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The recently discovered anomalous photovoltaic effect in ferroelectrics is attracting considerable attention
of specialists in ferroelectricity and solid-state physics. The anomalous nature of the effect is manifested
by the fact that the photo-emf developed in ferroelectrics and pyroelectrics is many orders of magnitude
greater than the band gap and can reach 10°-10° V. The anomalous photovoltaic effect in ferroelectrics
has found extensive applications in volume phase holography. A review is given of the experimental
investigations of the anomalous photovoltaic effect in ferroelectrics and also of the models proposed to

explain this effect.
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1. INTRODUCTION

Investigations of photoelectric properties of ferro-
electrics have recently led to the discovery of the
anomalous photovoltaic effect in these materials. This
effect is manifested by the appearance of a steady-state
current in a homogeneous short-circuited ferroelectric
crystal subjected to uniform illumination with wave-
lengths corresponding to the fundamental or impurity
absorption region: in this way a crystal becomes a
photo-emf source, If such a crystal is illuminated
under open-circuit conditions, an anomalously high
photovoltage of 103-10° V is developed, i.e., the photo-
voltage exceeds by several orders of magnitude the
value corresponding to the band gap E,. The anomalous
photovoltaic current and the anomalous photovoltages
are observed only in the direction of the spontaneous
polarization P, of a crystal and disappear in the para-
electric region; the photovoltage is proportional to the
length of a crystal in the direction P,

It is clear from this description that the bulk nature
of the anomalous photovoltaic effect in homogeneous
ferroelectrics differs basically from the corresponding
phenomena in semiconductors, such as the Dember
photo-emf! or the anomalously high photovoltages in
films.?2 The latter are associated either with the il-
lumination nonuniformity or with the inhomogeneity of
the crystal itself (p — # junction). For example,
anomalously high photovoltages in films are due to the
additive effect of elementary Dember emf’s or ele-
mentary emf’s developed across p — % junctions in a
texture.?
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Uniform illumination of a short-circuited homogeneous
ferroelectric produces a steady-state current, which
was named photovoltaic in Ref. 3. The photovoltaic
current J flows parallel to the spontaneous polarization
P, and is directly proportional to the illumination in-
tensity /. It is shown in Ref. 4 that this photovoltaic
current gives rise to anomalously high photovoltages
in a ferroelectric. In fact, in the open-circuit regime
a transient photocurrent flows through a ferroelectric
in the P, direction:*

J* = J + (0a+ opryE, 1)

where E is the macroscopic electric field generated

as a result of charging of the capacitance of the crystal
by the photovoltaic current J; o, and o, are the dark
conductivity and photoconductivity, respectively. The-
photovoltage V which appears in a crystal in this direc-
tion during a period equal to the Maxwellian relaxation
time (*=0) is

= J
VeBlarel, @)
where [ is the distance between the electrodes. Ac-
cording to Eq. (2), V is directly proportional to this
distance and is not limited by the band gap.

We shall define the anomalous photovoltaic (AP) ef-
fect in ferroelectrics as both the steady-state short-
circuit photovoltaic current and the anomalous open-
circuit photovoltage (APV) V> E,, We must point out
that the APV effect in ferroelectrics may, in principle,
be related not to the photovoltaic current but to transi-
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ent photocurrents of a different origin.5'® In particular,
transient photocurrents in a ferroelectric may be ob-
served because of the influence of nonequilibrium car-
riers (or photoexcited impurity centers) on the spon-
taneous polarization P,. The resultant field E :41IAP0/5
(and the corresponding voltage V = El) may give rise to
a number of effects, for example, the photorefractive
effect.® This photorefractive effect is the change in the
optical birefringence of a ferroelectric due to its il-
lumination. Thus, the photorefractive and APV ef-
fects may, in principle, be associated with a change in
the spontaneous polarization due to illumination and be
accompanied by a transient screening current. This
mechanism and transient screening currents are indeed
observed in ferroelectrics.® However, we shall show
later that at least for the majority of the ferroelectrics
investigated so far the APV effect is precisely due to
the steady-state photovoltaic current. Therefore, in
the case of these ferroelectrics an analysis of the
mechanism of the AP and, in particular, of the APV
effect reduces to an investigation of the nature of the
photovoltaic current.

In spite of the considerable amount of experimental
material accumulated so far, the nature of the photo-
voltaic effect in ferroelectrics is far from fully under-
stood and only the first steps have been taken in de-
veloping the theory of the AP effect. Therefore, we
shall confine our review to a systematic account of the
experimental investigations and a comparison with the
proposed possible mechanisms on the assumption that
this will help the development of the theory of the ef-
fect.

2. SHORT-CIRCUIT PHOTOVOLTAIC CURRENT

The photovoltatic current was the name used in Ref.
3 for the steady-state short-circuit current observed
in the pyroelectric LiNbO,:Fe and ferroelectric
Ba,Sr,_,Nb,O, (SBN) solid solutions subjected to uni-
form illumination. A relationship between the photo-
voltaic and photorefractive effects in LiNbO, was sug-
gested in Refs. 7 and 8 but the actual proof of this re-
lationship was given later.®~'? Parallel investigations
of the steady-state photovoltaic current and APV ef-
fect were carried out on lithium niobate!® and Eqs. (1)
and (2) were used to show that the APV effect was pre-
cisely due to the steady-state photovoltaic current;
this was explained in Ref. 13 by proposing a new car-
rier transport mechanism for ferroelectrics. Subse-
quently, the AP effect (including the photovoltaic cur-
rent!) was investigated by many authors.:-16:10:11

Figure 1 shows the results of an investigation® of the
kinetics of the photovoltaic current in LiNbO, : Fe when

J; rel. units
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FIG. 1. Kinetics of the photoresponse of LiNbO; in the course
of measurements of the photovoltaic current.?
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illumination was started and stopped.  Since the Max-
wellian relaxation time of LiNbQ, : Fe at T =300 K did
not exceed a few minutes (6=107"* &1+ cm™, £ =30), the
steady-state photovoltaic current observed in Ref. 8
for tens of minutes could not be the screening photocur-
rent, as suggested in Ref. 17. Similar results were
also obtained in Refs. 7 and 8 for SBN crystals for
which the Maxwellian time at 7 =300 °K did not exceed
a few seconds. The kinetics of the transient maximum
at the beginning of illumination (Fig. 1) was governed
by the relaxation of the photovoltaic current associated
with the formation of a space charge in a crystal.
Therefore, successive starting and stopping of illumi-
nation reduced the transient maximum. This made it
possible to vary the transient maximum in estimating
the space-charge field E. Of course, the pyroelectric
current may be superimposed on this transient maxi-
mum. Figure 2 shows the spectrum of the steady-state
photovoltaic current in LiNbO, : Fe (curve 1), obtained
in Ref, 3 and confirmed later in Ref. 4 (curve 2). We
shall consider this spectral distribution later. Here,
we shall simply note that in the case of LiNbQ, ;: Fe
this distribution has a maximum near A =400 nm, which
corresponds to the Fe?* band which is weak or absent
from the photoconductivity spectrum (curve 3). How-
ever, a correlation has been found’'® between the spec-
tra of the photovoltaic current and the photorefractive
effect.

In subsequent investigations®'10:11:15:18 the effect was
stuided by recording the photocurrent-voltage charac-
teristics over a wide range of illumination intensities.
Figure 3 shows the photocurrent-voltage characteristics
of an LiNbOQ, : Fe crystal.* In accordance with Egs. (1)
and (2), the photovoltaic current J was deduced from the
intercepts on the ordinate and the photovoltage V or
field E corresponding to the APV effect was deduced
from the intercepts on the abscissa. It is clear from
Fig. 3.that for illumination intensities / of 1-0.1 W/
cm? the photovoltaic current varied within the range
1078-10"° A/cm?, which induced a photovoltage 103-10%
V in a crystal /=1 cm long. Thus, according to Ref. 4,
the lux-ampere characteristic of the photovoltaic cur-
rent in LiNbQ, : Fe is linear and is approximated sat-
isfactorily by the expression

T{Afcm?] ~ 10T {W/em?]. ®3)

In the range of illumination intensities I in Fig. 3 the
photovoltage V rises linearly with /. In agreement with
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FIG. 2. Spectral distributions of the absorption coefficient o,
photocurrent J,, (curve 3), and photovoltaic current J of
LiNbOj: Fe (curves 1 and 2). Curve 1 is plotted on the basis
of Ref. 3 and curve 2 on the basis of Ref. 4.
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FIG. 3. Current-voltage characteristics of LiNbQ;:Fe at T
=300 °K obtained for different intensities of illumination of A
~ 473 nm wavelength.!
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Eq. (2), this corresponds to the low photoconductivity
Oy, <0, of lithium niobate. In the case of KNbQ,:Fe the
photocarrier lifetime is much higher and, consequently,
for I=1 W/cm? we have 0,,> 0, and, in agreement with
Eq. (2), the dependence V =V{{) shows saturation. This
is illustrated in Fig. 4, which is based on Ref. 10. It
should be noted that the photovoltage determined by re-
cording the current—voltage characteristics represents
the APV effect under open-circuit conditions.

It has been shown!*~'8 that the lux-ampere charac-
teristics and temperature dependences of the photo-
voltaic current J differ considerably from the charac-
teristics of the photocurrent J,.

Figure 5 shows the lux-ampere characteristics of
J and Jy, for SBN (Ba, ,;Sr, ,sNb,0;) crystals in the
4mm tetragonal phase, as well as for SbNbO, and
BaTiO, crystals—all at rcom temperature. The lux-
ampere characteristics of J are in each case linear
throughout the investigated range of illumination in-
tensities I, whereas the photocurrent J;; has a sub-
linear characteristic J,, <VI (SbNbO,, BaTiO,) or a
superlinear region (SBN). Glass et al.'® obtained the
following empirical lux-ampere characteristic for the
photovoltaic current in LiNbO,

J = kal, 4)

where o is the absorption coefficient of light, I is its
intensity, and & is the Glass constant. For illumination
of LiNbO, : Fe in the Fe?* band at T =300 °K this constant
is k=(2-3)X10° A-cm-W! and is independent of the
iron concentration.

FIG. 4. Current-voltage characteristics of KNbO;:Fe at T
=300 °K obtained for different intensities of illumination of A
~ 488 nm wavelength.!?
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FIG. 5. Lux-ampere characteristics of J (curve 1) and J

(curve 2) of SBN, SbNbO,, and BaTiO3 (Ref. 14).

Figures 6 and 7 show the temperature dependences of
the photovoltaic current J, photoconductivity o,n, and
carrier mobility p of BaTiO, and LiNbQO,, respectively,
The value of o, decreases exponentially as a result of
cooling, whereas J increases in accordance with a
power law when the temperature is lowered. For ex-
ample, in the case of barium titanate (Fig. 6) the tem-
perature dependence J =J(T) is close to T 35T - Tl)l/"’,
where T, is the Curie temperature, in agreement with
the temperature dependence of the mobility u (Ref. 6).
Similar results are obtained for SBN, LiNbO,, and
SbSI when the temperature dependences J =J(T) can be
approximated satisfactorily by the T~% law, which is
{according to Refs. 6 and 18) close to the temperature
dependence of the mobility 1. Figure 7 gives the ex-
perimental values of the mobility u of LiNbO, taken
from Ref. 19 and these fit well the temperature depen-
dence of the photovoltaic current J obtained in Ref. 16
{the photoconductivity of LiNbO, is weak and was not
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FIG. 6. Temperature dependences of J and ¢, of BaTiO;
(Ref. 14).
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FIG. 7. Temperature dependences of J and g of LiNbO; (Ref.
14).

measured in Ref. 16), It thus follows from the results
of Refs. 14-16 that, firstly, the photovoltaic current
and photoconductivity vary in opposite ways with tem-
perature and, secondly, the weak—compared with

O =0 (T)—temperature dependence of J =J(T') may be
associated with the temperature dependence of the mo-
bility.

Although the photovoltaic current J depends weakly
on temperature, the photovoltage V or the correspond-
ing field E should, according to Eq. (2), rise exponen-
tially as a result of cooling. It is shown in Ref. 15 that
in the case of SBN and KNbO, : Fe the dependence
E = E(T) is correlated with the temperature dependence
of the electrical conductivity during illumination
0 =0(T) and with the temperature dependence of the
photorefractive effect A% = An(T). This is illustrated
in Fig. 8 for SBN. We can see that for SBN all three
temperature dependences have the same activation en-
ergy u=0.1 eV, whereas for KNbQ, : Fe this energy is
u=0.06 eV.

Figure 9 shows the temperature dependence E = E (T)
for SBN in the region of a broad ferroelectric phase
transition.!> In the region of this phase transition the
field E and the current J have the same temperature
dependences due to the phase transition to the paraelec-
tric state in which there is no AP effect (apart possibly
from the Dember photo-emf).

There have been quite a few comparative investiga-
tions of the photovoltaic current and photoconductivity
spectra, 37101420 Figure 10 shows the spectra of the
photovoltaic current J, photocurrent Ju, and field E
induced in LiNbO, : Fe in oxidized and reduced states 2°
As in Ref. 3, the spectrum of J has a maximum at
A =400 nm, corresponding to the transfer of electrons
from the Fe?* levels to the conduction band; this maxi-
mum does not appear in the spectrum of Jyn.

Lo

%
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FIG. 8. Temperature dependences of lnF:‘, Ino, and InAn for
SBN (Ref. 15).
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Investigations of the ESR spectra!® and of the Mdss-
bauer effect?! in LiNbO, : Fe has revealed the presence
of Fe?*—oxygen vacancy complexes oriented along the
[001] direction, with Fe?* replacing Nb%*, A calculation
of the energy of such centers? gives 3.2 eV, which is
in agreement with the spectra of J flowing in LiNbO, : Fe
(Figs. 2, 9, and 10). There are many data indicating
that the Fe?* and Fe®* centers are of donor and ac-
ceptor nature, respectively.?®

According to the results in Refs. 19 and 20 (which
are in conflict with Ref. 4), J rises beyond the funda-
mental absorption edge (=320 nm) toward shorter
wavvelengths although the rise is slower than that of
Jon. According to Eq. (2), it follows that the spectrum
of the field E has a broad maximum. These results
indicate a considerable role of the band—band transi-
tions and that the AP effect in lithium niobate can be
associated with the impurity and fundamental absorp-
tion mechanisms. This is in agreement with the spec-
tra of J and J obtained in Ref. 15 for LiNbO,: Fe,
KNbO,, SBN, and SbSI (Fig. 11). For example, the
spectra of J and Jm obtained for KNbQ, : Fe have an
impurity maximum!® due to complexes formed from
Fe?* and oxygen vacancies (at A =400 nm), as well as
a maximum associated with the fundamental absorp-
tion. A comparison of the spectra of J and J,, for the
ferroelectric SbSI reveals a considerable difference
between the spectra near the fundamental absorption
edge (E,=2 eV). The spectrum of Jon has a sharp
maximum due to a reduction in the lifetime 7 because
of surface recombination,® whereas the photovoltaic
current rises weakly toward shorter wavelengths, Ac-
cording to Eq. (2), this results in a steep rise of the
photovoltage in SbSI in the fundamental absorption
region.

In the case of ferroelectric niobates the nature of the
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FIG. 10. Spectral distributions of the photovoltaic current
(E=0), photocurrent in the [001] direction in an external field
E, and photoinduced field E of LiNbO;:Fe (Ref. 20).
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FIG. 11. Spectral distributions of the photovoltaic current J
and photocurrent Jy, in the [001] direction of LiNbOs:Fe,
KNbO;:Fe (0.1%), SBN, and SbSI: 1) J; 2) I at T=300°K;
1') Jp at T=103°K; 3), 5)J and V, respectively, for SbSIat
T=113°K; 4) J;, at T=293°K (Ref. 14).

spectrum of J is independent of the polarization of
light. The situation is different in the case of BaTiO,
(Refs. 24 and 25). Figure 12 shows the spectrum of J
obtained at T =300 °K for a BaTiO, crystal consisting of
a single c-domain in the Ellc and E L¢ cases (the photo-
voltaic current was measured in the ¢ direction).?® It
is clear from Fig. 12 that the photovoltaic current is
associated with the fundamental absorption and its
maximum corresponds to E, for BaTiO, in the Ell¢c and
E Lc cases.® However, a change in the polarization of
light alters the sign of J. The temperature dependences
indicate that the effect appears more strongly at room
temperature close to the transition from the tetragonal
to the orthorhombic phase. Conversely, a change in
the sign of J is hardly noticeable at temperatures close
to the transition from the tetragonal to the cubic phase.
The photoconductivity of BaTiO, is not affected by the
polarization of light.

We can thus see that parallel investigations of the
photovoltaic current and photoconductivity of an ex-
tensive range of ferroelectrics show that they are due
to basically different mechanisms, These experiments
indicate that the conductivity is governed, as usual,

JU%Ba
i

FIG. 12. Spectral distributions of the photovoltaic current of
BaTiO; for two polarizations of light.2®
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by the lifetime and mobility of nonequilibrium carriers,
whereas the photovoltaic current is independent of the
lifetime. In the case of ferroelectrics of the KDP type
this difference is particularly strong.?® Such crystals
exhibit a considerable photovoltaic current in the
ferroelectric phase {and a corresponding anomalous
photovoltage V =10% volts for I~1 c¢m) in the absence

of any significant photoconductivity. Conversely, in the
paraelectric case when there is no AP effect, the KDP
crystals exhibit (at sufficiently high temperatures) a
weak photoconductivity.

Apparently the AP effect is common to all the pyro-
electric crystals, However, according to Eq. (2),
anomalously high photovoltages are observed only when
the photoconductivity is sufficiently low. If the photo-
conductivity is high, the AP effect can be detected only
by determining the temperature dependences and the
lux-ampere characteristics of the photovoltaic current.
This may be why the AP effect has not been observed
earlier in such pyroelectric materials as CdS and ZnS
in the hexagonal phase, Earlier observations of the
photovoltages in ZnS films and crystals®’'?¢ have re-
vealed the APV effect associated with the layer struc-
ture and additive elementary photo-emf’s apeearing in
the boundaries between the cubic and hexagonal phases.
For this reason we shall not consider here the APV
effect in ferroelectric ceramics.?

3. ANOMALOUS PHOTOVOLTAGE EFFECT IN
FERROLECTRICS

We shall now consider measurements of the photo-
voltages in ferroelectrics under open-circuit condi-
tions (APV effect).

Photovoltages of V> E, magnitude were first ob-
served® in an investigation of photoelectric phenomena
in single crystals of the ferroelectric solid solution
SbSI, , Br, ., and then in BaTiO, single crystals.™

The sequence of measurements in Refs. 30 and 31 was
as follows. An initially polarized single-domain crystal
was illuminated in the ferroelectric phase with light
corresponding to the photosensitivity maximum. Illumi-
nation produced a short-circuit photocurrent along the
[001] direction but no special attention was paid in Refs.
30 and 31 as to whether it was steady-state or transient.
After the end of illumination the crystal was heated to
the paraelectric phase across the Curie point, which
was deduced from the pyroelectric current maximum.
It was found that illumination shifted the Curie point
toward higher temperatures and that this shift AT, was
due to the internal space-charge field £. The field
was estimated by a method generally used in the case
of photoelectrets. A crystal with a shifted Curie point
was again illuminated in the paraelectric phase. This
produced a depolarization photocurrent which was in-
tegrated to find the space-charge density ¢, and, hence,
to estimate the internal field £ ~47Q,/c and the photo-
voltage V =El. Second illumination of a crystal in the
paraelectric phase depolarized the crystal and shifted
the Curie temperature back to its equilibrium value.

In the case of SbSI, ,.Br, ;;the saturation value of the
space charge @,=1.9xX10"® C/cm? and the permittivity
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€ =2x10°% corresponded to a field £ =10 V/cm or a
photovoltage V =3x10% volts. The field £ found in this
way and the associated Curie point AT, determined the
coefficient dT, /dE, in agreement with independent mea-
surements of the Curie point shift under the action of
an external field. This indicated that the fields E and
photovoltages V estimated in Ref. 30 were reliable.
Similarly, in the case of BaTiO, it was found in Ref.
31 that E~4x10% V/cm and V=40 volts> E,, and also
that dT, /dE = +1.2x107% deg- cm- V! (Ref. 1), which
was close to the rate of shift of the Curie point of
BaTiQ, under the action of an external electric field
dT,/dE = +(1-1.2)x10% deg*cm- V! (Refs. 1 and 6).

The photovoltage and Curie temperature shift became
greater on increase of the illumination intensity. The
photovoltage also increased when the intensity of the
field used in the preliminary polarization was increased
and it reached saturation in fields equal to the satura-
tion polarization and pyroelectric charge. In the cases
described above3®'3! the photovoltage and Curie tem-
perature shift exhibited a slow relaxation in darkness,
which was due to localization of nonequilibrium car-
riers in relatively deep traps.

Subsequently, the APV effect was discovered in
lithium niobate,'® in several other ferroelectric nio-
bates,®-% and in the ferroelectric SbSI, and it was also
investigated in greater detail in barium titanate 2*:25:%
Special attention was paid to the relationship between
the APV effect and the steady-state photovoltaic cur-
rent.

Investigations were also made®'3? of the kinetics of
the APV effect in LiNbQ, : Fe (space group 3-m),
KNbQ, :Fe (2-m), and antimony orthoniobate SbNbO,
(2 - m) single crystals,

Illumination was provided by an argon laser at the
wavelength 488 nm and the power density was up to
500 mW /cm?. The photovoltage was measured in the
spontaneous polarization direction [001] and the elec-
trodes were connected to the input capacitance of an
electrostatic voltmeter. Some measurements showed
that the photo-emf in the orthogonal direction was
V<E,. In addition to measurements of the photo-emf
of lithium nioatte, there were also observations of the
photorefractive effect. The same effect in potassium
niobate, investigated in Refs. 32 and 33, was mea-
sured by Giinter ef al.®® Crystals of SbNbO, were op-
tically inhomogeneous so that parallel measurements
of the photorefractive effect could not be carried out.*

Figure 13 shows the experimental results obtained
for an iron-doped lithium niobate single crystal.
Crystals of LiNbO, : Fe exhibited photovoltages V =10%
volts or higher along the [001] direction (Fig. 13b) when
illuminated by a light probe in the form of a spot or a
strip parallel to the electrodes and of dimensions
L, =1x1072-5X%10% cm. This probe was focused on
the (100) face. Figure 13a shows the kinetics of rise
of V during the initial stage of illumination for two in-
tensities (curves 1 and 2). Stopping of illumination at
any moment { reduced the photovoltage by an amount
corresponding to the pyroelectric charge and then the
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FIG. 13. Anomalous photovoltage (APV) effect in lithium
niobate: a) V=V (¢) for two illumination intensities I=0.15 and
0.02 W/cm? (curves 1 and 2, respectively); b) V="V(¢) after
long exposures and high-intensity illumination; ¢) dependence
of V(t,)onLy.

value of V relaxed slowly in darkness., Curves 1 and 2
in Fig. 13a give the dependence V =V (t) after sub-
traction of the pyroelectric signal. The curves in Fig.
13a have two characteristic regions: an initial fast
rise followed by a slower rise. A comparison of the
kinetics V =V(f) with that of the optical distortion in the
same crystal An = An(t) (photorefractive effect) shows
that the initial fast stage is the same. In the region of
the slow rise of V =V(¢) the optical distortion has the
saturation value An =const. In the initial fast region
the value of V(t) reaches saturation in a relaxation time
7;. The value of 7, decreases on increase of the il-
lumination intensity. The absolute values of 7, were
found to be close to the relaxation times of Az obtained
for LiNbO, : Fe by the compensation method.!” The val-
ues of V(1,) exhibited a linear dependence on the width
of the optical probe Z, (Fig. 13c) and also depended on
the illumination intensity 1.

Crystals of SbNbO, were illuminated with an optical
probe. in the direction of the spontaneous polarization
[001]. The photovoltage V was measured along the same
dircetion. The results of measurements are given in
Figs. 14a—-14c. We can see that after the beginning of
illumination the photovoltage V rises in a time 7, to a

V, volts
76 g
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FIG. 14, Anomalous photovoltage (APV) effect in antimony
orthoniobate: a) kinetics of APV effect at various illumina-
tion intensities I=0.02, 0.06, 0.12, 0.2, and 0.4 W/cm?
(curves 1, 2, 3, 4, and 5, respectively); b) dependence of
V(74 onI; c) dependence of 7, on I,
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steady-state value V(7,), which depends on the illumi-
nation intensity I (Fig. 14a). After the end of illumina-
tion the value of V(7,) relaxes slowly. The pyroelectric
effect is slight and does not affect V. Figure 14b gives
the dependence of V(7,) on VI, which is close to direct
proportionality to I in the range of small values of /,
and it is clear from Fig. 14c that the time 7, is in-
versely proportional to 1.

In the case of KNbO, : Fe the photovoltage along the
{001] direction was several times greater than the band
gap. The kinetics of the APV and photorefractive ef-
fects in potassium niobate had the same time constant.
The photovoltages in BaTiOQ, crystals were found to
be?* 25 of the order of ~10 volts, in agreement with the
earlier investigations cited above.®* The APV effect
in barium titanate depended on the domain structure
and was strongest in single-domain high-resistivity
crystals %

According to Eq. (2) the APV effect is inversely pro-
portional to the photoconductivity of all the investi-
gated ferroelectrics and its kinetics is governed by the
Maxwellian time constant. A simple relationship links
the photorefractive and APV effects in the majority of
the ferroelectrics investigated so far, It is found that
the illumination-induced change in birefringence is a
consequence of the linear electrooptic effect caused by
the field £, which appears because of the APV effect.
This is clear, for example, from Table I where the
change in the birefringence A is calculated from the
linear electrooptic equation for the point symmetry
groups given above:

A":% (nirs; —nirss) E; (5)

where 7, and #n, are the refractive indices; »,, and 7,
are the electrooptic coefficients; E=V/l is the field
induced in the APV effect. It is clear from Table I that
the experimental values of A% for LiNbO, and KNbO,
are in agreement with the calculations.

In all the cases listed above the APV effect is as-
sociated with the steady-state photovoltaic current
determined for the same crystals in independent experi-

TABLE 1. Photorefractive effect An and field E in APV
effect.
Compound ny ny Tis, mV Tas. mV e
LiNbO, 2.29 2.22 | 8.6.40-12 | 30.8.10-1 30
37 37 37 37 37
KNbO, 2.28 217 28-10-12 64-10-12 100
38 38 38 38 39
ShNbO, — —_ < 2-10-12 < 2.10-18 240
40
O
Compound 1, cm volts E, Viem Ancaic Anexp
LiNbOg 3.402 830 28-103 3.3-10¢ 102
17
KNbO, 5.10-2 10 200 3.40- 6.10-8
36
ShNbO, 2.1072 20 108 < 1-10-8 —
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ments (see Sec. 2). As pointed out in the Introduction,
ferroelectrics may exhibit anomalously high photovol-
tages associated with other mechanisms (for example,
with a change in the spontaneous polarization due to
illumination) and not with the steady-state but with the
transient screening photocurrent. The question of the
relative contributions of other mechanisms to the APV
effect in ferroelectrics is outside the scope of the
present article.

4. NATURE OF THE ANOMALOUS PHOTOVOLTAIC
EFFECT IN FERROLECTRICS

It is pointed out above that the nature of the AP ef-
fect is associated with the mechanism of the photo-
voltaic current in ferroelectrics. Apart from a number
of qualitative models, serious investigations have only
started.*!¥2 We shall consider some of the models,
concentrating on those relevant to the experimental
results described above.

A. Excitation and recombination at symmetric
impurity centers

A model of the APV effect proposed in Refs. 4 and 13
is based on electron transitions to an allowed band from
an impurity center characterized by an asymmetric dis-
tribution of the potential. This potential is responsible
for asymmetric release of electrons from an impurity
level to the band and, consequently, for the steady-
state photovoltaic current.

Following Ref. 4, we shall consider the potential of
a center in the form of an asymmetric rectangular bar-
rier (Fig. 15). Excitation of an electron between the
states ¢, and €, (in the E <V, case) simply shifts a
localized electron, as shown by arrows in Fig. 15. This
can result in a change in the spontaneous polarization.5
If an excited electron has an energy V,<E<YV,, it is
transferred to a free state with a wave vector +k, (the
direction of the wave vector is taken parallel to the
spontaneous polarization). An electron with a wave
vector ~k, penetrates only partly through the potential
barrier. Thus, the probability p, of the motion of
electrons in the direction +k, differs from the prob-
ability p _ of the motion in the direction -k, and the
difference increases with the spontaneous polarization.

Since the asymmetry of the potential of an impurity
center is governed by the direction of the spontaneous
polarization and is the same for all the centers, it fol-
lows that the density of the photovoltaic current J, as-
sociated with asymmetric release of electrons by inci-

V -
i
g = \_
& i %
& <
&y——=]
I/ a

FIG. 15. Asymmetric potential of an impurity center in a
ferroelectric and corresponding energies and wave functions.!
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dent light of intensity / and frequency w is
-’1=% (Pyle=p-I_) (6)

where [, is the mean free path of an electron in the di-
rection #k, and a is the absorption coefficient. We can
easily relate J, to the spontaneous polarization P,. The
probabilities p, and p _ are associated with the tunnel
leakage across rectangular barriers of heights v, and
V,, where V,<V, ~P%, so that

J,;% <) Py (7)

where {[) is the average electron displacement.

We must subtract from Eq. (6) the current associated
with photocarrier recombination. In fact, after scat-
tering, the directional momentum of a photocarrier is
k, =0 and prior to recombination it makes no contribu-
tion to the photovoltaic current. If we denote the
probability of recombination in the directions +k, and
-k, by p’, and p”., respectively, we obtain from Eq. (6)
the recombination current if we replace », by p’, and
p'. Finally, we have the following expression* for the
photovoltaic current J:

J=Jy—Jy=kal, ’ 8)

where the Glass constant
k= (4 Py —dp-+ s —L2p0) 9

depends only on the nature of the impurity centers,
mean free path, and photon energy.

According to the current-voltage characteristics® of
LiNbO, : Fe given in Fig. 3, the Glass constant is
k=25%x10"° A-cm-W™ and the total conductivity is
0y +0py=1.3x10"14 +1,2X10712/Q - cm™, These values
are in good agreement with photovoltages calculated for
LiNbO, : Fe from Eq. (2). On the basis of the same data
the Glass constant k for LiNbO, : Fe is independent of
the concentration of the Fe?* donor centers and of the
ratio of the Fe?* and Fe®* concentrations. However,
this ratio affects strongly the electrical conductivity
and photoconductivity of the crystal and, consequently,
the APV effect. Chemical reduction of LiNbO, : Fe in
a nitrogen atmosphere and an increase in the Fe?* con-
centration at the expense of Fe3* causes 0, and o, to
increase and the values of V and £ to decrease corres-
pondingly.

Substituting in Eq. (6) the mean free paths I, =(1,v),,
where 7,=myu /e is the relaxation time, v is the electron
veloeity, and m is the effective mass, we find that

=220 5 (= 2L (o). (10)
Under the same conditions the photoconductivity o,
is of the form
eol (11)

Oph=—5 T

where 7 is the lifetime of an electron in a band. It thus
follows that the photovoltaic current associated with
asymmetric release of an electron is independent of the
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lifetime 7, which itself is a function of temperature and
illumination intensity. This explains the above differ-
ence between the charagteristics J and J,,. The lux-
ampere characteristic of the photovoltaic current [Eq.
(10)] is linear but the corresponding characteristic of
the photocurrent [Eq. (11)] is governed by the lifetime
T7=7(), i.e., by the recombination mechanism,! The
same mechanism determines the temperature depen-
dence of the photocurrent. According to Eq. (10), a
weak temperature dependence of the photovoltaic cur-
rent should be governed by the mobility n, i.e., by the
scattering processes.

The experimental values of % of ferroelectriceniobates
corx;espond to an average electron displacement (/)
=1 A (Refs. 4 and 10). Therefore, one should mention
that in the case of such very small displacements the
validity of the band model and of the effective mass
approximation is in doubt, Thus, the quantity (!} in the
Glass model should be associated with the average dis-
placement in the hopping mechanism (small-radius
polarons*®), The following comment is due here. Equa-
tions (8) and (9) are derived assuming implicitly that
the quantum yield of electrons is ¥=1. Ruppel and his
colleagues®® measured the quantum yield of electrons
to the conduction band from the Fe?* centers in LiNbO,
and found that ¥y<4x10-%, According to Eqs. (8) and
(9), this corresponds to an average displacement
(I)=z 40 f\, which is considerably greater than the aver-
age jump and, consequently, is in conflict with the
Glass model. The nature of the photovoltaic effect is
explained in Ref., 44 using the model of photoinduced
fluctuations, which we shall discuss later.

B. Asymmetry of nonequilibrium electron distribution
function

The photovoltaic current considered in the model of
Refs. 4 and 13 is basically of impurity origin because
it arises due to the asymmetry of the potential of an
impurity center. However, experiments indicate the
existence of the photovoltaic current due to abosprition
in the fundamental region and this current is of the
same order as that due to impurity absorption. This
difficulty is partly removed in Refs. 41 and 42, where
it is shown that not only the asymmetry of the impurity
centers responsible for nonequilibrium carrier gen-
eration and recombination, but also the asymmetry of
the scattering by impurities and phonons, gives rise to
the photovoltaic current in ferroelectrics. The asym-
metry of the elementary electron processes in ferro-
electrics is, in its turn, associated with the asymme-
tric shape of the potential of the impurity centers and
their identical orientation in the lattice relative to the
spontaneous polarization direction. This can be demon-
strated as follows,®'42 The change in the density and
distribution of nonequilibrium carriers in the conduc-
tion band is described by the kinetic equation for the
distribution function f, :

Wy

ZE gL ILHIE,

ot (12)

where I§ and I are, respectively, the rates of exci-
tation and recombination of electrons; I{ and IY are
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the numbers of collisions of electrons (per unit time)
with impurities and phonons, respectively. If the dis-
tribution function is symmetric and satisfies the con-
dition fi =f_y, no current flows in a crystal. If the
right-hand side of the kinetic equation (12) contains an
asymmetric term satisfying the condition I}’ =—12, the
steady-state solutions also have an asymmetric term,
which is the asymmetric part of the distribution func-
tion f§'=—-f2. The presence of this asymmetric func-
tion gives rise to the steady-state current
J:.r% S %ekl 25 dk. 13)

It is shown in Refs. 41 and 42 that not only excitation
and recombination but also scattering by a dipole cen-
ter with an asymmetric potential are asymmetric pro-
cesses and, consequently, give rise to an asymmetric
component of the distribution function, i.e., they pro-
duce a steady-state current. It is essential to note that
we are speaking all the time of the nonequilibrium dis-
tribution function, It is demonstrated rigorously in
Ref. 44 that in the case of equilibrium electrons we
have f} =0, and, consequently, the equilibrium (dark)
current is zero. This corresponds to the equilibrium
case of Eq. (8) when the current associated with the ex-
citation of electrons from asymmetric centers is com-
pensated exactly by the current due to electron recom-
bination. The theory developed in Refs. 41 and 42
therefore predicts the impurity and intrinsic (due to
fundamental absorption) photovoltaic currents., How-
ever, in the latter case (band—band transitions) the
photovoltaic current is proportional to the square of
the relaxation time J <72, Thus, according to Refs. 41
and 42, the photovoltaic current resulting from the
fundamental absorption should be several orders of
magnitude lower than that due to the impurity effect,
but this is in conflict with the experimental results,

In spite of the fact that the experimental data!5:20-28+45
indicate the existence of an intrinsic photovoltaic cur-
rent of the same order of magnitude as the impurity
current, they require further refinement. ¥or ex-
ample, it is worth noting an increase in the photocon-
ductivity and photovoltaic current in the ultraviolet
part of the spectrum, corresponding to strong surface
absorption (see Fig. 11). This effect is manifested by
all the investigated oxygen-octahedral ferroelectrics
and its origin is not clear.

The results of Refs. 41 and 42 are generalized in
Refs. 46 and 50 to nonpyroelectric crystals without an
inversion center. Expanding the current J in powers
of the external field

J = opEp + aink)En, (14)

we can show that the third-rank tensor components
«; ;; generally differ from zero for crystals belonging
to one of the 21 acentric point symmetry groups. If
the external field is static, Eq. (14) represents a
quadratic correction to Ohm’s law. If £, is understood
to be the component of the field of an optical wave, it
follows from Eq. (14) that homogeneous illumination

of a homogeneous piezoelectric crystal (which need not
be pyroelectric) produces the photovoitaic current J
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(this current J is called photogalvanic in Refs. 42 and
46). As in Refs. 41 and 42, the microscopic mechanism
of the photovoltaic current is attributed to the asym-
metry of the excitation and recombination of nonequili-
brium carriers at impurity centers. The photovoltaic
current flows in the direction in which the component

of the tensor of the effective octupole moment of an
impurity center @, ,, differs from zero,

~ 1 2
Tupn = [ didsdn-+ - (Dyin-+ Dind s+ Dusd) 5 Qe | (15)

where d;, D;,, and §;;, are, respectively, the dipole,
quadrupole, and octupole moments of the impurity cen-
ter. The AP effect has been observed experimentally
in nonpyroelectric crystals.

C. Photoinduced fluctuations

We shall conclude our discussion by considering the
model of photoinduced fluctuations.?*'2*'2” We shall turn
back to Fig. 15, We shall assume that the absorption
of light transfers an impurity-center electron from the
ground to an excited state. The corresponding change
in the dipole moment of the center by an amount Ap,
results® in the formation of a localized region of volume
V, where the spontaneous polarization changes by an
amount AP =Ap,/V, and where a field E =47aP /¢ is
generated (this is known as a photoinduced fluctuation).
If the sign of AP, (which is the same for all the impurity
centers because of symmetry considerations) corres-
ponds to a shift of the energy band edge toward the ex-
citation level, the excited electron is found in the band
where it is displaced by the field E within the fluctua-
tion limits. Another possible conduction mechanism
is the polaron effect, when photoexcitation induces both
a fluctuation and a transition of an excited electron fo
a polaron energy band.*?

Irrespective of the conduction mechanism, the ex-
pression for the steady-state photovoltaic current J is

AP s, (16)

J=

and the kinetics of formation of fluctuations is described
by the equation

=5 (AI—N*)—T:, an

where N* is the concentration of photoinduced fluctua-
tions; N} is its steady-state value; p is the carrier
mobility; M is the concentration of impurity centers;
7, is the lifetime of a fluctuation equal to the lifetime of
an electron in an excited state; I is the illumination in-
tensity; S is the cross section of the interaction of an
impurity center with a photon, The steady-state con-
centration of fluctuations is given by

SIfho
TR0 (i) (18)

*
Ngt=

Substitution of N in Eq. (16) gives the expression for
the photovoltaic current. We can easily see that for
1/7,~10°=10° sec? (Ref. 48), S~107'% cm?, and Is1
W/cm?, the photovoltaic current is a linear function of
I:

. Are SI
J —Voz ep ey M. (1 9)

Let us now substitute in Eq. (19) the following constants
for LiNbO, : Cu®*: Ap,=10"% C-cm, M=8X10 cm=3,
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1,105 sec (Ref. 48), S =10~ cm?, £=30, and /w
~5x102 erg. Then, Eq. (19) reduces to the form

(20)

JiAjem?) = —V"; I (Wiem?) .

Let us compare Eq. (20) with the experimental lux-
ampere characteristic of the photovoltaic current in
LiNbO, : Fe given by Eq. (3). We can do this by sub-
stituting in Eq. (20) the mobility in LiNbQ, for which
contradictory values are given in the literature, For
example, substituting pu =103 ¢m2-V~1:gec™ (Ref, 44),
we find that Eqs. (20) and (3) agree for V,2107% cm?,
which corresponds to an average fluctuation radius

{1y ~1 A, Thus, in this case (l) is close to the average
displacement of an electron predicted by the model of
an asymmetric center and the fluctuation model gives
no new information. However, if we use p=0.8
cm?-V™-sec™ (Ref. 19), the agreement between Egs.
{20) and (3) is obtained for V,=10*' em? and {{) =10 A,
Finally, if we follow Ref. 49 and assume u =15

cm?- V1. gec™, then V,=10"2° ¢m?® and (/) =10-100 A,
which is in agreement with the postulated dimensions of
photoinduced fluctuations in BaTiO, (Refs. 24, 25, and
44). It is important to note that in this case the photo-
voltaic current is due to the motion of carriers under
the action of a finite macroscopie field, which dis-
tinguishes the fluctuation model from the model of an
asymmetric impurity center. It is possible that the
scatter of the values of u for LiNbO, is associated with
different concentrations of impurity centers and other
defects, and with different conditions for the chemical
reduction of crystals in a hydrogen atmosphere. More-
over, one should bear in mind that in comparing Eq.
(20) with Eq. (3) we are using parameters correspond-
ing to the excitation of the Cu®* ions in LiNbO, and also
utilizing the mobility in LiNbO, : Fe.

5. CONCLUSIONS

We can summarize the work on the AP effect (which
is mainly experimental) by listing the main results
about which there is no controversy.

It has been established reliably that a steady-state
photovoltaic current is generated by uniform illumina-
tion of a homogeneous ferroelectric in the absence of
an external field, It has been shown that the anomalous
photovoltages in ferroelectrics, which are several
orders of magnitude greater than the band gap, are as-
sociated with the charging of a crystal by the photo-
voltaic current. The mechanisms of the photovoltaic
current and photocurrent in a ferroelectric are basical-
ly different, and the explanation of the former requires
the hypothesis of a new carrier transport mechanism
allowing for the characteristics of the excitation, re-
combination, and scattering in a pyroelectric crystal.

One such mechanisms, which allows for the asym-
metry of the distribution function of nonequilibrium
carriers associated with the asymmetry of impurity
centers, gives results which are in satisfactory agree-
ment with experiment. The question as to what extent
this mechanism describes the intrinsic (due to funda-
mental absorption) and not the impurity photovoltaic
current has not yet been resolved. In fact, experi-
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mental investigations of the intrinsic photovoltaic cur-
rent have not yet resulted in reliable separation from
the impurity current and should be continued (in par-
ticular, under two-photon absorption conditions). The
behavior of the photovoltaic current near the ferro-
electric phase transition has hardly been investigated.
In the case of such crystals as KFP, whose paraelec-
tric phase has no center of symmetry, measurements
of the photovoltaic current on both sides of the Curie
point should make it possible to estimate this effect in
the nonpyroelectric phase without a center os sym-
metry. The AP effect in piezoelectric materials is
still to be investigated.

There is little doubt that studies of the AP effect,
which is of intrinsic interest, will make an important
contribution to the physics of ferroelectricity. More-
over, this contribution should increase as the theory
of the AP effect is developed.

The authors are grateful to A, P, Levanyuk for
valuable discussions and many helpful comments on the
manuscript.
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