution of the
carbon-related Raman intensity in our spectra. In fact, h-
BN films are considered to be promising regarding their
application as templates for organic adsorbates.[48–50]

Remarkably, the time dependence of the Si Raman
signal from the substrate resembles closely that of the h-
BN peak, as shown in Figure 4b. This finding strongly
suggests a common origin for both decays. Consequently,
we attribute this coincidence to the optical absorption of
the incoming and backscattered UV light in the carbona-
ceous adlayer. Accordingly, the saturation of the carbon-
related signal is explained partly by the optical probing in
the carbonaceous adlayer, which is limited by optical
absorption. Altogether, the measurements under vacuum
reveal that the remaining slow decay of the h-BN Raman
signal is mostly due to the formation of a carbonaceous
adlayer with chemical reactions at the h-BN surface
almost completely suppressed. In order to further reduce
the decay of the h-BN Raman signal, an ozone cleaning
in the optical cryostat as described in Brandt et al.[51]

could be utilized. However, it has to be taken into
account that this type of treatment can also potentially
result into structural changes in the h-BN, such as defect
formation and oxidation.[52,53]

3.4 | Approach for improvement of S/N
ratio: Line-scan method

The S/N ratio in Raman spectra is known to increase
with the total integrated signal Itot accumulated during
the acquisition time T because the photon shot noise is
proportional to the square root of Itot.

[54] In the case of
single spot measurements with T > τ, we obtain for the
UV Raman spectra from h-BN films (cf. Equation 1):

Isptot = I0

ðT
0
e− t=τdt= τ 1−e−T=τ

� �
I0: ð2Þ

Accordingly, the total signal Itot saturates for long
integration times (T > > τ) at τI0, which defines a limit
for the S/N ratio. Furthermore, the time-averaged signal
(τ/T)I0 decreases with increasing acquisition time (T) and
is, therefore, not a measure for the initial signal strength
I0. However, the knowledge of the decay constants for
different substrates and h-BN film thicknesses from the
above Raman signal decay measurements (see Figure 2)
enables the choice of an appropriate acquisition time
(T ≈ τ) for single spot measurements.

In order to circumvent the disadvantages of single
spot measurements under ambient conditions, we
introduce an approach for the improvement of the S/N
ratio in UV Raman spectra recorded under ambient
conditions. We avoid the saturation of the integrated
Raman signal by recording N spectra along a line with
a separation larger than the laser-focus size between
the single spot measurements. Accordingly, each indi-
vidual acquisition is initiated at a spot which has not
been exposed to UV light before. Choosing an acquisi-
tion time of ΔT = ητ for the individual spectra, the

FIGURE 4 (a) UV Raman spectra for a

2.5-nm-thick hexagonal boron nitride (h-BN)

film transferred onto SiO2/Si obtained after

different indicated exposure times. (b) Top:

Normalized intensities of the E2g peak from h-

BN and the Si phonon line from the substrate as

a function of exposure time. Bottom: Normalized

intensity of the Raman peak around 1600 cm−1

from a carbonaceous surface contamination

layer as a function of exposure time [Colour

figure can be viewed at wileyonlinelibrary.com]
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total integrated Raman signal accumulated during the
total time T = NΔT corresponds to the sum of the
individual spectra given by

Ilstot =NI0

ðΔT
0
e− t=τdt=Nτ 1−e−ΔT=τ

� �
I0 =Tη−1 1−e−ηð ÞI0:

ð3Þ

For the proposed line-scan method, the integrated sig-
nal is proportional to the acquisition time T without any
saturation effect for the S/N ratio. The time-averaged sig-
nal is given by η−1(1 − e−η)I0 independent of the acquisi-
tion time T. Regarding the lower limit of ΔT(η), the
detector dark current and read noise have to be taken
into account which do not depend on the signal level
Itot.

[54]

The advantage of the line-scan method is illustrated
in Figure 5 by the comparison with a single spot mea-
surement for a 2.5-nm-thick h-BN film on Al2O3(0001).
The line scan result corresponds to the average signal
of 10 spectra recorded with a spatial separation of
2 μm. The spectrum for the single spot measurement,
as well as each spectrum of the line scan, was
recorded with the same exposure time. Indeed, the
S/N ratio for the detection of the h-BN Raman signal
is clearly improved for the line-scan spectrum. Using
an exposure time for a single spot measurement simi-
lar to the total time employed for the line scan would
lead to a strong degradation or quenching of the

Raman signal. Note that layer inhomogeneities
(e.g., strain and thickness variation) at a micrometer
scale might pose a limit for the line-scan method due
to broadening and shift of the Raman peak. However,
for cases where the Raman signal is strong enough,
one can in principle address such kind of inhomogene-
ities by the analysis of individual line-scan spectra and
a variation of the spatial line-scan length.

4 | CONCLUSIONS

The excitation of Raman spectra with UV light (244 nm)
under ambient conditions results in a temporal decay of
the signal from h-BN films. The decrease of the Raman
intensity is caused by thermally activated reactions of the
h-BN surface with ambient gas molecules. Under vacuum
conditions, the chemical reactions are suppressed, but
the h-BN surface is progressively contaminated with a
carbonaceous adlayer. The S/N ratio under ambient con-
ditions can be strongly improved by line-scan
measurements.
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