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Abstract 
 

An optical modulator was fabricated with semiconductor ZnO by associating a 
nematic liquid crystal layer with indium–tin oxide. This device revealed the height variation 
in the phase and refractive index of irradiation ultraviolet laser light (λ = 375 nm) as well as 
in the voltage applied. This new optical modulator operated efficiently in the infrared range 
up to 4 μm.     
 
Keywords: Electro-optical Modulator, Indium Tin Oxide (ITO), ZnO n-type semiconductor, 
liquid crystals (LCs), metal-insulator-semiconductor (MIS) structure. 
 

1. Introduction  
 

           The semiconductor ZnO is a promising material and has been widely used recently, 
as evidenced by the increase in the number of its applications. The interest in ZnO is due to 
its direct wide band gap (e.g., ~3.3 eV at 300 K) and large exciton binding energy (~60 m 
eV). However, ZnO possesses the same crystal structure as GaN, although the former 
presents advantages over the latter; these advantages include the availability of high-quality 
ZnO bulk single crystals [1–4]. Furthermore, ZnO possesses a much simpler crystal-growth 
trend than GaN, so ZnO-based devices are less expensive than GaN devices. The chemical 
stability of ZnO is very high, such that ZnO is regarded as a green material. However, ZnO 
exhibits transparency and contains many crystalline structures, such as rock salt, zinc blend, 
and wurtzite (Fig. 1). The wurtzite structure presents interesting properties because of its 
thermodynamic stability under ambient temperature. 
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Fig.1:  Crystallizes structures of ZnO [4]
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Bulk single-crystal ZnO can be grown through various techniques, such as vapor-
phase transport, hydrothermal growth, and pressurized melt growth. The difference between 
bulk and thin-film crystals lies in size. Bulk crystals have sizes of up to 2 inches [5–10]. We 
measured the absorption coefficient of bulk single-crystal ZnO (Fig. 2) and found that light 
could be absorbed in the ultraviolet region. We used liquid crystals (LCs) with interesting 
properties, such as sensitivity to the external field and high birefringence [11–13]. In 
addition, indium–tin oxide (ITO) was utilized as the transparent conductor. The proposed 
optical modulator with a metal–isolator–semiconductor architecture demonstrated good 
performance.   
 
   

 
 
 

2.   Experimental  
 

Electrical conductivity and photoconductivity of ZnO  
 
         The large-band-gap material of ZnO allows for the use of ZnO in many applications 
such as electronics and optoelectronics (Figure 3) and results in many advantages, such as 
high breakdown voltage, low noise generation, and suitable for high temperatures and high-
power operations. The doped n-type ZnO, with ܰ10~ܦଵ଺	ܿ݉ିଷ  at ambient temperature 
was utilized as the conductor.  

 
 

Fig. 3: The energy diagram for ZnO –n 
type 

Fig. 2: The absorption spectrum of ZnO 
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      In the doped semiconductor, the n-type electron mobility strongly varied with the 
temperature and was very sensitive to an electric field [14]. The electron absorbed electric or 
thermal energy and transmitted it from the valence band to the conduction band. When the 
photon energy was greater than the energy gap of ZnO, a pair of free-electron holes was 
created. The density of the photo carriers increased (P+ΔP) due to the density of the holes. 
Hence, conductivity increased with irradiation. 
 

଴ߪ ൅ Δ	σሺIሻ ൌ σ                                                                                                                 (1) 
 

The initial thermal-equilibrium conductivity was obtained as  ߪ଴ ൌ ND ൈ eߤ௡, where 
ND represents the density of the electron in cm3 and μn represents the mobility of the 
electron. A voltage drop would create an electric field and generate current. 
 

J ൌ σE                                                                                                                                (2) 
 

We characterized the electrical conductivity after fabricating a contact metal–
semiconductor  of Ag–ZnO as shown in Fig. 4.  

 

 
 
 
 
 

The results in Fig. 4 indicate that Ohm’s law was not well followed. Therefore, the 
electrical contact was not perfectly ohmic, as shown in Figs. 5 and 6. 
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Fig. 4: Voltage drop across ZnO by Ag metal contact 

Fig. 5: Measured the current as a function of the voltage applied, 
 it’s shown not aligned with the sold line, so Ohm's law is not well followed. 
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After measuring the electrical conductivity, we measured the photoconductivity of 
ZnO under irradiation by ultraviolet laser light at a wavelength of 375 nm as shown in Fig. 7. 
Conductivity and current increased, and we can use the form:   
 

i ൌ ݅଴ ൅ ΔiሺI	uv	ሻ	                                                                                                             (3)  
 
The results obtained as plotted in Fig. 8. 
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Fig. 6: Measured resistance as a function of the current, we measured (ρ) 
from ρ= (v*s)/(I*d) ,where (s ,d) present length and width of the ZnO sample. 

Fig. 7: ZnO under irradiation at λ =375 nm nm 
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3.  Fabrication and characterization of an optical modulator 
 
         An optical modulator is an instrument for manipulating a property of light. We 
fabricated an optical modulator composed of two slides. The first slide is the bulk crystal of 
ZnO, and the second slide is the composition of ITO with transparent glass on the other side. 
The distance between the slides is 9 μm. After scarification of the surface of ITO, it was 
filled with LCs to fix the molecules on the surface. The nematic type of LCs (E48, Merck) 
was used. The birefringence of E48 was n = ne – no = 0.16, where ordinary indices of 
refraction no = 1.54 and extraordinary indices of refraction ne = 1.7 (equal dielectric 
anisotropy Δε = 15.1 at 1.0 kHz). We connected the two slides with silver metal (Ag), as 
shown in Fig. 9. This structure is called a metal–isolator–semiconductor (MIS).  
 
 

 
 
 
 
The refractive index of liquid crystal is changed with the voltage applied.  
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Fig. 8: The variation of current under irradiation 

Fig. 9: Optical modulator by structure MIS 
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4.  Optical phase modulator  
 
          A 660 nm reading laser was allowed to pass through the cell and linearly polarized 
along the LC direction (Fig. 10). No changes were observed. 
 

 
 
  

Under ultraviolet illumination, loads were created at the interface of LC–ZnO (Fig. 
11), and the voltage applied: 
 

 V(t)=V0sin(2πft)                                                                                                             (4) 
 
        At the electrodes, ITO–ZnO permitted the reorientation of the molecules of the LC. 
The reading laser had a phase shift, which relied on the intensity of the ultraviolet laser. 

 

 
 
 
 

5. Phase shift measurements 
 
           The beam of light that transited over the MIS gained a phase shift Δφ that relied on 
the voltage applied v(t) and the intensity of the fallen beam itself. The produced phase shift 
can be expressed in the following form 
 

Δφ=2π/λ*d*Δn                                                                                                                  (5) 
 
where Δn = ne(θ) − no. With θ, a local angle was created from the LC direction in 
consideration of the perpendicular axis. For θ=0, we have ne(0) = ne, and for θ = π⁄2, we 
have ne(π⁄2) = no. The entire term flow equations are; 

 Fig. 10: Optical modulator irradiate by 632 nm 

Fig. 11: Optical modulator irradiate by 375 nm 
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ne(θ) =neno /SQR  n2
esin2(θ) + n2

o cos2(θ)                                                                        (6) 
 
Under threshold θ (0), the output phase is 2πdne ⁄ λ  
 

When a high-intensity laser or high voltage is used, the saturation of the local angle 
(θ) reaches π⁄2, and the output phase is 2πdno ⁄ λ [10–14]. The produced phase shift reaches 
the maximum value when a light with strong intensity is used, and this in turn saturates the 
MIS response to 2πd (no – ne) ⁄ λ = 14 rad. To measure the phase shift, the MIS must be 
placed between two crossed polarizers. The direction should be oriented at 45° of the 
perpendicular axis. In this condition, the relation between output intensity and phase shift is 
directly proportional, namely, Iout ∝  I ⁄ 2 [1 – cos(Δφ)], for measuring phase shift. This is 
achieved by calculating the output intensity, as shown in Fig. 12.   

 

 
 
 
 
 

I = I0 (1-cos(Δφ)  
 
From the current measurement, we can calculate the phase shift. So the result as in Fig. 13 
and 14.  
 
 

 
 
 
 
 
 

Fig. 12: Optical modulator (MIS) with two crossed polarizers for measured Δφ 

Fig. 13: The phase shift measured directly by oscilloscope, voltage drop 15 vdc 
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6.   Measurement of the refractive index   
 
         We measured the refractive index (Δn) by using the same arrangement as that in Fig. 
12 and calculated the following: 
 

Δn = λ/2d * Δφ  
 
The result obtained as shown in Fig. 15. 
 

 
 
 
 
 
 

7. Measurement of the response time  
  
          Response time depends on electron concentration. We estimated τph from the mode 
operation (off/on/off mode). The maximum voltage applied was 20 V, as shown in Fig. 16.  
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Fig. 14: The Measured phase shift as a function of different voltage drop and intensity  

Fig. 15: The relationship between a light intensity and the measured 
the change of refractive index Δn for different voltage applied V 



Int. J. Nanoelectronics and Materials 10 (2017) 195-204 

 

203 
 

 
 
 
 
 

 
 
 
 
 

8.  Conclusion   
 
           We characterized the electrical conductivity and photoconductivity of n-doped ZnO 
crystal. We fabricated a new optical phase modulator consisting of a nematic LC layer 
connected to ZnO:ITO and used Ag for ohmic contact interdigitated electrodes. Phase shift 
was controlled by an ultraviolet laser and can be evaluated by the thickness of the layer and 
the birefringence of the nematic. We discovered that the variation index is very high (0.16), 
with a response time in the order of tens of milliseconds. 
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Fig. 16: Estimated response time by operation mode off/on/off under 
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Fig. 17: Measured response time as a function of different applied voltage V 
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