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Photorefractive properties of LINbO; crystals doped by copper diffusion
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Lithium niobate volume crystal&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
valuesAng of the refractive-index changes, bulk-photovoltaic current densjtigs and photoconductivities
opn are measured utilizing samples with copper concentrations in the rangeX259< 10?* m. 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
X 10~* (ordinary light polarization, green lighfor copper concentrations larger than>600?* m=3. This is
caused by a strong increase of the photoconductivity for high doping levels.

I. INTRODUCTION green or blue light. They are redistributed and finally trapped
by CW' centers acting as empty traps. The bulk-
Lithium niobate (LiNbQ) is a promising photorefractive photovoltaic effect is the main charge-driving foréeThe
material for applications in the fields of, e.g., wavelengthone-center model yields the relationg,»Ccy+!, opn
filters' and holographic data stora§e. The photorefractive o (ccy+ /Coe+)l, and Angxcepes+, where j,, is the bulk-
effect is based on the buildup of electronic space-chargghotovoltaic current densityy, is the photoconductivity,
fields upon inhomogeneous illumination. These fields moduAn, is the saturation value of the refractive-index changes,
late the refractive index via the electrooptic effect. Oftenc.,+ andcgpe+ are the concentrations of filled and empty
LiNbO; crystals are doped with irdh] which occurs in  traps, respectively, anidis the averaged light intensity in the
LiNbOs in the valence states Feand Fé*. These ions act crystal.
as sources and traps of electrons. Space-charge fields andTo enhance, e.g., the storage capacity of LiNiGD,
refractive-index changes are supposed to increase linearlgirge values of\n, are desired® Large total copper concen-
with the FE™ concentratio ' Anyhow, recent experi- trationsce,=Ccy+ + Cee+ are required to provide a sufficient
ments show that the saturation values of the refractive-indesoncentrationcc 2+ even for reduced samples. Here, we
changes\ng are limited, even for highly doped samples. The present experimental data of the photorefractive properties of
reason is a strong increase of the photoconductifyur-  LiNbO,:Cu, obtained for a wide range of doping concentra-
thermore, the dark conductivity rises also with higher irontions c¢,. Absorption spectra and the relevant photorefrac-
content which is disadvantageous, too. It is an open questiofive propertiesAns, jpn, and o, are measured in these
whether these detrimental effects can be avoided by dopingiffusion-fabricated samples, and, for comparison, in some
with other elements. crystals where CuO has been added to the melt during crystal
Copper doping might be an alternative that we want togrowth.
investigate. The growth of LiNb©crystals doped with dif-
ferent amounts of copper by adding CuO to the melt for this
purpose is timeconsuming and expensive. We use diffusion- Il. EXPERIMENTAL METHODS
doped samples. It is known that the diffusion constant of
copper in LINbQ is more than 500 times larger than that of
iron under the same conditions*2 Therefore, in the present  Pieces of twox-cut 3” LiNbO5 wafers, purchased from
contribution diffusion-doped LiNb©volume crystals are in-  Crystal Technologyeither 1 mm or 0.5 mm thiok are pre-
vestigated. For this purpose, thin layers of copper are evapgared[size abouzxy=8x5 mn¥, see Fig. 1a8)]. In a sec-
rated on undoped LiNbOwafers, and subsequently the cop- ond step, thin copper layers of various thickness are depos-
per is indiffused by keeping the crystals at high temperaturéted onto the top face of the samples. Up to 715 nm-thick
for some time. Diffusion doping allowed us to prepare acopper layers are employ¢Big. 1(b)]. Then the crystals are
large number of LiNb@ samples with different amounts of wrapped into platinum foil and annealed at 1000°C for 100 h
copper and to explore carefully the magnitude of thein air. Finally, the slabs are cut into three or four piedeisg).
refractive-index changes as a function of the doping level. 1(c)]: The largest piecésurface size aboutX4 mm) is op-
Copper appears in LiNbQalso in two different valence tically investigated. In some cases repolishing of the surfaces
states (Cti and C#"). Former investigations with melt- after the annealing treatment is necessary. A list of these
doped LiNbQ:Cu samples showed that the photorefractivesamples is given in Table |. Additionally, one smaller crystal
effect and the charge-transport processes can be well undes-preparedindiffusion of a 455 nm copper layer, thickness
stood in terms of the one-center mod&IElectrons from  of only 0.8 mm, Fig. 1d)]. Both z faces of this small sample
Cu’ impurities are excited into the conduction band byare polished to optical quality.

A. Samples
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A <—5 mm-» B a motor-driven translation stage. The sample is moved along
the x direction through the focus, and the intensity of the
transmitted light is measured. From these data, the depen-

z dence of the absorption coefficienf};; ,, on the crystal

do5/1mm [ | depthx is deduced, i.e., the homogeneity of the Cu indiffu-

vy sion is checked.

D The concentration ratiog,+ /Cc e+ is varied by additional

e annealing treatments in an argéfor reduction or oxygen

- ” (for oxidation gas atmosphere!’ For our investigation, we

/4 mm prepare always three crystals with the same total amount of
copper, but different ratiosc,+ /cc2+ varying in the range

ﬁ #0.8 mm from 0.03 up to 1.

FIG. 1. Crystal fabrication proces®) Piece of a LiINbQ wafer,
cut from a 3” crystal, either 1 mm or 0.5 mm thictb) A thin layer
of copper(thickness up to 715 njris deposited onto the top sur-  Holographic experiments are carried out using a standard
face.(c) The layer is diffused into the sample, which is then cut into two-beam-interference setufor details see Ref. 10Light
three or(as shown hepefour pieces(d) The prepared samples have of an argon-ion lasefwavelength =514 nm, ordinary po-
dimensions of 5 4x 1(0.5) mni. One very small sample is also larization, light intensity up to 1 kW i¥?) is used to write

8 mm
x

C. Holographic characterization

cut (thickness 0.8 mim one hologram(fringe spacingA=1.2 um). Alternatively,
_ four holograms are written, which are superimposed by an-
B. Absorption measurements gular multiplexing. In these experiments the technique of

Absorption spectra in the visible and infrared wavelengthncremental _recording with ~ active - phase locking is
region (400 nmcA <1300 nm) are measured utilizing a Utilized.™ “"Recording beams of equal intensity are used in
CARY 17D spectrometer. The absorption constasgs, all cases in order to minimize dynamic effects arising from

. nm . . 21 " . . .
and ay,40 mYi€eld the concentrations of Cuand Cé" ions self dlffr_actlon_. Aft_er waiting unt_ll saturation Is reached,
according to the relatioh16 the obtained diffraction efficiency is measured by blocking
one of the recording beams. The remaining beam is dif-
fracted, and the intensities of transmittdg) (and diffracted

Cout =2.0x 107 m 2977 nme 1 : ; o
cur @477 nm @ beam () are measured. The diffraction efficienayis cal-
_ ooy culated usingn=14/(l14+ 1. In the case of four superim-
Cowpr = 6.8X10° M~ 23040 gy 2 posed holograms, rocking curveg ) are measured:

Additionally, some spatially resolved absorption measurefotational angle of the sampleThis takes longer than a

ments are performed using ordinarily polarized, focused lasefN9!€ reconstruction of one hologram. Thus the light inten-
light (\=477 nm, focus diameter of about 50m). Our sity is lowered by a factor of 100 to avoid erasure effects

: ; : : during reconstruction. From these measurements, the satura-
specially prepared thin samplsee Fig. is mounted on L '
P y prep il g- W] tion values of the refractive-index changasg can be de-

TABLE I. Notation, thickness of the deposited copper layer, andduced; using Kogelnik's formufé
total copper concentratiory,, of the investigated LiNb@crystals,
deduced from the absorption spectrum or calculated from the Cu- . ,[ mAnd
layer thickness. The first number of the notation refers to the crystal 7=l N cosé)’
boule, the second number enumerates the pieces that have been

prepared. Additionally, the investigated samples where CuO wag/here\ is the vacuum light wavelengtl, the beam angle

()

added to the melt are listed, too. between the propagation direction of the light and the surface
— normal inside the sample, anfdthe thickness of the crystal.
Cu-layer Cey (10m~) In the case of superposition of four holograms of equal
_ Thickness By By layer strength, the refractive-index change, ; of one of the ho-
Notation (nm) absorption  thickness |44rams is measured. This yields the saturation value of the
IK17-1. 2. 3 53 refractive-index change for a single hologram Aas=4
IKB0-L. 2. 3 65 71 54 X Ang;, which has been checked for several samples.
JK100-1, 2, 3 130 14 11 The photoconductivityr,, is obtained from the time con-
JK200-1, 2, 3 260 31 22 stants of hologram erasure. A third laser bears=614 nm,
JK350-1, 2, 3 455 55 38 ordinary polarizationis used for off-Bragg erasure to avoid
IK500-1. 2. 3 650 75 54 any self-enhancement effects. In our experiments ordinarily
" polarized HeNe-laser light\(=633 nm) is used for readout
JK400-1, 2, 3 520 106 86 .
JKE50-1. 2. 3 215 145 120 of the _holqgrams. AII measurements are carried out under
$ short-circuited conditions that are achieved by contacting the
727-17, 18, 19 2.2 y andz surfaces of the samples with silver-paste electrodes.
728-5, 8, 14, 32 12 Two different techniques for processing of the experimen-
730-11, 12, 13, 14 72 tal results are employed: For samples that fulfill the condi-

tion @214 ,A<1 an averaged light intensityin the sample
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FIG. 2. Absorption coefficient® versus photon energy for or- FIG. 3. Absorption coefficientS, ., versus crystal depth.

dinarily polarized light.

is

(_

) o . Ccut /Cc2+- Additionally, the total amount of copper in the
Ocalculated using 0' = in(lle)(asm nfl) " T1—€XP  material is directly calculated using the known thickness of
ag14nnfl) 11— Rexplasys o) ]~ (R denotes the reflec-  the deposited copper layer and supposing complete indiffu-

tivity, and I, the intensity of the incident lighttaking into  sion. Table | summarizes the obtained results.

account absorption and reflection losses. The decay can be To check whether a homogeneous distribution of copper
described by a monoexponental law(t) =Angexp(=t/7),  through the crystal volume is reached, we measure the ab-
where Ang=An(t=0) denotes the initial refractive-index sorption coefficientr,, ,,as a function of the crystal depth,
change and the Maxwell time. Fromr we deduce the pho- ysing the small crystal slab and a focused light beam. The
toconductivity via o,n=e€€o/T (=28 is the dielectric result is shown in Fig. 3. A decrease of the absorption of

constant;® and ¢, the permittivity of free spade about 20% with increasing depth occurs.
Some crystals exceed the conditiag,, ,,d<1. In this
case a monoexponential approximation &h(t) is not B. Saturation values of the refractive-index changes

applicable?* the influence of the decreasing light intensity i o
along thex direction has to be considered. We solve the Our results of the saturation values of the refractive-index

coupled-wave equatiofs numerically and calculatery, changesAn, for various traps densitiesc,2+ are presented
from the 7oy at the front surface of the crystal via,, " Fig. 4. Three outcomes are notewortlig Thiobtalned
= €€/ Tyromt, COMresponding to the valle= (1—R)l1;, for the  AnNs iS limited. No values abov&ns ya=7x10"" can be
light intensity2* reached, even for high concentrationge-. For very high

Bulk-photovoltaic current densities are measured convengontents of empty traps even a decreasa of is observed.
tionally. The samples are homogeneously illuminated witn(®) A linear dependencéngcee+ is found to b4e cgrrect
ordinarily polarized green light\=514 nm, a Xenon arc ©nly for very small values otc,z+ up to 10< 107 m®. In
lamp in combination with a grating monochromatofhe z

surfaces of the samples are again contacted with silver paste 8 I I I T T I
and connected to a high-sensitive electrometer, which detects x
the photovoltaic current. For a detailed description of this x '
setup see Ref. 25. 61 % . . 7
T X e .
| » °
Ill. EXPERIMENTAL RESULTS © »
:.—/ 4 .+ ° L g
A. Samples fabricated by copper indiffusion c % .
Various samples with different copper contents are fabri- < 2k * i
cated. The color of the obtained crystals is brown-orange,
quite similar to the color of the samples grown with CuO
added to the melt. To quantify this, absorption spectra are 0 | | | | l L

measured. In Fig. 2, the absorption spectrum of sample 0 20 40 60 80 100 120
JK200-3 is shown. An absorption band at 1.2 @240 nm co 2t (1024 m=3)

appears, and for a photon energy of more than 2.2 eV the Cu

absorption rises again. This spectrum looks as the spectra of g, 4. Saturation values of the refractive-index chanyes
conventionally prepared samplesEvaluating these spectra yersus trap concentrationy 2+ for green light { =514 nm), mea-
as described abovsee Eqgs(1) and(2)], the entire concen-  syred for the diffusion-doped samplédoty and for the crystals
tration of coppercc,=Cc,++Ccpe+ IS determined for each doped conventionally during growtlarosses A linear dependence
sample. The obtained., is found to be independent of the Angxccp: is observed in the range<Occz+ <107 m; the solid
annealing state of the crystal, i.e., of the concentration ratitine is a linear fit.
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this region we obtail\ng/cee+=2.9x102° m®. For larger N ' ' -]
; 1.5 k200-3 .
concentrationsAng grows slower, and for very large values ~ I
of cce+, @ decrease of the saturation values is obser@d. &~ 4 5 °°“:f1 x10 2:" 3 o .
The values ofAng are independent of the crystal fabrication 'E ' Cey*=3.7x10% m
process; the diffusion-made samples show within the mea- < 0.9 i _
suring accuracy the samkng as the conventionally doped '; ’ +
crystals. Z 0.6 /,o/ N
> L
C. Bulk-photovoltaic effect = 0.3 /,0” -
Bulk-photovoltaic currents are measured for different e (@)
light intensities and concentratiomg,+ of filled traps. The 0.0Z . .
results for a medium-doped sampl@200 are shown in 20 40 60
Fig. 5. The first plot reveals that the bulk-photovoltaic cur- I (Wm-2)
rent densityj ,,, grows linearly with increasing light intensity .
|. Part(b) of Fig. 5 shows that the ratip,,,/I depends lin- K200 ' ' e
early on the concentrationc+, as predicted by the one- 6 =31 X1024 m-3 =
center model. These dependences are carefully checked for -’—I‘ cu i
all investigated samples, and they are found to be valid even > =
for samples of the highest copper content. Finally, we calcu- ¢ 4 o -
late the bulk-photovoltaic coefficiem®* = j ,n,/(Ccy+1). The g o
dependence oB* on the entire copper concentration in the — et
crystal is shown in Fig. &®). In this figure, the results for our \}: 2 i -
diffusion-fabricated samples are marked by dots, and the val- .8
ues obtained using the conventional-grown crystals are indi- ()
cated by crosses. Two outcomes are remarkdhbjeAn in- 0 -7 | L |
crease ofcg, causes an enhancement @*. In the 3 6 9 12
investigated rangéfrom cc,=2.2x 10?* m™ up to an entire co,t (1024 m=3)
copper content otc,=145x 107 m?) the coefficient3* cu
grows by a factor of about 3b) No significant difference is T T T T
found between the results obtained with diffusion- and melt- 15 ]
doped samples. = 1 o ]
|
D. Ph ivi 5 *
. Photoconductivity £ 9 5 i
In this section our results for the photoconductivityy, 3 °

are presented, using the samples JK200. Figtag shows o 6 ° _
the dependence af, on light intensityl. A linear relation is 2 &%
found. The second part in Fig. 6 reveals that the raig/| & 3 _
depends linearly on the concentration ratio of filled and (c)
empty traps,Cc,+ /Cce+. For all investigated samples we 0 | | L L
confirm these linear dependences, using light intensities up 0 30 60 90 120 150

to 600 Wm?. As the last step, we calculate the specific pho-
toconductivity as the ratio,,/[ (Ccy+ /Cce+) 1 ]. The depen-
dence of this parameter on the entire content of coppgis
shown in Fig. 6c). Two interesting features are obviola)

Coy (1024 m-3)

FIG. 5. Measured datesymbolg and linear fits(dashed lines

of: (a) Bulk photovoltaic current density,,, versus light intensity

A very strong increase of the specific photoconductivity isfor =514 nm, measured with sample JK200¢(B) Ratio j yn/!
found. It grows in the investigated range by a factor of abouversus concentratioog,+ of filled traps for the crystals JK200c)
40. (b) Within the measuring accuracy, the obtained valuesSpecific photovoltaic coefficienB* = (jn,/1)/ccy+ versus entire

are independent of the crystal-production process.

copper concentratioree, for diffusion-fabricated samplegdoty

and for crystals doped conventionally during growthosses

IV. DISCUSSION

reached(see Fig. 3 the value ofay;; ,, for one sample
Diffusion of evaporated copper layers into commerciallyvaries in the range of only 20%. The long annealing time of
available LiINbQ wafers is an easy way to produce doped100 h rules out that a changegd,+ /cc 2+ concentration ra-

volume material. The resulting samples have similar phototio is the reason of the small remaining absorption inhomo-
refractive properties as crystals fabricated by adding CuO tgeneity. However, this variation afc, has no significant
the melt: The color and the absorption spectrum corresponithfluence on our experimental results, which has been
to those of conventional LiNbQCu, and bulk-photovoltaic checked by turning the crystals and illuminating them from
coefficients and specific photoconductivities are equal. Irthe other side in our holographic setup. Additionally, the
moderate diffusion time&l00 h a quite good homogeneity changes of the light intensity(x) within the sample due to

of the copper distribution in the 1 mm-thick material is absorption are much larger than the changegf. Evapo-
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and for crystals doped conventionally during growthosses
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vestigated. This may arise from difficulties in estimating our
evaporated layer thickness, but also uncertainties in the fac-
torsceyr / @977 pmandcee+ / afos0 nmmay contribute. Further
investigations, such as EPR or neutron-activation experi-
ments are supposed to elucidate this topic. But it should be
pointed out that the doping level, controlled by depositing a
certain layer thickness, can be adjusted very carefully. This
is an advantage compared to the conventional method, which
suffers from the fact that the distribution factor of copper for
melt growth of LiNbQ;Cu is different from oné® This
causes problems regarding adjustment of the desired content
of c¢, in the samples and regarding the doping homogeneity.
In our investigation, we always use the copper concentra-
tions c¢, deduced from optical absorption measurements.
This allows the comparison of photorefractive properties of
samples prepared by different doping techniques.

We show that the saturation values of the refractive-index
changesAng depend linearly on the trap concentratiogz+
only for values smaller than 2010°* m. Our results match
previously published data[ Ang/Cgpe+=2.6xX10"2° m?,
(Ref. 29] which were measured with blue light
(AN=488 nm). Furthermore, we can estimafeng/cce+
from our values for g* and opp/[I(Coyr/Cope+)]=T
using |And=(1/2)n*Esc and Esc=Epn=]ph/oph
=B*ce [ fl(Cey+ ICce+) ], which yields  Ang
=[(1/2)n% B*/f]cce+ (n=2.33(Ref. 28 is the refractive
index at A\=514 nm, andr=10 pmV?! (Ref. 29 is the
electro-optic coefficient For the samples JK17c{,=5.3
X107 m3) we have B*=4.4x10 *mv?! and f=6.5
X 10~ 1® mV-2 which givesAng/cce+=4.3X 10 2° m®. This
result agrees quite good with our measured value 2.9
X 10 29 m?,

The refractive-index changes are limited for higher trap
concentrationsdc,>60x 10°* m3); saturation values larger
than An,=7.0x10 4 cannot be reached. This limit is ex-
actly the same than that of iron-doped LiNpt But, con-
trary to LiNbO;:Fe, a three times higher doping level of
about 60< 1074 m? is necessary to obtain the maximum
Ang. Anyhow, copper doping does not yield larger holo-
graphic storage capacities of LiNg@han iron doping. Per-
haps the measured upper limit of the refractive-index
changes is a generally valid value, independent from the
photorefractive center involved. Investigation of crystals
doped with other elements, e.g., Cr or Mn, could answer this
guestion. The limitation ofAng is caused by a very strong
increase of the photoconductivity. This increase was also ob-
served in the case of iron-doped LiNpOThe high photo-
conductivity short-circuits the space-charge fields. This over-
compensates the increase of the specific bulk-photovoltaic
coefficient. The reason for the boost®fy, should be further
investigated: Properties like absorption cross section, elec-
tron mobility, or electron lifetime in the conduction band

rating copper onto both surfaces of the wafer may improvenight be changed in the highly doped material.

the homogeneity further and may allow fabrication of

samples thicker than 1 mm. So for photorefractive applica-

tions of LiINbO;:Cu, our technique might be an easy, practi-

cable, and inexpensive way to provide samples.

Comparing the values for the copper contegf, mea-

V. CONCLUSIONS

Doping of LiINbG; by in-diffusion of thin copper layers is

sured by absorption spectra and calculated from the deposn easy way to produce photorefractive samples with a de-
ited copper layer thickness, we find a mismatch of up tosired copper concentration. Our results clearly indicate that
30%. The mismatch occurs for all samples that we have inthe properties are comparable to that of conventionally
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doped crystals where copper was added to the melt durintnan 7< 10" (ordinarily polarized lightA =514 nm), as in
their growth; this is shown for saturation values of refractive-the case of iron-doped samples.

index changeang, bulk-photovoltaic current densitiggy,,
and photoconductivities,,. We find a strong increase of

the specific photoconductivity with increasing copper con-
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