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The electrical conductivity of KDP crystals grown by the solvent recirculation and
temperature lowering methods has been investigated in the 20-150°C temperature range.
The temperature dependences follow an exponential law. The pre-exponential factor and
activation energy have been determined. A correlation between pre-exponential factor and
the conductance activation energy has been found to exist in undoped crystals within the
temperature interval of 20-100°C and the activation energy range of 0.49-0.79 eV. The
correlation coefficient is 0.98. This testifies that electrical conduction mechanisms are
similar in crystals with low concentration of defects. The results obtained are discussed
within the frame of known electrical conduction mechanisms in KDP based on the proton
transport.

B unrepnase temneparyp 20—150°C ucciemoBaHa 3JIeKTPOIIPOBOLHOCTL KpucTauioB KDP,
BHIPAIIIEHHBIX METOAOM PELUPKYISAINN W METOAOM CHIKEHWUs TeMIepaTypbl. TeMmmeparyp-
HbIe 3aBHCHMOCTH 3JI€KTPOIPOBOJHOCTH MOAUNHAIOTCA 9KCIIOHEHINAIbLHOMY 3aKoHy. Ompese-
JIEHBI MIPEIIKCIIOHEHIINANbHLI MHOMKUTEIb U SHEePIusi aKTUBAIIUU 3JIeKTPOIPOBOJHOCTH. YC-
TAHOBJIEHO, UTO B HEJIETMPOBAHHBLIX KpPHCTAJIaxX B TemueparypHom untepsBase 20—-100°C u
IualnasoHe 9Hepruil axkrTusanum dJjaekrpomnposozuocTu 0,49-0,79 5B mmeercsa Koppesasinus
MEXKIy 3HAUEeHHEeM Jorapudma IpersKCIOHEHIINAJILHOI0 MHOMKUTENS U 9HEPruei akTUBaIuU
2JIeKTpOIIpoBogHOCTH. Kooadpdunuenr xoppeaanuu cocrasiader 0,98. 9To cBumerenbCcTByeT O
TOM, YTO MEXaHM3MBbI 9JIEKTPOIPOBOJLHOCTH B KPMCTAJNJIAX C HUBKON KOHIeHTpamueil medex-
TOB SIBJASIOTCS aHAJOTHUYHBIMU. IlosyueHHBIe Pe3yIbTaThl OOCYKIAIOTCA B PAMKAX M3BECTHBIX
Mozesieil MexaHu3MOB dJjeKTpornpoBogHoctTu B KDP, B ocHOBE KOTOPBIX JIEMKHUT TPAHCIIOPT
IIPOTOHA.
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The electric conductance is a functional
characteristic of importance in potassium
dihydrophosphate (KH,PO,, KDP) crystals
used widely in the quantum electronics [1,
2]. The data on the crystal conductance are
necessary to control the functional proper-
ties thereof. In this connection, the study of
the KDP crystal electric conductance is an
actual task. In most works [3—8], the KDP
conductance was studied in the paraelectri-
cal phase at T>T, =123 K. In that phase,
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the KDP crystals have a tetragonal struc-
ture consisting of two interpenetrating lat-
tices formed by PO,3~ tetrahedra and two
potassium sublattices K*. Each PO,3~ group
is connected with four neighboring PO43‘
tetrahedra by 2.48 A long hydrogen bonds
[9].

It is just the proton transport that un-
derlies most of the known KDP conduction
models. The proton migration processes in
the KDP group crystals is confirmed by
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coulometric experiments and NMR results
[10-14]. The intrinsic conduction mecha-
nisms are based on thermally activated
processes of the proton defect formation
and migration, while the extrinsic mecha-
nisms are connected with the migration of
proton defects existing in the crystal. The
proton defects include the D- and L-defects
(doubly occupied hydrogen bond and proton
vacancy, respectively) and the excess pro-
tons in interstices [8—8, 15—18]. The main
factors affecting the conduction are anionic
and cationic impurities, pH of the initial
solution, and sectorial crystal structure.

The electric conductance in KDP crystals
is described by the expressions (1) [5, 6] or
(2) [3-5]:

6 =(A/T) - exp(-E,/kT), Q)

G = 0g - exp(-E,/kT), 2)

where ¢ is the conductivity; A, c;, the pre-
exponential factor; T, absolute temperature;
k, Boltzmann constant; E, the conduction
activation energy. The pre-exponential fac-
tor A depends on the concentration of mo-
bile defects, the crystal structure and the
conduction mechanism. The activation en-
ergy E, depends on the crystal structure
and the conduction mechanism. In KDP
crystals, the activation energy varies within
a wide range of 0.216 to 1.0 eV [6, 7, 16,

17]. The activation energy E ~0.5 eV is re-
lated to the L-defect migration [5]. This is
confirmed by the fact that this activation
energy value E, = 0.52-0.53 eV [3] is typi-
cal of the crystals containing the L-defects
arising due to doping of HSO,~ anions into
the crystal lattice. The activation energy E,
of 0.8 to 1.0 eV is ascribed usually to the
intrinsic conduction mechanism including
the formation and migration of proton de-
fects.

The KDP electric conductance with the
activation energy E,<0.5 eV and
0.55<E;<0.8 eV is studied insufficiently. In
[6], the 0.5 to 0.7 eV region of activation
energy values at low frequencies is believed
to be related to the transition from the ex-
trinsic conduction mechanism to the intrin-
sic one, while E <0.5 eV, to the macroscale
defects in the crystals.

It has been shown [6] that according to
the existing disordering models in crystals,
there is a correlation between the conduc-
tion parameters. Within the frame of the
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selected conduction model, the quantity
Inc, should be in proportion to the activa-
tion energy: InA ~ Ilnc,. However, no ex-
pression for that interrelation is presented
in the work mentioned.

The aim of this work is to determine the
conduction parameters E, and lgc, for KDP
crystals and the correlation there between
as well as to estimate the crystal quality
basing on those parameters.

The studies were carried out using three
nominally pure KDP single crystals grown
at STC "Institute for Single Crystals”, NAS
of Ukraine; in this work, the crystals are
designated as Cl1, C2, and C3. According to
the preliminary measurements, the electric
conductance of those crystals and its vari-
ations due to external factors differ consid-
erably.

The crystals C1 and C2 were grown by
the solvent recirculation technique [19] at
the growth rate 0.5-1 mm/day; the crystal
C3, by the temperature lowering technique
[20] at the growth rate 5 mm/day.

The crystals under study have shown a
high transmission (about 90 %) essentially
within the whole 200-1100 nm spectral re-
gion except of a weak absorption band in
the 220-230 nm range, thus evidencing a
high optical quality of the samples. The Pb,
Si, Fe, Al, Ca impurity content was 2:1074,
31073, 1074, 2.1073, 2.1073 wt. %.; 5-1075,
2.7:1073, 1.8-107%, 2.1073, 2.8:1073 wt. %; and
1074, 91074, 91075, 1073, 4.6-1073 wt. %), re-
spectively. In the crystal C3 grown using
the high-rate technique, the concentration
of Si, Fe and Al as well as the total impurity
content was lower than in C1 and C2.

Studied were mainly the plates of z-cut
crystals from the growth sector {101} of
1.0x1.0x(0.2 to 0.3) cm? size. To measure
the electric conductance, high purity graph-
ite electrodes were applied on the sample
surface. The conductance was measured
using a E6-13A terachmmeter at 100 V
electrode voltage, the measurement error
being 4 to 6 % . Most measurements were
carried out using the two-electrode scheme.
In some cases, three-electrode scheme was
used providing an enhanced measurement
accuracy by the surface current bridging. In
this case, the calculations of conduction was
corrected for the changed electrode shape.

To determine the conduction parameters
E, and lgo,, the temperature dependences
of conductance were measured. The meas-
urements were made under the crystal heat-
ing from room temperature up to 150°C.
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The parameters E, and lgc, were deter-
mined according to Eq.(2) using the least
square method. The expression (2) provides
a lower accuracy as compared to (1) due to
approximation A/T=c, that causes an error
in the calculated values of the actiovation
energy (about 5 %) [6]; nevertheless, the
use of that expression makes it possible to
compare the results of this work with the
data obtained by other workers. The same
approximation A/T=c, was used when deter-
mining the interrelation between the con-
duction parameters.

Several typical temperature dependences
of conduction for the studied KDP samples
are shown in Fig. 1. Those are seen to fol-
low the exponential law (1) and to contain
some features characteristic for each of the
crystals. The conduction-temperature plots
for crystals C1 (Fig. 1la) and C2 (Fig. 1b)
contain a knee near T ~ 85°C and T ~ 130°C,
respectively. Those are described by two ex-
pressions of the (2) type with different con-
duction parameter values (see Table ) for
different temperature ranges. The depend-
ences observed for Cl and C2 can be ex-
plained by the existence of the extrinsic and
intrinsic conduction mechanisms dominat-
ing in the low-temperature region and the
high-temperature one within the studied
temperature range [3—6]. The extrinsic elec-
tric conductance is characterized by lower
E, and oj values (the low-temperature con-
duction parameters) as compared to the in-
trinsic one (the low-temperature conduction
parameters). As to the crystal C3 (Fig. lc¢),
its temperature dependence of conduction is
described by Eq.(2), too, but without any
knee within the studied temperature range
(20-150°C). At room temperature, the mini-
mum conductance was observed for the
crystal C3 having the minimum total impu-
rity content as well as the lowest concentra-
tion of Al and Fe. The conductivity of C1
and C2 crystals at room temperature
amounts 1.4.10711 and 38.6-10711 S/cm, re-
spectively, while for samples made from C3,
it is (0.4-1.3)-10711 S/em (Table).

The conduction activation energy wvalue
(E,=0.52 eV) near room temperature
shows that in C1 and C2, one and the same
conduction mechanism dominates connected
with L-defect migration [3, 5]. The differ-
ence in C1 and C2 conduction at room tem-
perature is connected with different concen-
trations of L-defects arising in the crystals
due to inclusion of aliovalent impurities.
The lower conduction of C3 crystal at room
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Fig. 1. Temperature dependences of conduc-
tance for KDP crystals ({101} growth sector)
grown by recirculation (a, b) and temperature
lowering (c) methods.

temperature as compared to Cl1 and C2 is
connected with higher activation energy in
C3 (E,>0.7 eV), thus evidencing the differ-
ence in defect concentrations in the crys-
tals. In contrast to the Cl and C2 conduc-
tion, that of C3 is characterized by the ab-
sence of any appreciable contribution from
the extrinsic component associated with the
L-defect migration (E, ~ 0.5 eV).
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Table. Electric conductance parameters for pure and doped KDP crystals

Crystal E, (eV) lgo, (S/em) | Gpp © (S/cm) T (°C) Notes Ref.
KDP pure # (C1) | 0.522+0.003 | —1.87+0.06 1.4.10711 <85 Gyt vrl;?;i
KDP pure ° (C1) | 0.83510.024 | 2.5440.26 1510712 >85 oy * | This
KDP pure ? (C2) | 0.520+0.005 | —1.51+0.08 3.6-10711 <130 5 Vq;(};;i
KDP pure ® (C2) | 0.796+0.009 2.140.1 2.6-1012 130-145 S| V’lv‘(}:;i
KDP pure P (C3A) | 0.790+0.011 | 2.69+0.15 1.310711 20-152 S| vrl;?;i
KDP pure &P (C3B) | 0.710+0.022 | 1.10+0.33 7.810°12 20-100 S| This
work
KDP pure 2 0.54 -1.27 2.8-10°11 — o [22]
KDP pure 2 0.49 -1.85 5.3.10711 — GLe —
KDP pure 2 0.60 -0.59 1.2.10711 50-100 o 1e [4]
KDP pure 2 0.61 -0.24 1.9.10°11 50-110 o, 0 —
KDP pure 2 0.57 -0.6 4.0-10°11 50-110 G, Jh —
KDP pure P 0.83 2.54 1.9-10°12 100-180 op 1 —
KDP pure P 0.85 2.9 1.9-10°12 110-180 o, —
KDP pure P 0.67 1.0 3.0-1011 50-180 o,V —
KDP pure * 0.55%0.01 -0.89+0.08 4.5-10711 —-40-180 o [3]
KDP pure ° 0.78+0.07 2.0+0.7 3.9-10712 180-200 o —
KDP pure * 0.540+0.004 | -1.17+0.07 3.5-:10711 —-40-180 o, —
KDP pure P 0.78+0.07 2.0+0.9 3.9-10712 180-200 o, —
KDP:0.10 %SO, ® | 0.5240.01 -0.340.3 5.8-10710 20-100 o, —
KDP:0.14 %SO, * | 0.5240.01 -0.240.2 7.3-10710 20-110 o, —
KDP:0.26 %SO, ® | 0.525+0.009 | 0.240.15 1.51079 20-110 o, —
KDP pure *! 0.53+0.02 | -1.73+0.04 1.4-10711 20-100 o) [5]
KDP pure ! 0.99+0.02 4.2510.15 1.7-10718 100-180 S| —
KDP pure ? 0.55 -1 3.5.10°11 —40-180 — [21]
KDP pure P 0.8 3.7 8.8.10-11 >180 — —
KDP: CrOf 2 0.54 3.2 8.3.10°7 -50-130 — —
KDP: CrO%f a 0.53 2.9 6.1-10°7 -50-130 — —
KDP pure # 0.52 -2.16 8.0.10°12 30-120 o [15]

&b [ow-temperature and high-temperature conductivity parameters, respectively. ¢ The values of
room temperature conductivity (o) were calculated using the parameters contained in the Table.
d.e.f The values of conductivity in the parallel, perpendicular and at 44° directions relative to ¢
crystal axis, respectively. &! The temperature dependences were obtained at heating and at cooling

of the crystal, respectively. ! The conductivity was measured using the three-probe technique.

Functional materials, 16, 3, 2009

233



A.N.Levchenko et al./ The peculiarity of electric ...

It follows from the temperature depend-
ences of conduction using the Eq.(2) and
data from Table that the conductivity of the
crystals at T = 180°C is (1.6-1.8)-1077 S/ecm (C1,
C2, C3B as well as the crystals used in [5]) or
very close to those values (2.0-2.8)1077 S/cm
(the crystals used in [3, 4]). This evidences
that one and the same intrinsic conductance
mechanism including the formation and mi-
gration processes of proton defects domi-
nates in all the crystals under study in the
high-temperature region [3-6].

As is seen in Fig. 1, the high-tempera-
ture conductivity of the C3A sample is
higher than in other crystals. The sample
mentioned has a rather high conductivity at
room temperature, too, is spite of a high E,
value (Table). This fact indicates the pres-
ence of other conduction mechanisms in C3
with activation energy values within the
0.556<E;<0.8 eV range. Those mechanisms
may be connected with the proton migration
along interstices [6] at E,<0.8 eV or with
involvement of the proton defects associated
with various crystal lattice imperfections in
the conduction process. According to [6],
the crystals with high E, typical of intrin-
sic conduction mechanism are more perfect
than those with low E, typical of extrinsic
conduction.

Among the crystals studied in this work,
it is just C3 that has the highest activation
energy and thus the most perfect. This is
confirmed by the above chemical analysis
data showing that the impurity content in
C3 is lower than in C1 and C2. At the same
time, the C1 and C2 crystal structures are
more perfect than that of C3 in the crystal
regions where there are no point defects
responsible for the extrinsic conduction
with E, = 0.52 eV. This is confirmed by the
fact that the conductivity of Cl1 and C2
crystals at room temperature (1.5-10712 and
2.6-10712 S/cm, respectively), as determined
from the high-temperature parameters E,
and lgo, using Eq.(2), is considerably lower
than that of C3 at the same temperature
(Table).

It follows from consideration of data
from this work and other results that there
is an interrelation between the electric con-
ductance parameters. As is seen in Fig. 2
based on Table that there is a correlation
between lgo, and E, in the activation en-
ergy range 0.5-0.8 eV. The correlation co-
efficient K = 0.98. The low-temperature
conduction parameters are interrelated as

lgog=Fk-E, +0, (3)
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Fig. 2. Interrelation between the pre-expo-
nential factor (6)) and conduction activation
energy (E,) in KDP crystals.

where k and b are constants. The values thereof
calculated using least-squares method are
k = 15.610.9 (S/eV-cm), b = —9.710.5 (S/cm).

The KDP electric conductance is almost
isotropic [5], thus, the fact that the plot in
Fig. 2 includes results obtained for differ-
ent crystal directions is insignificant. The
relationship (2) is found to be valid not only
for KDP crystals studied in this work but
also for those from other works [3-5, 15,
18, 21]. This testifies to the fact that all
the crystals involve the same conduction
mechanisms in spite of differences in the
conduction parameters.

It is known [6] that the slope of regres-
sion line presenting the lgoy = f(E,) de-
pendence in (E,, 1gcy) coordinates depends
on the disordering extent in the crystal.
An increased curve slope corresponds to
increased disordering at the formation of
defects. This is connected with the fact
that the quantity A in (1) is defined as
A = A -exp[AS‘E], where AS is the entropy
change; %k, a constant. In our case, the ex-
perimental points (E,, 1gc) are almost in
one and the same line in Fig. 2 representing
the plot lgoy = f(E,). Thus, all the crystals
characterized in Table have the same disor-
dering extent at T<100°C.

In some instances, the relationship (3) is
invalid. It is seen in Fig. 2 that the experi-
mental points are deviated from the regres-
sion line at high activation energy values
E,>0.8 eV. This is connected with the fact
that the intrinsic conduction mechanism
(formation and migration of proton defects)
dominates at those activation energy values.
For the intrinsic mechanism (E, ~ 0.8 eV),
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the interrelation coefficients between o and
E, must have other numerical values than in
E, range 0.5-0.8 eV where both intrinsic and
extrinsic conduction mechanisms play parts [6].
It is seen in Fig. 2 that the relationship (3) is
not met for crystals with high concentrations

of impurity ions SO, (above 0.1 %) [3], CrO?(
and CrO%‘ [21]. This is due to the fact that

incorporation of those ions causes an in-
creased number of L-defects but does not
result in any significant distortions of the
crystal structure [3] and thus of the en-
tropy, the increase of which causes an in-
creased conduction activation energy E,. At
the same time, the increase of L-defect
number in the crystals due to doping results
in an increased electric conductance. This is
reflected in a rise of the parameter o, in
Eq.(2) that depends not on the crystal disor-
dering extent only but on the number of
mobile defects affecting the conduction.
That is the cause of the lgo, values devia-
tion in heavily doped crystals from the re-
gression line lgoy, = f(E,) that occurs in this
case mainly along the ordinate axis (Fig. 2).

The relationship (3) is not met for high-
temperature conduction parameters [21]
(Table ) measured at T>180°C; perhaps that
is connected with the crystal decomposition.
It is known [21] that high temperatures af-
fect heavily the physical properties of KDP
crystals (due to transition into monoclinic
phase) that become milky and opaque.

The deviations from the Eq.(3) may be
due to macroscale defects, such as the
structure distortions in some crystal areas
(increased imperfection layers). Those are
observable by the X-ray topography [6] in
crystals grown from solutions having high pH
values. It has been shown in the work men-
tioned that those defects cause a E, reduction
by 0.3 eV and room temperature conduction
increase by several decimal orders.

It is seen from the above that the devia-
tion of experimental points from the regres-
sion line (3) can be used as a criterion of
the crystal quality.

To conclude, the temperature conduc-
tance dependences have been measured for
KDP crystals (the {101} growth sectors)
grown by recirculation and temperature
lowering methods. The temperature depend-
ences of conductance have been found to
follow an exponential law of the Arrhenius
type. The pre-exponential factor lgc,, acti-
vation energy E, and the conductivity value
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at room temperature have been determined.
A correlation between the conduction pa-
rameters E, and lgo, of undoped crystals
exists within the activation energy range
0.49-0.79 eV that is observable in the 20-
100°C temperature region.
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Ocob6auBoOCTI eqekTponpoBigHocTi MmoHOKpucTadie KDP

O.M.Jleéuenko, I.M.Ilpumyna, B.B.Ttomionnux, O.I1.'aépuk,
IO.M.Benixoe, K.M.Benixoé, O.M.Xomenko, B.M.Ily3sixose

B inmrtepBasi Temmeparyp 20-150°C pocrimskeHo ejeKTpoupoBigHicTh Kpucranis KDP,
BUPOIIEHUX MEeTOJOM pPeIUPKYJAAIil Ta MeToJOM SHHKEHHsA Temmeparypu. TemmeparypHi
3aJIEJKHOCT1 eJIEKTPOIIPOBiTHOCTI MifIOPAZKOBYIOTHCS €KCIIOHEeHIliliHOMYy 3akoHy. Busnaueno
mepefeKCIIOHEHI[IMHUI MHOMKHUK Ta eHeprilo akTuBallil ejeKTpolrpoBigHocTti. BeranosieHo,
10 V HEZOIOBAHMX Kpucrajax y remieparypuomy inrepsBanai 20—100°C i miamasoni emepriit
axruBaiii 0.49-0,79 eB icuye kKopenslia MixK 3HaUueHHAM Jorapudma IepeeKCIOHeHIIAHO-
ro MHOKHHKA 1 eHeprieo axrtusaiiil emekrponposiguocti. KoedimienT xopensamnii mopisuioe
0.98. Ile cBimuuTp mpo Te, IO MEXAHI3BMH eJIeKTPOHPOBigZHOCTI y Kpucranax 3 HUSBLKOIO
KOHIleHTpaIlieo medexTis € anamoriuaumu. OrpuMani pesyabTaT OGroBOPIOIOTHCA y PAMKAX
Bimomux mozeseii mexaHismiB esekTponposBigaocti B KDP, B 0CHOBI AKMX € TPaHCIIOPT IIPOTOHA.
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