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Abstract—Interaction is considered between optical signal guided in 

a photorefractive multiple quantum well planar waveguide and two 

external waves. The external waves create a refractive index grating in 

the waveguide core which can be applied for frequency selective 

switching of guided signals. The influence is analyzed  of free carriers 

generated by the signal wave on the stability of photorefractive grating.  

 

 

Semi-insulating multiple quantum wells (MQW) have 

strong electro-optic properties and short response time 

compared with bulk photorefractive materials. Therefore 

they seem to be a promising material for applications in 

electro-optics devices, especially as optical switchers and 

modulators. In the last few years several applications of 

photorefractive MQW have been proposed and 

demonstrated [1]. The electro-optic properties of 

photorefractive MQW (PMQW) are related to excitonic 

transitions and therefore accompanied by strong 

absorption. Usually a few micrometers thick PMQW 

device operates in transmission geometry with light beams 

of resonant frequency. One of the typical transmission 

geometry experiments is photorefractive two-wave mixing 

(TWM) [2].  

For optical signals of frequency detuned from the 

resonance absorption can be significantly reduced and 

PMQW structure can be used as a guiding layer of a 

planar waveguide [3]. Such geometry gives a lot of new 

possibilities including generation of screening solitons 

[4,5] and different interactions between resonant external 

beams and off-resonant guided signals. For example, the 

photorefractive grating created by two external beams in a 

TWM experiment can influence the signal propagating in 

a PMQW waveguide leading to frequency selective 

reflection, deflection or outcoupling [6].  

In the case of resonant frequency beams the dominant 

mechanism of free carriers generation relies on direct 

transitions and the influence of photoionization of deep 

impurities is not taken into account. The signal wave does 

not participate in direct transitions, but due to large 

intensity resulting from the confinement in the waveguide, 

causes photoionization of deep defects. Here we 

investigate, for the first time according to our knowledge, 

the influence of this process on the stability of the grating 

created by two resonant external beams. 

The analyzed device is a single-mode planar 

waveguide containing a semi-insulating multiple quantum 

well guiding layer. The MQW structure operates in so-

called Franz – Keldysh geometry with the external electric 

field applied along the quantum well planes [7-10]. Two 

mutually coherent external beams of intensities Iw1 and Iw2 

overlap in the MQW layer and create the intensity pattern 

described by : 

 

Iw( z) = I0[1 + m cos(Kz)],                (1) 

 

where I0 = Iw1 + Iw2 is total light intensity of the writing 

beams and m denotes the modulation depth. The grating 

vector K depends on the wavelengths and propagation 

directions of writing beams. 

Processes leading to the photorefractive effect in semi-

insulating MQW operating in the Franz – Keldysh 

geometry are similar as in bulk materials [1,7]. The high 

frequency light of external beams creates electron-hole 

pairs by direct interband transitions. The carriers are 

excited in bright fringes of the interference pattern, move 

due to the drift and diffusion and recombine to the deep 

traps mainly in the dark regions, creating a spatially 

modulated charge distribution. A non-uniform charge 

distribution builds up the space-charge electric field. This 

field changes the refractive index through an electro-optic 

effect. The resulting refractive index grating can influence 

signals propagating in the waveguide.   

The photorefractive transport model including the hot-

electron effect is based on the scheme proposed in the 

paper [11]. In this approach for electrons is attributed 

temperature Te(E) which can be significantly higher under 

a large electric field intensity E than the temperature of 

the lattice TL. As a consequence, the electron mobility 

e(E) and the velocity of electrons ve(E) depend on the 

electric field intensity E while the hole transport is 

assumed to remain linear even at a high electric field 

[7,11]. For the sake of simplicity we assumed that the 

impurity levels in the MQW structure are described by 

one deep-level of donor traps of  concentration ND and 

one shallow-level of acceptors of concentration NA which 

compensate donors [7],[9-11]. The acceptors are 

completely ionized (NA = NA

) and do not participate in 
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the photorefractive process but ensure initial 

concentration of the ionized deep donors ND
+
(t=0) = NA


. 

If photogenerated carriers are confined in quantum wells, 

the model can be reduced to the set of one-dimensional 

equations describing processes of carrier generation, 

transport and recombination. Neglecting the direct dark 

generation, direct recombination and thermal excitation of 

electrons and holes the photorefractive transport equations 

are [11]: 
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where the subscripts e and h mark electron and hole 

properties respectively, n denotes the free carriers 

concentration, ND – donors, ND
+
 - ionized donors and NA –  

acceptors concentration, j – the current density, E – the 

total electric field (E = Ea + Esc, where Ea is an external 

field and Esc is a space charge field), Iw – the light 

intensity of writing beams, Is – the light intensity of a 

signal beam,  - the thermal excitation rate,  - the 

trapping coefficient describing recombination of carriers 

at the donors traps,  - carrier mobility along the quantum 

wells, 0 – the permittivity of the vacuum,  - the effective 

dielectric constant of MQW structure, q – the absolute 

value of the elementary charge, kB – the Boltzmann 

constant, TL and Te – the absolute temperatures of the 

lattice and of electrons. Term bIw represents direct 

generation of free carriers rate, terms biwIw and bisIs (i = 

e,h) - photoionization of defects rate, where 
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j = w, s (w – writing wave, s – signal wave), hj are 

photon energies,  denotes the absorption coefficients due 

to the generation of electron-hole pairs, e, h – 

absorption due to the generation of free electrons and 

holes from defect levels.   

The absorption coefficient  for the writing beams is 

of the order of 10
4
cm

1 
[7]-[9], while the absorption 

coefficients e, h for deep traps are about 0.1-10cm
1

. 

However, for high intensity of signal wave propagating in 

the waveguide the absorption rates besIs and bhsIs can be 

comparable with bwIw and has to be taken into account. In 

the case of periodic light intensity distribution the set of 

equations (2) can be solved by linearization of variables 

[7-11].  

For the light distribution given by (1) it can be 

assumed that every variable is periodic with the 

fundamental period  = 2/K [7-11]. Thus in the steady 

state regime all variables can be presented in the form of a 

Fourier series [12]: V(z) = V0 + V1cos(Kz + ), where V0 

denotes the zero-order solution obtained for homogeneous 

illumination. Using the procedures described in [11] we 

obtained an analytical solution for the amplitude of the 

first harmonic of a space charge field expressed in terms 

of characteristic field: Edh = K(kBTL/q) and Ede = K(kBTe/q) 

which denote diffusion fields, Eh = 1/hhK, Ee = 

1/eeK, (e, h designate recombination times for 

electrons and holes, respectively) and Eq= 

(q/0K)r(1r)ND, 

 

 The grating erasing is described in Eq. (3) by 

  
e s w e

A      and   
h s w h

A     , 

where e = se(ND - NA), h = shNA and are absorption 

coefficients. The nonlinear electron mobility en is given 

by  
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For Is = 0 the expression describing E1 becomes 

coincident to the corresponding equation in Ref [11]. The 

dependence of the space-charge field on the signal beam 

intensity for typical parameters of PMQW [7,9] and 

various defect densities is presented in Fig.1. The 

parameters used in calculations are listed in Table 1. The 

grating period  = 100m is greater than so-called cut-off 

value c [7], which allows to reach the maximum 

amplitude of a space charge field. 

 

 
Fig. 1. Photorefractive field amplitude as a function of signal beam 

intensity for I0 =1W/cm2 and different traps concentrations. The grating 

period =100m and material parameters are the same as in Ref. [7]. 

The signal beam propagating in the waveguide 

removes carriers from deep traps and in this way erases 

the photorefractive grating. When the trap concentration 

decrease the absorption coefficients e and h become 

smaller and the erasing of the grating process is reduced. 

Therefore to minimize the effect of erasing the 

concentration of donor defects should be relatively  small. 

The space-charge field amplitude as a function of a 

signal wave intensity for defect density of  ND=1x10
16

cm
3

 

and various external beams intensities are plotted in 

Fig. 2.  

 

 
 

Fig. 2. Photorefractive field amplitude as a function of signal beam 

intensity for defect density 1x1016cm3 and different intensities of an 

external laser beams. The grating period =100m and material 

parameters the same as in Ref. [7].  

 

Table 1. Values of parameters used in calculations 

 

Writing Wavelength w = 633nm 

Signal Wavelength s = 850nm 

Donors density ND = 110
16

cm
3 

Compensation ratio of donors traps r = NA/ND = 0.8  

(dominance of holes in PR transport) 

Fringes contrast m  1 

External Electric Field Ea = 2.5kV/cm 

Period of grating  = 10m 

Average refractive index of MQW nf = 3.55 

Resonant absorption coefficient   = 110
4
cm

1
 

Absorption coefficients due to the  e = 0.02cm
1

 

ionization of defects  h = 0.8cm
1

 

 

 

The results of calculations show that the use of 

photorefractive grating for switching signals guided in a 

semi-insulating MQW is limited to signals of moderate 

intensities. If the wave confined in the waveguide attains 

large intensity, the process of grating erasing due to 

photoionization of deep defects has to be taken into 

account. In such a case, permanent illumination by 

external waves is necessary to keep the grating. The 

erasing rate of the grating can be reduced by using a 

device with a small density of deep impurities.  
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