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The influence of alkaline earth metal (Mg) and transition metal (Ig) doping on the properties and
crystalline perfection of potassium hydrogen phthalate (KHP) crystals has been described.
Incorporation of dopant into the crystalline matrix even at the low concentrations was well confirmed
by energy dispersive X-ray spectroscopy (EDS). Further, high-resolution X-ray diffraction {IIRXRD)
studies indicate predominant substitutional site occupancy for Mg. Heavy doping results in internal
structural grain boundaries due to stress aroused in the lattice caused by the entry of dopants into the
crystalline matrix. The transition metal (TIg) doping results in multi-peaks in the diffraction curve (DC)
with a wide angular spread and the site occupancy seems to be predominantly interstitial positions in
the crystal lattice, quite likely due to its bigger size in comparison with alkaline earth metal. The
reduction in the intensity observed in powder X-ray diffraction {(XRD) for both types of doped
specimens and slight shifts in vibrational frequencies reveal minor structural variations. It is observed
that the doping with high concentrations of metal facilitates nonlinearity and enhances the second

harmonic generation (SHQG) efficiency to a significant extent.

1. Introduction

Potassium hydrogen phthalate (KIP) crystal is well known for
its application in the production of crystal analyzers for long
wave X-ray spectrometers."® KIHP possesses piezoelectric,
pyroelectric, elastic and nonlinear optical (NLO) properties.®” It
crystallizes in an orthorhombic structure with space group
Pea2,.® Tt has platelet morphology with perfect cleavages along
the (010) plane. Using the periodic bond chain analysis, the
morphology of potassium hydrogen phthalate has been deter-
mined.” Recently, KHP crystals have been used as substrates for
the growth of highly oriented films of conjugated polymers with
nonlinear optical susceptibility.®® KHP is chosen as the model
compound because of its well-developed surface pattern on the
{010) face consisting of high and very low growth steps which can
be relatively easily observed by means of optical microscopy.'®!*
It is used as a substrate for the deposition of thin films of NLO
materials, like urea, with high mechanical stability.'* The Fe/Ce
impurity effect on KHP has been studied in detail** Influence of
various kinds of impurities on spiral growth phenomena on (010)
KHP indicates the existence of different mechanisms of interac-
tion. 15 Hottenhuis ef a/.,'* have made detailed investigations on
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the surface morphology and the growth kinetics of the KHP
(010) face.

Ultraviolet one-color photo refraction (UV-OPR) is enhanced
by Mg doping.'” The second harmonic generation (SHG)
conversion efficiency was enhanced by the presence of Mg in
LiNbQ; crystals. The optical damage, which is a serious problem
with LiNbO; crystals, can be reduced by doping with Mg '®
Incorporation of Mg into pure o-LilO; crystals significantly
enhances the electrical conductivity and the dielectric pro-
perties.'® The substitution of Mg** ions on the tetrahedral sites in
the W-type hexagonal ferrite structure could enhance the
magnetic properties.® The Mg concentration in Mg-doped
(Bag 515 4)0.9:Kp.075 T105 thin films has a strong influence on the
materials’ properties including surface morphology, dielectric
and tunable properties.?! These aspects prompted us to use Mg as
a dopant material in the technologically important KHP crystals.
Apart from the general advantages, no studies for Hg as a dopant
are available in the literature.

Recently, we have investigated the influence of EDTA doping
on the SHG efficiency and crystalline perfection of tris(thiourea)-
zine{i) sulfate (ZTS) crystals.® The accommodating capa-
bility of ammonium dihydrogen phosphate (ADP) crystals with
dopants like KCI and oxalic is an interesting feature.” Influence
of Mn(i) on the NLO properties of ZTS reveals a good corre-
lation between SHG efficiency and crystalline perfection.®* As
a continuation of our studies to ascertain the influence of doping
on the properties and crystalline perfection on some technolog-
ically important crystals, this work was undertaken. The litera-
ture reveals that doping studies were mostly carried out with
dopants with similar atomic/ionic radii as their host crystals. In
the present investigation, we have used both light metals of
a much smaller size and heavy transition metals for doping and

This journal is @ The Royal Society of Chemistry 2009

CrystEngComm, 2009, 11, 1635-1641 | 1635



the effects on properties and perfection of crystals are system-
atically analyzed. It has been reported that in the case of calcium
tartrate single crystals®® the doping atom prefers substitution
sites when alkaline earth atoms are used, whereas interstitial sites
are occupied when a transition metal is used. Also, the cations
with radii close to that of Ti** can substitute for Ti*" in titania
crystals, while the cations with large radii, such as Nd**, Ag",
La*", Ni**, Y*" and Rb*, occupy interstitial sites in anatase
crystals.”* HRXRD studies in the present investigation also
confirmed this behavior. In the present investigations, the doping
of the alkaline earth and transition metals was carried out
intentionally to study the effect of size on the accommodation
capability of the KHP crystal, dependence of the nature of the
additives on properties and their impact on the crystalline
perfection which may in turn influence the physical properties,
like SHG etc.

2. Experimental
Synthesis and crystal growth

KHP (E-Merck) was purified by repeated recrystallization. The
crystals were grown by a slow evaporation solution growth
technique (SEST). A saturated aqueous solution of KHP was
prepared (12 g per 100 ml). Mg(1) in the form of MgCl, (SDS)
and Hg(u) in the form of HgCl, (BDH) were used. Different
concentrations of Mg [1 mol%, (low, 1), 20 mol% (heavy, h)] and
low concentrations of Hg [1 mol%, (low, 1)] were introduced into
the aqueous growth medium as dopants. The seed crystals are
allowed to float on the surface of the saturated solution and left
for slow evaporation at room temperature (30 °C). Triply
distilled water was used as solvent. The prepared solution was
filtered with a micro filter. The crystallization took place within
15-20 days and the crystals were harvested when they attained an
optimal size and shape. It is observed visually that the growth
rate of crystals is high with low concentration of dopants. Quite
likely, at high concentrations of the dopant, the adsorption film
blocks the growth surface and inhibits the growth process.?>*’
Bulk crystals are grown using optimized growth parameters.
High quality transparent crystals were harvested from the
growth medium at low concentrations of dopants. Photographs
of the as-grown doped and undoped crystals are shown in Fig. 1.

Characterization techniques

The Fourier transform infrared (FT-IR) spectra were recorded
using AVATAR 330 FT-IR by the KBr pellet technique. A
Bruker AXS (Kappa Apex II) X-ray diffractometer was used for
single crystal X-ray diffraction (XRD) studies. The powder
X-ray diffraction was performed by using a Philips Xpert Pro
Triple-axis X-ray diffractometer at room temperature using
a wavelength of 1.540 Aanda step size of 0.008°. The samples
were examined with Cu Ka. radiation in a 26 range of 10 to 70°.
The XRD data were analyzed by the Rietveld method with
RIETAN-2000.>® The incorporated magnesium and mercury
content in the specimens were analyzed by a Philips Atomic
Absorption spectrometer. Morphologies of the samples and the
presence of dopants in the specimens were observed by using
a JEOL JSM 5610 LV scanning electron microscope with
a resolution of 3.0 nm, an accelerating voltage of 20 kV and

Fig. 1 Photographs of KHP as-grown crystals: (a) Pure, (b) 1 mol%
MgCl, doped, (c) 20 mol% MgCl, doped and (d) 1 mol% HgCl, doped.
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maximum magnification of 300 000 times. The standards used to
study EDS were MgO and HgTe for Mg and Hg dopants
respectively.

The SHG test on the crystals was performed by the Kurtz
powder method.? An Nd:YAG laser with a modulated radiation
of 1064 nm was used as the optical source and directed on the
powdered sample through a filter. The grown crystals were
ground to a uniform particle size of 125-150 pm and then packed
in a micro capillary of uniform bore and exposed to laser radi-
ation. The output from the sample was monochromated to
collect the intensity of the 532 nm component and to eliminate
the fundamental.

To reveal the crystalline perfection of the grown crystals and to
study the effect of dopants added in the saturated aqueous
solution during the growth process, a multicrystal X-ray
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diffractometer (MCD) developed at the National Physical
Laboratory®® was used to record high-resolution rocking or
diffraction curves (DC). In this system a fine focus (0.4 x 8§ mm; 2
kW Mo) X-ray source energized by a well-stabilized Philips
X-ray generator (PW 1743) was employed. The well-collimated
and monochromated Mo Ka,; beam obtained from the three
monochromator Si crystals set in a dispersive (+, —, —) config-
uration was used as the exploring X-ray beam. This arrangement
improved the spectral purity (AAMA < 107°) of the Mo Ka; beam.
The divergence of the exploring beam in the horizontal plane
(plane of diffraction) was estimated to be < 3 arc s. The spec-
imen crystal was aligned in the (+, —, —, +) configuration.
Although the lattice constant of the monochromator crystal(s)
and the specimen were different, due to the dispersive configu-
ration, the unwanted dispersion broadening in the DC of the
specimen crystal was insignificant. The specimen could be
rotated about a vertical axis, which was perpendicular to the
plane of diffraction, with a minimum angular interval of 0.5 arcs.
The diffracted intensity was measured by using a scintillation
counter. The DCs were recorded by changing the glancing angle
(angle between the incident X-ray beam and the surface of the
specimen) around the Bragg diffraction peak position 6y (zero
taken as reference point), starting from a suitable arbitrary
glancing angle (). The detector was kept at the same angular
position 26 with a wide opening for its slit, the so-called w scan.
For all the specimens in the present study, the X-ray power, size
of the beam and configuration of the diffractometer were kept
constant. Before recording the DCs, to remove the non-crystal-
lized solute atoms remaining on the surface of the crystal and
also to ensure the surface planarity, the specimens were first
lapped and chemically etched in a non-preferential etchant of
water and acetone mixture in a 1 : 2 volume ratio.

3. Results and discussion
FT-IR analysis

A very slight shift in some of the characteristic vibrational
frequencies of pure KHP is observed because of doping with Mg/
Hg. It could be due to the lattice strain developed as a result of
doping.

SEM and EDS

The effect of the influence of dopants on the surface morphology
of KHP crystal faces revealed some interesting features. Plate
morphology was observed for the undoped KHP; the highest
surface roughness could be due to bunched steps or macrosteps.
The Hg-doped crystal has the lowest surface corrugation. The
earlier studies®' on doped KHP crystals indicate that the dopants
lead to mosaicity. The addition of 16 ppm Ce** ions on the KHP
shows that the steps were retarded and bunching occurred.'*
Interestingly, by the addition of 16 ppm Fe** under identical
growth conditions the opposite effect was observed. Instead of
lengthening, the growth spirals shortened along their c¢-direc-
tion." It is clear from the investigations that the doping changes
the morphology, resulting in crystal voids.

The presence of Mg in the doped specimen was confirmed by
EDS (Fig. 2) and a higher concentration of Mg dopant led to
increased incorporation of Mg into the crystalline matrix.

Counts
Mg
(a)
Mg
(b)
(c)
0 2 4
keV

Fig. 2 EDS of KHP crystals: (a) 1 mol% MgCl, doped, (b) 20 mol%
MgCl, doped and (¢) 1 mol% HgCl, doped.

Analysis of the surface at different sites reveals that the incor-
poration is non-uniform over the surface, and connected with the
absorption mechanisms at the ledges of step strains. Interest-
ingly, Hg is not observed in the EDS spectrum (Fig. 2). It might
be segregated along the internal structural boundaries as evi-
denced by HRXRD studies. Inner parts of the doped crystals are
exposed by cleaving along the (010) plane for measuring
subsurface element concentrations (Fig. 3) and the EDS for
cleaved crystals clearly identifies Hg (Fig. 3). However, EDS is
a poor technique for quantitative analysis.

Atomic absorption spectroscopy (AAS)

This technique was used to quantify the concentration of the
dopant present in KHP crystals using a graphite line as internal
standard. The data reveals that the dopant concentrations
incorporated into the KHP lattices were 9.16 (1 mol% Mg), 12.67
(20 mol% Mg) and 0.09 (1 mol% Hg) ppm. It is clear that the
accommodation of the dopant into KHP crystalline matrix is not
proportional to the amount of dopant used in the crystallization
process. The quantity of foreign metal ions entering into the
crystalline matrix is much less in comparison with the quantity
introduced into the aqueous growth medium. It could be due to
the limitations of the accommodating capability of the material.
The main reason for the lower accommodating capability of
KHP crystals for Hg dopant than for Mg obviously seems to be
due to the latter’s larger size.

UV-Vis spectral studies

The UV spectrum reveals that the cut off wavelength is ~300 nm.
Absorption is minimum in the 300-1100 nm region. It appears
that the doping does not destroy the optical transmission. No
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Fig.3 EDS of inner part of KHP crystals: (a) 1 mol% MgCl, doped, (b)
20 mol% MgCl, doped and (¢) 1 mol% HgCl, doped.

significant Ay, shift is observed but the absorbance is reduced
drastically by doping. Because of high transparency, these doped
crystals are quite useful for optical device applications.

SHG efficiency

An SHG test was performed on the powder samples with an
input radiation of 2.5 mJ pulse™'. The output SHG intensities
(Table 1) for pure and doped specimens give relative NLO effi-
ciencies of the measured specimens. Significant enhancement of
SHG efficiency is reached with a high dopant concentration and
it was also observed that the SHG efficiency is concentration (of
the dopant) dependent.

Table 1 SHG outputs

System b, /mV
Pure KHP 27-29
Mg-doped KHP (1) 30-32
Mg-doped KHP (h) 52-53
Hg-doped KHP (1) 32-34

The depressed SHG efficiency is quite likely due to the
disturbance of charge transfer. An efficient SHG demands
a specific molecular alignment of the crystal to be achieved,
facilitating nonlinearity in the presence of a dopant. It has been
reported that the SHG can be greatly enhanced by attaining the
molecular alignment through inclusion complexation.
Recently, we have reported that the enhancement in crystalline
perfection could lead to an improvement in SHG efficiency.*

XRD and HRXRD

The lattice constants for heavily Mg-doped KHP (h) obtained by
cell refinement with least square fitting of the lines in the range of
20° = 20 = 120° are a = 9.6329 (£0.0144); b = 13.3035
(£0.0299): ¢ = 6.4786 A (£0.0084); V/ = 830.1192 A’ (+2.4834).
The corresponding values for 1 mol% Hg-doped KHP (1) are a =
9.62 (40.06); b = 13.33 (+0.08); ¢ = 6.48 A (+0.04) and V" = 832
A’ (£3). The JCPDS (00-031-1855) values for pure KHP are ¢ =
9.6120; b = 13.3290; ¢ = 6.4820 A and V = 830.46 A’. The
powder XRD patterns of doped KHP samples are compared
with that of the undoped one (Fig. 4). Quantitative data shows
slight changes in the lattice parameter values and hence the unit
cell volume. The radius of the dopants, Mg>* (72 pm) and Hg**
(83 pm) are very small compared with that of K* (151 pm).®
Hence, it is reasonable to believe that the dopant can enter into
the KHP crystalline matrix without causing much distortion.
The partial substitution of K* by Mg*"/Hg*" leads to the
formation of cation vacancies to preserve electrical neutrality.
An analogous type of defect center with cation vacancy forma-
tion is well established in the study of Mn(i)-doped KDP
(potassium dihydrogen phosphate) crystals®** by computer
structural modelling. It appears that there is no change in the
basic structure of the XRD patterns. No new peaks or phases
were observed by doping with alkaline earth and transition
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20 30 20 50 60 70

Position (°20)
Fig. 4 Powder X-ray diffraction curves of KHP crystals: (a) pure, (b) 1
mol% MgCl, doped, (c) 20 mol% MgCl, doped and (d) 1 mol% HgCl,
doped.
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Fig. 5 High-resolution X-ray diffraction curve (DC) recorded in
a symmetrical Bragg geometry for an undoped KHP crystal specimen
using (010) planes.

metals. However, a considerable reduction in intensity is
observed because of doping. The slight structural changes indi-
cate the lattice strain due to the doping. The crystallite size of
crystalline domains which diffract coherently is decreased from
~48 nm (for pure KHP) to ~26 and ~43 nm for the light metal
magnesium and transition metal mercury respectively.

Fig. 5 shows the high-resolution X-ray diffraction curve for
the undoped KHP crystal recorded for the (010) diffracting
planes using Mo Ka radiation in a symmetrical Bragg geometry.
The curve is quite sharp having full width at half maximum
(FWHM) of 13 arc s with a good symmetry with respect to the
exact diffraction peak position (taken as zero), as expected for
a nearly perfect crystal according to the plane wave dynamical
theory of X-ray diffraction.?s

Fig. 6 shows the DCs for the 1 mol% doped KHP single
crystals recorded under identical conditions as that of Fig. 5 for
the undoped specimen. The DC of curve (a) was recorded with
a simple washing after it is harvested from the solution. As seen
in the Fig., the curve does not contain any additional peaks, but

2000 : : : , : :
KHP+1 mol% MgCl, (a)
) —o— After simple
o .
> 1500 washing 4
‘2 —=u— Ater removing
[0
£ the surface lay
R 1000 |- g
x
el
2
§ 500 - -
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a
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. . 2
-100 -50 0 50 100
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Fig. 6 DCs recorded under similar conditions as that of Fig. 5 for 1

mol% MgCl, doped KHP crystals: (a) recorded with simple washing and
(b) recorded after removal of surface layer.

it is significantly broader than the DC of Fig. 5, having an
FWHM of 25 arc s. The intensity along the wings of the curve on
both sides of the diffraction peak position is also very high. One
may notice that the intensity at angular distances of up to 100 arc
s on both sides of the exact Bragg peak position (denoted as zero)
do not decrease to zero, which is otherwise expected to be nearly
zero for any reasonably good quality crystal even though its
FWHM may be of the same order (i.e. around 25 arc s). The
broadness of the DC indicates that the quality of the specimen
crystal is slightly decreased due to doping.

The combined features of the symmetry of the curve with
respect to the exact peak position and the increase in FWHM
value indicates some mosaic nature of the crystal. The mosaic
blocks seem to be oriented randomly, with their normals
misoriented with respect to each other by an angle of a few arcs.
It is interesting to compare this feature with the similar feature
observed in our earlier study on KHP doped with 1,10-phenan-
throline (phen).*' To confirm whether this mosaic nature is
limited to the surface due to the complexing layer formed by the
dopants in the solution with Mg dopant, the surface was lapped
to remove a few microns of surface and then chemically etched
with a mixture of acetone and water in a 1:2 volume ratio.
Curve (b) in the Fig. shows the DC obtained after removing the
surface layer. The FWHM is reduced to 20 arc s from the initial
value of 25 arc s. This reduction, though significant, is not to the
same extent as that observed in the case of phen dopant. This
could be mainly due to the fact that the phen dopant concen-
tration used in those studies*' was too small (0.01 mol%).
Furthermore, due to its large size, no significant quantity of
dopant could have entered into the crystalline lattice. In the
present case of Mg, due to the comparatively high concentration,
significant amounts of Mg dopant might have entered into the
lattice which might be the reason for the increase in the FWHM
value even in the bulk crystal. The symmetry in the DC (Fig. 6)
also indicates that most of the dopants occupy the substitutional
positions. As observed in our recent investigation®® on KCl and
oxalic acid doped ADP crystals, if the dopant occupies intersti-
tial positions, asymmetry in the DC is expected, with more
intensity on the higher diffraction angle with respect to the exact
peak position. It is also interesting to compare the integrated
intensities (i e. the area under the DC, normally denoted by p) of
the curves of Fig. 6. It is shown that the bulk crystal has relatively
better crystalline perfection than that of the surface layer since
the integrated intensity of the surface layer is reduced to around
35% of the integrated intensity bulk. It may be mentioned here
that p o« F (Fiq being the structure factor) in the case of an
ideal mosaic crystal and p « Fyy for an ideal perfect crystal® and
hence pmosaic > Ppertect-

Fig. 7 shows the DC recorded for a typical KHP specimen
crystal doped with 20 mol% MgCl, using (010) diffracting planes
under the same experimental conditions as that of Fig. 5 and 6. In
contrast to Fig. 5 and 6, this DC contains one well resolved
additional peak and another less prominent peak merged with
the main peak. The solid line (convoluted curve) is well fitted
with the experimental points represented by the filled rectangles.
On deconvolution of the diffraction curve using Lorentzian
curve fitting, it is clear that the curve contains two additional
peaks, which are 753 and 60 arc s away from the main peak.
These two additional peaks correspond to two internal structural
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Fig. 7 High-resolution X-ray diffraction curve (DC) recorded in a
symmetrical Bragg geometry for a typical 20 mol% MgCl, doped KHP
single crystal specimen using (010) planes.

low angle (tilt angle = 1 arc min but less than a degree) bound-
aries®” whose tilt angles (misorientation angle between the two
crystalline regions on both sides of the structural grain
boundary) are 753 and 60 arc s from their adjoining regions.

The FWHM of the main peak and the low angle boundaries
are 84, 130 and 40 arc s, respectively. Though the specimen
contains low angle boundaries, the relatively low angular spread
of around 17 arc min of the diffraction curve and the low FWHM
values show that the crystalline perfection is reasonably good.
The effect of such low angle boundaries may not be very
significant in many applications, but for the phase matching
applications, it is better to know these minute details regarding
crystalline perfection. However, if we compare the crystalline
perfection of this specimen with that of pure and 1 mol% doped
crystals, its perfection is very low. These results clearly indicate
that at higher concentrations, the crystal develops internal
structural boundaries due to heavy stress in the lattice caused by
the entry of an extra amount of dopants at the interstitial posi-
tions, in addition to the balanced occupation of dopants at the
substitutional sites. It has been established in our study of tris-
(thiourea)copper(1) chloride crystals that the replacement of Cu(1)
by Co(1) leads to the formation of cation vacancies to maintain
electrical neutrality.®® Such vacancies cause tensile strain in the
lattice and broadening of diffraction peaks. Substantial peak
broadening due to doping is observed in the DCs of HRXRD in
the present investigation and it provides evidence for the stress
development in the host crystal due to doping.

Fig. 8 shows the DC recorded for KHP crystals doped with
Hg, using (010) diffracting planes in a symmetrical Bragg
geometry under the same experimental conditions as that of
Fig. 5.

As seen in the Fig., the DC contains multi-peaks with a wide
angular spread of around 25 arc min which is nearly half a degree
of arc, showing that the crystalline quality is not good enough.
However, the sharp peaks for the individual boundaries with
FWHM values of 46 and 75 arc s indicate that the crystalline
perfection of individual grains is not that bad. It may be
mentioned here that though the crystal contains grain bound-
aries, on both sides of the boundary the crystalline regions or the
grains may be perfect parts of the crystal and such parts or grains

350 T T T T T v T T T T T T T

300 Ve

N
178" 150"
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200 i
150 - 46%4‘ { .
100 — d #
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Fig. 8 DCs recorded for typical KHP crystals using (010) diffracting
planes with 1 mol% doping of HgCl,.

may be misoriented by a definite angle which can be quantita-
tively obtained by measuring the angle between the adjacent
peaks of the DC. It seems, due to the larger size of the host crystal
than that of the metal ion, these dopants could not take the
substitutional positions, but entered into the interstitial sites of
the crystalline matrix during the growth process. However, due
to internal stress aroused in the crystal by the dopants, the crystal
develops structural grain boundaries and the dopants segregate
along the boundaries by the process of guttering as observed in
oxalic acid doped ADP crystals.?® The DC has an asymmetry
with respect to the peak position, with more scattered intensity
on the higher glancing angle side than that on the lower glancing
angle side for a particular deviation angle (Af) from the zero
position, and indicates that the metal takes the interstitial posi-
tions. These results indicate that the transition metal predomi-
nantly occupies the interstitial positions, whereas alkaline earth
metals occupy the substitutional positions. However, there is
a limit on the amount of dopant which can be accommodated by
the crystal depending upon the size of the dopant. At higher
doping levels, even in the light alkaline earth metals, a good
amount of dopants also occupy the interstitial positions which
may finally lead to generation of grain boundaries and along the
boundaries these interstitially entered dopants seem to segregate
just like Si impurities segregated in bismuth germinate,
BiyGes0q, crystals at the boundaries in our earlier studies.®

4. Conclusions

We have used XRD, FT-IR, SEM, EDS, HRXRD, UV-Vis and
Kurtz powder techniques to study the influence of doping with
a light alkaline earth metal (Mg) and a heavy transition metal
(Hg) on KHP crystals. A close observation of XRD profiles of
doped and undoped samples reveals some minor structural
variations due to lattice stress as a result of doping. The HRXRD
investigations show that Mg at moderate doping levels occupies
predominantly substitutional positions because of its compara-
tively smaller ionic radius while the heavy transition metal
mainly occupies the interstitial sites. However, at higher doping
levels, a good amount of lighter dopant like Mg also enters into
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the interstitial positions, resulting in structural grain boundaries
which are responsible for the observed additional peaks in high-
resolution diffraction curves. The general conclusion from this
investigation is that a significant enhancement of SHG efficiency
can be reached with a high dopant concentration.
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