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Nanoscratching technique for 
highly oriented liquid crystal 
materials
Ahram Suh1 & Dong Ki Yoon1,2

A simple, fast, and cost-effective technique to obtain highly oriented thermotropic and lyotropic 
liquid crystal (LC) phases using a simple nanoscratching method is presented. Highly aligned linear 
nanogrooves are fabricated by scratching substrates such as normal, indium tin oxide (ITO), curved 
glasses, and ITO-coated polyethylene terephthalate (PET) film using diamond lapping films. To 
demonstrate the feasibility of the platform, typical thermotropic and lyotropic LC materials in the 
nematic phase are used to demonstrate the well-aligned domains along with the resulting scratched 
nanogrooves. The polarised optical microscopy (POM) images show excellent dark and bright states 
depending on the sample rotation, proving that the LC molecules are well aligned. The electro-optical 
performance of the twisted nematic (TN) mode LC display fabricated using the nanogrooves is also 
measured and indicates reliable results compared with that of the conventional device. Indeed, scratch-
induced nanogrooves are well generated on the curved substrate and ITO-coated PET film to show 
versatility of our technique. Our platform can suggest a new nanofabrication way to make various 
electro-optical devices as well as other patterning applications.

Nanofabrication techniques have been important for the current electronics. Among various kinds of fabrication 
tools, photolithography combined with etching process has been most widely used, though this is expensive and 
needs many additional processes. Recently, needs for nanofabrication has increased not only in electronic devices 
but also in many other applications such as biosensor, photonic crystal, and energy storage1–6. Thus, the cheap 
way to make nanopatterns is demanded, and bottom approaches using block copolymer, colloidal particles, and 
liquid crystals (LCs) have been developed to substitute photolithography though still there are some obstacles like 
prerequisites to use in the practical applications7–17. To solve this problem, a scratching method was proposed to 
make nanopatterns using an atomic force microscope (AFM) tip for scratching the given substrate, which forms 
various kinds of nanogrooves by controlling the load force between a contacted substrate and the AFM tip18,19. 
Inspired by this method, the simple scratching method using nano- or micron-sized diamond particle was devel-
oped to make large area-nanogrooves, which is very similar with sand paper20–23.

In this work, we report a simple nanoscratching technique for obtaining the highly oriented universal LC 
materials on nanogrooves. A highly aligned array of linear nanogrooves is effectively generated on normal, 
indium tin oxide (ITO), curved glass substrates, and ITO-coated PET film by scratching the materials with dia-
mond lapping films, which induces planar alignment in both of thermotropic and lyotropic nematic LC phases. 
Here, thermotropic LC means the LC phases are transit by varying the temperature, while the phases of lyotropic 
LC are changed depending on concentration. The relationship between the diamond particle size and aligning 
efficiency is investigated by analysing topographic features with atomic force microscopy (AFM) as well as polar-
ised optical microscopy (POM). The POM images and their angle-dependent polar plots show well-aligned LC 
phases in both cases. A twisted nematic (TN) mode LC display is fabricated using the array of linear nanogrooves, 
exhibiting reliable electro-optical properties as well as a reasonable response time. Also LC molecules are well 
aligned on a scratched curved substrate. Our simple method suggests a new means of aligning thermotropic and 
lyotropic LC structures within ~5 min, which is also very cost effective.
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Results and Discussion
For the alignment of universal LC materials, common glass substrates (10 × 15 mm2) are prepared to create an 
array of nanogrooves by scratching the surface with diamond lapping films (Fig. 1). The size of the diamond 
particles embedded on the films is varied from 0.1 to 15 μm in diameter to determine the appropriate size for 
obtaining transparency and homogeneous alignment of LCs (Fig. 1a). To fabricate nanogrooves, the diamond 
lapping film is fixed on the bottom and the glass substrates are scratched forward and backward, with a constant 
pressure, ~1.18 N/cm2, and speed, ~1.9 cm/s, applied during the scratching process (Fig. 1b,c). Substrates are 
scratched back and forth 10 times which is enough to make the nanogrooves. The resulting scratched glass has the 
array of linear nanogrooves along the scratching direction (SD) (Fig. 1d). All scratching processes are repeated 
twice to create a sandwich cell, and the direction of the nanogrooves is matched to arrange LC molecules in a 
unidirectional alignment. The cell has a regular thickness, accomplished by placing 10 μm silica beads between 
two scratched substrates. Then the thermotropic and lyotropic LC materials are injected into the sandwich cell 
by a capillary process at the isotropic state and the nematic LC phase, respectively. The desired LC arrangement is 
shown in Fig. 1e,f, in which rod-type thermotropic LC molecules are aligned parallel to the SD, as well as the long 
axis of the columns made of discotic lyotropic LC molecules.

The relationship between the diamond particle size and aligning efficiency is investigated by observing top-
ographic features as well as the POM images (Figs 2 and 3). For this, the diamond particle sizes are varied to be 
0.1 μm, 0.5 μm, 3 μm, and 15 μm. Direct observation of the scratched substrate is performed using atomic force 
microscopy (AFM), revealing the linear nanogrooves (Fig. 2). In the insets of Fig. 2a–d, the corresponding sur-
face profile along the white dotted line is also measured to determine the roughness and depth, depending on the 
diamond particle size. The AFM images of glass substrates scratched with 0.1 μm and 0.5 μm-diamond lapping 
films show relatively smooth and uniform linear nanogrooves, revealing a low root-mean-square surface rough-
ness (Rq) of 1.09 nm and 2.23 nm, respectively. However, the substrates scratched with larger (3 μm and 15 μm) 
diamond particles show relatively irregular nanogrooves that exhibit large distributions in both depth and width 
(Fig. 2c,d). Their Rqs are also very large: ~15.9 and ~46.6 nm, respectively. For the alignment application, trans-
parency is one of the important factors, which is closely related with the roughness and can be also varied with the 
diamond particle size (Fig. 2e). Except for the case of the 15 μm-particle lapping film, the transmittance is ~ 100%,  
which is quite promising for real applications.

To observe the surface roughness-dependent alignment tendency of LC molecules (Fig. 3), two types of ther-
motropic and lyotropic LC molecules are prepared, which are E7 and 8CB (4′-n-octyl-4-cyano-biphenyl) for ther-
motropic LCs, and sunset yellow FCF (SSY) and disodium chromoglycate (DSCG) for lyotropic LCs. The LCs are 
injected into the cells by capillary force. In Fig. 3, the POM images for E7 and SSY results are shown. As expected 
from the AFM images (Fig. 2), homogeneous optical birefringence is observed in the thermotropic and lyotropic 
LC samples in the cells prepared with 0.1 μm and 0.5 μm-diamond lapping films, exhibiting no specific optical 
defects (Fig. 3a,b,e,f). The samples also exhibit completely dark images when the polarisers and SD are parallel 
and exhibit completely bright images at 45°. In this case, nanogrooves are regular with a finite periodicity as well 
as depth, which induce a uniform alignment of the nematic LC phase because the thermotropic and lyotropic 
LC molecules are well confined without any deformation. Based on these results, when compared to pristine and 
scratched cells using E7, 8CB, SSY, and DSCG, the impressive changes from typical schlieren textures to uniform 

Figure 1. Experimental scheme to fabricate LC cells using a scratching method. (a) Embedded diamond 
particles on a polymer film. (b,c) Scratching process on a glass substrate. The black arrows indicate the 
scratching direction (SD). (d) Scratched glass substrate. The black double arrow indicates the SD. (e,f) Aligned 
rod-type thermotropic and discotic lyotropic LCs along the SD in the cell, respectively.
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aligned domains are observed (Fig. S1 in Supplementary Information). Since the length of the E7 and 8CB mol-
ecules in the molecular director direction is about 2.5 nm and the width is ~0.3 nm, and the SSY and DSCG discs 
have the radius of ~1 nm and the length of ~0.3 nm in the column direction, of which dimensions are much 
smaller than those of the nanogrooves, so the molecules and columns can be placed in the grooves. The LC cells 
made of nanogrooves scratched with the 3 μm-diamond lapping film reveal the less homogeneous optical textures 
with partially misaligned domains (Fig. 3c,g). However, dramatic changes in the optical textures are found in the 
cells prepared with the 15 μm-diamond lapping film, showing irregular domains (Fig. 3d,h).

To investigate the LC orientation of E7 and SSY, the polar plots are drawn in Fig. 4 to show 4-fold symmetry. 
The polar plots show the transmittance change as the samples are rotated with respect to the polarisation of inci-
dent light expected from POM images. In the polar plot, the highest transmittance is shown at θ = 45° + 90° × n, 

Figure 2. Characterization of scratch-induced nanogrooves on glass substrates. AFM images of glass substrates 
scratched with (a) 0.1 μm, (b) 0.5 μm, (c) 3 μm, and (d) 15 μm diamond particles in size. The white double 
arrows indicate the SD. All scale bars are 1 μm. Insets are height profiles along the white dotted lines in (a–d). 
(e) Comparison of transparency before and after the scratching process on the glass substrates with various sizes 
of diamond particles. Insets are real images of the scratched glass substrates with 0.5 μm (left) and 15 μm (right) 
sized diamond particles, respectively.
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while the lowest transmittance is detected at θ = 90° × n (n is an integer). Here, θ is the azimuthal angle between 
the projection of the axis of rod-type molecules and columns onto the plane and the polariser. These results prove 
that both of rod-type molecules and columns of discotic molecules are highly oriented in one direction along 
the SD in equilibrium states without defects because their directors prefer to align along the groove direction to 
minimize the elastic distortion energy based on the elastic continuum theory of Berreman24,25.

To exploit our platform in display application, a TN mode LC display is fabricated (Fig. 5). A schematic 
of the TN mode LC cell with the scratched ITO glasses is shown in insets of Fig. 5a,b. Our device is nor-
mally in the ‘bright mode’, and thus the polarised light passing through the first polariser is guided by the 
nanogroove-mediated 5CB LC molecules when no electric field (E) is applied (inset of Fig. 5a). When the E is 
applied to the cell, most of the 5CB molecules become vertically aligned, parallel to E, which results in the dark 

Figure 3. POM images of the alignment of E7 and SSY in nematic phase obtained by varying the size of 
diamond particles. The size of diamond particle is (a,e) 0.1 μm, (b,f) 0.5 μm, (c,g) 3 μm, and (d,h) 15 μm. Insets 
are POM images when the SD is parallel to the polariser axis. The white double arrows indicate SD. All scale 
bars are 100 μm.



www.nature.com/scientificreports/

5Scientific RepoRtS |  (2018) 8:9460  | DOI:10.1038/s41598-018-27887-z

mode, as shown in inset of Fig. 5b. As expected this scheme, 5CB molecules are gradually turned to the home-
otropic alignment when the 4 V-E is applied to the cell, and thus a dark image is obtained (Fig. 5b). This simple 
example can prove our nano-scale grooves have low roughness and well guide LC molecules not to generate any 
defect structures. The corresponding electrical optic responses of the TN mode LCD are measured as a func-
tion of the applied voltage (Fig. 5c), in which the transmittance is varied from 100% to 0%. We obtain a smooth 
voltage-transmittance curve (closed square-line) without any optical bouncing, which is consistent with the POM 
images at the off- and on-states in Fig. 5a,b. As E increases, molecules are orient along to E, resulting in decreasing 
of transmittance. This gradual change in transmittance is important to gray scales of LC displays. A threshold 
voltage of the cell (Vth) is approximately 1.2 V, which indicates the transmittance is gradually decreased in V-T 
curve when E exceeds the Vth. And a driving voltage is approximately 1.9 V. The threshold and driving voltages 
are comparable with the conventional device made of the polyimide (PI) rubbing cell shown as open circle-line 

Figure 4. Polar plots of the uniaxial-oriented (a) E7 and (b) SSY cells. The polar plots show the transmittance 
change as the samples are rotated with respect to the polarisation of incident light.

Figure 5. POM images of the TN mode LC display under crossed polarisers and the electro-optical properties 
of the fabricated displays. (a,b) POM images of the display with 5CB LC in the voltage (a) off state without 
an electric field and (b) on state with an electric field. Insets are schematic images of the TN mode LC display 
possessing nanogrooves. (c) V-T curves of the fabricated displays based on the scratching and polyimide (PI) 
rubbing methods. (d) Response time of the display based on scratching method. All scale bars are 100 μm.
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in Fig. 5c. The response time of LC molecules of our display is also measured (Fig. 5d), in which the rising and 
falling time are 3.55 and 9.07 ms, respectively. Total response times, which are sums of rising and falling times 
are 12.62 ms, which is comparable to the conventional LC device26. These results validate that our method can 
provide a simple and economic way to fabricate nano-patterns for display applications.

We also present the versatility of our simple scratching method by applying on the various substrates such 
as curved surface and ITO-coated PET film (Fig. 6 and Fig. S2 in Supplementary Information). To fabricate the 
scratched surface on a curved glass substrate, the glass is rotated on the 0.5 μm-diamond lapping film in one 
direction (Fig. 6a). The resulting scratched curved glass has the array of linear nanogrooves along the SD. In the 
case of a curved glass with conventional method based on rubbed PI layer, molecules are poorly aligned which 
does not show apparent difference in the brightness when the sample is rotated with respect to the polariser 
(Fig. 6b). This is because PI layer cannot be uniformly coated on the curved substrate. Compared with the rubbed 
PI sample, 5CB molecules are uniformly aligned along the SD on the scratched surface, showing a homogeneous 
optical birefringence (Fig. 6c,d). The sample also exhibits completely dark image when the polarisers and SD 
are parallel and exhibits a bright image at the 45° rotated state. To precisely determine the director of molecule, 
first-order retardation plate (λ = 530 nm) with a slow axis along the pink arrow is inserted. Cyan-blue and yellow 
colour images indicate that rod-type 5CB molecules are well oriented along with the SD and perpendicular to the 
SD, respectively. We also demonstrate that 5CB molecules are successfully aligned on the scratched ITO-coated 
PET film and fabricate the TN mode display with the scratched film, showing the reliable electro-optical result 
(Fig. S2 in Supplementary Information). The PET film is easily deteriorated by heat, so that the conventional PI 
coating and thermal annealing cannot be used. However, our method can be applied to this polymer film induc-
ing highly oriented 5CB molecules on the scratched ITO-coated PET film. The POM images show the bright and 
dark states in the electric field-off and on-state, respectively, which proves that 5CB molecules are well aligned in 
the cell. These results demonstrate that our method is applicable to various substrates which are difficult to align 
LC materials using conventional methods.

To exploit our method in the further application, we investigate the alignment of gold nanorods which are 
considered to be the lyotropic LC at a certain concentration on the Si wafer scratched with 0.1 μm-diamond 
lapping film (Fig. S3 in Supplementary Information). Scanning electron microscopy (SEM) images clearly show 
that gold nanorods are linearly oriented along the nanogrooves in the single line marked in yellow, while gold 
nanorods are randomly assembled on the pristine Si wafer. This validates that our method is a promising tool to 
obtain highly ordered and oriented particles that are applicable to opto-electronic applications27.

Figure 6. Alignment of 5CB on scratched curved glass substrate. (a) Experimental scheme to fabricate scratch-
induced nanogrooves on curved glass. The black round arrow indicates the SD. (b) POM images of misaligned 
5CB on the PI coated and rubbed surface. (c,d) POM images of well-aligned 5CB on scratched surface. All scale 
bars are 200 μm.
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Conclusions
We have proposed a homogeneous planar alignment for thermotropic and lyotropic LC molecules by introduc-
ing scratch-induced nanogrooves via a simple, fast, and economic process. The nanogrooves are systematically 
generated depending on the diamond particle size, forcing rod-type thermotropic LC molecules and columns of 
discotic lyotropic LC molecules to be highly oriented along the SD. A TN mode LCD device with scratched ITO 
substrates is successfully fabricated, and its electro-optical properties are also comparable to conventional one. 
Furthermore, LC molecules are well aligned on the scratched curved substrate. Our results might contribute to 
the alignment of other soft materials on various substrates without the conventional polymer alignment layer, 
which can be effectively used in various electro-optical devices as well as in patterning applications.

Methods
Materials and Methods. Bare glass substrates (10 × 15 mm2) were chemically cleaned with acetone, etha-
nol, and deionized water to remove any organic residue. The glass substrates with nanogrooves were fabricated by 
scratching the surface with diamond lapping films (purchased from Allied High Tech Products., Inc.). The sizes of 
the diamond particles embedded on films were 0.1 μm, 0.5 μm, 3 μm, and 15 μm. The film was fixed on the bottom 
and the glass substrate was scratched forward and backward. The applied pressure on the glass substrate during 
scratching was ~1.18 N/cm2 and the scratching velocity was ~1.9 cm/s. Substrates were scratched total 10 times 
which is enough to make the nanogrooves. This scratching process induced nanogrooves on the substrate in one 
direction. After the scratching process, the substrate was chemically cleaned again with sonication to remove any 
particles. Two scratched glass substrates were sandwiched together in one direction with 10 μm silica beads. To 
fabricate the TN cell, two ITO glass substrates were sandwiched orthogonally. Electro-optical performance was 
measured using a 1 kHz electric field. To fabricate the scratched curved glass, the glass was rotated to scratch. For 
thermotropic LCs, E7, 8CB (4′-n-octyl-4-cyano-biphenyl), and 5CB (4-cyano-4′-pentylbiphenyl) were used (used 
as purchased from SYNTHON Chemicals GmbH & Co. and Sigma Aldrich). For lyotropic LCs, SSY and DSCG 
(used as purchased from Sigma Aldrich) were dissolved in deionized water at concentrations of 31 wt% and 
16 wt%, respectively, and gold nanorods were synthesized by seed-mediated growth method. The LC materials 
were injected into the sandwich cell by a capillary manner.

Characterization. The AFM images of the scratched substrates were obtained in contact mode (Bruker, 
Multimode-8). All polarised optical images were obtained using POM (LV100POL, Nikon). The transmittance 
of the scratched substrates and the TN cell was measured using a customized optical microscope equipped with 
a USB-2000+ spectrometer (Ocean Optics). The electric field was generated by a function generator (33210 A, 
Agilent). Assembled gold nanorods were directly observed using a field-emission scanning electron microscope 
(FE-SEM; S-4800, HITACHI) after a 2 nm-thick platinum coating.

References
 1. Abdolahad, M., Taghinejad, M., Taghinejad, H., Janmaleki, M. & Mohajerzadeh, S. A vertically aligned carbon nanotube-based 

impedance sensing biosensor for rapid and high sensitive detection of cancer cells. Lab chip 12, 1183–1190 (2012).
 2. Hsu, C.-W. et al. Highly sensitive non-enzymatic electrochemical glucose biosensor using a photolithography fabricated micro/nano 

hybrid structured electrode. Sens. Actuators B-Chem. 230, 559–565 (2016).
 3. Potyrailo, R. A. et al. Towards outperforming conventional sensor arrays with fabricated individual photonic vapour sensors 

inspired by morpho butterflies. Nat. commun. 6, 7959 (2015).
 4. Xiao, M. et al. Bioinspired bright noniridescent photonic melanin supraballs. Sci. Adv. 3, e1701151 (2017).
 5. Jiang, J. et al. Recent advances in metal oxide-based electrode architecture design for electrochemical energy storage. Adv. Mater. 24, 

5166–5180 (2012).
 6. Tyagi, A., Tripathi, K. M. & Gupta, R. K. Recent progress in micro-scale energy storage devices and future aspects. J. Mater. Chem. 

A 3, 22507–22541 (2015).
 7. Luo, M. & Epps, T. H. Directed block copolymer thin film self-assembly: emerging trends in nanopattern fabrication. Macromolecules 

46, 7567–7579 (2013).
 8. Park, H., Kim, J. U. & Park, S. High-throughput preparation of complex multi-scale patterns from block copolymer/homopolymer 

blend films. Nanoscale 4, 1362–1367 (2012).
 9. Acikgoz, C. et al. Fabrication of freestanding nanoporous polyethersulfone membranes using organometallic polymer resists 

patterned by nanosphere lithography. Adv. Mater. 21, 2064–2067 (2009).
 10. Elek, J. E., Zhang, X. A., Dai, B., Xu, Z. & Chang, C. H. Fabrication of three-dimensional hierarchical nanostructures using template-

directed colloidal assembly. Nanoscale 7, 4406–4410 (2015).
 11. Kim, D. S., Cha, Y. J., Gim, M.-J. & Yoon, D. K. Fast fabrication of sub-200-nm nanogrooves using liquid crystal material. ACS Appl. 

Mater. Interfaces 8, 11851–11856 (2016).
 12. Kim, D. S., Cha, Y. J., Kim, M. H., Lavrentovich, O. D. & Yoon, D. K. Controlling gaussian and mean curvatures at microscale by 

sublimation and condensation of smectic liquid crystals. Nat. Commun. 7, 10236 (2016).
 13. Kim, D. S. et al. Creation of a superhydrophobic surface from a sublimed smectic liquid crystal. Rsc Adv. 4, 26946–26950 (2014).
 14. Zhang, J. et al. Structure retention in cross-linked poly(ethylene glycol) diacrylate hydrogel templated from a hexagonal lyotropic 

liquid crystal by controlling the surface tension. Soft Matter 8, 2087–2094 (2012).
 15. Kang, S. H., Hwang, W. S., Lin, Z., Kwon, S. H. & Hong, S. W. A robust highly aligned DNA nanowire array-enabled lithography for 

graphene nanoribbon transistors. Nano Lett. 15, 7913–7920 (2015).
 16. Kim, D. S. & Yoon, D. K. Curvatures of smectic liquid crystals and their applications. J. Inf. Disp. 19, 7–23 (2018).
 17. Kim, D. S., Honglawan, A., Yang, S. & Yoon, D. K. Arrangement and SERS applications of nanoparticle clusters using liquid 

crystalline template. ACS Appl. Mater. Interfaces. 9, 7787–7792 (2017).
 18. Kim, J. H., Yoneya, M., Yamamoto, J. & Yokoyama, H. Nano-rubbing of a liquid crystal alignment layer by an atomic force 

microscope: a detailed characterization. Nanotechnology 13, 133–137 (2002).
 19. He, Y., Yan, Y., Geng, Y. & Hu, Z. Fabrication of none-ridge nanogrooves with large-radius probe on PMMA thin-film using AFM 

tip-based dynamic plowing lithography approach. Journal of Manufacturing Processes 29, 204–210 (2017).
 20. Tseng, H. R. et al. High mobility field effect transistors based on macroscopically oriented regioregular copolymers. Nano Lett. 12, 

6353–6357 (2012).
 21. Tseng, H. R. et al. High-mobility field-effect transistors fabricated with macroscopic aligned semiconducting polymers. Adv. Mater. 

26, 2993–2998 (2014).



www.nature.com/scientificreports/

8Scientific RepoRtS |  (2018) 8:9460  | DOI:10.1038/s41598-018-27887-z

 22. Choi, W. J. et al. Drawing circuits with carbon nanotubes: scratch-induced graphoepitaxial growth of carbon nanotubes on 
amorphous silicon oxide substrates. Sci. Rep. 4, 5289 (2014).

 23. Kyaw, A. K., Lay, L. S., Peng, G. W., Changyun, J. & Jie, Z. A nanogroove-guided slot-die coating technique for highly ordered 
polymer films and high-mobility transistors. Chem. Commun. 52, 358–361 (2016).

 24. Berreman, D. W. Solid surface shape and the alignment of an adjacent nematic liquid crystal. Phys. Rev. Lett. 28, 1683–1686 (1972).
 25. Berreman, D. W. Alignment of liquid-crystals by grooved surfaces. Mol. Cryst. Liq. Cryst. 23, 215–231 (1973).
 26. Yang, D.-K. & Wu, S.-T. Fundamentals of liquid crystal devices (WILEY SID, 2014).
 27. Kim, D. S., Suh, A., Yang, S. & Yoon, D. K. Grooving of nanoparticles using sublimable liquid crystal for transparent omniphobic 

surface. J. Colloid Interface Sci. 513, 585–591 (2018).

Acknowledgements
This work was supported by a grant from the National Research Foundation (NRF), funded by the Korean 
Government (2017R1E1A1A01072798 and 2017M3C1A3013923).

Author Contributions
D.K.Y. and A.S. designed the research. A.S. performed research. D.K.Y. and A.S. analysed data and wrote the 
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-27887-z.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-27887-z
http://creativecommons.org/licenses/by/4.0/

	Nanoscratching technique for highly oriented liquid crystal materials
	Results and Discussion
	Conclusions
	Methods
	Materials and Methods. 
	Characterization. 

	Acknowledgements
	Figure 1 Experimental scheme to fabricate LC cells using a scratching method.
	Figure 2 Characterization of scratch-induced nanogrooves on glass substrates.
	Figure 3 POM images of the alignment of E7 and SSY in nematic phase obtained by varying the size of diamond particles.
	Figure 4 Polar plots of the uniaxial-oriented (a) E7 and (b) SSY cells.
	Figure 5 POM images of the TN mode LC display under crossed polarisers and the electro-optical properties of the fabricated displays.
	Figure 6 Alignment of 5CB on scratched curved glass substrate.




