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* Amorphous carbon nitride (a-CN,) films prepared via reactive radio frequency magnetron sputtering
. deform under on-off visible light illumination. We investigate the relationship between photoinduced
deformation and surface electrical states via scanning electron microscopy with Ar* laser irradiation
(SEM-L). Two samples with different levels of photoinduced deformation are prepared. For the film with
small photoinduced deformation, uniform secondary electron emission is observed on the film surface,
regardless of whether the laser is on or off. On the a-CN, film, which has fifty times larger photoinduced
. deformation than the previous film, light and dark patches, similar to a speckle pattern, appear on the
. film surface in SEM-L images. This anomalous phenomenon indicates non-uniformity of the electrical
. states excited by laser light irradiation. A size of the patches is well correlated with an inhomogeneous
distribution of sp>C and sp2C, I;3c/lspac, obtained using soft X-ray emission spectroscopy (SXES).
Simultaneously, temporal decrease in the sp>C component under illumination is obtained via SXES.

: Amorphous carbon nitride (a-CN,) thin films have attracted considerable attention owing to their unique prop-
: erties, such as high wear resistivity', low friction coefficient*?, variable optical bandgap*, environment-dependent
electrical resistance®, and biocompatibility®’. Most recently, it was found that a-CN, films exhibit photomechan-
ical response®’. This response manifests as temporal deformation under visible light irradiation. The amount of
deformation is maximum in the blue region at around 460 nm in wavelength!®.
Photomechanical response has been observed in several organic molecules, such as azobenezene!"!? and
. spiropyran'** and a few inorganic materials'>~"”. Some materials show reversible and irreversible responses to
. photo-irradiation. Azobenezene shows photomechanical reversible response to photo-irradiation with different
. photon energy which are UV and visible light, or thermal energy'"!2. Macroscopic large deformation of films
© containing ordered the organic molecules has been observed'®. Piezoceramics, such as Pb,Lay(Zr,Ti;y)140;
(PLZT), deform corresponding to the switching off and switching on of visible light!®. This response is a combi-
nation effect of photoinduced strain and piezoelectricity. Chalcogenide glasses such as As,S; and amorphous Se,
show an irreversible response'®!”. Volume expansion of this material leads to an increase in the defect density
induced by photon irradiation.
: For carbon-related materials, carbon nanotubes (CNTs) embedded in polymer films'*?° have been reported
. to undergo considerable photoinduced deformation. This underlying mechanism is the photothermal effects of
. CNTs. Photoinduced deformation of CNTs on a polymer film has also been reported?'. This deformation can be
attributed to the photothermal effects of CNTs and a difference in thermal expansion coefficients between CNTs
and a polymer film.
: The a-CN, films undergo photoinduced deformation when the temperature of the films increases by less
© than 1 K®. Thus, the photothermal effects in the photomechanical response of a-CN, films would be quite weak.
. Moreover, the photoinduced deformation has been observed in an a-CN, film with high resistivity and low pho-
: toconductivity??. From these results, we assume that the origin of photoinduced deformation is the same as that of
. photoconductivity. That is, the photoinduced deformation of a-CN, films occurs as a result of electron excitation
© by photo-irradiation.
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Figure 1. Typical photomechanical response of a-CN, film. The substrate is a 12-pm thick
poly(ethylenenaphthalate) film.
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Figure 2. C1sand N 1sXPS spectra of a-CN, films deposited at 473 K (sample A) and 873 K (sample B).

In this study, we investigate the relationship between photoinduced deformation and surface electrical states
by comparing two samples, with different amount of deformation, via scanning electron microscopy with Ar*
laser irradiation (SEM-L) and soft X-ray emission spectroscopy (SXES). Sample A was an a-CN,, grown at a tem-
perature of 473 K, showed a large amount of photoinduced deformation, while sample B grown at a temperature
of 873 K showed a small amount of the deformation. This study is a first report of SEM-L which is a new approach
to reveal the mechanisms of photoinduced deformation in all materials with photomechanical response.

Results

The typical photomechanical response of a-CN, films is shown in Fig. 1 (and Supplemental video). A film was
deposited on a 12-pum thick poly(ethylenenaphthalate), PEN, film at 373 K. A curvature of the specimen becomes
flat by irradiation. For comparing the amount of deformation for samples A and B, a displacement of the free end
of the films deposited on Si substrate was measured by using cantilever technique. The magnitudes of photoin-
duced deformation, b, in samples A and B were 12.3 and 0.2 jum, respectively.

The photoinduced stress o, was estimated from dy and the following equation®:

ED25y
0’ = ee—————————
P31 — )% (1)

where d and D are the thickness of the films and the substrate, respectively. E and v are the Young’s modulus and
Poisson ratio of the Si substrate, and their values are 1.3 x 10'! Pa and 0.28, respectively. L is the distance from
the free edge of the sample to the position sensor. The photoinduced stresses in samples A and B were 3.7 and
0.1 MPa, respectively.

Figure 2 displays C 1s and N 1s XPS spectra for both films. C 1s and N 1s were separated into their indi-
vidual chemical bonding components using Gaussian-Lorentzian fitting. The atomic concentration in the films
was calculated from the integrated intensity of N 1s and C 1s and the photoelectron cross section of core levels.
The nitrogen atomic concentration of sample A and sample B were 34.2at.% (x=0.52) to 24.2at.% (x=0.32),
respectively.

Figure 3 shows Raman spectra of samples A and B. The Raman spectra contain two peaks called D and G
peaks. The G peak at 1500-1600 cm ™! arises from the bond stretching motion of pairs of sp>C atoms in aromatic
rings or olefinic chains. The D band at ~1350 cm™! arises from the breathing modes of sp? atoms in clusters of
six-fold aromatic rings®*. When the graphite cluster size decreases, the intensity of D band I, decreases because
its internal disorder increases, and the intensity of G peak I; remains unchanged because it arises from all sp?
stretching modes®. Thus, a growing I/I; ratio is correlated to an increase of graphite. The I,/I; ratios of samples
A and B were 2.77 and 3.44, respectively. That means the clusters are larger in sample B compared to sample A.

SCIENTIFICREPORTS| (2018) 8:15066 | DOI:10.1038/s41598-018-33364-4 2



www.nature.com/scientificreports/

Intensity (a. u.)

L AT

2000 1800 1600 1400 1200 1000 800
Raman shift (cm'l)

Figure 3. Raman spectra of a-CN, films deposited at 473 K (sample A) and 873 K (sample B).

X188 1868mm 68668 18 68 SEI

Figure 4. SEM image of a-CN, film with photoinduced deformation; (a) without Ar" laser irradiation and (b)
with irradiation.

From XRR analysis, the densities of samples A and B were ~1.6 and ~1.3 g/cm’, respectively.

To investigate the origin of the photoinduced deformation, SEM-L was performed on samples A and B. The
films were deposited on 0.05-mm thick Si substrates. Figure 4 shows the SEM-L secondary electron image of
sample A when the laser light is switched on and off. The surface morphology was flat and uniform before light
irradiation (Fig. 4a). Owing to irradiation, bright and dark patches that were similar to a speckle pattern appeared
on the film surface (Fig. 4b). This inhomogeneous contrast appeared rapidly by irradiation. Subsequently, a few
seconds after the light was turned off, the film showed homogeneous contrast as it was before irradiation. This
behavior agrees well with the results of time-dependent photoinduced deformation measurement. The average
area of the dark spot was ~200 um?. In the case of sample B with small photoinduced deformation, this pattern
was hardly visible. The patches were observed on many samples deposited on a 10-um thick Al foil at different
temperatures from 300 to 573 K. It is noteworthy that the speckle-like pattern was observed only in the SEM
image of the surface of a-CN, films with photomechanical response.

The SXES spectrum, when the laser light is switched on and off, is shown in Fig. 5. This spectrum was obtained
using a custom-made SXES system attached to the SEM. An excitation light was the same as SEM-L. The peaks
in a second-order carbon K-emission spectrum were assigned to those of graphite and diamond?. The presence
of sp?C-o bonding is noticed by a structure at 276 eV, which is a graphite characteristic. The presence of sp*C-o
bonding is also noticed by a structure at 279 eV, which is a diamond characteristic. Intensity of the peak at 279 eV
decreased temporarily under illumination.

Discussion
a-CN, films have a compressive stress in nature®. Thus, a significant bend of a-CN, films that were deposited on
flexible PEN substrate can be attributed to the residual stress of compressibility in the a-CN; films. This intrinsic
stress evolution in the a-CN, film has been attributed to the structural transformation induced by nitrogen incor-
poration and by C-C distortions*”?.

Even if the structure comprised graphitic clusters, the overall density of the film was significantly below that
of graphite (2.27 g/cm?®)®. The densities of samples A and B, as obtained from XRR, were ~1.6 and ~1.3 g/cm?,

SCIENTIFICREPORTS| (2018) 8:15066 | DOI:10.1038/s41598-018-33364-4 3



www.nature.com/scientificreports/

_________ off spZC-O\L SP3C'0
~—on Y

Intensity (arb. units)

(e
j
(9]

on-off

250 260 270 280 290 300
Photon energy (eV)

Figure 5. SXES spectra of a-CN, film with photoinduced deformation by turning Ar* laser on and off.

respectively. Low density of a-CN, could be attributed to the high deposition pressure. It can be explained by a low
mobility on the surface due to the deposited particles having very low energy.

On XPS spectra, C 15 core level peaks consisted of five primary components centered at C1 (284.5eV), C2
(285.2eV), C3 (286.1eV), C4 (287.2¢eV), and C5 (289.0eV), respectively. N 1s core level peaks were decomposed
into two main components N1, N2 and N3 centred at 398.3, 400.1, and 402.8 eV, respectively. C1 and C2 peaks
are attributed respectively to the chemical state of C atom with CC sp? coordinated bonds in graphite and planner
carbon sheet and the chemical state of C atom with CC sp® bonds in diamond and diamond-like amorphous
carbon’®®3l. C3 and N2 peaks are attributed to N bonded to trigonal C and the C4 and N1 peaks are attributed
to N bonded to tetrahedral C*. C5 and N3 are assigned oxygen bonds derived from contamination and surface
oxidation after deposition. As shown in Fig. 2a and Table 1, sp?CC bond was dominant in sample B. This result
reinforces the presence of large graphitic clusters in sample B that will be discussed in Raman spectra. In case of
nitrogen bonds, the predominant bonding in a-CN, films changed from N bonded to tetrahedral C to N bonded
to trigonal C at an elevated deposition temperature.

A large magnitude of deformation under illumination was obtained for sample A, which contains small gra-
phitic cluster, a large amount of nitrogen, and a high concentration of N bonded to tetrahedral C in comparison
with sample B.

For sample A, speckle-like pattern appeared on the film surface during SEM-L observation. In general, ran-
dom speckle patterns are known to occur owing to the interference of coherent light reflected onto a sample
surface®. Thus, speckle patterns primarily reflect the surface roughness of a specimen. In terms of surface mor-
phology, the dark and bright parts in SEM images are defined as the concave and convex surfaces of a sample,
respectively. However, the surface roughness and morphology of sample A did not change upon irradiation with
visible light by using AFM and spectroscopic ellipsometry. In the meanwhile, it is still clear that electron excita-
tion by photon irradiation is relevant to the photoinduced deformation as mentioned above. Therefore, the uni-
formity of the secondary electron emission of a-CN, was considered because the number of secondary electron
generations depends on the element and its density as well as the surface morphology of the samples.

The secondary electron yield of carbon materials decreases with the conversion of sp* hybrids to six-fold aro-
matic domains, and the underlying reason for this is the strong correlation between the electronic structures close
to the Fermi level®. If a pattern arises as a result of inhomogeneous secondary electron emission, it indicates that
electrons excited by visible light irradiation are localized on the film surface. In fact, the a-CN; films with pho-
tomechanical response show little photoconductivity?>. This experimental fact reinforces the above assumption,
which means that the photocarriers generated by visible light are localized in a specific area and behave to change
in a structure of the amorphous network.

Our previous study showed an inhomogeneous distribution of the bonding fraction in sample A by means of
SXES spectrum mapping measurement using SXES-EPMA system without a visible light source®. On a spatial
distribution of spectral intensity of sp*C, sp>C and N in sample A, the intensity ratio of L3¢/l for a region of
~30 x 23jum ranged between 0.89 and 0.94, and large N-content regions had a larger sp’C component. The Iy/I,c
of the region ranged between 0.72 and 0.80. These results suggest that a-CN; films have specific area of high
intensity of sp>C and N in one sample. A specific area of a high intensity of I,;c/I,c exists in sample A and, the
dimensions of this specific area is just about coincident with the dimensions of the pattern in SEM-L.

From SXES spectrum, as shown in Fig. 5, an intensity of sp’C-o bonding decreased temporarily under illumi-
nation. This result is one of the evidences that photoinduced deformation is caused by temporal and local change
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of chemical bonds. The temporarily decrease in sp*C bonds by photo irradiation suggests a change of the bond
angle and bond length variations consistent with energy minimization. Consequently, the films are deformed
under illumination.

In summary, we presented a correlation between surface electrical states and deformation of a-CN, films due
to visible light irradiation. Two samples with different amounts of photoinduced deformation were prepared by
reactive rf magnetron sputtering. A large magnitude of deformation under illumination was obtained in the film
with a large nitrogen concentration, high film density and small graphitic cluster. On this film, bright and dark
patches, similar to a speckle pattern, appeared on the film surface upon irradiation with an Ar* laser, as observed
by SEM. A size of the patches is well correlated with an inhomogeneous distribution of sp?C, sp>C and N. This
anomalous behavior has not been reported to date.

Methods Deposition of a-CN, films.  a-CN, films were deposited via reactive radio frequency (rf) magne-
tron sputtering. The target was a graphite disc (Kojundo Chemical Laboratory, Lot. #4087341; purity = 99.995%,
diameter ~ 5cm), and only N, (purity =99.9995%) was used as the sputtering gas. Total N, gas pressure was 16 Pa.
Frequency and rf power and frequency were 13.56 MHz and 85 W, respectively. The target-substrate distance was
approximately 4 cm. A Si(100) substrate with 0.5 mm thickness was used for the characterizations except pho-
toinduced deformation. To investigate the relationship between photoinduced deformation and surface electrical
states, two samples with different amount of deformation were deposited on Si substrate (length, 20 mm; width,
2 mm; and thickness, 0.05mm). Samples A with a large amount of the deformation was deposited at 473K and
sample B with a small amount of the deformation was deposited at 873 K. a-CN film was also deposited on a
12-pm thick poly(ethylenenaphthalate) film and a 10-pm thick Al foil. In the proposed study, the total thickness
of all a-CN, films was ~1 pm.

Measurements and characteristics. To evaluate the nitrogen atomic concentration and chemical bond-
ing states of the films, X-ray photoelectron spectroscopy (XPS; KRATOS ULTRA2, Shimadzu) was performed
using Al monochromatic X-rays (1486.6eV). The pass energy and step size was 40 eV and 0.05 eV, respectively.

Raman spectroscopy (NRS-5100 laser Raman Spectrometer, JASCO) was employed to obtain the hybrid-
ization states of the films. An Ar™ laser (\=532.1 nm) with a power of 0.5 mW was used as the source of the
excitation light.

The film densities were calculated using the critical angle 0. of the total X-ray reflection determined via X-ray
reflectivity (XRR; SmartLab, Rigaku) performed with Cu-Ka (A =0.15406 nm) monochromatic radiation, which
was the scanning speed was set to 1°/min.

The a-CN, film thickness was measured using a field emission scanning electron microscope (FE-SEM;
S-4500, Hitachi). The acceleration voltage and work distance was set to be 15kV and 15 mm, respectively. The
films were deposited on Si(100) substrate with a thickness 0.5 mm and then its fracture cross section was observed
using FE-SEM.

The SEM-L apparatus used in this study was based on JEOL JSM6480LV. The laser light was irradiated on the
sample surface through optical fiber, which was attached to the chassis of electron probe. The schematic image
of SEM-L was shown in Fig. 6. The acceleration voltage was set to be 5kV. The film is deformed by irradiation of
visible light from 350 to 750 nm'°. Hence Ar* laser (A =514 nm) was used for exciting of the films.

Two SXES systems were used for obtaining the second-order spectrum of C K-emission, C-K(2), and
third-order N K-emission spectrum, N-K(3). One was a commercial SXES system (SS-98000, JEOL) attached to
an electron probe microanalyser (EPMA; JXA-9800, JEOL), SXES-EPMA. The probe current and acceleration
voltage of this device were set to 40 nA and 5kV, respectively. The other was a custom-made SXES system attached
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A

16.3% 19.7% 31.0% 30.8% 54.6% 42.5%
B 30.1% 36.5% 13.8% 14.5% 48.7% 48.4%

Table 1. Bonding components of a-CN, films.

to a SEM, SXES-SEM?*. The probe current and acceleration voltage of this device were set to 120 nA and 5kV.
The spectra represent as C-K(1) emission energy, which is the real X-ray energy emitted from the specimen of
~280eV. A peak intensity around 265 eV corresponds to third-order nitrogen K-emission, N-K(3), whose true
X-ray energy is ~395eV?.

The amount of photoinduced deformation was measured using a rectangular specimen and the optical-lever
technique. The substrate was Si with 20 mm in length, 2 mm in width and 0.05 mm in thickness. The measurement
system is described in ref.®. One end of the specimen was held on tight to a specimen holder like a cantilever, and
the other free end of the specimen was measured using a He—Ne laser. A white light from Xe lamp through IR cut
filter was used as the excitation light source.

Atomic force microscopy (AFM; SPM-9700, Shimadzu) and spectroscopic ellipsometry (alpha-SE, J.A.
Woollam) were also carried out under visible light illumination to clarify the cause of photoinduced deformation.
For both methods, the excitation light was irradiated to the surface of the films through optical fiber from a Xe
lamp.

References
1. Wischea, R., Hartelt, M., Springborn, U., Bewilogua, K. & Keunecke, M. Wear of carbon nitride coatings under oscillating sliding
conditions. Wear 269, 816-825 (2010).
2. Chan, W.-C. et al. Mechanical properties of amorphous carbon nitride films synthesized by electron cyclotron resonance microwave
plasma chemical vapor deposition. J. Non-Cryst. Solids. 254, 180-185 (1999).
3. Neidhardt, J., Hultman, L., Broitman, E., Scharf, T. W. & Singer, L. L. Structural, mechanical and tribological behavior of fullerene-
like and amorphous carbon nitride coatings. Diamond Relat. Mater. 13, 1882-1888 (2004).
4. Aono, M., Goto, T., Tamura, N., Kitazawa, N. & Watanabe, Y. Photoconductivity study of amorphous carbon nitride films for opto-
electronics devices. Diamond Relat. Mater. 20, 1208-1211 (2011).
5. Tamura, N., Aono, M., Abe, H., Kitazawa, N. & Watanabe, Y. Electrical resistivity response of amorphous carbon nitride thin films
in various gas atmospheres. Jpn. J. Appl. Phys. 54, 041401 (2015).
6. Cui, E Z. & Li, D. J. A review of investigations on biocompatibility of diamond-like carbon and carbon nitride films. Surf. Coatings
Technol. 131, 481-487 (2000).
7. Tessier, P. Y. et al. Carbon nitride thin films as protective coatings for biomaterials: synthesis, mechanical and biocompatibility
characterization. Diamond Relat. Mater. 12, 1066-1069 (2003).
8. Harata, T., Aono, M., Kitazawa, N. & Watanabe, Y. Correlation of photothermal conversion on the photo-induced deformation of
amorphous carbon nitride films prepared by reactive sputtering. Appl. Phys. Lett. 105, 051905 (2014).
9. Aono, M., Harata, T., Kitazawa, N. & Watanabe, Y. Reversible photo-induced deformation of amorphous carbon nitride thin films.
Diamond Relat. Mater. 41, 20-24 (2014).
10. Harata, T., Aono, M., Tamura, N., Kitazawa, N. & Watanabe, Y. Spectroscopic analysis of photo-induced deformation of amorphous
carbon nitride films. J. Phys.: Conf. Ser. 619, 012007 (2015).
11. Yamada, M. et al. Photomobile polymer materials - various three-dimensional movements. J. Mater. Chem. 19, 60-62 (2009).
12. Yager, K. G. & Barret, C. J. Novel photo-switching using azobenzene functional materials. J. Photochem. Photobiol. A 182, 250-261
(2006).
13. McCoy, C. P, Donnelly, L., Jones, D. S. & Gorman, S. P. Synthesis and characterization of polymerisable photochromic spiropyrans:
toward photomechanical biomaterials. Tetrahedron Lett. 48, 657-661 (2007).
14. Francis, W,, Dunne, A., Delaney, C., Florea, L. & Diamond, D. Spiropyran based hydrogels actuators - Walking in the light. Sensor.
Actuat. B 250, 608-616 (2017).
15. Wang, X. J., Huang, J. H. & Wang, J. Experimental research on the response characteristics of PLZT ceramics. Smart Mater. Struct.
24,075017 (2015).
16. Tanaka, K. Photoexpansion in As,S;glass. Phys. Rev. B 57, 5163-5167 (1998).
17. Koseki, H. & Odajima, A. Photo-induced stress relaxation in amorphous selenium films. Jpn. J. Appl. Phys. 21, 424-428 (1982).
18. Yu, Y., Nakano, M. & Ikeda, T. Photomechanics: Directed bending of a polymer film by light. Nature 425, 145 (2003).
19. Ahir, S. V. & Terentjev, E. M. Photomechanical actuation in polymer-nanotube composites. Nature Mater. 4, 491-495 (2005).
20. Marshall, . E., Ji, Y., Torras, N., Xinoviev, K. & Terentjev, E. M. Carbon-nanotube sensitized namatic elastomer composites for IR-
visible photo-actuation. Soft Matter 8, 1570-1574 (2012).
21. Zhang, X. et al. Photoactuators and motors based on carbon nanotubes with selective chirality distributions. Nature Commun. 5,
2983 (2014).
22. Aono, M., Harata, T., Kitazawa, N. & Watanabe, Y. Response to visible light in amorphous carbon nitride films prepared by reactive
sputtering. Jpn. J. Appl. Phys. 55,01AA03 (2016).
23. Smith, D. T. Thin-film deposition. Chapter 5, p. 189-193 (McGraw-Hill, Inc., 1995).
24. Rodil, S. E., Ferrari, A. C., Robertson, J. & Milne, W. I. Raman and infrared modes of hydrogenated amorphous carbon nitride. J.
Appl. Phys. 89, 5425-5430 (2001).
25. Libassi, A. et al. Density and sp* content in diamond-like carbon films by X-ray reflectivity and electron energy loss spectroscopy.
Mat. Res. Soc. Symp. Proc. 593, 293-305 (2000).
26. Ishii, S. et al. Soft X-ray emission spectroscopy study of characteristic bonding states and its distribution of amorphous carbon-
nitride (a-CN) films. Microscopy 67, 1-6 (2018).
27. Aono, M., Nitta, S., Katsuno, T. & Iuchi, T. Internal stress of amorphous carbon nitride films. J. Vac. Sci. Technol. B 18, 1773-1775
(2000).
28. Therasse, M. & Benlahsen, M. Effects of deposition temperature on the structure of amorphous carbon nitride films. Solid State
Commun. 129, 139-142 (2004).
29. Siegal, M. P,, Overmyer, D. L., Kottenstette, R. J., Tallant, D. R. & Yelton, W. G. Nanoporous-carbon films for microsensor
preconcentrators. Appl. Phys. Lett. 80, 3940-3942 (2002).

SCIENTIFICREPORTS| (2018) 8:15066 | DOI:10.1038/s41598-018-33364-4 6



www.nature.com/scientificreports/

30. Angleraud, B., Mubumbila, N., Tessier, P. Y., Fernandex, V. & Turban, G. Bonding structure of carbon nitride films deposited by
reactive plasma beam sputtering. Diamond Relat. Mater. 10, 1142-1146 (2001).

31. Rodil, S. E. Bonding structure in carbon nitride films. Recent Res. Devel. Applied Phys. 6, 391-426 (2003).

32. Dainty, C. Laser Speckle and Related Phenomena, Chapter 2, p. 9-75 (Sprinter Verlag, 1984).

33. Larciprete, R., Grosso, D. R., Di Trolio, A. & Cimino, R. Evolution of the secondary electron emission during the graphitization of
thin C films. Appl. Surf, Sci. 328, 356-360 (2015).

34. Terauchi, M. et al. Chemical state information of bulk specimens obtained by SEM-based soft-X-ray emission spectrometry. Microsc.
Microanal. 20, 692-697 (2014).

Acknowledgements

The authors would like to thank Dr. Hisashi Miyazaki in National Defense Academy for fruitful discussions
regarding the electrical states in a-CN, films and Dr. Yosuke Shimamune and Prof. Hironori Katagiri in Nagaoka
National College of Technology for supporting AFM measurement. XRR study was performed in the X-ray
Research Laboratory of Rigaku Corporation. The authors would like to thank Mr. S. Kobayashi’s assistance for
the XRR measurement. PEN films were provided by Teijin DuPont Films Japan Ltd. This work was supported by
JSPS KAKENHI Grant Number 18H01715. A part of this work was performed under the Cooperative Research
Program of “Network Joint Research Center for Materials and Devices”.

Author Contributions

M.A. conceived the project and wrote the manuscript. T.H. and N.K. assembled the photoinduced deformation
measurement set up and prepared Fig. 1 and supplementary video. H.A. carried out X-ray reflectivity
measurement. S.I., Y.S. and M.T. performed all SEM-L and SXES measurements. All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33364-4.

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

2 | icense, 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

SCIENTIFICREPORTS| (2018) 8:15066 | DOI:10.1038/s41598-018-33364-4 7


http://dx.doi.org/10.1038/s41598-018-33364-4
http://creativecommons.org/licenses/by/4.0/

	Non-uniform Excitation States in Photoinduced Deformation of Amorphous Carbon Nitride Films

	Results

	Discussion

	Methods Deposition of a-CNx films. 
	Measurements and characteristics. 

	Acknowledgements

	Figure 1 Typical photomechanical response of a-CNx film.
	Figure 2 C 1 s and N 1 s XPS spectra of a-CNx films deposited at 473 K (sample A) and 873 K (sample B).
	Figure 3 Raman spectra of a-CNx films deposited at 473 K (sample A) and 873 K (sample B).
	Figure 4 SEM image of a-CNx film with photoinduced deformation (a) without Ar+ laser irradiation and (b) with irradiation.
	Figure 5 SXES spectra of a-CNx film with photoinduced deformation by turning Ar+ laser on and off.
	Figure 6 A schematic image of SEM-L system.
	Table 1 Bonding components of a-CNx films.




