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Effect of growth temperature conditions on the optimization of 
OH1 single-crystalline thin film by physical vapour deposition 
Pei-bin Wang, a Kei Takeya, *a Kodo Kawase, a and Hirohisa Uchida *a,b

2-(3-(4-hydroxystyry1)-5,5-dimethylcyclohex-2-enylidene malononitrile (OH1) is the only organic nonlinear optical (NLO) 
crystal that can be crystallized by physical vapour deposition (PVD) for terahertz (THz) wave generation. We report some 
optimizations of the growth temperature conditions of single-crystalline thin film by PVD. After transforming the setting 
temperature conditions from 90-120-180 °C to 90-145-180 °C, we observed that the temperature conditions influence the 
size of the OH1 single-crystalline thin film. Moreover, we found that, when the temperature gradient conditions were held 
at 90-135-180 °C during PVD for the growth of OH1 single-crystalline thin film, the single-crystalline thin films had longer b-
axial extensions, which may be better-suited to nonlinear optics. The infrared transmission spectroscopy absorption peak 
positions of the OH1 single-crystalline thin film fabricated in this study were the same as those of bulk OH1 crystal. The 
crystallinity of the OH1 single-crystalline thin film was higher than that of bulk OH1 crystal, under all temperature conditions.

Introduction 
Organic nonlinear optical crystal OH1. 

Nonlinear optical (NLO) crystal is a superior material widely 
used for wavelength conversion. Among NLO crystals, organic 
NLO crystals have higher NLO coefficients than inorganic NLO 
crystals.1-3 2-(3-(4-hydroxystyry1)-5,5-dimethylcyclohex-2-
enylidene malononitrile (OH1) is a type of organic NLO crystal 
that has a high nonlinear coefficient (d33 = 120 pm/V@1.9 
μm).4, 5 Therefore, OH1 crystals are expected to find 
applications in various optical devices.6, 7

Terahertz generation using nonlinear optical crystals. 

An effective application of nonlinear optical crystals is 
terahertz (THz) wave generation and detection. THz waves are 
electromagnetic waves with frequencies from 100 GHz to 10 
THz, i.e., between radio waves and light waves. Several unique 
applications of THz waves are currently under development.8, 9 
In particular, there are many applications based on THz time-
domain spectroscopy (THz-TDS), such as high-resolution 
tomography,10 measurement of tablet-coating thickness,11 
determination of chloride ion concentrations in concrete,12 
and communications.13 Many studies on THz sources using 
various NLO crystals have been performed, and they can 
generate THz waves efficiently, with relative ease. However, 
we must improve the performance of THz sources before they 
can be used to make advanced measurements.14-18 

In previous studies, we investigated organic NLO crystals in 
terms of THz generation using the prism-coupled Cherenkov 
phase-matching (PCC-PM) method.19-22 This method enables us 
to generate coherent THz waves along the Cherenkov angle, 
and therefore suppress absorption of the NLO crystal.23-25 
However, the thickness of the NLO crystal can cause phase 
mismatches when using the PCC-PM method.26, 27 The 
generated THz waves interfere with and cancel each other out, 
because of their different points of generation. We can solve 
the phase mismatch using a thin crystal.26, 28 Regarding the 
crystal shape, the result given by Lee showed a large crystal 
with an area of ~600 mm2 has been grown from a 0.2 mm-
thick OH1 seed with an area of 3.5 mm2 with a method of 
solution evaporation.29 The phenolic polyene OH1 crystals with 
higher purity and better optical quality have been achieved by 
using a particular ionic organic addictive from the results of 
Choi’s report.30 The growth of OH1 thin film crystals by 
evaporation-induced local supersaturation method has been 
reported by Kwon.31 However, according to the former 
methods, it is not easy to design a shape of organic NLO 
crystals, due to mechanical fragility, the solubility of organic 
crystals and other problems.2 As described above, the shape 
control of organic nonlinear optical crystals is very important 
to increase the optical applicability. 
Optimize the condition of OH1 crystallization by PVD. 

Recently, we developed an easy physical vapour deposition 
(PVD) method to grow OH1 single-crystalline thin films, via 
which we achieved successful THz generation.7 In previous 
studies, employing a PVD setting temperature gradient of 90-
120-180 °C, we obtained single-crystalline thin film with a 
width of hundreds of µm. The width of the OH1 thin film 
crystal represents the b-axial extension. In this study, the 
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shape of the OH1 single-crystalline thin film is controlled by 
the growth conditions. The temperature gradient of the PVD 
affects the crystal size by influencing the convection and 
deposition rates of OH1 gas molecules. Therefore, we varied 
the temperature settings to identify the best temperature 
gradient for the growth of OH1 single-crystalline thin films 
with a long b-axial extension, and appealing crystal shape and 
habit. 

Experiments 
The schematic diagram of the PVD experiment for 

fabricating OH1 single-crystalline thin film is shown in Figure 1. 

A tubular furnace with a three-zone temperature gradient (A-
B-C), from high to low. The OH1 powder was placed in section 
A of the tubular furnace, and two pieces of semi-cylindrical 
glass substrate were inserted into sections B and C. By using 
cocks and a vacuum pump, we reduced the pressure inside the 
tubular furnace to a vacuum, and then implanted Argon gas to 
maintain the pressure at 0.07 MPa. The heating time of the 
tubular furnace was 24 hours under every temperature 
condition tested. 

At first the high temperature section A was investigated 
based on our previous research.7 By thermogravimetry and 
differential thermal analysis measurements of powdered OH1 
crystals, the endothermic peak was observed 212 °C, near the 
melting point. Moreover, the weight of OH1 gradually 
decreased from 100 °C to 190 °C at atmospheric pressure. 
Conversely, when temperature condition was set at 185-120-
90 °C, the OH1 powder turned black because of pyrolysis after 
24h crystallization experiment. Therefore, the high 
temperature section A was determined at 180 °C to sublimate 
at a temperature as high as possible.  

The temperature of section C was investigated by X-ray 
diffraction (XRD) measurement. The growth of the OH1 single 
crystal thin film used for the evaluation was varied the 
temperature of section C from 30 °C to 100 °C. Then, sections 
A and B were set to the conditions where temperatures were 
kept at 180 ° C and 120 ° C, respectively. The X-ray diffraction 
patterns of OH1 single-crystalline thin films grown under 
different temperature conditions were obtained from out-of-
plane measurements (2θ/ω-scan) and X-ray rocking curve 

measurements (ω-scan) in the bc-plane using a thin film X-ray 
diffraction device (ATX-G; RIGAKU). The device used a Cu-Kɑ1 
source and its highest power was 18 kW. The voltage and 
current in this experiment were set to 50 kV and 300 mA, 
respectively. The diffraction of the OH1 crystal was recorded at 
0.001 deg intervals, from 10 to 40 deg, ±0.2 deg from the peak 
position. Figure 2 is shown the XRD measurement results. A 
full width half maximum by rocking curve measurement of 
OH1 single crystalline thin films were decreased that as 
temperature increases. In addition, when the temperature of 
section C exceeded 100 ° C, only microcrystals that were not 
suitable for THz wave generation were grown. When the 
temperature of section C is about the same as that of section 
B, OH1 molecules were less likely to aggregate, which 
suppresses crystal growth. Conversely, when the temperature 
of section C is extremely lower than the temperature of 
section B, the two-dimensional nucleation was excessively 
grown, so that the grown thin films were considered to be 
polycrystalline or low-oriented. In the fact, the full width at 
half maximum by rocking curve measurement of OH1 single-
crystalline thin films were depended on the temperature of 
section C.  Therefore, sections C was set to 90 °C. 

The temperature of B was varied from 120 °C to 145 °C as 
shown in Table 1. The spatial distribution of the growth of the 
OH1 crystal on the glass substrate, and the size of each crystal, 
was measured using a microscope (VW-6000; KEYENCE).

Table 1. Setting growth temperature conditions of PVD in this study

A (°C) B (°C) C (°C)
I 180 120 90
II 180 125 90
III 180 130 90
IV 180 135 90
V 180 140 90
VI 180 145 90

Figure 3 shows the actual temperature gradient of the OH1 
single-crystalline thin film crystallization environment, 
measured by installing several thermocouple sensors inside 
the tubular furnace. There are similar temperatures at the A 

Figure 1. Schematic of the physical vapour deposition (PVD) apparatus. 
OH1 crystal powder is heated in a tubular furnace with temperature 
gradient A-B-C, and sublimated; it then crystalizes at the glass substrate.

Figure 2. X-ray rocking curve measurement results of OH1 single-crystalline thin 
films grown under different temperature conditions of section C. The temperature 
of section A and B were 180 °C and 120 °C, respectively.
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section around 185 °C and C section around 95 °C in the 
tubular furnace. But the temperature conditions I-VI have 
considerably different values at the B section from 129 °C to 
150 °C. And there are also deviations between setting 
temperatures and actual temperatures. The actual 
temperature conditions were utilized to explain the effect of 
growth temperature conditions on the optimization of OH1 
single-crystalline thin film by physical vapour deposition.

The Fourier transform infrared (FTIR) spectra of the OH1 
single-crystalline thin films were measured by micro-Fourier 
transform infrared spectroscopy (FT/IR6100; JASCO 
Corporation) at room temperature. The spectra were recorded 
at 1.92847 cm-1 intervals, from 399.193 cm-1 to 8,001.21 cm-1. 
The FTIR spectra of OH1 bulk crystal were also measured for 
comparison and reference. The thickness of the OH1 bulk 
crystal was approximately 600 µm and that of the thin film 
crystal was 8 µm. 

Results and discussion 
Effect of temperature gradient on the shape of crystals. 

Using a polarizing microscope, we observed that the size of 
the OH1 single-crystalline thin films varied with the growth 
temperature conditions in the tubular furnace. Images of six 
OH1 single-crystalline thin film are shown in Figure 4. While 
many crystals were fabricated under each temperature 
condition, the photograph in Figure 4 shows those with large 
distributions between them (see also Figure 6). We can clearly 
see that the sizes of the crystals vary with temperature, and 
the crystals created under temperature conditions III (B: 
130°C) and IV (B: 135°C) were wider than the other crystals 
(Figure 4). The obtained OH1 single-crystalline thin films were 

single crystals, as shown by their uniform polarization 
characteristics (Figure 5). The obtained OH1 single-crystalline 
thin films were of optical quality and had a much longer 
extension in the b-axis direction under temperature condition 

Figure 3. The measurement temperature gradient in the tubular furnace. The red 
lines at A, B and C show the locations of the PVD thermocouple sensors.

Figure 5. Optical micrographs of an OH1 single-crystalline thin film with a polarized light 
source at 0, 30, 45 and 90 degrees.

 Figure 6. Distribution of the b-axial dimension categories of OH1 crystals obtained 
under different temperature conditions.

Figure 4. Images of OH1 single-crystalline thin films grown under six conditions. 
All pictures have the same scale.
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IV (B: 135°C). The longer extension along the b-axis allows for 
ample interaction between the pump laser and the crystal for 
THz generation. Thus, the shape of the obtained OH1 single-
crystalline thin film under condition IV (B:135°C) should be 
suitable as a THz source. 

To confirm the effect of the growth temperature conditions, 
we calculated the distributions of b-axial dimension categories 
of the OH1 crystals under different temperature conditions, as 
shown in Figure 6; the distributions varied among temperature 
conditions. We can see that, under conditions I (B: 120°C), II 
(B: 125°C), V (B: 140°C), and VI (B: 145°C), b-axial dimensions 
were mostly in the range of 0-100 μm, i.e., most of the OH1 
single-crystalline thin films had b-axial dimensions of no more 
than 100 μm. Meanwhile, under temperature conditions III (B: 
130°C) and IV (B: 135°C) many thin films had b-axial 

dimensions over 100 μm. Under condition IV (B: 135°C), we 
obtained an OH1 single-crystalline thin film with the largest b-
axial dimension (974.97 μm) achieved thus far (Figure 7). 

Section B along the temperature gradient (see Figure 3) is 
the point at which there is a switch from slow to rapid cooling. 
Substantial amounts of droplet-like amorphous material 
adhered to the substrate when the switch point occurred at 
less than 140 ° C, while many microcrystals were grown on the 
substrate when the switch point exceeded 140 ° C. Under all 
temperature conditions, the temperature at section A, where 
the crucible was placed, was 180 ° C, and the heating time was 
24 hours. Hence, the mass of evaporated OH1 molecules was 
the same under all temperature conditions. We suggest that 
the PVD of OH1 depends largely on the temperature switch 
point and the phase; when the switch point was 140 ° C, the 
single-crystalline thin film extended along the b-axis. This 
confirms experimentally that two-dimensional nucleation and 
crystal growth were in balance at 140 ° C. 

The average growth velocity of OH1 single-crystalline thin 
film at each condition was calculated by the b-axial dimension 
distribution data, shown in Figure 8. It can be observed that 
OH1 single-crystalline thin films has the highest growth 
velocity relatively at condition IV (B: 135°C). When the 
temperature of section B increases, the temperature gradient 

from section A to section B turns slower. This results in the 
local residence time extension of OH1 molecule, so the growth 
velocity gradually increases as B temperature increases. 
However, when it exceeds condition IV, the environment 
temperature is too high for OH1 molecules to aggregate and 
we can just get some microcrystals.

Here, it can be assumed that the diffusion rates of gas 
molecules in the tubular furnace, and the local residence time 
and concentration distribution, vary depending on the 
temperature conditions in the furnace at section B. The 
temperature difference at a furnace of approximately 150 mm, 
shown in Figure 3, affected the magnitude of the convection 
and velocity of the gas molecules. Furthermore, the locations 
of the gas molecules may vary depending on the temperature 
distribution around section B. Efficient crystal growth occurs 
when the area in which OH1 molecules gather has a 
temperature of approximately 140 ° C, and we can assume 
that a difference in crystal growth will be seen at other 
temperatures.

Infrared transmission spectroscopy of OH1 bulk crystal and thin 
film crystal. 

We carried out infrared transmission spectroscopy in the 
4,000 to 2,000 cm-1 region of the OH1 bulk and thin film 
crystals, as shown in Figure 9. The blue, orange, and green 
areas are the regions of O-H stretching vibrations at 3,400 to 
3,500 cm-1, C-H stretching vibrations at 3,000 cm-1, and C≡N 

Figure 7. Image of an OH1 single-crystalline thin film grown under temperature 
condition IV.

Figure 9. Infrared transmission spectroscopy results of OH1 bulk and thin 
film crystals.

Figure 8. The average growth velocity in the b-axis direction of OH1 single-
crystalline thin film at each condition.
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stretching vibrations at 2,200 cm-1, respectively. The absolute 
absorption values of the OH1 bulk crystal are greater than 
those of the OH1 single-crystalline thin film, because the OH1 
bulk crystal has a thickness of 600 μm, which is about 70 times 
greater than that of OH1 single-crystalline thin film (thickness 
of 8 μm). This result is compatible with those calculated based 
on the Lambert-Beer law. However, there were no differences 
in the positions of the peaks of the IR spectra between the 
OH1 bulk crystal and thin film. Therefore, it appears that OH1 
single-crystalline thin film grown by PVD has the same 
molecular structure as OH1 bulk crystal.

X-ray diffraction analysis of OH1 crystals grown under different 
conditions.

Figure 10 shows the XRD patterns of OH1 single-crystalline 
thin films grown by PVD under different temperature 
conditions (I–V); the patterns were obtained from out-of-plane 
measurements (2θ/ω-scan) in the bc-plane. Under all 
temperature conditions, peaks occurred at the same positions 
in the (200), (400), and (600) planes. Thus, we demonstrated 
that OH1 single-crystalline thin films grown under different 
temperature conditions have the same lattice constant in the 
a-axis.

The results of X-ray rocking curve measurements (ω-scan), for 
OH1 single-crystalline thin films grown under five different 

temperature conditions, are shown in Figure 11. The full width 
at half-maximum (FWHM) of OH1 single-crystalline thin film 
under temperature condition I–V is 59.76 arcsec, 30.6 arcsec, 
13.68 arcsec, 24.28 arcsec, 14.4 arcsec respectively, and the 
FWHM of the bulk crystal is 59 arcsec measured by our 
previous work,1 which is greater than those of the thin films 
grown under temperature conditions II–V. When the setting 
temperature at section B was increased from 120 °C to 135 °C, 
we obtained OH1 single-crystalline thin film with longer b-axial 
dimensions, which were more suitable for THz generation. 
Moreover, the FWHM of the OH1 single-crystalline thin film 
was lower compared to bulk crystals and previously reported 
thin films. The results showed that, for the OH1 single-
crystalline thin film, temperature condition IV yielded a 
crystalline perfection equivalent to, or better than, that 
obtained under the conditions used in previous studies, and of 
other films fabricated using conventional crystal growth 
methods. We will be able to obtain OH1 single-crystalline thin 
films with the optimum shape according to the purpose by the 
growth temperature conditions.

Conclusions
We investigated the optimization of temperature conditions 

for PVD growth of OH1 crystal. As a result, we achieved control 
over the growth of OH1 single-crystalline thin film simply by 
changing the temperature conditions. By setting the 
temperature gradient of PVD to 90-135-180 °C, a high 
crystallinity OH1 single-crystalline thin film with long extension 
along the b-axis was obtained.  We analysed the fabricated 
samples using infrared spectroscopy and XRD, and observed 
that the OH1 thin film crystal obtained by vapour phase growth 
has higher crystallinity than the bulk crystal. To obtain a large 
and high crystallinity OH1 single-crystalline thin film in the b-
axis direction, it is extremely important to maintain the actual 
temperature of section B at 140 °C. This confirms 
experimentally that two-dimensional nucleation and crystal 
growth were in balance at 140 ° C.
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Figure 11. X-ray rocking curve measurements (ω-scan), for OH1 single-crystalline 
thin film grown under five different temperature conditions.

Figure 10. X-ray diffraction patterns of OH1 single-crystalline thin films grown under 
different temperature conditions (I–V). 
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