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Measurements On a variety of doped (magnesium and/or iron) and undoped lithium niobate 
crystals in the oxidized state demonstrate an Arrhenius dependence of dark conductivity on 
reciprocal temperature between 460 and 590 K. All of the crystals had roughly the same 
conductivity and activation energy (1.21 eV) over the temperature range, implying that all 
have about the same free-carrier concentration and mobility. The enhanced photoconductivity 
of magnesium-doped lithium niobate is attributed to a greatly reduced trapping cross section of 
Fe3 + for electrons, the smaller cross section being due to a changed substitutional site for 
Fe3 +. The Fe3 + trapping cross section is calculated from photoconductivity data to be of order 
10- 18 m2 in undoped lithium niobate. This implies a photoelectron lifetime of order 6 X to-lIs 
in a relatively pure (2-ppm Fe) oxidized crystaL 

INTRODUCTION 

Lithium niobate (LN) crystals of excellent optical qual­
ity and with strong electro-optic coefficients are grown by 
the Czochralski method. The compound has been widely 
used in electro-optic devices, both of the bulk type, such as 
modulators, and the waveguide type, such as binary switch­
es. Such applications are partially limited, however, by two 
effects related to the semiconductive properties of the crys­
tal, its conductivity and its absorptivity. Both of these prop­
erties may have their origin in the intrinsic behavior of crys­
tals, or be due to impurities and defects. Two particularly 
important aspects of electronic behavior in LN, the photore­
fractive effect and photoconductivity, have been shown to be 
primarily due to iron impurities, present at the parts per 
million level in even the purest crystals. I

,2 The complete 
analysis of these effects has been hindered because the value 
of some important electronic parameters, such as the mobil­
ity and the photoelectron lifetime, are uncertain. 

Within the past few years it has been ascertained that the 
addition of five mole percent of magnesium oxide to LN 
raises its photoconductivity by two to three orders of magni­
tude, while most of its other properties are relatively un­
changed.3

.4 This finding was quite unexpected. Magnesium 
oxide at the one mole percent level has been commonly used 
to alter the phase-match temperature of LN by slightly 
changing its extraordinary refractive index,5 but other major 
effects had not been seen. Even after the discovery of the 
enhanced photoconductivity, it was not immediately clear 
whether it was due to increased photoionization, increased 
mobility of the photoelectrons, or to a greater photoelectron 
lifetime. Further experimentation was necessary to distin­
guish among these three possibilities. 

A very useful measurement to promote understanding 
of electronic processes in pure LN is the determination of the 
electron mobility. In polar oxides similar to LN, the mea­
sured room-temperature mobilities are often found to be 

about to- 4 m2 IV s, a value considered to be in the transition 
region between band and hopping conduction. Oxidized LN 
is an excellent insulator, where the combination of low mo­
bility and few charge carriers makes the measurement of 
mobility impossible. Three reported mobility valueslH! were 
found by reducing the oxide crystals and introducing stoi­
chiometric defects, which enhanced the conductivity and 
photoconductivity and made Hall effect measurements pos­
sible. The drawback to this method is that the heavily re­
duced crystal may not have the same mobility as the pure 
crystal. Ohmori et al.6 measured the mobility of photoexcit­
ed carriers, principally below room temperature, while Na­
gels 7 and Josch et al. 8 both used heavily reduced crystals and 
worked at high temperatures to further increase the conduc­
tivity. Ohmori reported that the mobility increased with de­
creasing temperature, while the other authors found the op­
posite. Both Nagels' and Josch's data supported the 
hypothesis that they had observed hopping conductivity. It 
is possible that strong reduction causes a transition from 
band to hopping mobility. In the calculations to follow, Oh­
mori's results will be used, since his more lightly reduced LN 
should better approximate the oxidized or slightly reduced 
crystals commonly used in photorefractive effect and photo­
conductivity experiments. 

CONDUCTIVITY 

While the direct measurement of mobility in oxidized 
LN is impossible, we present conductivity data permitting 
the comparison of mobilities in crystals of different doping. 
To do this the resistivity of well oxidized crystals was mea­
sured in the crystallographic c direction (it was also found 
that a-direction resistivities were approximately equal to 
those in the c direction). All of the crystals tested were 
grown from congruent melts by Crystal Technology, Inc., 
but the dopant concentration differed significantly. Two 
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crystals were grown from starting materials purified by the 
floating zone technique; one was a commercial, optical qual­
ity crystal; two had an addition of five mole percent ofMgO: 
one had five mole percent MgO and 100 ppm of iron; and one 
was doped with five mole percent of MgO and 200 ppm of 
iron. The sample dimensions were about 6 X 6 X 2 mm, the c 
axis corresponding to one of the long dimensions and the 
other two crystallographic axes along the other edges. Silver 
paste electrodes were applied to faces normal to the c direc­
tion, and the resistance of the samples was measured with a 
Keithley 616 electrometer. Measurements were made 
between 190 and 315°C, but pyroelectric effects made for 
larger uncertainties below 220 0c. 

Figure 1 shows the results of the measurements. It is 
seen that the data for log resistivity as a function of recipro­
cal temperature can be fit by straight lines for each crystal, 
particularly at temperatures above 220"C. Within the repro­
ducibility of the measurements, all of the slopes are approxi­
mately the same. The samples which are magnesium doped 
and have no other additive have a somewhat higher resistiv­
ity than the rest, while the crystals which are zone purified 
have a slightly lower resistivity. It is not certain whether 
these minor variations, which may be associated with stoi­
chiometry fluctuations as found by Bollmann and Ger­
nand,9 are reproducible. All of the data may be adequately 
represented, in terms of conductivity, by the equation 

(7= 1620exp[ - (1.94XIO- 19 )lkT] , (1) 

where (7 = conductivity (n m) -I, T = temperature (K), 
and k = Boltzmann's constant = 1.38X 10- 23 J/K. 
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FIG. I. Resistivity of a number of lithium niobate crystals of various com­
positions as a function of inverse temperature. (Open circles) commerical 
optical quality; (open and solid squares) floating zone purified; (open and 
solid triangles) S-mol % MgO; (open diamonds) S-mol % MgO + 100-
ppm Fe; (solid diamonds) S-mol % MgO + 200-ppm Fe. 
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The energy, 1.94 X 10- 19 J, corresponds to 1.21 eV. To 
the extent that Eq. (1) satisfactorily represents the data, all 
of the crystals have approximately the same conductivity 
parameters. That is, it is reasonable to conclude that there 
are no large differences in activation energy, mobility, or 
effective mass among the LN crystals we have studied, in 
spite of their large compositional differences. This result is 
surprising for both the magnesium and the iron dopants. 

Several models could be considered to explain the con­
ductivity given by Eq. ( 1). One model takes the conductivity 
as extrinsic. The crystals measured were all congruent, and 
have lithium and oxygen vacancy concentrations of order 
1 %. A model of conductivity based on doubly ionizing oxy­
gen vacancies containing trapped electrons, with the ioniza­
tion energy approximately equal to the optical energy gap, 
can account for Eq. (1) in undoped LN. One would expect, 
however, that either magnesium or iron doping should sub­
stantiaHy alter the crystal's conductivity if this model is cor­
rect, because magnesium doping changes the vacancy equili­
bria.1O Iron doping introduces numerous trapped electrons, 
substantially altering the photoconductivity and optical ab­
sorption, and might also be expected to change the extrinsic 
conductivity. 

An alternate model assumes that the conductivity de­
scribd by Eq. (1) is intrinsic. The immediate objection to 
this idea is that the optically determined energy gap ofLN at 
200 °C is 3.7 eV, II about three times greater than the activa­
tion energy in Eq. (1), whereas in an intrinsic model the two 
energies should differ by a factor of 2. The intrinsic model 
could. be valid if LN were an indirect gap semiconductor 
with an energy gap of 2.4 eV. A rough calculation of the 
intrinsic conductivity for this case, using Ohmori's value of 
the mobility, gives results within an order of magnitude of 
Eq. ( I. ). This does riot prove the intrinsic model correct, but 
shows that it is not ruled out. In addition, small polaron 
hopping conductivity is possible. 

Some semiconductors can be identified as indirect gap 
materials by examining details of the optical absorption 
edge. Redfield and Burke l1 measured the absorption edge of 
LN as a function of temperature and stoichiometry at optical 
energies between 3.2 and 4.4 eV. They found the spectrum to 
have "unique curvature and great breadth at low tempera­
ture," and attributed this to the internal electric fields of 
charge defects, a very plausible explanation in congruent 
LN. Unfortunately, under these circumstances it becomes 
difficult to use the spectrum to decide between direct and 
indirect gap absorption. 

Many of the properties of LN will continue to be ob­
scured by the nonstoichiometry of the compound. It may 
thus not be easy to establish definitely whether Eq. (1.) rep­
resents intrinsic or extrinsic conductivity. However, if a 
doped composition can be found with a lower conductivity 
and a higher activation energy over a significant temperature 
range than is given by Eq. (1), then Eq. (1) must describe 
extrinsic behavior. 

PHOTOCONDUCTIV!TY 

While most of the basis concepts describing photocon­
ductivity in LN have been understood for some timel.2.12-17 
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(at least, at light intensities low enough so that nonlinear 
processes are not significant), some of the microscopic pa­
rameters involved were unknown. We shall show that Oh­
mori's measurement of the mobility can be used to derive a 
set of parameters which are in reasonable agreement with 
data on photoconductivity and the photorefractive effect. 
Furthermore, an explanation is given below for the high 
photoconductivity of magnesium-doped LN. 

The photoconductivity of LN is primarily due to iron 
impurity. In iron-doped LN, irradiated with light lower in 
frequency than the absorption edge, the main source of pho­
toelectrons is the photoionization of F e2 + . 

Fe2+ + photon __ Fe3+ + electron. (2) 

The photoelectron contributes to the photoconductivity 
until it is retrapped by an Fe3+ ion in the process 

Fe3+ + electron __ Fe2+ + phonon. (3) 

The magnitude of the free-electron concentration is es­
tablished by the condition that the rate of free-electron cre­
ation must equal the rate of trapping. The free-electron cre­
ation rate is 

(4) 

where 1 = light intensity (W 1m2), h = Planck's con­
stant = 6.63X to- 34 J s, v = light frequency (Hz), 
N2 = Fe2+ ion concentration {ions/m3), S2 = cross section 
of Fe2+ion for light of frequency v (m2), and rp = quantum 
efficiency, photoelectrons created per absorbed photon. 

The rate of electron capture is 

nN~3v, (5) 

where n = free-electron concentration (electrons/m3
), 

N3 = Fe3 + ion concentration (ions/m3
), S3 = cross section 

ofFe3+ for electron capture (m2), and v = thermal velocity 
of electrons (ml s) . 

Equating (4) and (5) 

( 
1 ) rp S2 N2 

n = -;;; -; S3 N3 . 

The photoconductivity Iiu is given by 

Iiu = nep, , 

(6) 

(7) 

where e = electronic charge = 1.60 X to- 19 C andp, = elec­
tron mobility (m2;V s). Then, from (6) and (7) 

(8) 

We shall try to determine S3 by estimating the other 
terms in Eq. (8) from experimental data. p" the electron 
mobility, is approximately 0.8X to-4 m2jV s at room tem­
perature.6 v, the electron thermal velocity, is about 1.2 X lOS 
m/s at room temperature. 

The value oft/J, the quantum efficiency, can be approxi­
mated by using the idea that the scattering distance for elec­
trons in the photorefractive effect should be of comparable 
magnitude to the scattering distance calculated from the mo­
bility, since similar electron-phonon interactions govern 
both processes. Now 

p, = ffslme = eLJmev , (9) 

whereTs = electron collision time(s),Ls = mean scattering 

3555 J. Appl. Phys., Vol. 60, No.1 0, 15 November 1986 

distance between collisions (m), and me = electron effec­
tive mass::::: 9. 1 X to- 31 kg. 

For p, = 0.8X to-4 m2jV s, Ls = is found to be 0.054 
nm. Grousson et al. 16 recently measured the photorefractive 
anisotropy constant K for iron-doped LN at 2.9 e V, just be­
low the photon energy at which the anisotropy constant is a 
maximum. They then calculated ¢>Lp by using the equation 

K = (elhv)¢>Lp , (to) 

where K = anisotropy constant (A m/W) and Lp = pho­
torefractive scattering distance (m). 

¢>Lp was found to be 0.06 nm. Therefore, at this wave­
length, ¢>Lp is about equal toLs. IfinadditionLp ~Ls' ¢> is of 
order unity. The value of ¢> decreases at longer wavelengths, 
as shown by a decreasing anisotropy constant. 16 At 2.5 eV, 
¢> ~0.5, the value we shall use. 

The ratio N21 N3 depends on the state of oxidation of the 
crystal, and has been determined, by Mossbauer spectrosco­
py and by photrefractive measurements, to be approximate­
ly 0.05 in oxidized crystals and lOin reduced crystals. 14 

S2 can be estimated from the absorption coefficient a of 
LN crystals by using the equation a = SzN2' However, the 
literature data on a as a function of divalent iron content 
vary widely, partly because of the difficulty in determining 
divalent iron concentration and partly because in highly re­
duced crystals, where the divalent iron concentration is 
known, a second strong absorption appears, possibly asso­
ciated with Nb4 +.18 For oxidized crystals containing 200 
ppm Fe, we found a = 70 m- I

. If N21N3 = 0.05, 
S2 = 1.5 X 10- 22 m 2

, close to most of the literature values. 
Substituting in Eq. (8) the values for p" ¢>, v, and S2 

indicated above, 

2X to- 32 N Iiu= _21. (11) 
S3 N3 

Kratzig's measured value for Iiu, as a function of iron 
valency, is, in S. I. units l5; 

(12) 

From (11) and (12) we calculate S3 = 1.3 X to- 18 m2
• 

There is an approximate theoretical relationship that can 
also be used for estimating S3' It is known from Mossbauer 
spectroscopyl4 and from field annealing experiments I that 
the principal site for iron substitution is the lithium site, with 
Fe3+ replacing Li +. The electron capture cross section is 
then that of a + 2 impurity relative to its lattice site, given 
byl9 

S3 = [2(91T)e4 ]1[ 16(41r€)2(kn2] , (13) 

where E = dielectric constant (F/m). 
For LN the average value of the damped dielectric con­

stant is 3.3 X 10- 10 F Im,20 leading to S3 = 8 X to- 18 m 2 at 
300 K, a factor of 6 higher than the value calculated above 
from Eq. (8) and Kratzig's data [although there is a correc­
tion of magnitude 0.1 to 0.01 which should be applied to the 
S3 calculation from Eq. (13) because of the short electron 
scattering distance in LN]. In view of the many rough ap­
proximations in these calculations, and the approximate na­
ture of Eq. (13), the agreement of the two values for S3 
indicates that 1.3 X to- 18 m2 is a reasonable magnitude. 
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Several other tests of Eq. (8) may be cited. For heavily 
reduced LN doped with 0.2-wt. % Fe, Glass et al. 21 have 
measured Aa = 1.5 X 10 - \3 I. Equation (8), with N21 
N3 = 10 (reduced conditions) and S3 = 1.3X 10- 18 m2, 
gives the same result. For oxidized LN with 0.015-wt. % Fe, 
Grousson et al. 16 found Aa = 2.6X 10- 16 I, whiJ.e Eq. (8), 
with N21N3 = 0.05 and S3 = 1.3x 10- 18 m2, gives 
At7 = 7.7x 10- 16 I, within a factor of 3 of the experimental 
result. Our previous measurements on undoped oxidized 
crystals4 agree with Eq. (8) to within a factor of about 4. 

Equation (8) is not new. Grousson et al. 16 presented 
almost the same equation in a different form. However, the 
use in this article of Ohmori's value of mobility, and the 
argument for a high quantum efficiency, leads to a set of 
parameters which are consistent with most of the experi­
mental data. 

MAGNESIUM-DOPED LITHIUM NIOBATE 

It is found that very large quantities of magnesium, an 
ion of charge + 2, are able to substitute for lithium, of 
charge + 1, with little effect on many electronic properties, 
including the photorefractive anisotropy current. However, 
the photoconductivity is increased by two to three orders of 
magnitude. If one evaluates the factors entering Eq. (8), the 
only one that can be expected to be markedly affected by 
magnesium substitution without also affecting the anisotro­
py current is S3' the trapping cross section for Fe3 +. ESR 
data have shown that the Fe3+ site in the magnesium-doped 
crystal differs from that in nominally pure LN. 22 In the lat­
ter, S3 is relatively large because the Fe3+ ion functions as a 
doubly positive impurity in an Li + site, and both M6ssbauer 
and ESR spectra indicate that there is no compensating neg­
ative impurity nearby. In the new site ofFe3+ in the magne­
sium-doped crystal, the ion could be a neutral or negative 
substituent, which would have a much lower cross section 
for electron trapping. To increase the photoconductivity by 
a factor of 100, S3 would have to decrease to an average 
trapping cross section of 1.3 X 10-20 m2, somewhat larger 
than the area presented by an Fe2 + ion, in the magnesium­
doped crystal. 

Considered as a chemical process, the addition of mag­
nesium as a substituent for lithium results in an excess of 
positive charge in the crystal, which may be compensated for 
by lithium expulsion and the incorporation of negative oxy­
gen ions in the lattice. However, compensation by any other 
chemical change which will introduce negative charge to the 
lattice is also favored. One such change would be for iron to 
substitute for Nb5 

+, rather than for Li +. It has not been 
determined that this occurs. The ESR data show that the 
environment of the iron ion is changed by the magnesium 
addition, however, and the above chemical considerations 
dictate that the change should tend to make the iron a neu­
tral or negative substituent. The complex defect chemistry of 
LN does not permit a definite assignment of the new iron 
site. 

PHOTOEXCITED CARRIER LIFETiME 

3556 

The lifetime of the excited electron, l' e (s), is given by23 

1'.=(N~3V)-I. (14) 

J. Appl. Phys., Vol. 50, No. 10,15 November 1986 

The lifetime is often determined by measuring the diffu­
sion length and then finding the lifetime 1'. from the well­
known expression 24 

1'. = (elp..knL 2, (15) 

where L = diffusion length (m). 
For nominally pure, oxidized LN, with an iron concen­

tration of 2 ppm, N3 ~ lOZ3 ions/m3
, S3 is 1.3 X to- 18 m2, 

and v is 1.2 X lOS mls. This leads to a photoelectron lifetime 
of 6 X to-II S in the crystal. For a reduced crystal, the life­
time is an order of magnitude greater, since the F e3 + concen­
tration is reduced by 10. 

In oxidized, magnesium-doped LN with 2 ppm of iron 
content, the photoconductivity is enhanced by two or more 
orders of magnitude. Taking S3 as 1.3 X 10- 20 m2

, the life­
time in this crystal is about 6x 10-9 s. For the same crystal 
in the reduced state, the lifetime should be 6x 10-8 S. It 
should be emphasized that all of these quoted lifetimes are 
order of magnitude estimates. 

The photoconductivity model presented here can be 
tested by a direct measurement of either the photoelectron 
lifetime or the diffusion length in these crystals. The larger 
values of these parameters in magnesium-doped LN may 
make the measurement easier in this material. A partial test 
of the lifetime values would be to measure the rise time of the 
photoconductivity, which is equal to or greater than the pho­
toelectron lifetime, depending on the trap level energies. A 
laser emitting radiation pulses appreciably shorter than the 
rise time will induce a correspondingly reduced photocon­
ductivity, and should have a higher hologram writing effi­
ciency. 

SUMMARY 

A simple theory has been given in which approximate 
cross sections are calculated for photoionization and retrap­
ping of electrons in lithium niobate. The theory is based on 
conductivity measurements and on the use of a value ofthe 
electron mobility which was determined by the photoexcita­
tion of reduced samples. 6 In order to make more precise 
determinations of the cross sections presented here, and to 
test the theory further, it would be useful to have both an 
Ohmori-type direct experimental determination of the 
charge carrier mobility in magnesium-doped lithium nio­
bate, and a measurement of the photoelectron lifetime. 
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