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a giant third-order nonlinear optical sus-
ceptibility[1] in the visible and near-IR spec-
tral ranges due to 2D electronic system, 
very high charge carrier mobility and 
strong light–matter interaction.[2,3] At this 
moment, the use of graphene in photo-
voltaic modules,[4] fast photodetectors,[5] 
saturable absorbers[6–8] and electro-optical 
modulators[9] have been demonstrated. 
However, the optical modulation effects 
in graphene are small due to the small 
amount of material,[10,11] and more com-
plicated approaches are required to realize 
the all-optical switching. The efficiency of 
nonlinear optical effects can be amplified 
by enhancing the light–material interac-
tion via excitation of 2D surface waves. 
These effects have been demonstrated 
in plasmonic systems[12] including gra-
phene,[13–15] as well as in photonic systems 
supporting Tamm plasmons.[16]

Here Bloch surface waves (BSWs) are used as 2D elec-
tromagnetic waves. These optical states can be excited in a 
completely dielectric medium, in particular, at the interface 
between 1D photonic crystals (PCs) and dielectrics[17,18] and 
reveal themselves as the narrow spectral-angular resonances in 
reflectance whose quality factor reach the values up to 104.[19] 
Unique BSW properties including sensitive spectral-angular 
resonance,[20] localization of the electromagnetic field near 
the surface[21] and long propagation length of several millime-
ters[22] are in demand for many applications such as sensing,[18] 
micro manipulation,[23] enhancement of magneto-optical[24] and 
nonlinear-optical[25] effects, as well as for integrated optical 
applications.[26–29] Placing 2D materials on the PC surface near 
the maximum of the electromagnetic field makes it possible to 
enhance significantly the observed effects.[30] Thus, an increase 
in absorption,[31,32] and Goos-Hänchen shift[33] were shown 
when graphene was put on the PC surface. The possibility 
of excitation of surface electromagnetic waves in a graphene-
based Bragg grating was also observed.[34]

In this article, we demonstrate how the excitation of BSWs 
enhances the ultrafast optical reflection modulation in gra-
phene monolayer. We study experimentally a temporal reflec-
tance of PC covered with a graphene monolayer. The BSW 
resonance sensitivity to the parameters of the medium adja-
cent to the PC surface allows us to increase significantly the 
modulation of the graphene reflection due to the shape modi-
fication and spectral shift of the resonance. Using pump-probe 
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1. Introduction

One of the most important tasks of modern photonics is cre-
ating ultrafast active elements which can be the basis of 
photonic technologies. To control the light, it is necessary to use 
materials with large cubic nonlinear susceptibilities. Possible 
candidates are 2D materials showing an increase in nonlinear 
effects efficiencies in comparison with their 3D counterparts, 
that together with the extremely small thickness allows creating 
flat miniature optoelectronic and optical devices. Graphene has 
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technique in Kretschmann prism configuration,[35] we observe 
that the reflectance modulation strongly intensifies at the probe 
wavelength near the BSW resonance. The modulation of an 
order of magnitude greater than that for graphene on a conven-
tional substrate is obtained for near-infrared spectral region at a 
quite low pump fluence of 40 µJ cm−2.

2. Results and Discussion

The sample is a 1D photonic crystal consisted of 7 pairs of 
alternating quarter-wavelength-thick layers of SiO2 and Ta2O5 
deposited on a fused quartz substrate. PC layer thicknesses are 
optimized for BSW excitation in the Kretschmann scheme for 
the TE-polarized radiation at the wavelength of 800  nm and 
the incident angle of 45°. A graphene monolayer is prepared 
by chemical vapor deposition method[36] and transferred at the 
PC surface using wet transfer by polymethyl methacrylate.[37] 
A bare PC surface is used as a reference. The detailed infor-
mation on the sample parameters, their optimization and PC 
preparation is given in Section S1, Supporting Information.

Measurements of the transient reflectance are performed 
by cross-polarization pump-probe technique combined with 
the Kretschmann prism configuration. As a light source we 
use a Ti:sapphire femtosecond laser (Coherent Micra) gener-
ating pulses with spectral width at half maximum of 30 nm 
and pulse duration of 50 fs. Schematic outline of the experi-
ment is shown in Figure 1a. The pump beam is focused on the 
PC/graphene interface at the normal incidence into a 50 µm 
spot, while the probe beam is focused at the same point at the 
45°-incidence through a right-angle prism and PC substrate. 
The probe focal spot on the PC surface is elliptical with axis 
sizes of 20 and 30 µm. A part of the probe radiation excites 
BSW propagating along the PC/graphene interface, that yields 
a narrow absorption resonance in the spectrum of the reflected 
probe pulse measured with a monochromator and a photomul-
tiplier tube (PMT). The synchronous detection system allows us 
to detect the ultrafast reflection modulation at the same time. 
Under the pump radiation, the complex permittivity of the gra-
phene monolayer is modulated at subpicosecond time scale 

leading to variation in the quality factor and the wavelength 
of the BSW resonance. This results in an increased modula-
tion of the reflection coefficient at certain wavelengths close 
to the BSW resonance. We also visualize the sample surface to 
observe the BSW excitation and propagation (Figure  1b). The 
detailed description of the experimental setup is given in Sec-
tion S2, Supporting Information.

First, we measure the spectra of unfocused probe pulses 
reflected from the bare PC and PC/graphene samples to deter-
mine the BSW resonance properties (Figure 2a,b insets). Then, 
the spectra were normalized by the probe pulse spectrum 
obtained in the same conditions (Kretschmann scheme, 45° 
incident angle) for a bare substrate. The resulted reflectance 
spectra shown in Figure 2a demonstrate the sharp resonance at 
the wavelength of 782 nm revealing the BSW excitation. When 
a graphene monolayer, which has a significant absorption and 
a sufficiently large refractive index,[38] is placed at the PC sur-
face, the resonance widens and shifts to the long-wave region of 
the spectrum towards 785 nm. The Q-factors of the BSW reso-
nances are estimated to be 375 ± 5 and 110 ± 10 for bare PC and 
PC/graphene, respectively. The effect of absorption is also seen 
in Figure  1b as shortening the propagation length of BSW in 
the graphene monolayer.

The pump-probe scheme requires focusing a laser beam on 
the sample surface to increase the light intensity, which in con-
junction with the use of wide-spectrum laser pulses provides the 
multiple BSWs excitation at various wavelengths and incidence 
angles in accordance with the BSW dispersion law.[39] In this case, 
the high-Q BSW resonance can not be observed in the reflection 
spectrum, since it is integrated over the spectral and angular com-
ponents of the probe radiation (see Figure 2c,d). The Q-factors of 
the BSW resonances decrease to 110 ± 10 and 85 ± 5 for bare PC 
and PC/graphene, respectively. To minimize this effect we imple-
ment a spatial filter consisted of a lens and an aperture. The probe 
radiation reflected from the sample is collected by the lens with 
the focal length of 200 mm. The aperture with the 1-mm diameter 
is placed at the back focal plane of the lens, where different points 
of the focus plane correspond to different reflected angles of the 
probe. The system selects the reflected beams corresponding to 
a set of incident angles with NA = 0.0025. The spectra obtained 
with the spatial filter for the focused probe beam are shown in 
Figure 2e,f. The corresponding Q-factors of the BSW resonanses 
are increased to 175 ± 5 and 90 ± 5, but remain smaller than the 
values for the unfocused case. This is due to a slight averaging 
over the spectral positions of the BSW resonance in accordance 
with the range of filtered angles of incidence.

The time-resolved reflectance spectroscopy of the PC/gra-
phene sample is performed at the pump fluence of 40 µJ cm−2  
to provide the highest signal level without damage of gra-
phene. The probe fluence of 5 µJ cm−2 is chosen to minimize 
its influence on the graphene optical constants (see Section S3,  
Supporting Information for details). The linear polariza-
tions of pump and probe beams are orthogonal in all pump-
probe experiments. Figure 3a shows the relative change in the 
sample reflectance, ΔR/R, measured for the TE-polarized probe 
radiation as a function of probe wavelength and time delay 
between the pump and probe pulses. The wavelength depend-
ence of ΔR/R reveals sharp resonance at 785 nm reaching the 
maximum value of 0.3%. The experimental data perfectly fits 
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Figure 1. a) Sketch of the experiment. b) The images of surfaces of PC 
and PC/graphene samples for TE polarization of probe beam and TM 
ones from left to right.
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to the numerical simulations (Figure 3b), the details of which 
are discussed below. Figure  3c shows the cross-section of the 
time-resolved spectrum for the 200-fs delay and the reflectance 
spectrum of the PC/graphene sample. The ΔR/R resonance 
matches with the BSW resonance in reflectance of the sample. 

The time-resolved ΔR/R spectra for TM-polarized probe radia-
tion shown in Figure  3d are featureless and show non-zero 
ΔR/R values only near the zero delay. The maximum ΔR/R 
value is 0.07% at 785 nm wavelength and 200 fs delay, which 
is five times smaller than in the case of BSW excitation. The 
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Figure 2. Reflectance spectra of PC (top) and PC/graphene (bottom) samples for a,b) plane wave illumination, using c,d) focused beam and e,f) filtra-
tion system. Inserts show the raw spectra of reflected pulses. The BSW resonance regions are highlighted with gray areas.

Figure 3. a,b) Measured and calculated time-resolved spectral dependences of reflectance modulation for the TE-polarized probe. c) Spectral depend-
ences of PC/graphene reflectance (orange) and ΔR/R (green) for 200 fs delay corresponding to the maximum of modulation. Solid curves are numerical 
calculations. d,e) Measured and calculated time-resolved spectral dependences for TM probe polarization. f) Transient reflectance for the 785 nm 
wavelength corresponding to the BSW resonance.
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observed modulation of the reflection is due to changes in the 
optical constants of graphene in the absence of the resonance 
(see Section S4, Supporting Information, for details). The cal-
culated time-resolved ΔR/R spectra (Figure 3e) agree well with 
experimental ones except the slight temporal shift of the ΔR/R 
peak with increasing wavelength, which is the result of light 
dispersion in the optical elements of the experimental setup. 
The transient reflectance modulation for the bare PC sample is 
not observed, thus the modulation amplitude in this case is at 
least two orders of magnitude less than for the sample covered 
by graphene monolayer. The typical ΔR/R values for a bare gra-
phene are found from literature to be change in a wide range 
from 0.01% to 0.1%.[10,11] The calculated value for our experi-
mental parameters is about 0.04% (see Section S6, Supporting 
Information). Thus, the BSW excitation leads to an enhance-
ment in the ultrafast reflectance modulation in the graphene 
monolayer by one order of magnitude.

Figure  3f shows the transient reflectance of the sample at 
the BSW resonance wavelength. After the increase in reflec-
tance during the pump pulse, the correlation of which with the 
probe pulse is shown by the gray bar, a picosecond relaxation is 
observed for both TE and TM cases. The pump impact leads to 
a modulation in the optical constants of graphene. However, in 
dielectric materials, the change is mainly governed by the optical 
Kerr effect and occurs only during the femtosecond pump pulse. 
Thus, the temporal evolution observed in the experiment at 
longer timescale is largely determined by the processes occur-
ring in the graphene monolayer. There are three main processes 
in graphene with different timescales. The initial stage corre-
sponding to the increase in reflectance is characterized by the 
generation of photoexcited electrons together with the electron–
electron scattering, which leads to ultrafast thermalization of the 
electronic subsystem within several tens of femtoseconds estab-
lishing hot Fermi–Dirac distribution of electrons.[40–43] Then, this 
distribution cools down via emission of optical phonons within 
approximately from 100 to 200 fs,[44–46] resulting in the hot optical 
phonon population. Finally, the hot phonons subsequently decay 
into acoustic modes in a picosecond time scale.[47,48] The time 
constants of the last two processes strongly depend on the sub-
strate and fabrication procedures of graphene and can be found 
from the biexponential approximation of ΔR/R relaxation. We 
determined fast τ1 = 130 fs and slow τ2 = 0.8 ps constants to be 
very close to that reported in previous works.[10,47]

The simulation of time-resolved spectra is performed by 
splitting the time scale into 50-fs segments. The reflectance 
spectrum of the PC/graphene sample is calculated for each seg-
ment using transfer matrix technique[39] with stationary values 
of the refractive indexes of the materials. The time evolution of 
the reflectance is governed by the time dependence of the gra-
phene complex refractive index n(t) + ik(t). The relaxation part 
of transient reflectance is taken in the following form:
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where n0 is the real part of the unperturbed graphene refrac-
tive index,[38] Imax is an experimental peak intensity of the 
pump radiation, t0 = 200 fs is time delay corresponding to the 
maximum of ΔR/R, and n2 is an effective nonlinear refrac-

tive index taken from ref.  [49]. The same time dependence is 
chosen for the imaginary part k(t) of the refractive index with 
the unperturbed value k0 from ref.  [38], and k2 from ref.  [49]. 
The initial part of transient reflectance from 0-fs to 200-fs time 
delay cannot be interpreted due to insufficient temporal reso-
lution of the measurements. We thus simply approximate the 
time dependence of the graphene complex refractive index with 
a linear function for these delays.

The results of calculations are shown in Figures 3b,e and in 
3c,f demonstrating excellent agreement with experimental data. 
Surprisingly, the calculated maximum ΔR/R value exactly coin-
cides with experimental one despite the fact that the values of n2 
and k2 are obtained in previous work[49] by z-scan method. This 
means that significant contribution to these nonlinear coeffi-
cients is made by nonparametric processes of generation and 
scattering of photoexcited electrons, which occur in graphene 
during the 100-fs pulses used in ref. [49]. The calculations also 
show, together with experiment, that the maximum modula-
tion of reflection is observed at the wavelength very close to the 
BSW resonance. We found that the enhanced modulation in 
reflection is largely caused by the change in the imaginary part 
of the graphene refractive index, which leads to the decrease in 
the BSW resonance depth and its blue-shift compensating for 
the red-shift due to the change in the real part of the refractive 
index (see Section S5, Supporting Information). For the case 
of graphene on the substrate without PC, the calculated max-
imum modulation value is −0.04% (see Section S6, Supporting 
Information). Thus, the high sensitivity of BSW to the optical 
constants of the monolayer covering the PC leads to an increase 
in the all-optical modulation of the graphene/PC reflection by 
an order of magnitude, while maintaining the time evolution 
of the graphene response. The modulation value obtained in 
the experiment can be increased by using plane wave illumina-
tion to avoid the Q-factor reduction. The respective simulations 
(see Section S7, Supporting Information) give the modulation 
value of approximately 3%. We also note that 0.3% modulation 
is obtained at a pump fluence of only 40 µJ cm−2 (peak inten-
sity is about 1 GW cm−2), one to two orders of magnitude lower 
than the damage threshold of graphene.[50,51] Thus, even in the 
system under study, switching values of more than 3% can be 
expected as the pump fluence approaches the threshold value.

We also measured the temporal integrated reflectance modu-
lation collecting the probe signal at all wavelengths of the laser 
pulse to check the dependence of modulation on pump fluence. 
The maxima of normalized transient reflectance for various 
pump fluences are shown in Figure  4a. Despite the fact that 
the spectral dependence of the reflection coefficient modulation 
has regions with both positive and negative modulation values, 
the integral value of the modulation turns out to be non-zero, 
but an order of magnitude smaller than the value at the BSW 
resonant wavelength. We measured the dependence twice, with 
increasing and decreasing pump fluence, to check additionally 
the integrity of graphene. The values for particular points are 
close to each other for increasing and decreasing pump flu-
ence. The transient dependences for these points (Figure  4b) 
are also similar. This means that no damage to graphene was 
observed in our experiment. The observed effect allows us to 
quickly estimate the temporal dynamics of the reflectance mod-
ulation without using spectral decomposition.

Adv. Optical Mater. 2022, 10, 2101937
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3. Conclusion

In conclusion, Bloch surface waves excited at PC/graphene 
interface enhance significantly the magnitude of ultrafast 
reflectance modulation. The resonance wavelengths are gov-
erned by photonic crystal parameters and can be easily tuned 
to the desired spectral range. Using the pump-probe technique, 
we have shown that the magnitude of the reflectance modula-
tion is approximately 10 times larger than that for the bare gra-
phene monolayer, while the temporal dynamics is determined 
by graphene. The resulting amplitude of reflection modulation 
is limited due to the large absorption in the graphene mono-
layer, which leads to a considerable decrease in the Q-factor of 
the surface wave resonance. To get closer to the values more 
suitable for applications, it is advisable to consider 2D mate-
rials and thin films with high third-order optical susceptibility 
in spectral regions of their transparency (possible options are 
transition metal dichalcogenides or hexagonal boron nitride). 
The low absorption in the vicinity of the BSW resonance should 
retain the high Q-factor of the mode, which in turn signifi-
cantly increases the sensitivity of the scheme to the optical para-
meters of the nonlinear layer and thus the all-optical reflection 

modulation. The reported results is a proof of principle possi-
bility of amplifying the reflection modulation of graphene and 
other nonlinear materials by means of BSW excitation.

4. Experimental Section
Experimental samples were distributed Bragg reflectors formed by 7 
pairs of quarter-wavelength-layers with thicknesses of 160 and 112 nm 
for SiO2 and Ta2O5, respectively, fabricated by physical vapor deposition 
(PVD). Additional 260 nm-thick layer of SiO2 was sputtered on top of PC. 
These parameters were chosen to excite BSW at approximately 800 nm 
wavelength of the laser pulses for the incident angle of 45°. The surface 
of PC was covered with a graphene monolayer prepared by chemical 
vapor deposition method (CVD) and transferred to sample using wet 
transfer by polymethyl methacrylate.
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