Second harmonic generation in defective
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Abstract

Determining the role of defects in materials can be an important task both for the fundamental
understanding of their influence on material properties and for future applications. In this
work, we studied the influence of defects on the second harmonic generation (SHG) in
hexagonal boron nitride (h-BN). We characterized the sample by photoluminescence imaging
and spectroscopy, showing strong and sharp photoluminescence emission at visible range from
h-BN flakes due to single defect states. By doing second harmonic imaging, we found strong
emission from the h-BN flakes that correlates spatially with the photoluminescence imaging.
By doing polarization-resolved SHG, we found deviations from the expected polarization
pattern in pristine h-BN samples. We also characterized the nonlinear optical susceptibility of
h-BN with defects with a value of one order of magnitude larger than for pristine h-BN, which
highlights the role of defects in the efficiency of SHG. Therefore defect engineering could be
used as a potential tool for nonlinear optical signal enhancement.
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Since its discovery by Novoselov et al [1], graphene has been
the focus of intense research [2] due to its novel physical
properties [3] and promising technological applications [4].
As a result, the progress in the studies of graphene hampered
the discovery of new two-dimensional (2D) materials with
new applications and functionalities beyond graphene [5—12].
With the advancement of synthesis and manipulation of the
new 2D materials, new applications have come on the scene
such as the combination of different 2D materials to form

heterostructures [13, 14], and the introduction of defects to
modify its physical properties. In the latter case, materials with
the ability to host single photon emitter defects have attracted
much attention [15-18] due to the importance of single pho-
ton emitters for the development of quantum information
technologies. A promising candidate arising from this context
is hexagonal boron nitride (h-BN) [19-22], a wide bandgap
2D material with several interesting properties [23-26], best
known for its use as a dielectric substrate for graphene and
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other 2D materials [27, 28]. The midgap defects states in
h-BN generate bright and sharp luminescence peaks [29-31]
that can be used as single photon sources. In addition to single
defect states, h-BN can host different types of defects, such as
grain boundaries, edges and stacking disorder. However, the
modification of nonlinear optical properties of h-BN due to
the presence of different types of defects is still not explored.
Here we study how the presence of defects modify the second-
order nonlinear optical properties of h-BN.

Because of its honeycomb structure, single layers of h-BN
lack inversion symmetry, as opposed to their bulk counterpart.
This symmetry breaking gives rise to a finite second-order
electric susceptibility (x(?) # 0), which accounts for signifi-
cant phenomena, such as nonlinear optical effects [32-34].
The properties of second harmonic generation (SHG), a
second-order nonlinear process in which two lower energy
photons are up-converted into one photon with twice the inci-
dent frequency, are already known for pristine h-BN [35, 36].
Additionally, it is also known that the presence of defects can
modify the properties of the SHG [37, 38]. Nonetheless, no
experimental report has demonstrated the influence of defects
on the second-order nonlinear optical properties of h-BN.
In this paper, we report modifications on the SHG in h-BN
due to the presence of defects, both single defects and struc-
tural defects (grain boundaries, edges and stacking disorder,
for example). By doing photoluminescence and second har-
monic imaging, we find a spatial correspondence between
single defects and second harmonic emission. Moreover, by
measuring the polarization-dependence and the efficiency of
the SHG, we find that the defective samples show deviations
from pristine h-BN. By characterizing the second order non-
linear optical susceptibility tensor x () for the defective h-BN
sample, we show that it has a value of one order of magnitude
larger than for pristine h-BN.

Photoluminescence (PL) and Raman spectroscopy map-
ping was done on a Witec alpha300, operating with a 457nm
excitation laser that was focused onto the sample through a
50x objective with a numerical aperture of 0.55. SHG was
done in a laser scanning microscope (Lavision Biotec) with
a pulsed laser of 180 fs pulse-width and 80 MHz repetition
rate, tuned at 810 nm and focused onto the sample with a 40 x
objective with a numerical aperture of 0.95. The reflected gen-
erated second harmonic from the sample was directed through
405/10nm bandpass filter and detected by a photomultiplier.
Additionally, the setup also allows to perform polarization
resolved measurements by the introduction of a half-wave
plate before the sample and a polarizer at the detector. All
measurements were done at room temperature.

The solution of exfoliated h-BN (Graphene Supermarket)
was dropcasted in an amorphous quartz substrate and annealed
at a temperature of 850 °C under 1 Torr of argon atmosphere.
After this thermal treatment the sample was allowed to cool
to room-temperature under continuous gas flow. We have
selected regions of the sample that contains isolated PL and
SHG emission as shown in figure 1 in order to avoid areas
with high concentration of h-BN flakes. The number of h-BN
layers present in the sample can vary from 1 to 5 according

to [39]. Previous works have shown that this type of sample
generates different types of single defects in the h-BN struc-
ture, leading to bright PL peaks with energy below the h-BN
bandgap [19-22]. These defects consist of nitrogen vacan-
cies, boron vacancies, defects formed by the interaction of
vacancies with impurities of C, O, H, Ba atoms. Such defects
were studied by different experimental techniques and com-
putational modeling in the literature [22, 40-51]. Additional
structural defects, such as grain boundaries, edges and stack-
ing faults, are also present in these type of samples [39]. For
comparison with the defective sample, a mechanically exfoli-
ated from bulk h-BN sample was used, since the concentration
of different types of defects is much smaller.

Figures 1(a) and (c) show the PL intensity images in the
500-700nm region of the solution exfoliated sample. The
two isolated bright spots exhibiting photoluminescence corre-
spond to different regions of the sample. Figure 1(e) presents
the PL emission spectrum of each spot, where the lower plot
in magenta corresponds to the spot of figure 1(a), while the
upper plot in red corresponds to the spot of figure 1(c). As
h-BN can not exhibit light emission with such low energy [24],
these emissions can therefore be attributed to the presence of
single defects produced during the chemical exfoliation and
annealing processes. Recently, much attention has been given
to such single defects in h-BN, since it has been observed
that it constitute stable sources of single photon emitters at
room temperature [19-22]. These spectra, together with the
others presented in the supplementary material (SM) (stacks.
iop.org/JPhysCM/32/19LT01/mmedia), have been previously
reported in the literature [19, 22]. Although the identification
of defects from PL spectra is still under discussion, ab initio
calculations propose the association of some of these spectra
with certain types of defects as shown in the SM.

Figures 1(b) and (d) shows SHG intensity images of the
same area of figures 1(a) and (c). Notwithstanding the differ-
ences in the physical origin of each effect, both PL and SHG
can be used to map and locate h-BN flakes, showing that the
bright spots on one image correspond almost identically to the
bright spots on the other. Other images of PL and SHG emis-
sions are shown in the SM. The SHG signal from the h-BN
flakes is confirmed by taking the spectra of the emission at
405 nm, which corresponds to half of the incident pump wave-
length at 810nm. Another evidence is that if we tune the laser
from 810 to 790nm, the SHG signal disappears since there is
a bandpass filter centered at 405 nm with 10nm of width only.
These results are shown in the SM.

Since h-BN is a non-centrosymmetric material, it gener-
ates second harmonic emission [33, 35]. The question here is
how the presence of single or other type of structural defects
modify the nonlinear optical properties of h-BN. To investi-
gate further the role of different type of defects on SHG, we
compared h-BN spots with different emission intensities.

Figure 2 shows images obtained by (a) SHG, (b) Raman
scattering and (c) PL of the same two bright spots (green and
red arrows). It is possible to see that the most (less) intense
spot in the SHG image, identified by the green (red) arrow,
does not show the same intensity trend in the Raman and PL
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Figure 1. (a) and (c) Photoluminescence intensity image in the region of 500-700nm. (b) and (d) Show the SHG intensity image of the
same regions in (a) and (c) respectively. (e) PL emission spectrum of the spots in (a) (top spectrum) and (c) (bottom spectrum).

Figure 2. (a) SHG intensity image of two bright spots with distinct intensities (green and red arrows). (b) Raman and (c)
photoluminescence (in the 500-700 nm region) intensity images of the same two spots. Scale bar is 2 pum and is the same for all three

images.

images. In the case of figure 2(b), it is known that spontaneous
Raman scattering scales linearly with material concentration.
The comparison of figures 2(a) and (b) suggests that even if
the concentration of h-BN contributes to the intensity of SHG,
the presence of defects is modifying its emission intensity. In
addition to the comparison of figures 2(a) with (b), figure 2(a)
alone already carries deviations from expected behaviors for
h-BN. It is known that an odd number of layers of h-BN pro-
duce SHG with the same intensity as the single layer [35].
This effect is associated with the symmetry of the material
and can be explained in terms of the AA’ stacking, which
provides the necessary conditions for totally destructive inter-
ference in even layers [35]. However, figure 2(a) shows two
bright spots exhibiting SHG in distinct intensities, evidenc-
ing that defects such as stacking faults can be influencing the
SHG in h-BN. Another possible mechanism that can explain
the distinct SHG, Raman and PL intensities is resonant SHG.
Since Raman intensity is density dependent and PL intensity
is dependent on the radiative recombination rate of midgaps
state from single defects in h-BN, the SHG intensity can be
modulated by the resonance of one or two photon absorption
with these midgap states. Different h-BN flakes can have dif-
ferent types of single defects [22, 40], which also have dif-
ferent emission energies (figure 1(e) and PL spectra in the
SM), and therefore may have different resonances with the

SHG. Throughout this sample we have observed h-BN flakes
with 5-10 times more second harmonic emission than others.
However in our experiments we did not find any correlation
between the emitted PL energy and the SHG intensity from
different h-BN flakes as shown in the SM.

In order to characterize further the SHG in the defective
h-BN samples, we performed polarization-resolved measure-
ments. Figure 3 shows the second harmonic intensity as a
function of the incident laser polarization, where the analyzer
in front of the detector is kept fixed. In this case, the expected
SHG intensity (/(2w)) dependence with laser polarization
() is given by I(2w) o sin®(2¢), revealing a four-fold rota-
tional symmetry [35]. This is expected for samples belong-
ing to point group D3y, which is the case for an odd number
of layers of h-BN and other semiconducting transition metal
dichalcogenides [52] (More details on SM). Figures 3(a)—(d)
shows the SHG intensity angular dependence for four differ-
ent h-BN flakes. It is possible to observe large deviations from
the expected four-fold SHG intensity dependence in pristine
h-BN, confirming that the presence of defects is influencing
the SHG in h-BN.

Two main mechanisms can explain the polarization behav-
ior (figure 3). The first mechanism follows recent calculations
based on group theory that showed that certain defects in
h-BN, some of them present in this sample (see SM), belong to



Figure 3. Polar plot of second harmonic intensity from four distinct defective h-BN spots. (a)—(d) Second harmonic intensity as a function
of the incident laser polarization is used to show the influence of the defects on the overall second harmonic signal. While a four-fold
rotational symmetry is expected for a pristine h-BN sample, the h-BN with defects exhibit a complicated angular dependence.
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Figure 4. Efficiency of the SHG. SHG intensity image of (a) the defective sample and (b) the mechanically exfoliated sample. Both images
were obtained under the same conditions and have the same intensity scale. Scale bars are (a) 2 ym and (b) 5 pym.

point groups that lack inversion symmetry [47, 48]. Therefore,
part of the signal can be attributed to a single second harmonic
dipole generated by the different single defect states. Also,
because of the anisotropic structure of each defect, the dipoles
are expected to present different orientations [53]. Contrary to
a four-fold emission expected in the absence of defects, we can
observe an enhancement of the SHG for some angles due to
the overlap with the contribution coming from the defects. In
this case, the overall picture of the second harmonic intensity
is given by the dependence of a single SH dipole coming from
the defect plus the angular dependence of the pristine h-BN
[35], giving rise to a complicated SHG angular dependence.
The other possible explanation is that the presence of defects
changes the condition for totally destructive interference for

SHG signal for even number of layers, and therefore different
layers contributed to the total SHG signal. In such case the
perfect AA’ stacking sequence present in bulk h-BN would
be disturbed, leading to SHG angular dependence that are not
expected for pristine h-BN.

Because of the changes in the characteristics of the SHG
emission in h-BN caused by the defects, we turn to the ques-
tion of efficiency of SHG in this sample. To this end, we meas-
ured the second harmonic signal intensity produced by h-BN
with defects (I-pn(2w)) and compared with the intensity of
a monolayer of MoS; (Iyos, (2w)). The SHG intensity of both
materials were measured with the same experimental condi-
tions, i.e. both samples are on transparent quartz substrates
and the parameters for excitation laser and detection was kept



fixed. To evaluate the average intensity of SHG produced by
h-BN with defects, we obtained an SHG image of a region of
interest and averaged the SHG intensity of different isolated
emitting spots as shown in the SM. Finally, we can express
the sheet second-order susceptibility of h-BN with defects as:

In-pn(2w) (2)

*(2) s
b 1
[Mosz (2 ) MoS, ()

h-BN

where ijgsj = 4.8 x 107" esu is the second-order suscepti-

bility tensor of a sheet of MoS; [35]. With the measured inten-
sities, we find that the sheet second-order susceptibility for the

h-BN with defects is X;_%LS = 3.4 x 10~ esu, which shows
a value of about one order of magnitude greater than the mea-
sured values for the second-order susceptibility tensor of pris-
tine h-BN which is equal to 1.66 x 10~1 esu [35]. Figure 4
illustrates this result showing that, even visually, the defective
h-BN sample in figure 4(a) exhibits SHG with higher intensity
compared to an exfoliated high quality h-BN sample shown in
figure 4(b).

It is important to note here that we extracted the sheet x ()
of h-BN, assuming that few layers are present in the sample
[39]. As mentioned above, the AA’ stacking may not be pre-
sent in this case and, therefore, such high value of the sheet
x® can be due to the sum of SHG coming from individual
layers. In order to exclude such effects, further measure-
ments with a controlled type of defects would be necessary.
However, this is beyond the scope of the present work.

In conclusion, we measured the optical SHG in h-BN with
defects. We found a spatial correlation between the SHG and
photoluminescence emission from the defect states in h-BN.
Polarization measurements of the SHG exhibited deviations
from the expected intensity dependence from pristine h-BN
samples, which reveals that defects are perturbing the crys-
tal symmetries. Moreover, we characterized the second-order
nonlinear susceptibility, which exceeds the typical value of
pristine h-BN by one order of magnitude. Further studies are
still necessary in order to understand the impact of different
types of defects (single defects, grain boudaries, stacking
faults) on the second harmonic emission in h-BN. Therefore,
controlling the defects responsible for this enhancement can
be of great interest in order to enhance the nonlinear optical
effects in two-dimensional materials.
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