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The profiles of light-induced charge gratings on photorefractive Bi;;SIO,, crystals are directly
observed by €electrostatic force imaging with an atomic force microscope. We investigate the temporal
evolution of the profiles during grating formation and the dependence of the profiles of saturated gratings
on the fringe spacing and the modulation index of the light grating. In the case of saturated gratings,
the profiles are well described by a simple theoretical model.

PACS numbers: 42.70.Nq, 42.65.Hw, 61.16.Ch

The photorefractive effect offers a wide range of appli-
cations, which are currently being extensively investigated
[1]. It occursin materials that are ssmultaneously photo-
conductive and electro-optic. In such materials a spatially
modulated light field leads to a redistribution of charges,
and the accompanying space-charge field gives rise to a
refractive index pattern. In general, this pattern is not an
exact replica of the light-intensity distribution. Its form
develops, driven by a number of processes: the excitation
of charge carriers by the incident light, charge transport
by diffusion and drift, and the recapture of the carriersin
traps. These processes are modeled in a set of coupled
differential equations introduced by Kukhtarev [2]. A
general solution of these equations in closed form is not
available. The profiles of space-charge fields generated
by an interference pattern of two laser beams have been
calculated numerically [3] and, under special assumptions,
also analytically [4].

It is surprising that there has hitherto been little experi-
mental effort to directly determine the patterns stored in
the photorefractive materials. Such investigations would
be a powerful tool for exploring the dynamics of the pho-
torefractive effect. In the few experiments previously re-
ported, images of refractive-index gratings were obtained
by optical techniques [5,6], charge gratings were detected
with an electron microscope [7], and their profiles were
probed with pressure waves [8]. The spatial resolution
achieved in [8] was 15 um, and in the case of optica
mapping it is limited by the wavelength. The electron
micrographs suffered from poor signal-to-noise ratio. A
comparison with theoretical grating profiles was not at-
tempted. Indirect experimental information about the pro-
files of refractive-index gratings can also be obtained by
the measurement of higher-order Bragg diffraction [9].
These diffracted components have very small intensities,
and therefore it is difficult to derive grating profiles from
an addition of harmonic terms.

We used charge detection with an atomic force micro-
scope (AFM) to directly image light-induced charge grat-
ings on photorefractive Bi,Si0,, and BaTiO; crystals
with a lateral resolution of a few 10 nm and a sensitivity
that even allowed us to detect a charge nanostructure at
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the crystal surfaces [10,11]. This method is applied here
to investigate the profiles of charge gratings on Bi;»SiOs
crystals. For the first time, the development of the grat-
ing profile during grating buildup is directly observed, as
well as the dependence of the profiles of saturated charge
gratings on the fringe spacing and the modulation index
of the light grating. The profiles of saturated gratings are
well described by a simple theoretical model. Astonish-
ingly, an electrostatic potential measurement was already
used before the advent of the AFM to study charge dis-
tributions generated by a single laser beam in LiNbO;,
however, with a spatial resolution of only 0.1 mm [12].
Our homebuilt AFM is presented in detail elsewhere
[10]. For charge detection it is operated in the noncon-
tact mode. A schematic drawing of the photorefractive
sample, the tip, and the cantilever is shown in Fig. 1(a).
A sinusoidal voltage periodically charges the tip. The
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FIG. 1. (a) Schematic view of the setup for the detection
of charge gratings on photorefractive crystals with the force
microscope (V = sinusoidal voltage applied between tip and
back electrode). (b) Charge grating detected on a Bi;SiOx
crystal. The charge signd is plotted versus the surface coor-
dinates (fringe spacing 2.7 uwm, image size 10 um X 10 um).
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electrostatic force between this periodic charge and the
surface charge to be measured is detected with a lock-in
amplifier [13]. This signal is proportiona to the surface-
charge density, and we therefore also refer to it as charge
signal. The phase sensitivity of the measurement allows
us to determine the polarity of the surface charges. The
lateral resolution is determined by the macroscopic radius
of curvature of the probing tip, typically 30 nm.

The Bi 2SIy crystal samples (5 X 6 X 1 mm?) [14]
are attached to a 90° prism, and the charge gratings
are generated by two interfering argon-ion laser beams
(A =514 nm) in a total-internal-reflection geometry as
shown in Fig. 2. The orientation of the grating planes is
perpendicular to the surface. The fringe spacing is varied
by choosing different angles between the incident beams.
To change the modulation index, we attenuate one of the
laser beams with neutral density filters.

For image acquisition, the crystal is scanned beneath
thetip. Stored charge gratings are therefore imaged, with
the writing beams switched off. Such a grating is shown
in Fig. 1(b). The charge signa is plotted in a three-
dimensiona view. The image sizeis 10 um X 10 wm.
Before image acquisition was started, the crystal was
illuminated for 1 swith two laser beams of 100 mW/cm?
each. Four bright, negatively charged grating lines with
afringe spacing of 2.7 um are clearly visible. The scan
starts at the lower left of the figure. During the acquisition
time of 70 min, a dlight decay of the grating amplitude
is observed. At the end of the image, the amplitude
corresponds to an electrostatic force of 15 pN between the
tip and sample. The granular substructure of the charge
signal is not caused by the noise of the detection system.
We attribute this structure to crystal imperfections and the
effects of surface polishing [10,11]. The grating profiles
presented in this Letter were obtained by averaging over
parts of charge images asin Fig. 1(b), thereby eliminating
the crystal inhomogeneities. In order to exclude possible
effects of the grating decay on the grating profile, the
acquisition time was limited to 5 min.

In afirst experiment we observed the temporal evolu-
tion of such charge-grating profiles during the writing
process. Profiles obtained for different exposure times are
presentedin Fig. 3. Theintensity of thewriting beamswas
1.35 mW/cm? each, and the fringe spacing was 2.7 um.
Both the amplitude and the shape of the grating profile are
observed to change considerably during grating formation:
the amplitude increases by a factor of 6, whereas the
width decreases by a factor of 2. The charge grating
reproduces the sinusoidal shape of the light grating only
with the shortest exposure times. With longer times we
observe the buildup of narrow, negatively charged lines.
From simultaneous measurements of the light intensity
and charge distribution [11] we know that these lines
correspond to the dark grating positions. In the Bij»;SiO
crystal the photoexcited charge carriers accumulating at
the dark positions are therefore predominantly electrons.
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FIG. 2. Optical setup for the generation of charge gratings in
a photorefractive sample (L, L, = laser beams).

The buildup of narrow lines at the dark positions shows
the integrating nature of the photorefractive effect. The
width of these lines is related to the diffusion length of
the charge carriersin the crystal [3]. With exposure times
longer than 10 sthe grating profile was observed to remain
unchanged; it is then said to be saturated.

We aso observed the dark decay of saturated charge
gratings with fringe spacings of 2.7 and 10 um. The
decrease of the grating amplitude could be described
by a double exponential decay (+; = 23 min and #, =
450 min), but the shape of profiles showed no change at
al [15].

In further experiments we determined the dependence
of the profiles of saturated gratings on the fringe spacing
A and on the modulation index m of the light grating.
Charge-grating profiles for m = 1 and different fringe
spacings are presented in Fig. 4. The grating amplitudes
are normalized to the same value. A drastic change of the
grating profile from nearly sinusoidal (for A = 0.25 pm)
to extremely anharmonic (for A = 4 um) is clearly ob-
served. For A = 1.6 um the width of the maxima
remains approximately constant (=0.5 um).

Figure 5 shows the dependence of saturated charge-
grating profiles on the modulation index of the light

Exposure

Time [ms]

10000
2000

1000

e

p(x) [a.u.]

400

250

150

75

556

20

1 1 1

x [pm] 6

ok

FIG. 3. Tempora evolution of the charge grating profile
on a Bi;SIOy crystal during the writing process obtained
by varying the exposure time [fringe spacing 2.7 um, laser
intensity 1.35 mW/cn?, p(x) = charge signal, x = position].
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FIG. 4. Charge grating profiles on a Bi,SiO, crysta with
different fringe spacings A, modulation index m = 1. The
dotted curves are theoretica fits as described in the text. The

grating amplitudes are normalized to the same height [p(x) =
charge signal, x = position].

grating at a fringe spacing of 4 um. The intensity of the
stronger beam was 35 mW/cm? and the writing time was
5s. Asthe modulation index grows, the lines of negative
charge are seen to increase in amplitude and decrease
in width.

Saturated grating profiles of the space charge field in
photorefractive materials have already been calculated in a
very early paper by Amodei [16]. Theinterference pattern
of two laser beams with intensities I; and I, is given by

I(x) = Iy(1 + mcosKx), (1)

where Iy = I + I», the modulation index m = 2/I,1,/
(I + 1), and K = 27/A. Amodei then assumes the
density of photoexcited charge carriers n(x) to beareplica
of the intensity distribution (1) throughout the writing
process, i.e., n(x) = no(l + mcosKx). The spatia varia-
tion of n(x) gives rise to a diffusion current jgisr =
ukpT[on(x)/dx], with u representing the free-carrier mo-
bility, kp the Boltzmann constant, and 7' the temperature.
The resulting redistribution of charges leads to the buildup
of a space-charge field E (x), which in turn generates a
drift current jariee = gun(x)Es(x), with g the elementary
charge. Under steady-state conditions the current density
is zero everywherein space, i.€., jaift + Jjarift = 0. From
this condition the space-charge field is obtained as
mkgTK sinKx

E, = .
se(x) 1 + mcosKx

(2

This expression diverges for m — 1 at the dark grating

2338

1.0F

0.5F

p(x) [a.u.]

0.0f
1.0F m=0.94

0.5r

p(x) [a.u.]

0.0F
1.0f

0.5F

p(x) [a.u.]

0.0
1.0

0.5F

p(x) [a.u.]

0.0

0 X [pm] 8

FIG. 5. Charge grating profiles on a Bi;SiO, crystal ob-
tained with different modulation indices m of the laser field
(fringe spacing 4 uwm). The dotted curves are theoretica fits as
described in the text [p(x) = charge signal, x = position].

lines (Kx = ), since the model does not take into ac-
count that the number of trapsin the crystal is limited and
that the free charge carriers have a finite diffusion length.
To account for the latter, we assume a washed-out dis-
tribution of free charge carriers [17] which is not zero for
m = 1 at the dark positions:

n(x) = no(l + m cosKx), m<m. 3

The space-charge field is then given by Eq. (2) with m
replaced by m. Poisson's law is applied to yield the
corresponding charge density as

kgTK? i + cosKx
g (1 + mcosKx)?’

(4)

A value for / is calculated with this equation by requir-
ing that at the completely dark grating positions (m = 1,
Kx = ) the charge density p is limited by the trap den-
sity N4 inthe crystal; i.e., we set p(n=1.kx=7) = g(Na +
n). Sincein Bi;»Si0y, n < Ny for the laser intensities
used in the experiments [18], we neglect n. The additional
assumption m ~ m leads to

_ IE(x) .
p(x) = egg————= = megg
dx

m
h o= . 5
"™ T 1 ¥ esoksTK2/q2N, Q

This approximation results in the same expression for
the space-charge field E,. as a linearized solution of the
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Kukhtarev eguations for small m [19]. For m = 1 the
charge distribution calculated with Eq. (4) differs from
the results of numerical solutions of the Kukhtarev
equations [3] by less than 10%.

Equation (4) was used to fit the experimental data of
Figs. 4 and 5. The theoretical results are shown as dotted
lines in the figures. A value of 56 was used for
£(Bi12Si0Oy). The only parameter varied for the fit was
the density of traps, N4. All profiles in the two fig-
ures were calculated with the same value Ny = 0.8 X
10" cm™3. This compares favorably with the values
found in the literature for different Bi;,SiO,, crystals,
which vary between 10> cm™3 [20] and 10'® cm™3 [21].

As is obvious from the figures, this simple model
almost perfectly reproduces the shape of the experimental
profiles for different grating spacings in Fig. 4, and the
shape as well as the amplitude of the charge gratings
in Fig. 5. The only differences occur at larger fringe
spacings where the width of the grating lines is dightly
larger than for the theoretical curves. These discrepancies
may be due to the fact that our simple model takes into
account only one type of traps in the crystal (one-center
model). It iswell-known, however, that different types of
traps occur in Bij;SiO,y, among them shallow traps the
density of which in some crystals may be as large as the
density of deep traps [22].

Let us finaly point out that the above calculation is
one-dimensional; i.e, it refers to a crystal with infinite
extension. When comparing the experimenta results
with this calculation, we therefore implicitly assume that
the charge gratings are uniform up to the very surface.
The range of the electrostatic force limits the depth for
charge detection to about 10 nm. The properties of this
outermost surface layer, however, may differ from the
bulk, e.g., by adsorbed or diffused particles or by the
effects of surface polishing.

In summary, we have demonstrated one possible appli-
cation of charge detection with the AFM for the investiga-
tion of photorefractivity. The high-resolution mapping of
charge gratings stored in photorefractive crystals alows
us to study the profiles of such gratings obtained with dif-
ferent writing parameters. In the case of saturated grat-
ings we successfully describe these profiles with a simple
theoretical model. Such investigations will improve the
understanding of the dynamics of the photorefractive ef-
fect. Further applications can make use of the combi-
nation of high sensitivity and high lateral resolution of
the AFM measurements to investigate the nanostructure
of the charge distribution which is related to crystal im-

perfections. This will be of practical importance for the
development of photorefractive devices.
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