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Abstract

:

A simple and effective technique to characterize the photoconductivity (PC) of lithium niobate is presented. The technique is based on the modulation of the external field and on the observation of the optical response of the material as a function of the intensity of a gaussian beam using a Tardy’s polarimetric setup in the   r 22   configuration. When the temporal period of the modulation is larger than the Maxwell time of the material, the effect of the PC can be detected observing the kinetics of the screening effect of the external applied field. This approach allows measuring a wide dynamic range up to high light intensities with good accuracy using a standard oscilloscope and with no need for charge collection electrodes. The technique is demonstrated by comparing two samples, the first possessing a standard congruent composition, the second being doped with Zn in order to boost the PC.
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1. Introduction


Lithium niobate (LN) plays a key role in modern photonics for the realization of electro-optic phase modulation systems or in nonlinear optical devices. However, this material is plagued by the so-called photorefractive (PR) damage, which is one of the main factors limiting its use at high light intensities such as those encountered in waveguides or in nonlinear optical applications [1,2]. The PR damage results in the perturbation of the material refractive index inside the illuminated area. It is caused by photo-excitation and migration of electric charges inside the material bulk when this is illuminated with strong nonuniform light. This charge redistribution gives rise to an intense electric field that locally modifies the material refractive index via the electro-optic effect [2]. In an effort to eliminate or at least mitigate this problem, it has been found that doping a given material with suitable elements, the so-called optical damage resistant impurities (ODRI), may largely modify its PR sensitivity [3]. While a detailed microscopic modeling of this effect requires a considerable effort [4,5,6,7], the macroscopic reason for this improvement is generally related to a marked increase in the material photoconductivity (PC) preventing the buildup of strong internal fields [8]. Therefore, a direct measure of the PC allows in principle assessing the resistance to PR damage in a batch of similar samples, as well as being an important parameter by itself. To our knowledge the routine methods to measure the photoconductivity generally can be traced back either to direct measurements with an electro-meter while the sample is uniformly illuminated, either to indirect ones where the time-evolution of photorefractive effects is measured and related to PC. The first kind of techniques requires to measure impedances that, in a bulk sample, are typically higher than hundreds of gigaohms not to mention the fact that to attain the same power density levels obtained when the beam is focused to a small diameter as it is the case in typical applications it would be necessary to use a high power laser beam to illuminate uniformly the sample.



For this reason, indirect optical methods exploiting PR phenomena are generally preferred. Several solutions have been provided, ranging from the simple observation of the beam defocusing as a consequence of the optical damage either isotropically [9] or anisotropically [10], to the recording/erasing dynamic of photorefractive gratings [11,12,13,14,15]. However, both beam defocusing and holographic recording require a sophisticated modeling to obtain a robust estimate of the kinetics, especially when Gaussian beams are used, see, for example, [15,16,17]. Other approaches may be based on the recording kinetics of phase images [7], again taking advantage of the photorefractive effect. In this case it is required a time-resolved analysis of the phase image formation, which is feasible but again brings with it a certain degree of technical complication.



In this paper we report on a simple method to measure PC in LN, provided that the electric-field-induced refractive index change can be continuously measured in some way. In our case, we exploited a Tardy’s polarimetric setup to visualize the electro-optic index change with the sample in the so-called   r 22   configuration which consists in having the beam propagating parallel to the optical axis and the external field applied perpendicular to it. In particular, this configuration allows to limit the problems related to the photo-galvanic effect which, in other configurations (e.g., with the beam propagating perpendicular to the optical axis), would produce an additional internal field perturbing the result of the measurement. By proper adaptation, the same measuring principle may be extended to other materials and configurations. Using this technique we measured the PC in a congruent undoped sample and in a Zn-doped one with increased resistance to PR damage.




2. Method


The basic idea of the method is to apply an external field to the sample and use the electro-optic induced birefringence as a probe to measure the decay of the applied field due to the PC.



A simplified scheme of our setup is shown in Figure 1. An Ar laser (  λ = 514   nm  ) is attenuated to a selected intensity using the combination of a half waveplate and a polarizing beamsplitter. The exiting beam is converted to circular polarization by a quarter waveplate and focused to a waist of about 83 μ m using a lens. The resulting confocal parameter of about   8   cm   is safely longer than the length of our sample (typically not longer than   3   cm  ), so that we can consider that the beam does not change its size inside the sample. The latter is a parallelepiped with length L along the beam direction and thickness d. On two faces parallel to the beam, two electrodes are painted and connected to a high voltage generator driven by a square wave signal that applies along the whole sample length a voltage V of alternating sign. One of the crucial aspects of our method is the use of the so-called   r 22   configuration, in which the beam propagates parallel to the optical axis with circular polarization and the field is applied along the direction lying in one of the three mirror planes and perpendicular to the optical axis. Following standard notation for LN, the former direction will be labeled as z-axis and the latter as y-axis. A first advantage of this configuration is that at zero field, the sample is not birefringent so that the signal is much more stable and immune from external perturbations, such as temperature fluctuations and so on. Second, if the incident beam is circularly polarized, it is possible to minimize the impact of photo-galvanic internal fields that would develop in LN if other configurations or other polarization states would be used. This occurrence results from an analysis of the photogalvanic and electro-optic tensors and is detailed in the Supplementary Materials. In this way the measured electro-optic changes can be related exclusively to the external field.



The electro-optic induced birefringence is measured using a Tardy’s setup, a variant of the de Sénarmont arrangement [18], where the incident light is circularly polarized before entering the sample. Let us assume, to begin with, that a static uniform electric field is present inside the sample along the y- direction. In our configuration, the sample is oriented with the optical axis parallel to the beam propagation direction so that when the applied field is zero, the beam sees ideally no birefringence and the beam polarization before and after the sample remains circular. However, when an electric field is applied along the y-direction, the electro-optic effect induces a birefringence:


  Δ n =  n x  −  n y  =  n o 3   r 22   E 2  =  n o 3   r 22  V / d  



(1)




where   E 2   is the electric field component in the y- direction,    n o  = 2.333   is the lithium niobate ordinary refractive index at   λ = 514   nm   and    r 22  = 6.8    pm V    is the pertinent element of the electro-optic tensor [19]. Because of the induced birefringence, a phase shift   Δ ϕ = 2 π L Δ n / λ   is accumulated between the two polarization components along x- and along y-. By a proper adjustment of the analyzer angle, and for not too high values of the applied fields so that   Δ ϕ ≪ π  , the Tardy’s setup can be operated at the so-called linear point [20]. Thus, the PD signal is to a good approximation proportional to the field inside the sample:


   V  P D   = A  E 2  + B  



(2)




where A and B are constants depending on the particular choice of experimental parameters like beam intensity, sample length, attenuators setting and so on.



Now, if the sample is photoconductive, the field inside the illuminated region slowly decays to zero because of the screening effect of the photoexcited free charges. For not too strong light intensities I, the PC can be assumed proportional to the light intensity itself:


  σ =  σ 0  I  



(3)







If the beam spot was illuminated by a flat-top beam with uniform intensity, the response to a voltage step would be a mono-exponential decay with a Maxwell time constant:


  τ =   ε  ε 0   σ  =   ε  ε 0     σ 0  I    



(4)




where   ε 0   is the vacuum permittivity and   ε = 44   is the relative dielectric constant of lithium niobate in the   x y   plane, i.e., perpendicular to the propagation direction. However, for a Gaussian beam the intensity is not uniform so that different parts of the illuminated region decay with different time constants. If the sample length is shorter than the confocal parameter of the beam, we may neglect the dependence of the illumination profile along the propagation distance and the time constant can be assumed to be position-dependent with an expression of this kind:


  τ  ( r )  =   ε  ε 0     σ 0   I 0    exp (   r 2   2  w 2    ) =  τ 0  exp (   r 2   2  w 2    )  



(5)




where    τ 0  =   ε  ε 0     σ 0   I 0      is the response time for the peak illumination intensity   I 0   and r is the radial coordinate. The signal measured by the photodiode comes from the integration of the different parts of the beam evolving with the appropriate time constant, which results in the simple expression:


   V  P D   = A   [ 1 − exp ( −  t  τ 0   ) ]    t  τ 0     + B  



(6)




where, again, A and B are instrumental constants that can be directly obtained by measuring the signal values at   t = 0   and   t ≫ 0  .




3. Results


We demonstrate our method on two   Li Nb  O 3    samples. The first one (cLN) is a typical sample with congruent composition (  Li / Nb = 48.6 %  ) with a length L of about   30   mm   along the beam propagation direction, which coincides with the z-axis. The applied voltage was in form of a square wave with peak to peak amplitude of   60   V  . As the thickness of the sample was about   4   mm  , this resulted in a field of about   15    kV m   , which provided a sufficiently clear signal still remaining in the linear response range of the Tardy setup.



The second sample was a zinc-doped LN sample (Zn:LN) bulk doped by direct addition of ZnO to the melt. The Zn mole concentration in the bulk was determined to be 1.94 mol. %. The lenght along the propagation direction was about   L = 5.4   mm   while the thickness was   d = 3.8   mm  . For this sample the square wave voltage had a peak-to-peak amplitude of   200   V   corresponding to an applied field of about   52    kV m   .



In Figure 2 it is reported a typical experimental result obtained in sample (Zn:LN), in which the photodiode signal was properly converted to voltage units and noise filtered. The “bumps” visible in the oscilloscope trace are due to mechanical vibrations and power instabilities of our laser system. Each period of the curve could be satisfactorily fitted by Equation (6). It is important to stress that a similar fit quality could not be obtained with an exponential function and that doing so would have led to an overestimation of the characteristic time of a factor about 4.



For both samples, we repeated the measurement for different beam intensities. From the values of the characteristic time   τ 0   we obtained the photoconductivity as a function of the peak intensity, as reported in Figure 3. Both the samples display a linear dependence of the PC on the peak intensity, as expected and in agreement with previous literature. As the experimental points are characterized by different uncertainties we used a weighted linear regression to interpolate the two data sets. The data fits provide for the specific PC (i.e., PC normalized to the incident intensity) in the two samples the results reported in Table 1. The nonzero value of the intercept could be interpreted as dark conductivity, but this value appears to be much higher than published values [21]. However the errors are rather large so that this aspect needs to be better investigated in forthcoming experiments.



As it can be expected on the basis of previous literature, the Zn:LN sample exhibits a specific PC about 40 times higher than the cLN sample, as expected in consequence of the elimination of   Nb Li   antisites which in congruent material are present in a large concentration (up to   ∼ 19 ×  10 25     m  − 3    ) and which can hang the motion of polaronic charges [3,6]. The order of magnitude of the observed values is in agreement with other measurements obtained with more elaborated methods [3,22,23] and is reported in Table 1. The differences with literature values may be ascribed to small differences in sample compositions or to the fact that in the cited papers the beam intensity is considered as uniform, while in our treatment we take into account also the gaussian intensity profile of our beam.




4. Conclusions


A simple method to measure the photoconductivity in LN is demonstrated. The method exploits the electro-optically induced changes as a probe of the electric field inside the sample, so that photoconductivity can be measured from the decay of the externally applied voltage. By choosing a specific experimental configuration (  r 22   configuration with circular input polarization) the influence of photorefractive phase changes can be minimized. Moreover the gaussian intensity profile of the illuminating beam has been taken into account obtaining a simple expression which can be used to fit the observed decays. Using this technique we were able to characterize the photoconductivity of two lithium niobate samples with different composition and different photoconductivity values. However, the approach is general and can be applied to a large class of electro-optic materials, provided that one can work out a configuration in which the measured refractive index changes can be attributed solely to the externally applied field and the influence of other parasitic phenomena (e.g., photorefractive or thermo-optic effects) can be neglected. In our realization of the method we used a Tardy’s polarimetric setup to probe the time evolution of the internal field, but other approaches based e.g., on an interferometric reading could be used as well. The method provides reliable and repeatable measurements in a large range of photoconductivity values and can conveniently be adapted for in-situ measurements or high intensity studies in electro-optic and photorefractive materials.








Supplementary Materials


The Supplementary Materials are available at https://www.mdpi.com/2073-4352/10/6/461/s1.
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Figure 1. Simplified scheme of the setup. The elements composing it are: half waveplate (HWP); polarizing beamsplitter (PBS); quarter wave plate (QWP); lens   f = 250   mm   (L1); sample (S); lens   f = 60   mm   (L2); analyzer (A); neutral density filter wheel (ND); photodiode (PD). The sample is placed inside the Rayleigh range of the beam created by the lens L1, while the lens L2 images the output face of the sample on the photodiode. The arrows, circle and ellipse indicate the polarization state of the beam along the Tardy’s setup. 
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Figure 2. A typical experimental result obtained with our method. Sample Zn:LN, beam power   175   mW  . The red line is a fit to Equation (6). 
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Figure 3. PC as a function of the peak beam intensity in sample cLN and Zn:LN. In the inset a zoomed view of data relative to sample cLN is shown for better clarity. The red lines are linear fits to the experimental data. 
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Table 1. Specific PC values obtained in samples cLN and Zn:LN.
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	Sample
	Specific PC

(  ×  10  − 19     ( Ω   W )   − 1    )
	Intercept

(  ×  10  − 12     ( Ω   m )   − 1    )
	Ref.
	Conditions





	cLN
	   8.6 ± 1.4   
	   5.7 ± 2.8   
	This work
	Our method



	
	
	
	
	  λ = 514   nm,    I  m a x   = 4 ×  10 7    W /  m 2   



	cLN
	20
	
	[8]
	I-V measurements



	
	
	
	
	   λ = 532   nm ,  I  m a x   =  10 5    W /  m 2    



	Zn:LN 1.94 mol.%
	   370 ± 20   
	   53 ± 12   
	This work
	Our method;



	
	
	
	
	  λ = 514   nm,    I  m a x   = 4 ×  10 7    W /  m 2   



	Zn:LN 2 mol.%
	1100
	
	[22]
	Photoinduced birefringence;



	(nominal)
	
	
	
	  λ = 514   nm,    I  m a x   = 1.2 ×  10 7    W /  m 2   
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