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Photorefractive properties of LiNbO3 crystals doped by copper diffusion

K. Peithmann,* J. Hukriede, K. Buse, and E. Kra¨tzig
Fachbereich Physik, Universita¨t Osnabrück, D-49069 Osnabru¨ck, Germany

~Received 1 June 1999!

Lithium niobate volume crystals~up to 1 mm thick! are doped by indiffusion of thin layers of evaporated
copper. The obtained samples are investigated by conventional electrical and holographic methods. Saturation
valuesDns of the refractive-index changes, bulk-photovoltaic current densitiesj phv, and photoconductivities
sph are measured utilizing samples with copper concentrations in the range (2.22145)31024 m-3. Comparison
with experimental data for melt-doped lithium niobate shows that the photorefractive properties do not depend
on the doping technique. Another important outcome is that the refractive-index changes saturate at 7
31024 ~ordinary light polarization, green light! for copper concentrations larger than 6031024 m-3. This is
caused by a strong increase of the photoconductivity for high doping levels.
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I. INTRODUCTION

Lithium niobate (LiNbO3) is a promising photorefractive
material for applications in the fields of, e.g., waveleng
filters1 and holographic data storage.2–5 The photorefractive
effect is based on the buildup of electronic space-cha
fields upon inhomogeneous illumination. These fields mo
late the refractive index via the electrooptic effect. Oft
LiNbO3 crystals are doped with iron,6,7 which occurs in
LiNbO3 in the valence states Fe21 and Fe31. These ions act
as sources and traps of electrons. Space-charge fields
refractive-index changes are supposed to increase line
with the Fe31 concentration.8–10 Anyhow, recent experi-
ments show that the saturation values of the refractive-in
changesDns are limited, even for highly doped samples. T
reason is a strong increase of the photoconductivity.10 Fur-
thermore, the dark conductivity rises also with higher ir
content which is disadvantageous, too. It is an open ques
whether these detrimental effects can be avoided by do
with other elements.

Copper doping might be an alternative that we want
investigate. The growth of LiNbO3 crystals doped with dif-
ferent amounts of copper by adding CuO to the melt for t
purpose is timeconsuming and expensive. We use diffus
doped samples. It is known that the diffusion constant
copper in LiNbO3 is more than 500 times larger than that
iron under the same conditions.11,12 Therefore, in the presen
contribution diffusion-doped LiNbO3 volume crystals are in-
vestigated. For this purpose, thin layers of copper are eva
rated on undoped LiNbO3 wafers, and subsequently the co
per is indiffused by keeping the crystals at high temperat
for some time. Diffusion doping allowed us to prepare
large number of LiNbO3 samples with different amounts o
copper and to explore carefully the magnitude of t
refractive-index changes as a function of the doping leve

Copper appears in LiNbO3 also in two different valence
states (Cu1 and Cu21). Former investigations with melt
doped LiNbO3:Cu samples showed that the photorefract
effect and the charge-transport processes can be well un
stood in terms of the one-center model:13 Electrons from
Cu1 impurities are excited into the conduction band
PRB 610163-1829/2000/61~7!/4615~6!/$15.00
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green or blue light. They are redistributed and finally trapp
by Cu21 centers acting as empty traps. The bu
photovoltaic effect is the main charge-driving force.14 The
one-center model yields the relationsj phv}cCu1I , sph

}(cCu1 /cCu21)I , and Dns}cCu21, where j phv is the bulk-
photovoltaic current density,sph is the photoconductivity,
Dns is the saturation value of the refractive-index chang
cCu1 and cCu21 are the concentrations of filled and emp
traps, respectively, andI is the averaged light intensity in th
crystal.

To enhance, e.g., the storage capacity of LiNbO3:Cu,
large values ofDns are desired.15 Large total copper concen
trationscCu5cCu11cCu21 are required to provide a sufficien
concentrationcCu21 even for reduced samples. Here, w
present experimental data of the photorefractive propertie
LiNbO3:Cu, obtained for a wide range of doping concent
tions cCu. Absorption spectra and the relevant photorefra
tive propertiesDns, j phv, and sph are measured in thes
diffusion-fabricated samples, and, for comparison, in so
crystals where CuO has been added to the melt during cry
growth.

II. EXPERIMENTAL METHODS

A. Samples

Pieces of twox-cut 3’’ LiNbO3 wafers, purchased from
Crystal Technology~either 1 mm or 0.5 mm thick!, are pre-
pared@size aboutz3y5835 mm2, see Fig. 1~a!#. In a sec-
ond step, thin copper layers of various thickness are dep
ited onto the top face of the samples. Up to 715 nm-th
copper layers are employed@Fig. 1~b!#. Then the crystals are
wrapped into platinum foil and annealed at 1000°C for 10
in air. Finally, the slabs are cut into three or four pieces@Fig.
1~c!#: The largest piece~surface size about 534 mm) is op-
tically investigated. In some cases repolishing of the surfa
after the annealing treatment is necessary. A list of th
samples is given in Table I. Additionally, one smaller crys
is prepared@indiffusion of a 455 nm copper layer, thicknes
of only 0.8 mm, Fig. 1~d!#. Both z faces of this small sample
are polished to optical quality.
4615 ©2000 The American Physical Society
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B. Absorption measurements

Absorption spectra in the visible and infrared wavelen
region (400 nm,l,1300 nm) are measured utilizing
CARY 17D spectrometer. The absorption constantsa477 nm

o

anda1040 nm
o yield the concentrations of Cu1 and Cu21 ions

according to the relations13,16

cCu152.031021 m22a477 nm
o , ~1!

cCu2156.831022 m22a1040 nm
o . ~2!

Additionally, some spatially resolved absorption measu
ments are performed using ordinarily polarized, focused la
light (l5477 nm, focus diameter of about 50mm). Our
specially prepared thin sample@see Fig. 1~d!# is mounted on

FIG. 1. Crystal fabrication process.~a! Piece of a LiNbO3 wafer,
cut from a 3’’ crystal, either 1 mm or 0.5 mm thick.~b! A thin layer
of copper~thickness up to 715 nm! is deposited onto the top sur
face.~c! The layer is diffused into the sample, which is then cut in
three or~as shown here! four pieces.~d! The prepared samples hav
dimensions of 53431(0.5) mm3. One very small sample is als
cut ~thickness 0.8 mm!.

TABLE I. Notation, thickness of the deposited copper layer, a
total copper concentrationcCu of the investigated LiNbO3 crystals,
deduced from the absorption spectrum or calculated from the
layer thickness. The first number of the notation refers to the cry
boule, the second number enumerates the pieces that have
prepared. Additionally, the investigated samples where CuO
added to the melt are listed, too.

Cu-layer cCu (1024m23)

Notation
Thickness

~nm!
By

absorption
By layer
thickness

JK17-1, 2, 3 5.3
JK50-1, 2, 3 65 7.1 5.4
JK100-1, 2, 3 130 14 11
JK200-1, 2, 3 260 31 22
JK350-1, 2, 3 455 55 38
JK500-1, 2, 3 650 75 54
JK400-1, 2, 3 520 106 86
JK550-1, 2, 3 715 145 120

727-17, 18, 19 2.2
728-5, 8, 14, 32 12
730-11, 12, 13, 14 72
h

-
er

a motor-driven translation stage. The sample is moved al
the x direction through the focus, and the intensity of t
transmitted light is measured. From these data, the de
dence of the absorption coefficienta477 nm

o on the crystal
depthx is deduced, i.e., the homogeneity of the Cu indiff
sion is checked.

The concentration ratiocCu1 /cCu21 is varied by additional
annealing treatments in an argon~for reduction! or oxygen
~for oxidation! gas atmosphere.7,17 For our investigation, we
prepare always three crystals with the same total amoun
copper, but different ratioscCu1 /cCu21 varying in the range
from 0.03 up to 1.

C. Holographic characterization

Holographic experiments are carried out using a stand
two-beam-interference setup~for details see Ref. 10!. Light
of an argon-ion laser~wavelengthl5514 nm, ordinary po-
larization, light intensity up to 1 kW m22) is used to write
one hologram~fringe spacingL51.2 mm). Alternatively,
four holograms are written, which are superimposed by
gular multiplexing. In these experiments the technique
incremental recording with active phase locking
utilized.18–20Recording beams of equal intensity are used
all cases in order to minimize dynamic effects arising fro
self diffraction.21 After waiting until saturation is reached
the obtained diffraction efficiencyh is measured by blocking
one of the recording beams. The remaining beam is
fracted, and the intensities of transmitted (I t) and diffracted
beam (I d) are measured. The diffraction efficiencyh is cal-
culated usingh5I d /(I d1I t). In the case of four superim
posed holograms, rocking curvesh(q) are measured (q:
rotational angle of the sample!. This takes longer than a
single reconstruction of one hologram. Thus the light inte
sity is lowered by a factor of 100 to avoid erasure effe
during reconstruction. From these measurements, the sa
tion values of the refractive-index changesDns can be de-
duced, using Kogelnik’s formula22

h5sin2S pDnd

l cosu D , ~3!

wherel is the vacuum light wavelength,u the beam angle
between the propagation direction of the light and the surf
normal inside the sample, andd the thickness of the crystal
In the case of superposition of four holograms of eq
strength, the refractive-index changeDns,1 of one of the ho-
lograms is measured. This yields the saturation value of
refractive-index change for a single hologram viaDns54
3Dns,1, which has been checked for several samples.

The photoconductivitysph is obtained from the time con
stants of hologram erasure. A third laser beam (l5514 nm,
ordinary polarization! is used for off-Bragg erasure to avoi
any self-enhancement effects. In our experiments ordina
polarized HeNe-laser light (l5633 nm) is used for readou
of the holograms. All measurements are carried out un
short-circuited conditions that are achieved by contacting
y andz surfaces of the samples with silver-paste electrod

Two different techniques for processing of the experime
tal results are employed: For samples that fulfill the con
tion a514 nm

o d,1 an averaged light intensityI in the sample
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is calculated using I 5I in(12R)(a514 nm
o d)21@12exp

(2a514 nm
o d)#@12R exp(a514 nm

o d)#21 (R denotes the reflec
tivity, and I in the intensity of the incident light!, taking into
account absorption and reflection losses. The decay ca
described by a monoexponental lawDn(t)5Dn0exp(2t/t),
where Dn05Dn(t50) denotes the initial refractive-inde
change andt the Maxwell time. Fromt we deduce the pho
toconductivity via sph5ee0 /t (e528 is the dielectric
constant,23 ande0 the permittivity of free space!.

Some crystals exceed the conditiona514 nm
o d,1. In this

case a monoexponential approximation ofDn(t) is not
applicable;24 the influence of the decreasing light intens
along thex direction has to be considered. We solve t
coupled-wave equations22 numerically and calculatesph
from the t front at the front surface of the crystal viasph
5ee0 /t front , corresponding to the valueI 5(12R)I in for the
light intensity.24

Bulk-photovoltaic current densities are measured conv
tionally. The samples are homogeneously illuminated w
ordinarily polarized green light (l5514 nm, a Xenon arc
lamp in combination with a grating monochromator!. The z
surfaces of the samples are again contacted with silver p
and connected to a high-sensitive electrometer, which det
the photovoltaic current. For a detailed description of t
setup see Ref. 25.

III. EXPERIMENTAL RESULTS

A. Samples fabricated by copper indiffusion

Various samples with different copper contents are fa
cated. The color of the obtained crystals is brown-oran
quite similar to the color of the samples grown with Cu
added to the melt. To quantify this, absorption spectra
measured. In Fig. 2, the absorption spectrum of sam
JK200-3 is shown. An absorption band at 1.2 eV~1040 nm!
appears, and for a photon energy of more than 2.2 eV
absorption rises again. This spectrum looks as the spect
conventionally prepared samples.13 Evaluating these spectr
as described above@see Eqs.~1! and~2!#, the entire concen-
tration of coppercCu5cCu11cCu21 is determined for each
sample. The obtainedcCu is found to be independent of th
annealing state of the crystal, i.e., of the concentration r

FIG. 2. Absorption coefficientao versus photon energy for or
dinarily polarized light.
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cCu1 /cCu21. Additionally, the total amount of copper in th
material is directly calculated using the known thickness
the deposited copper layer and supposing complete ind
sion. Table I summarizes the obtained results.

To check whether a homogeneous distribution of cop
through the crystal volume is reached, we measure the
sorption coefficienta477 nm

o as a function of the crystal depth
using the small crystal slab and a focused light beam. T
result is shown in Fig. 3. A decrease of the absorption
about 20% with increasing depth occurs.

B. Saturation values of the refractive-index changes

Our results of the saturation values of the refractive-ind
changesDno for various traps densitiescCu21 are presented
in Fig. 4. Three outcomes are noteworthy:~a! The obtained
Dns is limited. No values aboveDns, max5731024 can be
reached, even for high concentrationscCu21. For very high
contents of empty traps even a decrease ofDns is observed.
~b! A linear dependenceDns}cCu21 is found to be correct
only for very small values ofcCu21 up to 1031024 m-3. In

FIG. 3. Absorption coefficienta477 nm
o versus crystal depthx.

FIG. 4. Saturation values of the refractive-index changesDns

versus trap concentrationcCu21 for green light (l5514 nm), mea-
sured for the diffusion-doped samples~dots! and for the crystals
doped conventionally during growth~crosses!. A linear dependence
Dns}cCu21 is observed in the range 0,cCu21,1024 m-3; the solid
line is a linear fit.
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this region we obtainDns/cCu2152.9310229 m3. For larger
concentrations,Dns grows slower, and for very large value
of cCu21, a decrease of the saturation values is observed~c!
The values ofDns are independent of the crystal fabricatio
process; the diffusion-made samples show within the m
suring accuracy the sameDns as the conventionally dope
crystals.

C. Bulk-photovoltaic effect

Bulk-photovoltaic currents are measured for differe
light intensities and concentrationscCu1 of filled traps. The
results for a medium-doped sample~JK200! are shown in
Fig. 5. The first plot reveals that the bulk-photovoltaic cu
rent densityj phv grows linearly with increasing light intensit
I. Part~b! of Fig. 5 shows that the ratioj phv/I depends lin-
early on the concentrationcCu1, as predicted by the one
center model. These dependences are carefully checke
all investigated samples, and they are found to be valid e
for samples of the highest copper content. Finally, we ca
late the bulk-photovoltaic coefficientb* 5 j phv/(cCu1I ). The
dependence ofb* on the entire copper concentration in th
crystal is shown in Fig. 5~c!. In this figure, the results for ou
diffusion-fabricated samples are marked by dots, and the
ues obtained using the conventional-grown crystals are i
cated by crosses. Two outcomes are remarkable:~a! An in-
crease of cCu causes an enhancement ofb* . In the
investigated range~from cCu52.231024 m-3 up to an entire
copper content ofcCu514531024 m-3) the coefficientb*
grows by a factor of about 3.~b! No significant difference is
found between the results obtained with diffusion- and m
doped samples.

D. Photoconductivity

In this section our results for the photoconductivitysph
are presented, using the samples JK200. Figure 6~a! shows
the dependence ofsph on light intensityI. A linear relation is
found. The second part in Fig. 6 reveals that the ratiosph/I
depends linearly on the concentration ratio of filled a
empty traps,cCu1 /cCu21. For all investigated samples w
confirm these linear dependences, using light intensities
to 600 Wm-2. As the last step, we calculate the specific ph
toconductivity as the ratiosph/@(cCu1 /cCu21)I #. The depen-
dence of this parameter on the entire content of coppercCu is
shown in Fig. 6~c!. Two interesting features are obvious:~a!
A very strong increase of the specific photoconductivity
found. It grows in the investigated range by a factor of ab
40. ~b! Within the measuring accuracy, the obtained valu
are independent of the crystal-production process.

IV. DISCUSSION

Diffusion of evaporated copper layers into commercia
available LiNbO3 wafers is an easy way to produce dop
volume material. The resulting samples have similar pho
refractive properties as crystals fabricated by adding CuO
the melt: The color and the absorption spectrum corresp
to those of conventional LiNbO3:Cu, and bulk-photovoltaic
coefficients and specific photoconductivities are equal.
moderate diffusion times~100 h! a quite good homogeneit
of the copper distribution in the 1 mm-thick material
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reached~see Fig. 3!; the value ofa477 nm
o for one sample

varies in the range of only 20%. The long annealing time
100 h rules out that a changedcCu1 /cCu21 concentration ra-
tio is the reason of the small remaining absorption inhom
geneity. However, this variation ofcCu has no significant
influence on our experimental results, which has be
checked by turning the crystals and illuminating them fro
the other side in our holographic setup. Additionally, t
changes of the light intensityI (x) within the sample due to
absorption are much larger than the change ofcCu. Evapo-

FIG. 5. Measured data~symbols! and linear fits~dashed lines!
of: ~a! Bulk photovoltaic current densityj phv versus light intensityI
for l5514 nm, measured with sample JK200-3.~b! Ratio j phv/I
versus concentrationcCu1 of filled traps for the crystals JK200.~c!
Specific photovoltaic coefficientb* 5( j phv/I )/cCu1 versus entire
copper concentrationcCu for diffusion-fabricated samples~dots!
and for crystals doped conventionally during growth~crosses!.
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rating copper onto both surfaces of the wafer may impro
the homogeneity further and may allow fabrication
samples thicker than 1 mm. So for photorefractive appli
tions of LiNbO3:Cu, our technique might be an easy, prac
cable, and inexpensive way to provide samples.

Comparing the values for the copper contentcCu mea-
sured by absorption spectra and calculated from the de
ited copper layer thickness, we find a mismatch of up
30%. The mismatch occurs for all samples that we have

FIG. 6. Measured data~symbols! and linear fits~dashed lines!
of: ~a! Photoconductivitysph versus light intensityI ~sample
JK200-3!. ~b! Ratiosph/I versuscCu1 /cCu21 for the crystals JK200.
~c! Specific photoconductivity (sph/I )/(cCu1 /cCu21) versus entire
copper concentrationcCu for diffusion-fabricated samples~dots!
and for crystals doped conventionally during growth~crosses!.
e

-
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o
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vestigated. This may arise from difficulties in estimating o
evaporated layer thickness, but also uncertainties in the
torscCu1 /a477 nm

o andcCu21 /a1040 nm
o may contribute. Further

investigations, such as EPR or neutron-activation exp
ments are supposed to elucidate this topic. But it should
pointed out that the doping level, controlled by depositing
certain layer thickness, can be adjusted very carefully. T
is an advantage compared to the conventional method, w
suffers from the fact that the distribution factor of copper f
melt growth of LiNbO3:Cu is different from one.26 This
causes problems regarding adjustment of the desired con
of cCu in the samples and regarding the doping homogene
In our investigation, we always use the copper concen
tions cCu deduced from optical absorption measuremen
This allows the comparison of photorefractive properties
samples prepared by different doping techniques.

We show that the saturation values of the refractive-ind
changesDns depend linearly on the trap concentrationcCu21

only for values smaller than 1031024 m-3. Our results match
previously published data@Dns/cCu2152.6310229 m3,
~Ref. 27!# which were measured with blue ligh
(l5488 nm). Furthermore, we can estimateDns/cCu21

from our values for b* and sph/@ I (cCu1 /cCu21)#5 f
using uDnsu5(1/2)n3rESC and ESC5Ephv5 j phv/sph
5b* cCu1I /@ f I (cCu1 /cCu21)#, which yields Dns
5@(1/2)n3rb* / f #cCu21 (n52.33 ~Ref. 28! is the refractive
index at l5514 nm, andr 510 pmV-1 ~Ref. 29! is the
electro-optic coefficient!. For the samples JK17 (cCu55.3
31024 m-3) we have b* 54.4310234 m3V-1 and f 56.5
310216 mV-2 which givesDns/cCu2154.3310229 m3. This
result agrees quite good with our measured value
310229 m3.

The refractive-index changes are limited for higher tr
concentrations (cCu.6031024 m-3); saturation values large
than Dns57.031024 cannot be reached. This limit is ex
actly the same than that of iron-doped LiNbO3.10 But, con-
trary to LiNbO3:Fe, a three times higher doping level o
about 6031024 m-3 is necessary to obtain the maximu
Dns. Anyhow, copper doping does not yield larger hol
graphic storage capacities of LiNbO3 than iron doping. Per-
haps the measured upper limit of the refractive-ind
changes is a generally valid value, independent from
photorefractive center involved. Investigation of crysta
doped with other elements, e.g., Cr or Mn, could answer
question. The limitation ofDns is caused by a very stron
increase of the photoconductivity. This increase was also
served in the case of iron-doped LiNbO3. The high photo-
conductivity short-circuits the space-charge fields. This ov
compensates the increase of the specific bulk-photovo
coefficient. The reason for the boost ofsph should be further
investigated: Properties like absorption cross section, e
tron mobility, or electron lifetime in the conduction ban
might be changed in the highly doped material.

V. CONCLUSIONS

Doping of LiNbO3 by in-diffusion of thin copper layers is
an easy way to produce photorefractive samples with a
sired copper concentration. Our results clearly indicate t
the properties are comparable to that of conventiona
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doped crystals where copper was added to the melt du
their growth; this is shown for saturation values of refractiv
index changesDns, bulk-photovoltaic current densitiesj phv,
and photoconductivitiessph. We find a strong increase o
the specific photoconductivity with increasing copper co
tent. This important result leads to the conclusion t
refractive-index changesDns are limited to values smalle
.
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than 731024 ~ordinarily polarized light,l5514 nm), as in
the case of iron-doped samples.
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