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We calculated the non-stationary holographic current arising in a photorefractive crystal illuminated by a vibrating sinusoidal pattern along
with an external sinusoidal electric field applied to the sample. We first solved numerically the set of nonlinear material rate differential
equations to find the full overall space charged field and the mobile carrier density for a photorefractive BSO crystal. With these results
we calculated the photocurrent, which is found to be in good agreement with corresponding values obtained from holographic experiments
performed with similar samples.
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Calculamos la corriente que fluye en un cristal fotorefractivo cuando es iluminado por én gatinterferencia ovil junto con un campo

eléctrico externo sinusoidal. Resolvemos primeramente las ecuaciones diferenciales del cristal fotorefractivo BSO con el fin de encontrar el
campo de carga espacial y la densidad de portadae#en. Con estos resultados calculamos la corriente que fluye en el medio, encontramos
una buena concordancia entre los valores obtenidos y los reportados en experimentos con muestras similares.

Descriptores: Rejillas fotorrefractivas; foto-FEMpptica no lineal.

PACS: 42.70.Nq; 42.40.Eq; 42.40.Pa; 78.20.Jq

1. Introduction nated with a running interference pattern, (as in SCW exci-
tation), the second one employs application of an ac electric
The non-steady-state photo-electromotive force (photofield along with a stationary interference pattern. Thus, the
EMF) technique based on the detection of the alternatstudy of the non-stationary holographic currents in an exter-
ing electric current arising in the sample illuminated by annal alternating electric field [7], is useful not only for better
oscillating interference pattern [1,2] is the most versatileunderstanding of the space charge field formation and charac-
and advanced method, used to determine the parameters tefization of the materials, but also for practical applications.
photo-induced charge carriers in semiconductors [1], non- In this paper we calculate the photo-EMF in presence of
crystalline materials [3], organic photo-conductors [4] andan external sinusoidal electric field, we first calculate numeri-
hybrid materials [5]. This method can be used to evaluategally the time evolution of the overall space charged field and
for example, the mean photoconductivityof a crystal, the the mobile carrier density for a photorefractive BSO crys-
carrier diffusion lengthl.p, the mean carrier lifetime, the  tal. Then we use the explicit expression for density current
mobility 1, and the concentration of impurity centehg, in terms of the above time-dependent solutions. In Sec. 2 we
where the charge distribution is formed. On the other handdescribe the basic equations for the non-stationary recording
the nonlinear effect of rectification of space charge wavesand photorefractive material rate equations. The experimen-
(SCW) has been discovered in photo refractive crystals [6]tal setup is described in Sec. 3 as was reported in Ref. 7. In
The SCW can be excited in semi-insulating crystals by opti-Sec. 4 we present the numerical results of the non-stationary
cal means, particularly, during holographic recording of in-photocurrent simulations in n-type photorefractive BSO, and
terference gratings in photorefractive crystals. Qualitativelyjn section V we propose a modification of the photo-EMF
we can say the nonlinearity originates from the fact that theechnique to enhanced the photocurrent signal.
space charge field affects the formation of space charge grat-
ing. This effect led to changes in the dc current flowing

through a crystal when SCW, are excited. 2. Theoretical background

The most important feature of the above techniques is
the interactions between the photo-induced space charge fielde consider a photorefractive crystal placed into an external
grating and the grating of mobile photo-carriers which resultsalternating electric field and illuminated by an oscillating in-
in a periodic current flowing through the sample. The ampli-terference pattern formed by two coherent laser beams, one
tude of the space-charge grating can be enhanced using tbéthem is phase-modulated with a modulation frequency
non-stationary mechanism of recording: the first approactand amplitude), as it seen in Fig. 1. The oscillating inter-
uses application of a dc electric field to the crystal illumi- ference pattern is given by,
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w w TABLE |. Experimental parameters for BSO crystal, from Ref. 7.

1
1
A b : b € Dielectric constant 56
—> | |<' L no  Average refractive index 2.34

Electro optic coefficient (mVv'?) 4.7x10712
A Fringe spacinggm) 125.66
wr  Mobility lifetime product (mfV 1) 1.2x1071°
v Recombination constant (s !) 1.6x10° 17
K
S

K|Y
.
[0}
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J_ 8 Thermal-excitation rate 0
= U s Photo ionization cross section fdr!)  1.0x1075
Np  Donor density (m?) 10%°
Ey =\2 E,cos Qt Na  Acceptor density (m?) 1072
FIGURE 1. Schematic of the setup used. A BSO crystal is illumi- A Beam modulating amplitude 0.16

nated by a oscillating interference pattern along with an external

smusm_dal electric field. The amplitude of the space-charge field iSi5 the two-body recombination coefficiert;is the thermal-
shown in gray scale.

excitation rateg is the static dielectric constant,is the elec-
tron mobility; D = kgT with, kp the Boltzmann'’s constant;
I(z,t) = Io[1 + mcos(Kz + Acoswt)] , 1) T is the absolute tgmpergtutei;s the eleme.ntary_charge and

_ o . _ E = EA + Esc, with E4 is the external sinusoidal electric
with I, the average light intensityp the contrast of the in-  fq1q Ex = v/2E, cos Qt with amplitudeE, and frequency
terference pattern; the transversal coordinate on the crystal, ;. Esc is the space-charge field. The experimental parame-
andK = 2m/A, whereA is the interference pattern spacing. (e [7] used in the BSO simulations are shown in Table .
The alternating electric field is applied in tié direction by It is possible to show that the current density flowing

means of electrodes at the ends of the sample. For a sSymmég ;g1 the electrodes at the end of the sample, along the
rical recording scheme we obtain, direction of K. can be written as

Aw
© 2sinfy @)
where\yy is the recording light wavelength afig, is the an-
gle of incidence of the recording beams. As it is well known,

in photorefractive crystals a light pattern may be transposeg|nere we have considered that for the sinusoidal interference
into a refractive |nqex pattern. Inhqmogeneous |IIum|nat|onp<,:1ttern (stationary, running, or oscillating), we have periodic
excites charge carriers into conduction or valence bands. Tr‘@oundary conditions, so that the averaging can be performed

charge carriers migrate and holographic currents arise, ar}g{ﬂy over one spatial grating periad[12].
finally the carriers are trapped. Given that the excitation rate

is smaller in the darker regions, the charge accumulates in the

darker parts of the crystals. Due to this charge distribution 8. Experimental setup

space charge field builds up and modulates the refractive in-

dex via the electro-optic effect. In this paper we consider thefhe typical experimental setup used to make measure-
widely used model of semiconductor with one type of chargements of the non-stationary holographic currents under ap-
carriers (electrons) and one photoactive impurity level [8,9]plied alternating electric field is shown in Fig. 1, as re-

The differential equations in this model are the following. ~ ported in Ref. 7. Two laser beams with an average power
N+ Iy =5.0 mW/cm, and a waveleng#y, =442 nm were used
D

= (sl + B)(Np — Nj5) —n.N}, (3)  for recording interference pattern with contrast =0.65.
ot A modulator produced phase modulation of the laser beam
on. ONSH p o on. with frequencyw /27 =2000 Hz and amplitudé\ =0.16.
o~ ot " eow (D o +6”6E> ) The angle of incidencey is given by the Bragg rela-
tion (2), we used a fringe spacing &f =125.6 microns
M = e(N}) — Na —n.), 5) (E=5x 10*m~1) and an applied ac field with frequency
Oz Q/27=6.0 kHz. The vectoik is in the direction of the col-
whereN 4, Np, N}, andn, are the densities of compensating lecting electrodes.e., parallel to the applied field 4 as it
acceptors centers, donors, ionized donors and free electrossen in Fig. 1. Two silver paste electrodes43mn? were
respectively;s is the light-excitation cross sectiom, painted on the lateral surfaces where an amplified voltage

A
j(t) = %/elme(z,t)E(:c,t)dx , (6)
0
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10 : , : , (a) fpr the sake of simplicity, the_transvgrse coo_rdinatand
— time ¢ were scaled to the grating periddand time period
08— T,, = 27 /w respectively.
— The recording interference pattern contains a moving part
] S — s ———— proportional toexp(+i(Kz — wt)), as shown in Fig. 2(a),

/A

where we display the contour plot of the scaled interference

——  ———————— patternI(z,t)/Iy. Figure 2(b) shows the free carrier oscil-
M lating grating ¢..(x, t)) moving in the same direction as the
B interference pattern, when the applied field amplitége-0.
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FIGURE 2. Contour plots of the time evolution of: (a) a oscillating
interference patterii(z, ¢), (b) a carrier grating.. (z, t) when the T T T T ]
applied field amplitude iF5y = 0, (c) a carrier gratingue(z, t) 00 02 04 06 08 10
when the applied field amplitude is, = 10 kV/cm. z/A
was applied to the sample. A surface of 10 mn? was illu- 031
minated by the oscillating fringe pattern. &
£
4. Numerical results 2 o2 (c)
=
We start by analyzing in detail the time evolutioniifr, ¢), \*i
ne(z,t), Esc(z,t) and N} (x,t) during dynamic photore- £
. . - . . E =10kV/icm
fractive recording by solving numerically the nonlinear ma- 0.1 0
terial rate differential Egs. (3-5) (details are given in Refs. 10
and 11). The incident light excites photo-carriers (electrons T T T T ]
0.0 0.2 0.4 0.6 0.8 1.0

in our case) in accordance with the equation (1), resulting in
several charge gratings. Some of them are gratings of free

carriers and others are gratings of ionized traps, and can bl—e|GURE 3. Transverse time evolution of: (a) a oscillating interfer-

united un_der the so-c_alled “_space-ch_arge gra_tings”_[lZ]. INence patterd (z, t), (b) a carrier grating.. (x, t) when the applied
the next figures we will consider the time within the interval fie|g amplitude isEo = 0, (c) a carrier grating.. (z, £) when the

(0,2T,,) after a stabilization time of 4.0 seconds (we assumeypplied field amplitude i€, = 10 kV/cm. In all cases the respec-

for simplicity that the “space-charge gratings"have reachedive function “bounces” along the double arrow direction between
stable oscillations by the end of this time interval). Also, its boundary values

z/A
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FIGURE 4. Transverse time evolution of space-charge field grat-
ing Esc(z, t) when the applied field amplitude is: (&y = 0, (b)
Ey = 10 kvicm. TheEsc(z, t) “bounces” along the double arrow

direction, between its two boundary values.
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FIGURE 5. Three-dimensional plot which shows the time evolu-
tion of space-charge field gratingsc(z, t) when the applied field

amplitudeE, = 10 kV/cm.
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FIGURE 6. Transverse time evolution of the ionized donors grating
N (z,t), when the applied field amplitude is: (&), = 0, shown
by the dotted line, (bF, = 10 kV/cm.
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FIGURE 7. Photocurrent amplitude versus applied field amplitude,
when the modulating frequency is/2r =2000 Hz. The circles
represent experimental data. The solid line is our numerical esti-
mation.

between two walls), with a well-defined frequency and am-
plitude. The double arrow indicates the path followed by
the oscillating pattern. Similar movement has been carried
out for carrier gratingu.(x, t) when the applied field ampli-
tude isEy = 0, as is shown in Fig. 3(b); in fact Figs. 3(a)
and 3(b) are the same under an adequate scaled factor, now
the double arrow indicates the path followed by the carrier
grating. We can see that with increasing applied field ampli-
tude (Ep=10 kV/cm) the carrier grating oscillates vertically

If the applied field amplitude increases we observe that thand is constrained to move between its down and top bound-
carrier oscillating grating moving is quite complicated; in ary values, with a well-defined frequency but different ampli-
some regions it is moving in the opposite direction to the in-tudes and opposite directions, as shown in the central region
terference pattern, but in others regions it is practically statiof Fig. 3(c); this explains the asymmetric shape of the figure.

as shown in Fig. 2(c) with nearly straight lines, when the

applied field amplitude i&y =10 kV/cm.

The time evolution of the space-charge field grating
Esc(z,t) is plotted in Fig. 4. When the applied field am-

Alternatively we can use Fig. 3(a) to show how the scaledplitude is Ey, = 0, the grating is static and its amplitude is
oscillating pattern(z, )/, oscillates horizontally between very small (of the order of0~2 kv/cm) as seen in Fig. 4(a).
its left and right boundary values, (like a squash ball bouncesiowever if we increase the applied field amplitudigc(«;, t)
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FIGURE 8. Time evolution of photocurrent amplitude and photo-EMF, for different values of the appliedHigleh/2Eq cos(Qt+®),
when: (@)Eo = 0 kV/em, @ = 0, (b) Eo = 10 kV/em, ® = 0, (c) Eo = 10 kV/em, ® = /2, (d) Eo = 10 kV/icm, ® = /4.

grows askE? until saturation is reached, and oscillates verti-cles ¢) represent the experimental data from Ref. 7. The
cally while keeping its shape, as is shown in Fig. 4(b), wheresolid line is our theoretical calculation in accordance with
the double arrow indicates the path followed by the chargehe effective value (RMS) of (6) multiplied by the lateral area
field grating when the applied field amplitudg=10 kV/cm.  surface. One can see a quite reasonable agreement between
More details of the time evolution of this grating are showntheoretical and experimental data. The photo-EMF was ob-
in Fig. 5, where with the help of a three-dimensional surfaceained from the solutions,.(z, t), Esc(z, t) of the nonlinear
plot we can clearly see thaisc(x, t) is forced to oscillate at material rate differential Egs. (3-5) for time 4.0 seconds.
the applied field frequenc{.
The above simulations suggest that the space charge
grating should be key to the non-stationary photorefractivds. Discusion
recording, and its “gate” will be the applied field amplitude.
When E, = 0 the space charge fiellsc(z, t) is small and It is known that the utilization of ac fields for the enhance-
the carrier gratinge.(z, ) follows the pattern grating. In  ment of photocurrent signals provides several important ad-
other cases, whehy # 0, the space charge field is high and vantages over the application of a dc field. One of those
the carrier grating follows the space charge grating, as seedtractive features is the giant signal enhancement, which it
in Fig. 3(c). has been derived assuming an ad hoc applied field equation
In order to have a complete picture of the “space-E, = 2E;cosQt. A question is raised by this result:
charge gratings” we also report the ionized donor’s gratingMould an additional phase in the applied field destroy this en-
N7 (x,t), which is stationary for all values of applied field hancement? In this section we show the effect of this phase
amplitude, as shown in Fig. 6. Whety=0, N}, (z,t)=N4 in the photocurrent. Figure 8 shows the strong dependence of
(see the dotted line) nevertheless Af, = 10 kV/cm  the photocurrent when an additional phase is introducing in
N (x,t) = Ny, ie, N} is slightly different fromN 4. the alternating applied field &4 = v/2E, cos(Qt + @). In
Finally in Fig. 7 we show our results for the photo-EMF, case of the phasé = 0, we have the results reported above,
as function of the external field amplitudg. The open cir- as seen in Figs. 8(a) and 8(b). In Fig. 8(a) when the applied
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field amplitude isky, = 0 the photocurrent has the same fre-  Our numerical experiments show a sensitive behaviour of
guency of the oscillating pattern grating. This result may bephoto-EMF which is attributed to additional phase in the al-
viewed as a consequence of the fact thatz, ¢) follows the  ternating applied field. We believe that this phase may be
pattern grating (z,t) and Esc(z, t) is small and stationary included externally or by means of feedback loop to improve
and it does not give any contribution to the photo-EMF. Whenthis technique

Ey # 0the space-charge field is high and it does give a dom-

inant contribution to the photo-EMF as shown in Fig. 8(b). If

Ey # 0 and the phase waB = /2, the space-charge field 6. Acknowledgments
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