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We have measured strong second-harmonic generation in N-benzyl-2-methyl-4-
nitroaniline (BNA) thin films at a fundamental wavelength of 1550 nm. The second-
order nonlinearity was determined to be (61 ± 10) pm/V, comparable to the benchmark 
nonlinear crystal LiNbO3. The crystals are grown by cooling BNA from its melting point 
to room temperature in the presence of a temperature gradient. This gives rise to 
millimeter-sized crystals with thicknesses of several 100 nanometers. Our results are a 
first step towards the implementation of second-order nonlinear functionalities in 
silicon nitride photonic integrated circuits, where monolithically integrated strongly 
nonlinear crystals are lacking. 

Introduction 
The second-order optical nonlinearity (also known as the 2nd-order susceptibility χ(2)) of 
materials gives rise to interesting effects like second-harmonic generation (SHG), 
parametric down-conversion, and the Pockels effect [1]. These effects are put to use in 
various applications, including optical parametric oscillators (OPO’s) [2], high-speed 
electro-optic (EO) modulators [3], and quantum light sources [4], all of them being 
commercialized at costs ranging from $1,000 to $100,000. Therefore, there is still a lot 
of room for improvement in terms of their cost, but also in terms of footprint and energy 
budget. We believe these improvements can be made by implementing χ(2) based 
devices in an integrated photonics platform. While dedicated platforms are being 
developed based on AlGaAs or high index contrast LiNbO3 [5-6], an ideal solution 
would consist in adding the χ(2) nonlinearity to one of the existing CMOS-compatible 
platforms. Indeed, the use of existing CMOS infrastructure allows for high-volume, 
high-yield manufacturing at a low cost per chip. Next to the possibility of low-cost 
fabrication, the miniaturized photonic circuits with strong electric field confinement 
allow for more energy efficient χ(2) based devices. However, the χ(2) effect vanishes in 
centrosymmetric material systems [1]. Unfortunately, the materials typically available 
in silicon photonics technology, silicon (Si), amorphous silicon dioxide (SiO2) and 
silicon nitride (SiN), possess the aforementioned property. Yet, there have been 
demonstrations of χ(2) effects in Si [7] and SiN [8], but the precise origin remains 
uncertain and the overall nonlinearity modest. In recent years, substantial progress has 
been made in combining ferroelectric BTO [9-10] and PZT [3] with Si photonics to take 
advantage of their strong Pockels effect. On the other hand, very large χ(2) nonlinearities 
have been reported for organic materials. Poled organic materials have been used 
successfully to demonstrate highly efficient Si-organic modulators [11]. However, these 
poled materials tend to lose their ordered structure over time. Organic crystals, like 
DAST [12] and BNA [13], do not require poling. For N-benzyl-2-methyl-4-nitroaniline, 
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or BNA, a nonlinearity of χzzz = (468 ± 62) pm/V at a fundamental wavelength of 
1064 nm has been reported in bulk crystals [13] (compared to χzzz = 54 pm/V for 
LiNbO3 [14], used in many applications). Also EO modulators have been demonstrated 
in Si slot waveguides filled with BNA [15-16]. BNA belongs to the orthorhombic 
crystal system, point group mm2 [15]. It is transparent in the ~500 nm to ~2 μm 
wavelength range [13]. The ability to grow these organic crystals in thin films over 
large areas would enable their integration in nanophotonic circuits, and consequently 
allow the realization of efficient integrated χ(2) devices. Considering the large overlap in 
transparency windows between SiN and BNA, this platform is the natural choice for 
nonlinear wave mixing experiments.  
Here we report on the growth of high χ(2) millimeter-sized BNA crystals with 
thicknesses in the 200 to 600 nm range. The fabrication process is outlined, along with 
characterization through x-ray diffraction (XRD) and SHG measurements.  

Crystal growth 
The first step in the fabrication process is the drop casting of a BNA in toluene solution 
on an oxidized Si substrate. A glass cover is placed on top to avoid dewetting in 
subsequent steps. Next, BNA is molten by heating up the sample on a hotplate. Finally, 
the sample is cooled down slowly in the presence of a temperature gradient to promote 
the formation of large crystals. We use 2 cm × 2 cm glass covers and oxidized Si 
substrates (100 nm SiO2). Before processing the substrates are cleaned in an ultrasonic 
bath using soap, DI water, acetone, and IPA, followed by a 15 minutes UV-O3 
treatment. BNA was purchased in powder form from MolPort. We dissolve the powder 
in toluene. For the drop casting we use 100 μl of 0.4 wt% BNA in toluene solution. 
After the solvent has evaporated, the glass cover is placed on top. For the 
crystallization, the sample is placed on a Unitemp RSS-450-110 hotplate whose 
temperature profile over time can be programmed. When placing the sample on the 
hotplate, we pay attention to position the sample such that it is extending from the side 
of the hotplate (by several millimeters). This creates a small temperature gradient. The 
sample is heated up to 105°C (BNA’s melting point [16]) in 5 minutes, after which it 
stays at 105°C for 1 minute. Finally, it is cooled down to room temperature at a rate of  
-0.1°C/minute. Before characterization the glass cover is removed. 

Characterization methods 
For visual inspection of our samples an Olympus DSX 500 microscope is used. We 
utilize the polarized light option since it gives good contrast between different crystal 
orientations for anisotropic materials. The Veeco Dektak 150 surface profiler is used to 
determine the thin film thickness. X-ray analysis is done with a Bruker D8 Discover 
system utilizing Cu Kα radiation. The SHG measurements are performed on a home-
built setup (Fig. 1). The laser source is a Calmar FPL-03CCFPM femtosecond fiber 
laser with a wavelength of 1550 nm and a pulse duration of 100 fs. The laser beam is 
collimated and sent through a polarizing beamsplitter cube (PBSC) to obtain linearly 
polarized light. Next, the beam passes through a half-wave plate to alter the polarization 
direction. Afterwards, the laser light is focused onto the sample with a parabolic mirror 
and a 2nd parabolic mirror directs the light to the detector (IDQ ID 120). In front and 
behind the sample there are a longpass and shortpass filter, to filter out light at the 
second-harmonic (SH) wavelength that is not generated in the sample and to filter out 
the laser light, respectively. In front of the detector there is also a PBSC, to select the 
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polarization of interest, a bandpass filter, to filter out all light not at the SH wavelength, 
and a lens to focus the light onto the detector. The setup is calibrated with a BBO 
crystal. To fit our data, the model described in [17] has been implemented in MATLAB.  

 
Fig. 1. Setup for SHG measurements. PBSC = polarizing beamsplitter cube, λ/2 = half-wave plate, LP = 
longpass filter, SP = shortpass filter, BP = bandpass filter.  

Results and discussion 
Millimeter-sized BNA crystals can be seen on the microscopy image in Fig. 2a. The 
black regions are gaps or cracks. Fig. 2b shows a surface profile measured over one of 
these gaps, giving us an estimate of the film thickness. The drop casting technique 
results in thicknesses varying from 200 to 600 nm, though locally the variations are 
small as can be seen from the surface profile. XRD θ-2θ scans show higher-order 
diffraction peaks corresponding to the (010) plane (Fig. 3a). 

  
(a) (b) 

Fig. 2. (a) Polarized light microscopy image. (b) Surface profile of BNA crystals. 

   
(a) (b) 

Fig. 3. (a) XRD θ-2θ scan of BNA. (b) Measurement and fit of SH power for normal incidence and 
varying input polarization (0° corresponds to s-polarized light). The PBSC in front of the detector is 

oriented such that p-polarized SH waves (polarization angle of 90°) are transmitted. 
Knowing the crystal orientation, thickness, and refractive index [13], we can determine 
the nonlinearity in SHG measurements (Fig. 3b). The SH power is measured as a 
function of polarization angle at normal incidence. The position of the maximum 
depends on the in-plane crystal orientation. Fitting gives a nonlinearity of 
χzzz = (61 ± 10) pm/V (error due to thickness uncertainty; result is an average of 6 
measurements spread over 3 samples). For bulk crystals a value of (468 ± 62) pm/V at 
1064 nm is reported. Taking into account dispersion, this corresponds to ~314 pm/V at 
1550 nm [18]. Our smaller value can be related to the crystal quality.  
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In conclusion, we demonstrated large area growth of BNA thin film organic crystals 
with a large χ(2) nonlinearity. These results are a first step towards the implementation of 
χ(2) functionalities in SiN photonic integrated circuits. 
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