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Near-surface excitation of the non-steady-state photo-EMF

in a PbNi;;3sNb,,30; crystal
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The relaxor ferroelectric PbNij3Nby,303 is studied by the non-steady-state photo-EMF technique at wavelength
A = 457 nm corresponding to the light absorption edge of the crystal. This enables both the near-surface recording
of diffusion charge gratings and photo-EMF signal excitation. The signal amplitude depends on the frequency of
phase modulation of light, intensity and spatial frequency of the interference pattern. Analyzing these dependencies,
we estimate the photoelectric parameters of the crystal — the type, value and relaxation time of photoconductivity,

as well as the diffusion length of charge carriers.
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1. Introduction

For relaxor perovskite ferroelectric (relaxors) materials,
including PbNi;;3Nby,303 (PNN) crystal, a phase transition
is typical that covers a wide temperature region [1]. Thanks
to their unique electric performance, relaxor ferroelectric
materials are applied in electronics [2]. To promote relaxors
as materials for optical and optoelectronic applications, their
photovoltaic properties shall be studied. Besides standard
semiconductor research methods [3], there are techniques
that use dynamic holography concepts [4], in particular, the
non-steady-state photo-EMF method.

The non-steady-state photo-EMF effect is observed in
the form of alternating current arising in a semiconductor
illuminated by an oscillating interference pattern [5]. This
current occurs due to periodic shifts of the conduction
band (valence band) charge carrier grating against the
space charge field grating concentrated on the trap centers.
Current excitation involves electron generation into the
conduction band and/or valence band, charge transfer as a
result of drift and diffusion, trapping. This makes it possible
to identify a set of photovoltaic properties of a material
(type, value and relaxation time of conduction, charge
carrier diffusion length, impurity center concentration)
by measuring corresponding non-steady-state photo-EMF
performance.

The previous study investigated the non-steady-state
photo-EMF in PNN crystal in red light [6]. The purpose
of this study is to investigate the effect on the wavelength
corresponding to the light absorption edge of this material
(A =457nm). It is expected that the use of short-
wavelength radiation will make it possible to achieve
large signal amplitude which may be helpful for material
applications.
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2. Experimental setup

The experimental setup is shown in Figure 1. 1 = 457 nm
Pout = 200 mW single-frequency laser emission enters the
interferometer where it is separated into two beams. The
beams are directed to the test sample at a certain angle
forming a fringe pattern with pre-defined intensity |, spatial
frequency K and contrast m= 0.39. One of the beams
is passed through an electrooptic modulator that performs
sinusoidal light modulation with amplitude A = 0.51 and
frequency w. As a result of such modulation, the fringe
pattern becomes oscillating. Non-steady-state photo-EMF
results in occurrence of alternating current on the load
resistor R, = 100k€2...2.0 G2, which then increases and
is measured by a lock-in voltmeter. Current amplitude
calculations include crystal capacitance and preamplifier
input capacitance C¢r + Ci, = 4.4 pF.

For direct measurement of the sample photoconductivity,
a standard amplitude-modulated light technique is used [3].
In this case, constant voltage Ue: = 600V is applied to the
sample, the depth of sinusoidal light amplitude modulation
is Mam = 0.44.

The study uses a PbNi;;3Nby/303 sample that was tested
by us before at 2 =660nm [6]. Dimensions of the
sample are 1.2 x 1.0 x 0.25mm, surface treatment was
not used. Electrodes were applied to the side surfaces
(1.0 x 0.25 mm) using silver conductive paste.

3. Experimental results

For successful experiment with measurement of non-
steady-state photo-EMF and for interpretation of results, it is
of benefit to perform preliminary standard measurements of
the photoconductivity response to the amplitude modulated



150

M.A. Bryushinin, I.A. Sokolov

Lock-in
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Figure 1. Experimental setup for non-steady-state photo-EMF
investigation. EOM — electrooptic modulator, A — amplifier.
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Figure 2. Frequency dependences of the photoconductivity

response and dependence of specific photoconductivity on light
intensity. PNN, 2 = 457 nm.

light. Figure 2 shows frequency dependences of the
response measured at two average light intensities. The
absence of signal drop in the high frequency region is of
interest. This means that the photoconductivity relaxation
time shall be 7 < lus, and excitation of the non-steady-
state photo-EMF in the same frequency range shall take
place in quasi-steady-state conductivity conditions.

In theory, photoconductivity of a sample is determined
by response values in low frequency region:

Go =Ry =My lim |G (w)] [3].

In the low frequency region, signal drop is observed that is
probably caused by nonuniform illumination of the sample

and nonuniform field near the blocking electrode, therefore
we assume the response value on a frequency-independent
section as a low-frequency limit (w/27 = 10kHz). The
calculated specific photoconductivity oy depending on light
intensity is shown in Figure 2. Calculations use reciprocal
light absorptance a~! = 0.082mm as an estimate of pho-
toconductive layer thickness [6]. op(lg) was found to be
approximately linear oy oc 13% indicating linearity of charge
carrier generation and recombination.

Proceeding to non-steady-state photo-EMF experiments,
it should be primarily noted that the expected increase in
the signal amplitude excited by short-wavelength radiation
(A = 457 nm) compared with previous measurements in the
red light region [6]. The signal-to-noise ratio reaches 50 dB
making it possible to reliably detect signal in comparably
wide measurement ranges of phase modulation frequency,
intensity and spatial frequency. The non-steady-state photo-
EMF signal phase corresponds to the hole-type photocon-
ductivity of materials.

Curves of frequency vs. non-steady-state photo-EMF am-
plitude are shown in Figure 3. Signal generally demonstrates
behavior typical for the effect of interest. The curves have a
frequency-independent section and sections of growth and
drop at low and high frequencies. In a low-frequency
region, the photoconductivity and space charge gratings
track displacements of the fringe pattern, a phase shift 7/2
is maintained between the gratings, what is reflected in the
smallness of the excited current. With frequency increase,
the space charge grating becomes almost stationary, the
amplitude of spatial shifts between the gratings increases,
and the resulting current achieves its peak. With further
increase in frequency, the photoconductivity grating also
becomes stationary, the amplitude of relative spatial shifts
of gratings becomes low, current decreases.

The listed frequency dependence sections are divided by
co-called cutoff frequencies that are defined by /2 times
signal amplitude drop from the peak value. In high-
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Figure 3. Frequency vs. non-steady-state photo-EMF amplitude.
PNN, 1 = 457nm, K = 0.31 yum™".
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resistivity materials, the first cutoff frequency is defined by
the Maxwell relaxation time 7y = e€o/0p [4]:

w1 = [m(1+K2Lp)] ™, (1)

where Lp is the diffusion length of charge carriers, holes for
the crystal of interest, € = 1600 is the dielectric permittivity
of materials [1], € is the electric constant. The second cutoff
frequency is defined by the photoconductivity relaxation
time 7 [5]:

wy = (1+K2LP)/7. (2)

This feature of the effect is used to determine photovoltaic
properties of materials:

oo=(1.1...160) - 1072 Q 'em™! (19=6.7...26 W/ecm?)
and
7 =16...0.020ms (Ip = 0.91...26 W/cm?).

With light intensity growth, the maximum non-steady-
state photo-EMF amplitude J{ increases and is followed
by the peak shift into the high frequency region. A signal
amplitude increase itself is quite expected, and also for most
photovoltaic phenomena. However, the dependence of max-
imum amplitude on intensity occurred to be approximately
quadratic [J%| oc 13 (Figure 4), which is non typical for the
effect of interest: the dependence is usually described by
an power function with an power varying from 0.5 to 1 for
square and linear recombination of carriers, respectively [5].

The interference pattern spatial frequency is another
experimental variable that defines the amplitude of the
signal to be detected (Figure 5). The growth section
on curve [J%(K)| is defined by the fact that the space
charge grating amplitude involved in current excitation is
proportional to the spatial frequency K [4]. If the spatial
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Figure 4. Maximum non-steady-state photo-EMF ampli-
tude vs. mean light intensity. Polynomial approxima-

tion was used with coefficients a; = 1.4-107"*V~lcm? and

a,=13-107"A-W2cm*. PNN, 1 = 457nm, K = 0.31 um~".
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Figure 5. Maximum non-steady-state photo-EMF amplitude

vs. interference pattern spatial frequency. Solid lines show
approximation by expression (3). PNN, 1 = 457 nm.

frequency becomes so high that the corresponding pattern
period occurs to be much lower than the mean diffusion
length, then ,spreading“ of the photoconductivity grating
takes place, photoconductivity amplitude quickly decreases
together with the resulting current. Such behavior is
described by the following expression [5]:

K

— 3
1+K2L3 ®)

P x
The best conditions for excitation of the non-steady-state
photo-EMF occur at K =Ly L Approximation of experi-
mental dependences by these expressions makes it possible
to assess the diffusion length: Lp =0.13...0.17um for
lo=3.8...26 W/cm?.

4. Discussion

The non-steady-state photo-EMF signal excited in PNN
crystal by blue light roughly follows the behavior ob-
served earlier in some other materials [5]. However,
there are features that need to be explained addition-
ally.  First, different behavior of ap(lg) and |I%(lo)]
that are approximately described by linear and quadratic
functions, respectively, shall be noted. Second, there
is the difference in specific photoconductivity estimates
obtained by direct measurements and by analysis of fre-
quency dependences of non-steady-state photo-EMFE. Ac-
tually, extrapolation of directly measured op(lg) to the
intensity level used in the non-steady-state photo-EMF
experiments  gives 0y = (0.16...0.53) - 1072 Q~lem~!
(lo =6.7...26 W/cm?). This is 7...300 times lower than
the values derived from |J%(w)|. Third, the increase in
light intensity results in shift of |J%(K)| into the low spatial
frequency region (Figure 5), then, as in the materials studied
earlier, shift, if any, took place, but in the opposite direction.
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All three listed features are probably associated with
crystal heating by powerful laser beam light. As estimated,
the sample temperature may reach T = 600K [6]. Since the
temperature is included in expressions Ep = (kgT/e)K for
the diffusion field and Lp = [(ks T/€)ur]'/? or the diffusion
length, then the specified variables become implicit light
intensity functions (kg is the Boltzmann constant, e is
the elementary charge, y is the charge carrier mobility).
The diffusion field Ep defines the space charge field
grating amplitude, which, in turn, defines the excited field
amplitude. Position of the peak on the curve of signal
amplitude vs. spatial frequency is associated with Lp.
Thus, quadratic growth of the signal amplitude and shit
of the peak on |[J%(K)| with an increase in intensity are
quite regular. Crystal heating also results in dielectric
permittivity variation from € = 1600 at room temperature
to €e=350 at T=600K [1]. This means that the
values for photoconductivity obtained from the frequency
dependences of the non-steady-state photo-EMF amplitude
shall be 4.5 times lower: 6o = (0.24...36) - 107 Q@ 'em™!
(lo = 6.7...26 W/ecm?). After such correction, the photo-
conductivity values obtained by different methods do not
have such high difference, at least, for not too high light
intensities.

There is another feature which is currently hard to ex-
plain. Frequency dependences of the photoconductivity re-
sponse have no pronounced declining section to frequencies
about 100 kHz, then, like on the frequency dependences of
the non-steady-state photo-EMF, the drop occurs beginning
from frequencies about 10 Hz. Usually, the non-steady-state
photo-EMF signal behavior in the high frequency region
follows the features of the photoconductivity response,
such correlation is not observed in the crystal of interest.
Similar feature was observed earlier on the light wavelength
A =660nm [6]. It could be assumed that the feature is
attributed to the frequency dependence of the dielectric
permittivity €(w), however, numeric calculations show that
the effect of this factor is limited by the low frequency
region.

5. Conclusion

Excitation of non-steady-state photo-EMF in relaxor fer-
roelectric PbNij/3Nb,,303 by light corresponding to the ab-
sorption edge of this material. Signal properties measured
in diffusion recording mode show both standard behavior
and features associated with crystal heating by laser emis-
sion. Hole type of conductivity was established, specific
photoconductivity and diffusion hole length were defined.
Nontypical divergence of the frequency dependences of
the photoconductivity response and non-steady-state photo-
EMF was found and requires further experimental and the-
oretical investigation of the effect in this class of materials.
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