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Current-induced giant polarization 

rotation using a ZnO single crystal 

doped with nitrogen ions
Naoya Tate1, Tadashi Kawazoe2, Wataru Nomura1 & Motoichi Ohtsu3

Giant polarization rotation in a ZnO single crystal was experimentally demonstrated based on a novel 

phenomenon occurring at the nanometric scale. The ZnO crystal was doped with N+ and N2+ ions 

serving as p-type dopants. By applying an in-plane current using a unique arrangement of electrodes 

on the device, current-induced polarization rotation of the incident light was observed. From the 

results of experimental demonstrations and discussions, it was verified that this novel behavior 
originates from a specific distribution of dopants and the corresponding light–matter interactions in a 
nanometric space, which are allowed by the existence of such a dopant distribution.

Oxide semiconductors are widely used direct-transition materials having a large bandgap. Due to their 
natural abundance, innocuousness, and transparency to visible light, they are expected to be widely 
employed for fabricating various electrical and optical devices1–10. Although such oxide semiconductors 
are highly promising from the viewpoint of social needs, it is technically di�cult to implement electro- or 
magneto-induced optical functions using the standard doping methods used with other types of semicon-
ductors, because acceptors from the dopants are generally compensated with donors from the numerous 
oxygen vacancies and interstitial metals in the crystal. According to recent research by the authors’ 
group11–19, novel electro-optical characteristics using various indirect- and direct-transition semiconduc-
tors have been successfully demonstrated by employing our original annealing method which exploits 
the characteristic behavior of dressed photons (DPs)20. A technique known as DP-assisted annealing has 
been used to autonomously form a dopant distribution that works as an appropriate p–n homojunction 
layer to e�ectively induce DPs by light irradiation. Speci�cally, by using an n-type bulk zinc oxide (ZnO) 
crystal, which is one of the most common oxide semiconductors, a p–n homojunction-structured LED 
that emits light at room temperature has been successfully realized12. One of the fundamental points of 
this method is that the dopants form not only a spatially homogeneous distribution necessary for higher 
electrical conductivity but also nanometrically-clustered structures, which are autonomously optimized 
for generating DPs in their surroundings. According to recent theoretical discussions and experimental 
demonstrations by the authors’ group21–25, DPs were generated by irradiating light that is strongly cou-
pled with phonons in the material, so that characteristic light–matter interactions occur via these DPs.

Magneto-optical e�ects are one of the most commonly known aspects of light–matter interac-
tions. In particular, in the e�ect known as Faraday rotation, while light propagates through a speci�c 
material, that is, a magneto-optical material, under a large magnetic �eld, the polarization of the light 
rotates. Polarization rotation is a fundamental technology for several applications utilizing the polari-
zation degree-of-freedom, such as ellipsometry and optical computing. �e former is based on precise 
measurement and analysis of the polarization of re�ected light from a target material, which requires 
a sophisticated polarization rotator. In particular, in recent research on ellipsometry, there has been 
a strong need for two-dimensional polarization rotators that can perform dynamic polarization mod-
ulation26–28. In optical computing, particularly the previously proposed polarization-encoded optical 
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computing method29,30, advanced polarization rotators are required for processing. Furthermore, more 
recently, advanced polarization rotators are essential elements for realizing optical quantum computing 
and related research31–33, which is based on polarization-encoding of photons.

In the work described in this paper, we focused on a ZnO device as a polarization rotator. In this 
device, the dopant distribution is expected to be suitable for inducing polarization modulation due to 
the characteristic behavior of DPs. �e ZnO device was fabricated by using the DP-assisted annealing 
method, and by means of a unique electrode arrangement, di�erent from the arrangement normally used 
for LEDs, the device demonstrated novel functionality as a polarization rotator. �e device was irradiated 
with linearly polarized light in the vertical direction, and extremely large polarization rotation of the 
incident light was observed. �e phenomenon is quite similar to conventional magneto-optical e�ects, 
but exhibited a much higher level. In addition it does not require any external equipment for applying a 
strong electric or magnetic �eld, nor a long light propagation length for ensuring a su�cient interaction 
time for the modulation. We quantitatively evaluated the performance of our ZnO device when func-
tioning as a novel optical rotator, and we discuss the origin of this phenomenon on the basis of DPs.

Basics
Generally, an n-type crystal is doped by implanting p-type dopants during the crystal growth process. 
Previously, several techniques for doping ZnO crystals with p-type dopants using nitrogen have been 
demonstrated. �ese techniques have been applied to various methods of growing ZnO crystals, such as 
molecular beam epitaxy (MBE)34,35, chemical-vapor deposition (CVD)36–38, and magneto-sputtering39–42. 
However, in the case where oxide semiconductors such as ZnO are used, the self-compensation e�ect43 
between acceptors and donors and dissipation of dopants has been still fundamental issues to achieve 
favorable p-type doping method.

In this study, an n-type bulk ZnO crystal was implanted with N+ and N2+ ions serving as p-type 
dopants a�er the growth process using the hydrothermal growth method12. According to previous reports 
by the authors’ group11–19, novel electro-optical functionalities in various types of indirect-transition sem-
iconductors have been successfully implemented. �e unique characteristics of these functionalities are 
fundamentally due to a speci�c distribution of dopants used for generating DPs in each material. A DP is 
a quasi-particle which represents the coupled state of a photon and an electron25. A DP excites a coherent 
phonon in a nanometric material, and the state of the DP is coupled with the states of the excited phonon. 
During the electron transition process in the material, this coupled state behaves as an intermediate state; 
hence, multistep transitions and corresponding optical functions are allowed. In order to realize e�ective 
generation of DPs, in our previous work, the device was subjected to DP-assisted annealing to optimize 
the dopant distribution for generating DPs; namely, they were annealed with Joule heating due to the 
application of a current while the device was irradiated with light having a lower photon energy than 
the bandgap energy of the material. �e basics of the DP-assisted annealing method are explained below.

First, while Joule heat is generated by the application of a forward bias current to the device, the 
dopants try to randomly di�use in the material to converge to a homogeneous distribution. However, at 
the same time, DPs tend to be generated by irradiation of light in the vicinity of the exciton polaritons. 
Here, the generation of DPs is due to the formation of localized electrons and holes at regions of a spe-
ci�c distribution of the dopants. In the case where the photon energy of the irradiated light is lower than 
the bandgap energy of the material, as in our method, the photon energy is not absorbed in the material 
and can reach the distribution of dopants, where it generates DPs. �e generated DPs, which behave as 
localized energy �elds21–25, can excite multimode coherent phonons in the material, and a coupled state 
of the DPs and phonons can be excited; in other words, a multi-step electron transition occurs via energy 
levels corresponding to the coupled state. Consequently, part of the energy due to Joule heat is converted 
to the photon energy of stimulated emission via the DPs, which is associated with the multi-step transi-
tion. Subsequently, Joule heat is lost and di�usion of the dopants necessarily stops. Now, the distribution 
of dopants works as an appropriate structure for e�ective generation of DPs. On the other hand, other 
dopants where DPs are hardly generated in their vicinities continue to di�use in the material until they 
form the required speci�c distribution, and subsequent stimulated emission occurs. Finally, a high DP 
generation e�ciency is exhibited in all regions, and the temperature drops in all regions of the device. 
More detailed theoretical descriptions of the DP-assisted annealing method and related achievements 
have been reported in previous papers by authors’ group11–19.

Experiment
In order to use the ZnO device as a polarization rotator, input light whose polarization direction was 
perpendicular to the crystal axis of the material was made incident on the device. Here, an original 
arrangement of electrodes was prepared for applying an in-plane current to the device. Details of the 
fabrication of the device and discussion of mechanism of the polarization rotation are given in the 
Methods and Discussion sections, respectively. Figure  1(a) shows a photograph of the fabricated ZnO 
device. �e dopant implantation depth was con�rmed by secondary ion mass spectrometry (SIMS) to 
be about 2 µ m, as shown in Fig. 1(b). In a related study, the detailed dopant distribution formed by the 
DP-assisted annealing has been previously con�rmed in the case of Si by using a three-dimensional atom 
probe (3DAP) method17.
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�e experimental setup used for demonstrating polarization rotation is shown in Fig. 2. �e setup was 
constructed to observe modulated light among the incident linearly-polarized light. �e important point 
is that, as shown in the inset of Fig. 2, a current �owed in the in-plane direction of the device via surface 
electrodes formed of an indium tin oxide (ITO) layer. �e applied voltage was sinusoidally modulated by 
a function generator. Linearly-polarized light having a photon energy hν =  3.05 eV, to which the device 
is transparent, was radiated in the vertical direction onto the device and was output in the opposite 
direction by re�ection at the back side of the device. During propagation in the device, the incident 
light was expected to be a�ected by the applied current via interactions between the material and DPs. 
�e mechanism is brie�y discussed in the next section. As a result, corresponding polarization rotation 
was observed as a variation in the optical intensity of the re�ected light by using a Glan-laser polarizer.

Figure 3(a) shows the modulated output projected on a phosphor screen, which was set at the output 
port. In order to clearly represent the spatial dependency of the modulation, the input light was radiated 
onto the device using an o�-focus setup. �erefore, one cycle of varying brightness, between bright and 
dark parts at each area, corresponds to modulation of π  radians. As shown, the spatial modulation of 
the polarization was found to depend on the applied current.

To quantitatively evaluate the polarization rotation shown in Fig. 3(a), input light was focused onto 
the device, and the intensity of the output light was observed by using an avalanche photodiode (PD). 
Fig. 3(b) shows an example of the output light intensity observed with 100 mHz sinusoidal modulation 
of an 18 V applied voltage. As shown, spatial modulation of the output signal amplitude was clearly 
observed. Importantly, Fig.  3(b) shows that, while the applied voltage was increased to 18 V during a 
half cycle of applied voltage, the polarization of the input light was rotated by more than 6π  radians.

Discussion
In order to explain the large amount of polarization rotation achieved by our device, the relation between 
the applied current IIN and the polarization rotation θrot is plotted by using the measured I-V relation of 
the device. As shown in Fig. 4, the device achieved a polarization rotation of more than 20π  radians by 

Figure 1. (a) Photograph of the fabricated ZnO device. (b) �e dopant density versus implantation depth in 

the device.

Figure 2. Schematic diagram of setup used for observing polarization rotation based on cross-Nicol 

method. 
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applying 100 mA of current. By description with amounts of Faraday rotation, it reveals at intermediate 
between dielectric semiconductors and magnetic metals.

�e important point of our approach is that such a giant polarization rotation does not require any 
external equipment for applying a strong magnetic �eld, unlike the conventional magneto-optical e�ect. 
Also, it does not require a long propagation distance of the incident light; the e�ective propagation dis-
tance for the modulation was less than 5 µ m, because of the back and forth propagation in the device, 
as indicated by the SIMS results shown in Fig. 1(b). �e basic mechanism of such a large polarization 
rotation is discussed below.

Simple and direct propagation of light in the material under a current-induced magnetic �eld is hardly 
expected to reveal such an e�ect, and therefore, the involvement of DPs must be considered. Namely, 
incident light induces DPs in the surroundings of the dopants, and, at the same time, current-induced 
magnetic �elds strongly a�ect the phase of the DPs via the distribution of dopants. In such a situation, 
the incident optical energy and magnetic �elds are allowed e�ciently interact with each other via the DP 
states, where the DP states are e�ciently energetically coupled with the phonon states of the material. 
A�er the interaction, reconversion of optical energy from the DPs to propagating light occurs, and other 
interactions are induced in surroundings of other dopants. While the expected amount of modulation in 
a single process is not large enough, a�er a number of iterations of this process, �nally a large amount 
of modulation is realized. We expect that the theoretical relation between the phase of the DPs and 
magnetic �elds will be clari�ed by future experiments.

Additionally, practical speci�cations for use as an optical device, namely, switching speed and power 
consumption, are theoretically estimated as follows: From the size of the surface (5 mm ×  5 mm) and the 
thickness (500 µ m), our ZnO device is estimated to have a capacitance of 30 pF, which will require 6 nC 
( = 30 pF/500 µ m) of electric charge to achieve a single operation, namely π  radians of polarization rota-
tion. By referring to the results of our experimental demonstration shown in Fig. 5, if 10 mA of current 
is assumed to be applied, a switching speed of 120 ns ( = 6 nC/50 mA) is expected. On the other hand, 
energy of 60 nJ ( = 6 nC ×  10 V) is required for a single operation.

Figure 3. (a) Modulated output images, which were projected on a phosphor screen. (b) Experimentally 

observed relations between output light intensity (red line) and voltage applied to the device (blue line), 

where the maximum voltages were 18 V.

Figure 4. Relation between applied current IIN and polarization rotation θrot. 



www.nature.com/scientificreports/

5Scientific RepoRts | 5:12762 | DOi: 10.1038/srep12762

Conclusion
In the work described in this paper, giant polarization rotation was experimentally demonstrated using 
a ZnO single crystal doped with N+ and N2+ ions. �is giant polarization rotation is fundamentally due 
to an optimized distribution of dopants in the ZnO crystal achieved by DP-assisted annealing, which 
allowed DPs to be e�ectively induced by incident light, and application of an in-plane current to the 
device by using a unique electrode arrangement. As a result, polarization rotation of more than π /3 
radian per volt, which is the amount required in practice to implement optical rotation, was successfully 
observed without using any external equipment for applying a large magnetic �eld, and with an e�ec-
tive light propagation distance of less than 5 µ m in the device. Based on the results of demonstrations, 
we considered that this giant polarization rotation was fundamentally due to the repeated interactions 
between current-induced magnetic �elds and localized DPs generated in the regions around dopants in 
a nanometric space.

Methods
Preparation of ZnO device: To fabricate the prototype device, we used commercially available n-type 
ZnO single crystal with a thickness of 500 µ m, which is prepared by the hydrothermal growth method44. 
�e crystal axis orientation was (0001), and the initial electrical resistivity of the crystal was 50–150 Ω  
cm. �e basic process for fabricating a junction ZnO device is schematically shown in Fig. 5.

N+ and N2+ ions were implanted into the crystal in six steps at energies of 20, 50, 100, 200, 400, and 
600 keV for producing a broad distribution of dopants. �e ion dose densities were set to 4.20 ×  1013, 
9.00 ×  1013, 2.25 ×  1014, 2.75 ×  1014, 4.50 ×  1014, and 4.50 ×  1014 cm−2, respectively (Fig.  5(a)). By using 
multi-step implantation with these parameters, the implanted dopants were distributed in a broad region 
in the crystal to form a p-type layer. �en, using radio-frequency sputtering, a 150 nm-thick ITO layer 
was deposited on the front side of the sample, and a 5 nm-thick Cr layer and a 100 nm-thick Al layer 
were deposited on the back side of the sample to serve as electrode layers (Fig. 5(b)). A�er deposition, 
DP-assisted annealing was performed (Fig. 5(c)). During Joule heating by application of a forward bias 
current, the device was irradiated with laser light having a photon energy hν =  3.05 eV, which is lower 
than the bandgap energy of the ZnO crystal (3.40 eV). �e forward bias current density was set to 
0.22 A/cm2, which was as high as possible without causing thermal destruction of the device, and the 
power of the irradiated light was set to 2.2 W/cm2, which was as high as possible without causing the 
crystal temperature to become too high. According to the previous work by the authors’ group12, the 
surface temperature rose to nearly 100 °C under similar experimental conditions, and then dropped to a 
constant temperature 70 °C. As we described in the Basics section, this drop in temperature corresponds 
to the generation of DPs, bringing about stimulated emission, and indicates successful completion of 
the annealing process for fabricating an appropriate distribution of dopants to e�ciently generate DPs 
in the material. �en, Ag electrodes were deposited for applying an in-plane current to the device, in a 
direction perpendicular to direction during the annealing process. Finally, the crystal was bonded on a 
Cu substrate for heat dissipation while working as a polarization rotator (Fig. 5(d)). �e Cr and Al layers 
were utilized as a re�ecting surface for the incident light applied to the device.

Figure 5. Basic process for fabricating a ZnO device. (a) Implantation of N+ and N2+ ions into n-type 

ZnO single crystal. (b) Depositing electrode layers at the front side and back side of the crystal. (c) 

Application of forward bias current and irradiation of light for the DP-assisted annealing. (d) Deposition of 

Ag electrode on the crystal and bonding of crystal to Cu substrate for heat dissipation.



www.nature.com/scientificreports/

6Scientific RepoRts | 5:12762 | DOi: 10.1038/srep12762

References
1. N. Yamazoe “New approaches for improving semiconductor gas sensors,” Sens. Actuators B: Chem. 5, Issue 1–4, 7–19 (1991).
2. K. D. Schierbaum, U. Weimar & W. Göpel “Comparison of ceramic, thick-�lm and thin-�lm chemical sensors based upon SnO2,” 

Sens. Actuators B: Chem. 7, Issues 1–3, 709–716 (1992).
3. G. Kiss et al. “Study of oxide semiconductor sensor materials by selected methods,” �in Solid Films 391, Issue 2, 216–223 (2001).
4. K. Nomura et al. “Room-temperature fabrication of transparent �exible thin-�lm transistors using amorphous oxide 

semiconductors,” Nature 432, No. 7016, 488–492 (2004).
5. J. S. Park, W.-J. Maeng, H.-S. Kim, and J.-S. Park “Review of recent developments in amorphous oxide semiconductor thin-�lm 

transistor devices,” �in Solid Films 520, Issue 6, 1679–1693 (2012).
6. E. Fortunato, P. Barquinha & R. Martins “Oxide Semiconductor �in-Film Transistors: A Review of Recent Advances,” Adv. 

Mater. 24, Issue 22, 2945–2986 (2012).
7. R. Singh, K. Rajkanan, D. E. Brodie & J. H. Morgan “Optimization of oxide-semiconductor/base-semiconductor solar cells,” IEEE 

Trans. Electron Devices 27, Issue 4, 656–664 (1980).
8. K. Tennakone et al. “Sensitization of nano-porous �lms of TiO2 with santalin (red sandalwood pigment) and construction of 

dye-sensitized solid-state photovoltaic cells,” J. Photochem. Photobiol. A 117, Issue 28, 137–142 (1998).
9. H. Arakawa & K. Sayama “Oxide semiconductor materials for solar light energy utilization,” Res. Chem. Intermediat. 26, Issue 

2, 145–152 (2000).
10. Y.-S. Choi, J.-W. Kang, D.-K. Hwang & S.-J. Park “Recent Advances in ZnO-Based Light-Emitting Diodes,” IEEE Trans. Electron 

Devices 57, No. 1, 26–41 (2010).
11. T. Kawazoe, M. A. Mueed & M. Ohtsu “Highly e�cient and broadband Si homojunction structured near-infrared light emitting 

diodes based on the phonon-assisted optical near-�eld process,” Appl. Phys. B 104, No. 4, 747–754 (2011).
12. K. Kitamura, T. Kawazoe & M. Ohtsu “Homojunction-structured ZnO light-emitting diodes fabricated by dressed-photon 

assisted annealing,” Appl. Phys. B 107, No. 2, 293–299 (2012).
13. T. Kawazoe, M. Ohtsu, K. Akahane & N. Yamamoto “Si homojunction structured near-infrared laser based on a phonon-assisted 

process,” Appl. Phys. B 107, No. 3, 659–663 (2012).
14. H. Tanaka, T. Kawazoe & M. Ohtsu “Increasing Si photodetector photosensitivity in near-infrared region and manifestation of 

optical ampli�cation by dressed photons” Appl. Phys. B 108, No. 1, 51–56 (2012).
15. N. Wada, T. Kawazoe & M. Ohtsu “An optical and electrical relaxation oscillator using a Si homojunction structured light 

emitting diode” Appl. Phys. B 108, No. 1, 25–29 (2012).
16. M. A. Tran, T. Kawazoe & M. Ohtsu “Fabrication of a bulk silicon p–n homojunction-structured light-emitting diode showing 

visible electroluminescence at room temperature,” Appl. Phys. A 115, Issue 1, 105–111 (2014).
17. N. Wada, M. A. Tran, T. Kawazoe & M. Ohtsu “Measurement of multimode coherent phonons in nanometric spaces in a 

homojunction-structured silicon light emitting diode,” Appl. Phys. A 115, Issue 1, 113–118 (2014).
18. M. Yamaguchi, T. Kawazoe & M. Ohtsu “Evaluating the coupling strength of electron-hole pairs and phonons in a 0.9 
µ m-wavelength silicon light emitting diode using dressed-photon-phonons,” Appl. Phys. A 115, Issue 1, 119–125 (2014).

19. T. Kawazoe & M. Ohtsu “Bulk crystal SiC blue LED with p–n homojunction structure fabricated by dressed-photon-phonon-
assisted annealing,” Appl. Phys. A 115, Issue 1, 127–133 (2014).

20. T. Kawazoe, K. Kobayashi, S. Takubo & M. Ohtsu “Nonadiabatic photodissociation process using an optical near �eld,” J. Chem. 
Phys. 122, No. 2, 024715 (2005).

21. K. Kobayashi, S. Sangu, H. Ito, M. Ohtsu “Near-�eld optical potential for a neutral atom,” Phys. Rev. A 63, 013806 (2001).
22. M. Ohtsu & K. Kobayashi Optical near �elds (Springer, 2004).
23. Y. Tanaka & K. Kobayashi “Spatial localization of an optical near �eld in one-dimensional nanomaterial system,” Physica E 40, 

Issue 2, 297–300 (2007).
24. Y. Tanaka & K. Kobayashi “Optical near �eld dressed by localized and coherent phonons,” J. Microsc. 229, 228–232 (2008).
25. M. Ohtsu Dressed Photons - Concepts of Light–Matter Fusion Technology (Springer, 2013).
26. J.-L. Stehle et al. “Multi-pass spectroscopic ellipsometry,” �in Solid Films 555, 143–147 (2014).
27. Y.-H. Chang et al. “Polarization modulation polarimeter for measuring two-dimensional distribution of �ve cell parameters of a 

twisted nematic liquid crystal display,” �in Solid Films 571, 527–531 (2014).
28. H. Arwin “Application of ellipsometry techniques to biological materials,” �in Solid Films 519, 2589–2592 (2011).
29. M. A. Karim, A. A. Awwal & A. K. Cherri “Polarization-encoded optical shadow-casting logic units: design,” Appl. Opt. 26, 

2720–2725 (1987).
30. Y. Li, G. Eichmann & R. R. Alfano “Optical computing using hybrid encoded shadow casting,” Appl. Opt. 25, 2636–2638 (1986).
31. J. L. O’Brien “Optical Quantum Computing,” Science 318, 1567–1570 (2007).
32. Pieter Kok, W. J. Munro, Kae Nemoto, T. C. Ralph, Jonathan P. Dowling & G. J. Milburn “Linear optical quantum computing 

with photonic qubits,” Rev. Mod. Phys. 79, 135–174 (2007).
33. S. Gasparoni et al. “Realization of a Photonic Controlled-NOT Gate Su�cient for Quantum Computation,” Phys. Rev. Lett. 93, 

020504 (2004).
34. K. Iwata et al. “Nitrogen-induced defects in ZnO: N grown on sapphire substrate by gas source MBE,” J. Cryst. Growth 209, 

526–531 (2000).
35. A. B. M. A. Ashra�, I. Suemune, H. Kumano & S. Tanaka “Nitrogen-Doped p-Type ZnO Layers Prepared with H2O Vapor-

Assisted Metalorganic Molecular-Beam Epitaxy,” Jpn. J. Appl. Phys. 41, L1281 (2002).
36. K. Minegishi et al. “Growth of p-type Zinc Oxide Films by Chemical Vapor Deposition,” Jpn. J. Appl. Phys. 36, L1453 (1997).
37. X. Wang, et al. “Nitrogen doped ZnO �lm grown by the plasma-assisted metal-organic chemical vapor deposition,” J. Cryst. 

Growth 226, 123–129 (2001).
38. J. Lu et al. “Structural, electrical and optical properties of N-doped ZnO �lms synthesized by SS-CVD,” Mater. Sci. Semicond. 

Process 5, 491–496 (2002).
39. C.-C. Lin, S.-Y. Chen, S.-Y. Cheng & H.-Y. Lee “Properties of nitrogen-implanted p-type ZnO �lms grown on Si3N4/Si by radio-

frequency magnetron sputtering,” Appl. Phys. Lett. 84, 5040–5042 (2004).
40. C. Wang et al. “p-Type ZnO thin �lms prepared by oxidation of Zn3N2 thin �lms deposited by DC magnetron sputtering,”  

J. Cryst. Growth 259, 279–281 (2003).
41. Z.-Z. Ye et al. “Preparation and characteristics of p-type ZnO �lms by DC reactive magnetron sputtering,” J. Cryst. Growth 253, 

258–264 (2003).
42. J. Lu et al. “p-type ZnO �lms deposited by DC reactive magnetron sputtering at di�erent ammonia concentrations,” Mater. Lett. 

57, 3311–3314 (2003).
43. E.-C. Lee, Y.-S. Kim, Y.-G. Jin & K. J. Chang “Compensation mechanism for N acceptors in ZnO,” Phys. Rev. B 64, 085120 (2001).
44. T. Sekiguchi et al. “Hydrothermal growth of ZnO single crystals and their optical characterization,” J. Cryst. Growth 214–215, 

No. 2, 72–76 (2000).



www.nature.com/scientificreports/

7Scientific RepoRts | 5:12762 | DOi: 10.1038/srep12762

Acknowledgements
�is work was partially supported by the JSPS Core-to-Core Program (A. Advanced Research Networks).

Author Contributions
N.T., T.K. and M.O. directed the project; N.T. and T.K. designed the experiments; N.T. and W.N. 
performed optical characterizations; N.T., T.K. and M.O. contributed to the discussions.

Additional Information
Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Tate, N. et al. Current-induced giant polarization rotation using a ZnO single 
crystal doped with nitrogen ions. Sci. Rep. 5, 12762; doi: 10.1038/srep12762 (2015).

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Current-induced giant polarization rotation using a ZnO single crystal doped with nitrogen ions
	Introduction
	Basics
	Experiment
	Discussion
	Conclusion
	Methods
	Additional Information
	Acknowledgements
	References


