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Compact, all-optical, THz wave generator based on 

self modulation in a slab photonic crystal waveguide 

with a single sub-nanometer graphene layer 
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,  

We design a compact, all-optical THz wave generator based on self modulation in a 1-D slab 

photonic crystal (PhC) waveguide with a single sub-nanometer graphene layer by using 

enhanced nonlinearity of graphene. It has been shown that at the bandgap edge of higher bands 

of 1-D slab PhC, through only one sub-nanometer graphene layer we can obtain a micro, high 

modulation factor (about 0.98 percent), self intensity modulator at high frequency (about 

0.6THz) and low threshold intensity (about 15 MW per square centimeter), and further a 

compact, all-optical THz wave generator by integrating the self modulator with a THz 

photodiode or photonic mixer. Such a THz source is expected to have a relatively high 

efficiency compared with conventional ones based on optical methods. The proposed THz 

source can find wide applications in THz science and technology, e.g., in THz imaging, THz 

sensors and detectors, THz communication systems, and THz optical integrated logic circuits. 

 

 

 

 

 

 

 

 

Introduction  

In recent years, THz science and technology are attracting great 

attentions in imaging [1], sensing [2] and communications [3, 

4], as THz rays are damage free to materials, have high ability 

in penetrating many materials including cloths and plastics, and 

are rich in frequency resources. For all THz applications, THz 

sources are the basic devices. Generally, the following ways are 

used to provide THz sources: (1) nonlinear optical frequency 

difference [5, 6]; (2) nonlinear parametric process [7, 8]; (3) 

optical rectification [9]; (4) quantum cascade THz laser [10-13]; 

(5) frequency multiplication [14, 15]; (6) Gunn generator [16, 

17]; (7) THz free-electron lasers [18]; (8) photomixer [19]; (9) 

traveling-wave photodiodes [20]. At present, however, 

achieving compact, efficient, economic THz sources remains a 

challenge to scientists and engineers [20-23]. In case (1) the 

efficiency and power are very low especially for CW operations, 

the system is bulky, and the technical difficulty is high as two 

frequency-locked, mode-matched, same-polarization-state 

optical beams of high power are required; in case (2), the 

efficiency is also low because idle waves are required in the 

parametric process and the system is bulk as well because a 

complicated optical amplifier is required; in case (3) the 

efficiency is very low because a lot of unwanted frequencies are 

generated and the system is large because a fs pulse laser is 

required, in case (4) a very low operation temperature is 

required and in the cases (5) – (6), the efficiency is also quite 

low and the frequency range is limited because the response of 

electronic devices in THz bands are very poor; while in case (7), 

the system is generally very large. 

Finally, in case (8) and (9) that are mainly used for CW 

operations, heterodyne method and THz beat frequency of two 

frequency-locked laser beams with two different frequencies 

are used, resulting complicated system, technical difficulties 

and high cost. Also in these methods, tuning of the THz beat 

frequency is to be realized by tuning the laser frequency, which 

is generally not so easy. 

To overcome the difficulties and complexity in the cases (8) 

and (9), in this paper we report a novel THz source with a 

compact size based on self-modulation of an optical wave in a 

slab photonic crystal waveguide with a single sub-nanometer 

graphene layer. In addition, we will show that in this method 

tuning of the THz frequency can be obtained by changing the 

laser intensity in addition to changing the wavelength of the 

laser beam. This provides a novel, more easy way for tuning the 

output frequency of THz wave generators. 

Graphene, a new nonlinear material with high Kerr nonlinearity 

having a much easier fabrication process than conventional 

nonlinear materials, opened a new way for designing nonlinear 

optical devices with better performance. However its relatively 
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high absorption coefficient (~2.3% for each layer) sets a high 

limitation for its applications in nonlinear optical devices. 

Furthermore, graphene is extremely thin in thickness (~ 0.34 

nm), which forces one to use a large number of graphene layers 

to obtain required nonlinearity (thus higher absorption) or a 

high intensity pump beam to get sensible Kerr nonlinear effects 

averaged in a certain volume of material. These limitations lead 

to that until now the high nonlinearity of graphene has been 

mainly utilized for saturable absorption applications such as 

mode locking and Q switching for lasers [24-26]. However, in 

our previous report [27], we have shown that using a single 

layer of graphene in sub-nanometer thickness as a nonlinear 

material inside 1-D PhCs is sufficient to overcome the 

mentioned limitations, so that all optical sensitive phase shifters 

based on sharp phase changing around the Fano resonance in a 

slab PhC could be designed. 

In addition to its high nonlinearity, another interesting feature 

of graphene is its fast nonlinear response which is due to the 

fast (~100 fs) intra band transitions [28]. Here we will show 

that using light propagation inside 1-D slab PhCs with a single 

layer of graphene at frequencies near the bandgap edges of high 

normalized frequencies (f > 1), we can obtain suitable high 

nonlinearity and short response time for low threshold and high 

modulation factor all optical self intensity modulators. 

Using PhC modes with higher quality factors helps to increase 

the light enhancement factor and thus reducing the threshold 

pump intensity required. But on the other hand, it can increase 

the response time of the PhC and can limit the modulation 

frequency. Thus, to achieve high frequency modulation with 

low threshold intensity in THz bands, it is necessary to choose 

modes with suitable quality factors. We will show in this study 

that higher bands of 1-D slab PhCs are good choices for this 

purpose. The advantage of using 1-D slab PhC is its easier 

fabrication process through simpler mask for micro lithography 

without requiring line defects as a waveguide. In addition, 

using higher normalized frequencies leads to larger lattice 

period and thus much easier fabrication process. However, 

higher normalized frequencies (above light line) lead to out of 

plane loss, but as we will show, this loss is not so high in small 

PhCs. Therefore, one can utilize these frequencies to design 

optical devices with relatively low loss. 

As a result, we can design a compact, all-optical THz wave 

generator by integrating the self-modulator with a THz 

photodiode or a photonic mixer. 

Such a THz source is expected to have a relatively high 

efficiency compared with conventional ones based on nonlinear 

optical processes because the nonlinearity of graphene is high 

and enhanced in the structure proposed. It is also very compact 

with less complexity and easier implementation especially 

compared with the conventional heterodyne method which 

applies two frequency-locked, mode-matched, same-

polarization-state lasers with different frequencies because in 

our method only one laser beam is required in the system and 

its size is in micrometer order. The proposed THz source can 

find wide applications in THz science and technology, e.g., in 

THz imaging, THz sensors and detectors, THz communication 

systems, and THz optical integrated logic circuits. 

 

 

 

 

Physical model of the THz wave generator proposed  

The schematic of the THz wave generator proposed is shown in 

Fig. 1. The structure includes a 1-D silicon (Si) PhC of 5 

periods with a single layer of graphene in sub-nanometer 

thickness in the middle cell of the PhC. The substrate is SiO2 

and the PhC is between two Si waveguides. The filling factor 

(F = w/a) of Si in the PhC is 0.9 and the thickness of Si layer is 

h = 0.5a, where a is the period of the PhC that is selected by 

considering the operation wavelength corresponds to the 

communication wavelength of λ = 1550 nm. As we will show 

in the next sections, for our purpose the suitable normalized 

frequency is about 1.138, so we will have a ≈ 1760nm. We 

consider an equivalent composite of Gr and Si with d = 0.02a at 

y = 0.5h. The horizontal width of the composite layer is the 

same as that of the silicon layer in the PhC unit cell. For the 

illumination, we consider a light polarized in z-direction 

inputted from the left-hand-side waveguide, as shown in Fig. 1. 

The self modulated wave will be converted to THz wave 

through the PD or PM in Fig. 1. Considering the conversion 

process in the PD or PM is a standard one, therefore, in the 

following we focus on the analysis and demonstration of self 

modulation in the structure. 

 

 
Fig. 1. Schematic of the THz wave generator. It consists of a one-
dimensional (1-D) slab PhC, which is illuminated from the waveguide at the 

left side of the PhC, a layer of graphene (Gr) in sub-nanometer thickness, 

and a photodiode (PD) or a photonic mixer (PM). An infrared wave with a 

wavelength of 1550 nm is inputted from the left-hand side and self modulated 
in the structure. Finally, the self-modulated wave is converted into THz wave 

by the PD or PM and radiated out from the right-hand side. 

 

We mention that there is an important difference between the 

above structure and that in our previous work [27]: the input 

wave is from the left-hand side of the waveguide in the present 

configuration, while the input wave comes from the top side of 

the waveguide, i.e., there is no vertical to horizontal coupling of 

waves as that in the previous work. Moreover, the present 

structure operates on the principle of self amplitude modulation, 

while the previous one is based on nonlinear phase modulation. 

 

Calculation method   

In order to determine the suitable normalized frequency, we 

first calculate the linear transmission spectrum (versus 

normalized frequency). For calculation of transmission 

coefficient, we use an incident beam with a Gaussian profile 

with its full width at half maximum (FWHM) equals to the half 

of the height of the waveguide, we calculate the transmission in 

a standard definition as that in our previous report [27], and 

then we perform nonlinear FDTD simulation to calculate the 

change of PhC transmission for different intensities of the 

pump beam at the selected normalized frequencies. 

In linear FDTD, we consider the dielectric constants of Si and 

SiO2 as 12 and 2.1, respectively. Noting that the thickness of 

the graphene (dg = 0.34 nm) is much smaller than the mesh size 

in FDTD simulation (0.02a), we consider the graphene and 

silicon around it (with a thickness equal to one mesh size) as a 

composite layer with an equivalent dielectric constant as [29, 

30]: 
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where εd is the dielectric constant of Si, σ0=6.08×10-5 Ω is the 

initial conductivity of the graphene, and ρ is the filling factor of 

the graphene inside the composite layer. Under the illumination 

of an input wave, the increment of the equivalent dielectric 

constant of the composite layer is calculated as: 

,
c g

ρε ε∆ = ∆                                               (2) 

where ∆εg=∆(ng
2) is the increment of the dielectric constant of 

graphene. Here ng is the refractive index of graphene. 

In nonlinear FDTD simulations, in order to design high 

frequency modulators, it is necessary to consider the response 

time of nonlinear refractive index of graphene. For this purpose, 

the graphene refractive index increment (∆ng) is calculated by 

the following equation: 

2 ,
g

g

c c

nn Id
n

dt

β

τ τ

∆
∆ = −                                           (3) 

where τc=100 fs [28] is the fall time of the refractive index 

change, β=1/(1+I/Is), n2=10-7 cm2/W, and IS=600 MW/cm2 [31].  

Furthermore, considering that there exists negative absorption 

nonlinearity of graphene that leads to reduction of its 

absorption with increasing light intensity, and considering the 

small effect of absorption of a single layer of graphene in sub-

nanometer thickness, we neglect the effect of absorption 

nonlinearity and only consider Kerr nonlinearity of the 

graphene similar to our previous work [27]. 

 

Results and discussions   

The calculation result for the transmission coefficient for the 

PhC without graphene is shown in Fig. 2. As can be seen, even 

at high frequencies there are some frequency regions that the 

transmission is good. In fact, in spite of common opinion, at 

high normalized frequencies (where photonic bands are above 

the light line) there are some frequency regions in which the 

out-of-plane loss is relatively low although it cannot be zero, so 

one can use these bands to design efficient (high transmission) 

devices. This is an important point because higher bands can 

provide photonic modes with higher sensitivity to the change of 

refractive index. Thus, we study the effect of refractive index of 

the graphene (due to Kerr nonlinearity) in the PhC at all of the 

bandgap edges up to the seventh band. 

In order to study the effect of graphene on the transmission 

coefficient at each bandgap edge and to avoid complexity due 

to the dispersion of graphene, we calculate the transmission 

coefficient at each selected region of frequency separately with 

suitable lattice period (for operation wavelength of λ=1550nm). 

In Fig. 3, the transmission coefficient for PhC with various 

numbers (N) of graphene layers from 0 to 10 corresponds to the 

frequency region near the upper side of seventh bandgap. As 

can be seen, the absorption of graphene leads to reduction of 

the sharpness of the bandgap edge, resulting reductions in light 

intensity enhancement and sensitivity of the PhC to the 

refractive index change. Thus, to achieve lower absorption and 

stronger light resonance we choose using a single layer of 

graphene in sub-nanometer thickness. 

Through nonlinear FDTD simulations, the PhC output power 

versus time for a number of fixed incident light intensities for 

three normalized frequencies near the edge of the seventh 

bandgap has been plotted in Fig. 4. In Fig. 4, the normalized 

frequencies are as f = f0 - df, where f0 = 1.1383 corresponds to 

the maximum transmission coefficient at the seventh bandgap 

edge as shown in Fig. 3 and df = 0, 0.001 and 0.002, 

respectively. 

 
Fig. 2. The transmission coefficient without graphene versus normalized 

frequency (f=a/λ). 

 

Fig. 3. The transmission coefficient for various number of graphene layers (N) 

for the normalized frequencies around the edge of seventh bandgap. 

 

Fig. 4. The transmission power versus time for a number of fixed average 

intensities of the incidence beam at the normalized frequencies at the seventh 

bandgap edge for normalized frequencies of f = f0 - df with f0 = 1.1383 (edge 
of seventh band gap) and df = 0 (up), df = 0.001 (middle) and df = 0.002 

(down).  

 

As can be seen from Fig. 4, self-amplitude modulation takes 

place with increasing intensity of the input light. At lower light 

intensities, however, the oscillation is not permanent. By 

further increasing the input light intensity, permanent 

oscillation takes place. At a specific input intensity (threshold 

intensity), the transmission power is oscillated regularly with 

maximum modulation factor over 97%. By further increasing 
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the input light intensity (in comparison the threshold intensity), 

the modulation factor decreases. In addition, as can be seen, 

with the change of normalized frequency for the transmission 

peak at the bandgap edge, the threshold intensity and 

corresponding modulation frequency (with maximum 

modulation factor) change. This effect is shown in Fig. 5. As 

can be seen, for normalized-frequency detuning of df = 0.002, 

from the maximum transmission at the bandgap edge 

(f0=1.1383) which is equivalent to tuning of wavelength about 

2.7 nm at the wavelength of 1550 nm, the threshold intensity (It) 

frequency decreases from 20 MW/cm2 to 14.4 MW/cm2 and the 

modulation frequency (FM) also decreases from about 0.85 THz 

to 0.6 THz, respectively. 

 

Fig. 5. The modulation frequency (FM), and threshold intensity (It) versus 

normalized frequency detuning (df) from the edge of seventh bandgap with 

normalized frequency of f0 = 1.1383. 

 

 

Fig. 6. The modulation frequency (FM), and Modulation factor (m) versus 

average intensity of the incidence beam around the threshold intensity with 
maximum modulation factor for normalized frequency of f = f0 - df with f0 = 

1.1383 (edge of seventh bandgap) and df = 0.002. 

 

 
 

Fig. 7. The transmission power versus time for a number of fixed average 
intensities of the incidence beam at the normalized frequency of f = 0.527 at 

the third bandgap edge.  

 

Also, another interesting effect is that, in addition to tuning the 

modulation frequency by changing the input wavelength (Fig. 

5), one can also tune the modulation frequency by varying the 

input intensity with the same high modulation factor. To study 

this ability in more details, the influence of input intensity 

around the threshold intensity (It) on the modulation frequency  

(FM) and modulation factor (m) is shown in Fig. 6 for the case 

of normalized frequency detuning of df = 0.002 from the 

seventh bandgap edge. As can be seen from Fig. 6, for input 

intensity in the range of 13.5 to 15 MW/cm2, the modulation 

frequency can be tuned from about 0.59 to 0.63THz with the 

modulation factor keeping higher than about 93%. This means 

that at the intensities around the threshold intensity (the 

intensity with maximum modulation depth) the sensitivity of 

the modulation frequency to the input intensity can be 

calculated as dFM /dI ≈0.04 THz /(MW/cm2). 

The observed oscillation can be explained by considering four 

factors, including 1−change of the refractive index of graphene 

with intensity (due to Kerr effect on graphene), 2−sensitivity of 

the PhC response to the change of refractive index, 3−nonlinear 

response time of the graphene (fall time), and 4−response time 

of the PhC cavity, which is characterized by the quality factor 

of the cavity. 

In detail, the mechanism of the self-modulation can be 

described as follows. A finite-size PhC can have many intrinsic 

resonant modes, as shown in Fig. 2. The resonance frequencies 

of these intrinsic modes will be changed as the graphene layer 

gives different refractive index under different power of input 

waves. For higher input power, the graphene’s refractive index 

goes higher, resulting higher effective refractive index of the 

finite-size PhC and thus lower frequencies of the intrinsic 

modes. In the system, the frequency of the input wave is set to 

be equal to the frequency of an intrinsic mode at the beginning 

when the field intensity in the cavity is zero. Then we can view 

the following process: At first, the field in the cavity is 0 or 

very weak, no nonlinear effect exists; after a time period of 

building up of field in the cavity due to non-zero quality factor 

of the cavity (or none zero response time of the PhC), the field 

in the cavity reaches a high value and then nonlinear effects 

take place, resulting detuning of the cavity, i.e., the field in the 

cavity decreases; then after some time, the field in the cavity 

decreases to be very weak. Obviously, such a process would 

repeat in the system. Such a repeated process accounts for the 

self modulation phenomenon in the proposed structure. The self 

modulation period is just about the summation of the building 

up time and the life time of the resonance mode in the cavity. 

From the description of the mechanism, we can see that the 

modulation frequency is mainly decided by the changing speed 

of intensity in the PhC, which is related to the quality factor of 

the intrinsic mode of the PhC. This is reasonable, as the fall 

time of the graphene is about 100 fs or 0.1 ps, which is much 

less than the period of the modulation wave. For a further study, 

in Fig. 7 the result of self-amplitude modulation for a lower 

bandgap edge (third bandgap) corresponds to the normal 

frequency of f = 0.527 has been shown. As can be seen, in this 

case, regular oscillation takes place at much higher threshold 

intensity of more than 200 MW/cm2 that is one order of 

magnitude greater than that obtained for the 7th bandgap edge. 

However, in this case, the modulation frequency increases up to 

~3 THz, but the modulation factor decreases to about 85%. 

We can explain that the modulation frequency for the modes in 

lower bands is higher than that for the modes in higher bands 

by noting that lower quality factor corresponds to higher 

increase speed of field intensity in the PhC and that the quality 

factors of the intrinsic modes in the lower bands are less than 

that in the higher bands because the ripples in the higher bands 

are sharper than that in the lower bands, as can be seen from 

Fig. 2. 
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We can also explain that higher threshold intensity is required 

for self modulation in the lower bands by noting that the modes 

in the lower bands have less quality factors, corresponding to 

smaller ratio of the field intensity in the PhC to that of the input 

wave, i.e., for the same amount of frequency shift of the modes, 

higher input power is required. 

Another difference between the self modulation in lower and 

higher bands is that in lower bands regular and high modulation 

factor oscillations take place in wide range of intensity. As can 

be seen from Fig. 7, the self-modulation works well for input 

intensity between 150 and 200 MW/cm2. However, in the case 

of using higher bands, as can be seen from Fig.4, the range of 

input intensity for obtaining regular and high oscillation is 

much less and is about 1 MW/cm2. Such a phenomenon is also 

a result of the difference of quality factor for the modes in the 

higher and lower bands. For low quality factor modes, the 

intensity of the intrinsic modes in the PhC changes slowly with 

the input intensity, i.e., not so sensitive with it. As a result, the 

operating range of input intensity for the self modulation in the 

lower bands is wider than that in the higher bands. 

The self modulation is a novel, interesting phenomenon in the 

nonlinear PhC cavity. In the frequency domain, a self 

modulated beam is equivalent to a superposition of two 

coherent beams with different frequency, so that only one input 

laser beam is required. Therefore, no expensive mode-locking 

amplifiers are required as that in the generation of THz waves 

through frequency difference or photonic mixing, decreasing 

greatly the system complexity and cost. 

Finally, for application purposes, here we present further an 

estimation of the efficiency for the THz wave generator 

proposed. As can be seen from Fig. 3 (that is for low light 

intensities or linear condition), the maximum transmittance at 

the peak of bandgap edge is ~60% for the case of single layer of 

graphene (N=1) in sub-nanometer thickness, but at high light 

intensities, as we show in our previous study [27] light 

distribution inside the PhC changes with increasing refractive 

index of graphene due to self-focusing effect. This effect leads 

to more out-of-plane loss so the maximum transmittance at the 

peak of the modulation in the Fig. 3 decreases to ~30%, 

corresponding to an average power efficiency of conversion of 

15%. Considering that only a part of the modulated wave can 

be converted to be THz wave output due to the conversion 

efficiency of the PD or PM and the radiation efficiency of the 

antenna the actual efficiency may be much lower. Even though, 

we expect that its efficiency can be higher than that in 

conventional THz wave generators because the nonlinearity of 

graphene is high and enhanced in the PhC further and because 

the proposed structure is very compact as its size is in 

micrometer order. 

Conclusions 

It has been shown that in spite of the absorption of graphene, 

using a single layer of graphene in sub-nanometer thickness 

inside 1-D slab PhCs and using high normalized frequencies at 

the higher bandgap edges of the 1-D PhCs, one can provide 

enhanced nonlinearity with small loss to obtain high frequency 

(~0.6 THz), high modulation factor (~98%), low intensity 

threshold (~15 Mw/cm2), self intensity modulation. By 

considering the advantage of easy fabrication process, small 

size, high modulation factor, without requiring input of two 

mode-locked light beams of different frequency, and 

continuous wave operation, the designed device has a good 

potential for applications in optical integrated circuits as a pulse 

generator. Also it has been shown that by tuning the 

wavelength about 2.7nm or input intensity of 1.5 MW/cm2, it is 

possible to tune the modulation frequncy about 0.25 THz and 

0.4 THz, respectivly. 

At last, we point out that the obtained modulation frequency 

(<1 THz) at the seventh bandgap is limited due to the response 

time of the PhCs not due to the response time of the graphene, 

thus by reducing the response time of the PhCs, it is possible to 

increase the modulation frequency up to one order of 

magnitude. However, the challenge is that it may need PhCs 

with lower quality factors that lead to reduction of PhC 

sensitivity to the change of graphene refractive index and thus 

higher threshold intensity. Therefore, obtaining higher 

modulation frequency with lower threshold intensity by using 

suitable 1-D or 2-D PhCs can be an interested subject for 

further investigations. Also, using more number of graphene 

layers can help to decrease the threshold intensity. However 

optical loss due to the absorption of graphene makes another 

limitation in the total achievable quality factor as 

1/Q=1/QG+1/Qp, where QG is the quality factor due to graphene 

absorption and Qp is the quality factor of the PhC (without 

graphene), so there is a maximum limit for Qp that depends on 

the number of graphene layers. Therefore, for desired 

modulation frequency one can also architect the number of 

graphene layers instead of adjusting the PhC quality factor of 

the PhC. Indeed, with the increase in the number of graphene 

layers, the sharpness of the bandgap edge (or equivalently the 

quality factor) will decrease due to the increase in the graphene 

absorption (as shown in Fig. 3). Moreover, the decrease in 

quality factor would lead to the decrease in the sensitivity of the 

PhC response to the change of the effective dielectric constant 

and decrease of light intensity enhancement inside the PhC. On 

the other hand, increasing the graphene layers will lead to 

increasing in the changing sensitivity of effective refractive 

index of the composite layer to the input intensity. Thus, one 

can find the optimum number of graphene layers that may also 

depends on the PhC structure. However in this investigation we 

have shown that the simplest selection of using only one layer 

of graphene, one dimensional slab PhC and high normalized 

frequencies or greater PhC lattice constant are suitable enough 

to obtain low threshold self-modulation at THz frequencies. 
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