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Abstract— In the current study, author examines and reports the effect of dopant l-ornithine monohydrochloride 

(LOMHC) on structural, optical and electrical properties of potassium dihydrogen phosphate (KDP) crystal. The slow 

solvent evaporation technique is used to grow the crystals. Good grade, transparent, and rectangular crystals are achieved 

after approximately 4 weeks. The grown crystals are characterized by powder X, SHG, UV-Vis, impedance, modulus, 

dielectric and conductivity analysis. The powder X analysis shows single phase nature of the doped crystals with increase 

in crystallite size and lattice strain. The doped KDP crystals show NLO behavior with reduction in SHG efficiency. The 

UV-Vis analysis shows reduction in transmittance % and band gap energy of doped KDP crystals. Complex impedance 

and modulus analysis show the dominancy in polarization mechanism in all the samples due to bulk effect arising in the 

grains. The scaling behavior of modulus demonstrates the reliance of relaxation dynamics on doped LOMHC 

concentration. The dielectric behavior of pure and LOMHC doped KDP shows normal behavior. The ac conductivity obeys 

the Jonscher’s power law and ideal long-range pathways and diffusion limited hopping process in pure and LOMHC doped 

KDP crystals. 
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I.  INTRODUCTION  

 

KDP is a very useful single crystal due to its capability of 

frequency conversion [1,2]. The small amount of different 

types of impurities can influence the rate of growth, shape 

and transparency of growing pure crystals as well as 

upswing optical-electrical characteristics. Parikh et al. and 

N. Kanagathara [3,4] have studied l-lysine doped KDP 

crystals and reported increased %transmittance and SHG 

efficiency and decreased dielectric constant and loss value. 

Ravi et al. [5] have studied phenylalanine doped KDP 

reported increased SHG efficiency of doped KDP crystals. 

Rajesh et al. [6] have studied equi-molar l-serine KDP 

crystal and reported increased SHG efficiency of the 

crystal compared to KDP. O V Mary Sheeja [7] reported 

CdS nanoparticles doped KDP crystals and reported 

increased % of optical transmission and SHG efficiency. 

Metals, such as mercury and silver doped KDP crystals 

have been reported by Mayilvani [8] and observed 

increased transmittance of mercury doped KDP, while 

lower transmittance of silver doped KDP. So on, the study 

of doped KDP crystal is much necessary in order to find 

out the appropriate dopant and its concentration for which 

the optical and electrical properties are improved or not. 

With this aim, the present authors decide to investigate the 

influence of l-ornithine monohydrochloride (LOMHC) 

doping by varying its weight% on the structural, optical 

and electrical properties of pure KDP crystals. Further, it is 

worth to mention here that as LOMHC is a polyamino 

acid, its carboxyl and amino group no longer able to act as 

acid or base but the acid base property depends upon the 

overall ionization characteristics of the side chain 

methylene (CH2) and amino (NH2) group. It is expected 

that the same should be reflected in terms of either increase 

or decrease in SHG efficiency of LOMHC doped KDP 

crystals.  

 

II. EXPERIMENTAL TECHNIQUE 

 

Slow solvent evaporation is utilised to grow pure and 

LOMHC doped KDP crystals at room temperature. In 500 

ml of distilled water, KDP is added accordingly till the 

solution is enriched. Also, the stirring process is done to 

acquire homogeneity. After filtering, the whole solution is 

separated into 5 beakers of 100 ml each. One beaker is 

used to grow only KDP crystal and 0.2gm, 0.4gm, 0.6gm, 

and 0.8gm LOMHC is dissolved with proper stirring to 

grow 0.2, 0.4, 0.6, and 0.8 weight% LOMHCl doped KDP 

crystals in other beakers, respectively. For controlled 

evaporation, all beakers are stored in a dust-free and 

disturbance-free environment and coated with filter paper. 

Good grade, transparent, rectangular crystals are 

meticulously extracted from the beakers after 4 weeks. 

Figure 1a-e shows pure and LOMHC doped KDP crystals. 

As can be seen in Figure 1, all of the crystals possess 

http://www.isroset.org/
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almost rectangular shape morphology and transparency of 

which decreases as wt% of dopant LOMHC increases. 

 

 
(1a)             (1b)            (1c)            (1d)           (1e) 

Figure 1.  Grown crystal of (a) Pure KDP, (b to e) (0.2, 0.4, 0.6 

and 0.8) wt% LOMHC doped KDP 

 

III. RESULTS AND DISCUSSION 

 

A. EDAX analysis 

EDAX analysis is used to determine the presence of dopant 

atoms in the produced crystals by using Philips XI-30. The 

data of EDAX analysis of pure and different wt% LOMHC 

doped KDP crystals are presented in the table 1. 

 
Table 1. EDAX Result 

Sample Number 

and Name 

Carbon 

(C) 

Potassi

um (K) 

Oxyge

n 
(O) 

Phosph

orous 
(P) 

Chlorin

e (Cl) 

Wt % 

1. Pure KDP - 34.35 48.29 22.03 - 

2. 0.2wt%   

LOMHC doped 

KDP 

3.75 32.62 

 

41.53 

 

 

21.30 

 

0.44 

3. 0.4wt% 

LOMHC doped 
KDP  

3.87 29.11 

 

41.00 
 

 

21.03 
 

1.51 

4. 0.6wt% 

LOMHC doped 

KDP 

4.55 32.41 

 

36.44 

 

 

20.83 

 

1.60 

5. 0.8wt% 

LOMHC doped 

KDP 

5.28 31.94 

 

40.71 

 

20.72 3.43 

 

The chemical formula of potassium dihydrogen phosphate 

(KDP) is KH2PO4. Hence, the EDAX analysis of pure 

KDP shows the presence of potassium (K), phosphorous (P) 

and oxygen (O). The chemical formula of dopant l-

ornithine monohydrochloride (LOMHC) is C5H13ClN2O2. 

Therefore, when it is doped into pure KDP, its EDAX 

analysis shows the presence of carbon (C) and chlorine 

(Cl), which indicates that dopant atoms are present in the 

KDP crystal. Further, moving towards specimen 2 to 5, as 

the wt% of LOMHC in KDP is increased, the wt% of 

carbon and chlorine are also observed to increase in 

LOMHC doped KDP crystal. This validates the doping 

operation's success. 

B. Powder XRD study 

Powder XRD patterns of pure KDP crystals (specimen 1) 

and other various weight% LOMHC doped KDP crystal 

(specimen 2-5) could be seen in Figure 2, while table 2 

shows the unit cell parameters, cell volume, and X-ray 

density.  

 

Figure 2.  Powder XRD patterns of (a) specimen 1. Pure KDP (b) 

specimen 2. 0.2wt% (c) specimen 3. 0.4wt% (d) specimen 4. 0.6wt% and 

(e) specimen 5. 0.8wt% LOMHC doped KDP 

Table 2. Unit cell parameters, cell volume and X-ray density of pure and 
LOMHC doped KDP crystals 

Specimen 

Number 

LOMH 

Doping 

(wt%) 

a = b 

(Ǻ) 

c (Ǻ) Volume 

cell (Ǻ3) 

X-ray 

density (g 

cm-3) 

Specimen 1  0 7.4410 6.9646 385.62 2.3436 

Specimen 2  0.2 7.4418 6.9788 386.49 2.3384 

Specimen 3  0.4 7.4451 6.9639 386.00 2.3413 

Specimen 4  0.6 7.4417 6.9697 385.97 2.3415 

Specimen 5 0.8 7.4469 6.9742 386.76 2.3367 

 

It is noticed that the primary diffraction pattern peaks of all 

these specimen at 2θ positions are around 17.455o, 

23.929o, 29.777o, 30.807o, 34.104o, 38.53o, 45.837o, 

46.558o, 55.146o, 58.887o, 64.03o and 69.757o which 

corresponds to the planes (101), (200), (211), (112), (220), 

(301), (321), (312), (420), (332), (224) and (512), 

respectively. These are in well agreement with the earlier 

results [9,10]. The crystal structure of LOMHC has been 

reported by Akio Chiba et al. [11]. It grows as a colourless 

plate from its aqueous solution and belongs to monoclinic 

crystal system having unit cell parameters: a = 10.21 Ǻ, b = 

8.04 Ǻ, c = 4.98 Ǻ; β = 97o; space group: P21 or P21/m. 

While KDP possesses tetragonal crystal system having 

space group I-42d. According to diffraction pattern in 

figure 2, It could be said that the presence of dopant 



Int. J. Sci. Res. in Physics and Applied Sciences                                                                               Vol.10, Issue.3, Jun 2022 

  © 2022, IJSRPAS All Rights Reserved                                                                                                                              3 

LOMHC does not indicate the presence of an additional 

phase in the various wt% LOMHC doped KDP crystals, 

implying that all of the crystals are single-phase with 

characteristic KDP peaks. The similar trend has been 

reported in the literature in terms of the effect of dopant in 

KDP [12]. The unit cell parameters of KDP crystal fits in 

nicely with standard JCPDS card no 35-0807 as well as 

with the report of other researchers [9,13,14]. KDP crystals, 

both pure and LOMHC doped, have a tetragonal space 

group I-42d tetragonal crystal system. Sharp xrd peaks 

imply that produced crystals are crystallinity-good. When 

LOMHC in different wt% is doped into pure KDP, a 

general observation indicates intensity decrement of the 

most prominent peak (200) of pure KDP observed at 

23.929o and slight shift in position of this peak, shown in 

figure 3 with an expanded scale. The strains in the lattice 

may be responsible for this observation and slightly 

deformation in the crystal structure of doped KDP 

compared to pure KDP. The strain in the crystalline lattice 

is caused by a small degree of doping of the large size 

molecule LOMHC, which is reflected in a tiny change in 

the unit cell characteristics, X-ray density measurements as 

well as increase in volume of doped KDP crystals. Lattice 

characteristics rise as dopant concentration increases, 

potentially increasing the porosity of doped KDP crystals. 

Because the dopant LOMHC concentration is so low, the 

rate of taking in dopant particles may be slow compared to 

the rate of deposition of growth elements, resulting in a rise 

in the doped KDP crystals' lattice parameter values. The 

slight shift in the position of the peak of doped crystals 

suggests slightly distortion in the crystal structure of doped 

KDP compared to pure KDP [9,13]. 

 

 

Figure 3.  (2 0 0) diffraction peak of pure and LOMHC doped KDP 

crystals 

Crystallite size and strain determination by using 
various methods 

In the present study, the crystallite size and strain associated 
with the grown crystals due to doping of LOMHC in 
different wt% is determined by using various methods 
discussed below. 

 Crystallite size determination from the 
Scherrer method 

The average crystallite size is determined by using highly 
intense crystalline plane (200) based on the Scherrer 
equation: 

D = Kλ/βDcosθ, 

where D represents the crystallite size, K is taken 0.9 as the 
shape factor, λ represents wavelength of the X-ray source. 
In the present case, it is CuKα radiation having value of 
wavelength 1.5406 Ǻ. βD and θ stand for the FWHM 
(broadening of the peak) in radian and the peak position in 
radian. 

 Crystallite size and strain determination from 
the Williamson-Hall method   

The crystallite size and strain are determined by applying 
Williamson-Hall (W-H) method [15] to the powder XRD 
patterns. The equation can be expressed as: 

βcosθ = εWH (4sinθ) + Kλ/DWH, 

where, β represents the total broadening of the high-
intensity diffraction peaks due to crystallite size and strain, 
DWH is the crystallite size, εWH is the strain, shape factor 
K as 0.9 and λ is the source wavelength 1.5406 Ǻ. The 
crystallite size (DWH) and lattice strain (εWH) is 
calculated from the intercept and slope of the linear fit of 
the graph between 4sinθ on x axis and βcosθ on y axis. 

 Crystallite size and strain determination from 
the Halder-Wagner method 

The technique proposed by Halder and Wagner is 
additionally been utilized to decide crystallite size along 
with strain. A model proposed by Halder and Wagner can 
be expressed by the equation [16] 

2

2

16
sintantan

HW

HWD

K

















  

  

The linear fit data of the slope of the H-W plot of 
2

tan











   

on the y axis against  




sintan
 on the x axis yield the 

crystallite size (DHW) and the y intercept yield the value of 
lattice strain (εHW). 

 Crystallite size and strain determination from 
the Wagner-Aqua method 

A method proposed by Wagner and Aqua is likewise and 
equation can be expressed as [17] 

2

22 )sin4()cos( 
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All the observed reflections in the 2θ range shown in the 
figure 2 are considered to draw W-A plot between (4sinθ)2 
on the x axis and (βcosθ)2 on the y axis. The slope and 
intercept on vertical axis of the linear plot yield lattice 
strain value (εWA) and the crystallite size value (DWA). 
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 Stacking fault calculation 

The stacking fault (SF) values have been calculated by 
using the equation [18,19] 















2/1

2

)tan3(45

2
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The values of stacking fault (SF), crystallite size along with 

strain evaluated by several methods are tabulated in table 3. 

Table 3. Stacking fault (SF), crystallite size and strain values of pure and 

LOMHC doped KDP crystals measured from several methods. 

Speci 

men 

No 

SF × 

10-4 

Sche 

-rrer 

Method 
D (nm) 

W – H 

Method 

H – W 

Method 

W – A 

Method 

DWH 

(nm) 

εWH 

× 

10–4 

DHW 

(nm) 

εHW 

× 

10–4 

DWA 

(nm) 

εWA 

× 

10–4 
1 19.52 39.76 46.37 6.74 39.27 8.45 40.90 13.66 

2 17.44 39.78 48.99 7.31 40.66 8.56 42.14 13.75 

3 17.26 39.91 49.70 7.46 41.00 9.26 42.40 13.80 

4 19.38 40.14 51.54 8.20 41.26 10.03 42.53 14.75 

5 17.43 40.17 54.80 11.80 42.27 12.7 43.00 18.13 

 

Table 3 shows that as the weight percent of dopant 

LOMHC increases, the value of crystallite size and strain 

increases. Also, noticeable that the calculation from 

Scherrer equation is nearly similar to the values calculated 

from H – W and W – A methods, while W – H method 

gives larger values than the values obtained from the 

Scherrer method and others. This is because only size 

broadening is considered in the Scherrer method, while in 

the W – H method, both size and strain broadening of 

diffraction peaks are considered. An increasing pattern of 

crystallite size as well as lattice strain is found in all 

analytical methods after increasing the wt% of dopant 

LOMHC from 0.2wt% to 0.8wt% moving from sample 1 

to 5. An increase in crystallite size may suggest the 

facilitation in the development of crystallites. A smaller 

crystallite would result in a larger FWHM. [20]. In the 

present case, increase in crystallite size results into 

reduction in the FWHM. Further, an increase in stacking 

faults relates to the XRD peaks [20]. In the present case, 

stacking fault reduces as wt% of dopant increases in 

moving from sample 1 to 5, which again results into 

reduction in FWHM. An increasing value of strain results 

into decrease in the intensity of the peak. All the changes 

in the FWHM and peak intensity are clearly visible in the 

figure 3.  

C. SHG Analysis 

To verify NLO characteristic, Kurtz powder test using Q 
switched High Energy Nd:YAG Laser with modulated 
radiation of wavelength 1064 nm, having repetition rate 10 
Hz and pulse width 6 ns on the powder of crystals through a 
visible blocking filter was done. To acquire the most 
powder SHG, the input laser beam was focused at the 
crystal powder. The emission of green light having 
wavelength of 532 nm indicated the creation of a second 
harmonic signal in crystals. This confirms the NLO 
behaviour. The NLO SHG efficiency is calculated using 
monocrystalline powder of KDP as reference material using 
the equation: 

SHG Efficiency = Output Energy (sample)/Output Energy 
(KDP) 

The SHG efficiency of pure and LOMHC doped KDP 

crystals are listed in the table 4. 

Table 4. SHG efficiency of pure and LOMHC doped KDP crystals 

Sample Output 

Energy 

(mJ) 

Input 

Energy (J) 

SHG 

Efficiency 

Pure KDP (Sample 1) 7.50 0.70 1 

0.2wt% LOMHC doped 

KDP (Sample 2) 
6.81 0.70 0.908 

0.4wt% LOMHC doped 

KDP (Sample 3) 
5.89 0.70 0.785 

0.6wt% LOMHC doped 

KDP (Sample 4) 
4.31 0.70 0.574 

0.8wt% LOMHC doped 
KDP (Sample 5) 

4.17 0.70 0.556 

 

The SHG efficiency evaluated with regard to KDP 

decreases in the case of LOMHC doped KDP and increases 

when the wt% of dopant LOMHC is increased, as shown in 

table 4. The decreased SHG efficiency of doped KDP has 

been reported by several researchers [10,21]. Decrease in 

SHG efficiency of pure KDP after LOMHC doping 

indicates that side chain might not be acted as a proton 

donor. The proton may not be placed into the structure of 

KDP by LOMHC doping, resulting in a reduction in SHG 

efficiency of KDP. Further, the presence of dopant might 

have affected the non-centrosymmetric packing of the 

molecular crystal of KDP; resulted into reduction in the 

SHG efficiency of LOMHC doped KDP. In other words, 

depressed SHG efficiency of LOMHC doped KDP 

indicates an unfavourable molecular alignment for 

nonlinearity. 

D. UV-Vis Analysis 

The optical study was recorded by UV-1700 series 

spectrometer in the wavelength range of 190-800 nm. 

Figure 4 shows optical transmittance spectra of pure and 

LOMHC doped KDP crystals. 
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 0.2wt% LOMHC doped KDP

 0.4wt% LOMHC doped KDP

 0.6wt% LOMHC doped KDP

 0.8wt% LOMHC doped KDP

 

Figure 4.  Transmission spectra of pure and LOMHC doped KDP  

In the visible region, the spectra have a great degree of 

transparency. The transmittance value decreases very 

slightly after 0.2wt%, 0.4wt% and 0.6wt% doping of 

LOMHC but remarkable reduction is observed in the case 

of 0.8wt% doping of LOMHC into KDP. The cut off 
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wavelength of 195 nm is observed for pure and 0.2wt% 

LOMHC doped KDP, 200 nm for 0.4wt% and 0.6wt% and 

213nm for 0.8wt% LOMHC doped KDP. The remarkable 

reduction in transparency and shifting of cut off wavelength 

towards higher wavelength side in the case of 0.8wt% 

LOMHC doped KDP indicates the optimum influence of a 

dopant on transmittance. For all the crystals, the 

transmittance% within optical region along with cut off 

wavelength is shown in the table 5. 

 
Table 5. Transmittance and optical energy band gap (Eg) values of pure 

and LOMHC doped KDP crystals 

Specimen Transmittance% 

within visible 
range 

Band gap 

energy 
(eV) 

Cut off 

wavelength 
(nm) 

Pure KDP Specimen 1 85.59% to 

88.72% 

6.19  195 

0.2 wt% LOMHC 
doped KDP Specimen 

2 

84.46% to 
88.12% 

6.13 195 

0.4 wt% LOMHC 

doped KDP Specimen 
3 

83.58% to 

87.98% 

6.06 200 

0.6 wt% LOMHC 

doped KDP Specimen 
4 

80% to 85.27% 6.00 200 

0.8 wt% LOMHC 

doped KDP Specimen 

5 

65.43% to 

74.17% 

5.67 212 

 

Determination of optical energy band gap 

The Tauc relation was used to calculate the optical energy 
band gap (Eg) for pure and LOMHC doped KDP crystals. 
[22]: 

αhν = A(hν – Eg)n, 

Where, h is Planck constant, ν represents frequency of 
incident photon, A is constant, Eg is the average band gap 
of the material and n stands for index that is affected by 
different kinds of transitions. The value of the index n = 
1/2, 3, 2 and 3/2 denotes allowed direct transition, 
forbidden indirect transition, indirect allowed transition and 
forbidden direct transition, respectively [23]. α is the optical 
absorption coefficient and is calculated by using the 
standard formula [24]: 

  
Tauc’s plot is shown in the figure 5 for pure and LOMHC 

doped KDP crystals. 

 

 
Figure 5.  Tauc’s plot of pure and LOMHC doped KDP crystal 

 
In the figure 5, the graphs are plotted between (αhν)2 vs 
energy (hν). By projecting the tangent of the linear part of 
the graph to the X-axis gives the optical energy band gap 
(Eg) value. 
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The results mentioned in table 5 indicate that the LOMHC 

doped KDP shows gradual reduction in the value of energy 

band gap. Though, the fairly good value of energy band gap 

of pure and LOMHC doped KDP indicates that the 

generated crystals are acceptable for optoelectronic device 

manufacture [25]. The ability of a dielectric medium, such 

as a crystal, to be polarized under the influence of applied 

radiation is demonstrated by the energy band gap of the 

crystal. [24]. For a crystal, having high value of energy 

band gap indicates its better ability to be polarized. The 

reduction in Eg of LOMHC doped KDP can be attributed 

the formation of recombination centre, the energy level of 

which is situated in the forbidden band that able to 

recombine with the conduction electrons and holes [26]. 

E. Complex impedance and modulus analysis 

The complex impedance and modulus of pure and LOMHC 
doped KDP crystals were analysed at room temperature in 
the frequency range of 100 Hz to 1 MHz in current study. 
The data obtained by the LCR meter was utilised to analyse 
dielectric constant (ε’), dielectric loss (ε’), ac and dc 
conductivity (σac and σdc) and real (Z’) and imaginary 
(Z’’) parts of complex impedance (Z*). The formulas given 
in the literature [27] have been used for the same. 

 

Frequency dependence of real component of impedance 

Figure 6 show the reliance of real component of complex 

impedance (Z’) on frequency at room temperature of pure 

and LOMHC doped KDP. 
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h
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Figure 6.  Plot of Z’ versus logf of sample 1 pure KDP and samples 2 to 

5 (0.2, 0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

Figure 6 implies that Z’ decreases with increase in 
frequency trend along with all five specimens, indicating 
conductivity inversely proportional to frequency and the 
presence of space charge conduction at low frequencies. At 
high frequencies, for all the samples, Z' becomes frequency-
independent, suggesting that space charge is unable to 
follow a high frequency field. For low-frequencies, for a 
specific value of 100 Hz, the value of Z’ increases as the 
concentration of dopant increases from 0.2wt% to 0.8wt%. 
This indicates that when the doping concentration grows, 

the value of dc conductivity decreases. As dopant LOMHC 
is added to pure KDP, a frequency at which Z' becomes 
frequency independent is found to shift to the lower 
frequency side. This suggests that the samples have a 
frequency relaxation operation, which leads in a shorter 
grain and/or grain boundary relaxation time. In the 
following part, the same is evaluated and tabulated. Thus, in 
terms of conductivity and grain and/or grain boundary 
relaxation time of pure KDP, the effect of dopant and its 
concentration is easily visible. 

 
Frequency dependence of real component of modulus 

Figure 7 represents the real component of complex modules 

(M’) dependency on frequency at room temperature of pure 

and LOMHC doped KDP. 
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Figure 7.  Plot of M’ versus logf of sample 1 pure KDP and samples 2 to 
5 (0.2, 0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

The M' values for all of the samples are small, as can be 

seen in Figure 7. This signifies that the electrode 

polarization has been removed. [28-30]. With an increase in 

frequency, M’ values of all the samples increase and attain 

maximum and almost saturate value in the high-frequency 

region. This can be attribute to the distribution of relaxation 

processes over a range of frequencies and the presence of 

space charge polarization [30-32]. As the frequency 

increases, the dispersion in the values of M’ of all the 

samples is observed which can be attribute to the 

conductivity relaxation, indicating the presence of 

relaxation time, accompanied by loss peak in the low 

frequency region in the plot of imaginary part of electric 

modulus (M’’) versus log of frequency. As LOMHC is 

doped into KDP and as its weight% increases from 0.2wt% 

to 0.8wt%, M’ value increases in the lower as well as 

higher frequency region. Raise in the M’ values with dopant 

concentration, indicates decrease in the mobility of the 

charge carriers, which ultimately results into decrease in the 

value of dc although ac conductivity of the samples. This is 

discussed in the conductivity analysis section. Further, M’ 

value for all the samples show continuous increase as 

frequency rise, that confirms the controlling of the 

conduction process because of the presence of short-range 
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mobile charge carrier [32,33]. It is also observed from the 

figure that for all the samples, the increasing rate of M’ is 

more in the low frequency region compared to high 

frequency region, which indicates that at lower frequency 

the conduction event is controlled by the long-range 

mobility of the charge carriers [32,34]. 

 

Frequency dependence of imaginary component of 

impedance 

Figure 8 show imaginary component of complex impedance 

(Z ") on frequency at room temperature of pure and 

LOMHC doped KDP is dependent. 
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Figure 8.   Plot of Z’’ versus logf of sample 1 pure KDP and samples 2 to 

5 (0.2, 0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

 

From the figure 8, it is observed that Z’’ shows behavior 

similar to Z’. Generally, Z’’ plot shows relaxation peak 

within low or high frequency region. In the present case, the 

relaxation peak is not observed in any of the sample within 

the frequency range under study, which may be due to weak 

current dissipation in the materials as decrease in the 

mobility of the charge carriers with increasing dopant 

concentration or beyond the limit of lower frequency 

measurement. As LOMHC is doped into KDP and as its 

weight% increases from 0.2wt% to 0.8wt%, the height of 

Z’’ plot increases. The height of Z’’ plot is proportional to 

grain and/or grain-boundary resistance, whatever is 

dominant in the sample. This can be expressed by the 

equation: 

Z’’ = Rωmτ/1+ωm2τ2, 

 

Where, ωm is the relaxation angular frequency which can 

be found from the relaxation peak in the Z’’ plot. Hereby, 

as the relaxation peak is not observed in the Z’’ plot, the 

same can be found by fitting the impedance plane plot by 

using the software Z-view. R is the grain and/or grain-

boundary resistance, whatever is present and/or dominant in 

the sample and τ prefers the relaxation time. The increased 

height of the Z’’ plot with increase in dopant concentration 

clearly indicates the increase in the value of grain and/or 

grain-boundary resistance, which are discussed in the 

complex impedance plane plot analysis. From the figure 6, 

Also the imaginary part of the impedance (Z’’) for all the 

samples becomes independent of frequency at high 

frequencies, which may be due to release of space charge in 

the material [35-38]. 

 

Frequency dependence of imaginary component of 

modulus 

Figure 9 shows the relationship of the imaginary component 

of complex modulus (M ") on frequency at room 

temperature of pure and LOMHC doped KDP. 
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Figure 9.  Plot of M’’ versus logf of sample 1 pure KDP and samples 2 

to 5 (0.2, 0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

 

From the figure 9, it is observed that within the frequency 

range under study, i.e., 100 Hz to 1MHz, M’’ values are 

large for all the samples in the low frequency range 

compared to high frequency range. The large values of M’’ 

for each at lower frequency range can be attribute to the 

small value of capacitance due to electrode polarization 

effect resulting small amount of charge carriers at the 

electrode electrolyte interface. In low frequency range, M’’ 

curves of pure as well as LOMHC doped KDP samples 

exhibit peak at the same frequency, i.e., at 200 Hz, with 

increase in peak height in this doped crystal. Compare to 

pure KDP, increase in M’’ in the case of LOMHC doped 

crystals can be attribute to decrease in ionic conductivity as 

well as the dependence of capacitance of grain and/or grain 

boundary on the dopant. The appearance of peak at the 

same frequency, i.e., 200 Hz after LOMHC doped into 

KDP indicates the conductivity of charge carriers may not 

be dopant activated. Moving to lower frequency from 

higher, the existence of a peak in all samples shows a 

change in charge carrier mobility from short to long range. 

The dopant-dependent hopping process of electrical charge 

transfer can be used to explain this phenomenon. The 

appearance of the peak at the same frequency after 

LOMHC doped into KDP, indicates that the transition point 

of the mobility of the charge carriers from short to long 

range does not depend on the dopant LOMHC or its 

concentration in KDP and hence the leakage current in the 

samples due to hopping phenomenon may not be dopant 

activated or it may be independent of dopant LOMHC and 

its concentration in pure KDP. 
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Complex modulus spectrum 

Figure 10 shows the complex modulus spectrum at room 

temperature for pure and LOMHC doped KDP. 
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Figure 10.  Complex plane plot of M’’ versus M’ of sample 1 pure 

KDP and samples 2 to 5 (0.2, 0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

 

In the complex plane plot of electric modulus shown in 

figure 10, the prominent arc is observed for pure KDP as 

well as LOMHC doped KDP crystals of samples 1 to 5. The 

low capacitance of bulk, i.e. grain, is responsible for this 

arc, suggesting the presence of grain contribution mainly. 

For all the formed crystals of samples 1 to 5, the segments 

of the grain arc from the intersection on the M' axis are 

obviously visible. From the plot of figure 10, clearly visible 

that compared to pure KDP crystal, the arcs show increased 

diameter for LOMHC doped KDP, indicating decrease in 

the value of grain capacitance. The curves of the formed 

crystals have the shape of depressed semicircles with their 

centers below the real axis, indicating that they do not meet 

the criteria for an ideal Debye model. This shows a 

deviation from ideal behaviour, indicating relaxation 

behaviour of the non-Debye kind. The semicircles 

demonstrate relaxation widening, indicating that the 

electrical relaxation in the formed crystals is not of the 

Debye type. 

 

Scaling behaviour of M’’ 

The study of scaling tendency of Z" and M" is highly 

important in order to acquire more knowledge about the 

influence of the relaxation dynamics on several variables 

like as temperature, structure, and charge carrier 

concentration [30,39]. In the present case, the scaling 

behaviour of M’’ at room temperature for pure KDP and 

LOMHC doped KDP is carried out. The scaled imaginary 

part of electric modulus is shown in the figure 11. The 

Mmax’’ and fmax are used as the scaling parameters for 

M’’ and f, respectively. 
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Figure 11.  The scaling of M’’ of sample 1 pure KDP and samples 2 to 

5 (0.2, 0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

 

It can be seen from the figures 11 that the modulus spectra 

of samples 1–5 overlap but do not blend into a single 

master curve, indicating that they are still distinct enough to 

be identified, particularly, pure KDP and LOMHC doped 

KDP are clearly identified. As the current process is carried 

out at room temperature to examine the effect of doping of 

LOMHC on impedance and modulus properties of crystals 

of pure KDP, the result indicates that the charge carrier 

concentration affects the relaxation dynamics, which may 

vary as per the wt% of the dopant LOMHC. The 

asymmetrical shapes of the plots indicate the deviation of 

dielectric relaxation process from the pure Debye behavior 

and existence of distribution of relaxation times. The non-

symmetric normalized modulus plot of figure 11 is in 

keeping with the electrical function's non-exponential 

nature, which may be effectively represented by the 

Kohlrausch-William-Watts exponential function [30,39,40] 

as per the equation: 



























t
exp

 

Where, β is an exponent having values lies within 0-1, 

implying deviation from the Debye relaxation. The value of 

β can be calculated as per the equation [30,41] 

FWHM

14.1
  

Here, FWHM is the full width at half maximum of M’’ 

versus logf curve and obtained from Gaussian type curve 

fitting. 

The calculated values of exponential parameter β for grain 

relaxation are shown in the table 6. 

 
Table 6: Exponent parameter (β) values for all the samples 1 to 5 

Sample Name β value 

Pure KDP 0.65 

0.2wt% LOMHC doped KDP  0.62 

0.4wt% LOMHC doped KDP  0.55 

0.6wt% LOMHC doped KDP  0.54 

0.8wt% LOMHC doped KDP  0.52 
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The highest value of the exponent variable β, i.e., β = 1, 

denotes Debye type relaxation, whereas the lower the value 

of, the greater the variation of relaxation from Debye type 

relaxation. In the present case, smaller value of β indicates 

non-Debye type relaxation is presented within pure as well 

as LOMHC doped KDP crystals. 

 

Complex impedance spectrum 

The complex impedance spectrum is studied to gain a better 

understanding of the polarization processes that occur in 

formed crystals at ambient temperature. Because each of 

these resistances has a distinct relaxation period, resulting 

in discrete semicircles in the complex impedance plane 

plot, this figure helps to separate out the resistances 

associated to grain, grain boundaries, and film/electrode 

interfaces. 

Figure 12 illustrates the complex impedance plane plot at 

ambient temperature of pure KDP and various wt% 

LOMHC doped KDP. 
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Figure 12.  The complex impedance plane plot of Z’’ versus Z’ of 
sample 1 pure KDP and samples 2 to 5 (0.2, 0.4, 0.6 and 0.8) wt% 

LOMHC doped KDP 

 

The curves show bending towards real axis-Z’. The 

exploration of full, partial, or no semicircles is determined 

by the intensity of relaxation and the frequency range 

available [42,43]. For each sample, the high frequency arcs 

pass through the origin. The centre of each semicircle arc 

stays below the real axis, resulting in depressed semicircles, 

confirming the presence of a non-Debye type of relaxation 

in all samples. The impedance property of the material 

under study is defined by the existence of single, double, or 

more semi-circular arcs, the pattern of which changes as the 

sample temperature or the wt % or mol % of the additives 

changes. Total impedance of the polycrystalline material 

has contribution of grain, grain boundaries and 

sample/electrode interface [44]. In the present case, the 

absence of any second arc in pure as well as in LOMHC 

doped KDP, confirms that the polarization mechanism in all 

the samples corresponds to bulk effect arising in the grains. 

Further, the absence of any residual semicircle at low 

frequencies in all the samples indicates the absence of 

contact or electrode effect, probably due to the well-

polished surface of the samples and electrode. The effect of 

dopant LOMHC and its concentration on impedance 

characteristics of pure KDP is clearly visible in the form of 

gradually changes of the appearance of semi-circular arcs of 

LOMHC doped KDP samples 2 to 5. Assume equivalent 

circuit of these tendency, it evaluates understanding of 

relation between microstructure and ongoing electrical 

phenomenon. In current case, fitting of complex impedance 

plot of each one shows each holds only grain effect 

behavioural certain region against entire frequency range. 

In general, the impedance pattern's semi-circular arcs may 

be referred to a parallel pair of resistance and capacitance as 

in figure 13. 

 
Figure 13.  Equivalent R-CPE circuit 

 

Due to non-ideal capacitive behaviour, the CPE, meaning 

Constant Phase Element, is used in the circuit instead of 

capacitance. The capacitance values for each specimen are 

evaluated using the equation presented in the literature [45]. 

Hence, major role of grain effect only, R is representing 

grain resistance that could be gained from intercepting 

every semicircle with real axis. Also, figure 12 gives visuals 

of gradually increasing diameter of semicircle tendency as 

going from pure-undoped KDP to 0.8 wt% LOMHC doped, 

i.e., samples 1 to 5. These suggest an increase in grain 

resistance and, consequently, a reduction in conductivity. 

The values of the grain resistance and capacitance are 

collected in Table 7. 

 
Table 7. Equivalent circuit parameters for the samples 1 to 5 

Sample-label Rg 

(MΩ) 

Cg 

(pF) 

τg 

(ms) 

αg 

Pure KDP 135 4.83 0.652 0.9744 

0.2wt% LOMHC doped KDP 205 4.25 0.871 0.9783 

0.4wt% LOMHC doped KDP 237 3.74 0.886 0.9770 

0.6wt% LOMHC doped KDP 226 4.22 0.953 0.9806 

0.8wt% LOMHC doped KDP 281 4.08 1.146 0.9807 

 

The relaxation time for grain was evaluated by relation τg = 

Rg∙Cg. Here, αg represents the degree of deviation for 

grain. Table 7 shows that the grain relaxation time is longer 

in LOMHC doped KDP. This suggests that the presence of 

dopant LOMHC reduces the relaxing process of the grain 

present. Moreover, αg raises to value one for LOMHC 

doped KDP crystals of samples 2 to 5, implying the system 

tends to the ideal capacitive behaviour. 

 

F. Dielectric analysis 

Frequency dependence of real part of dielectric constant 

The frequency dependence of real part of dielectric 

constant, i.e., ε’ of pure and different wt% LOMHC doped 

KDP crystals are shown in the figure 14. 
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Figure 14.  Plot of dielectric constant versus logf of sample 1 pure KDP 

and samples 2 to 5 (0.2, 0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

 

Pure as well as LOMHC doped KDP crystals show high 

value of dielectric constant in lower frequency region, 

which can be considered as a normal dielectric behaviour 

[46]. Then as the frequency of the applied field is increased, 

the dielectric constant value of all the samples begins to 

decrease. This is related to the dipoles' failure to follow the 

field fluctuation at high frequencies, as well as the 

polarization effect. At high frequencies, the frequent 

reversal of the electric field is so quick, which results into 

no excess ion diffusion in the direction of the applied field. 

The overall response of the dielectric constant of the 

material is cause of electronic, ionic, dipole and space 

charge polarization corresponding to frequencies 1015, 

1013, 1010 and 102 Hz, respectively [47]. Below 100 Hz 

frequency, all the four polarization mechanisms contribute 

in the effective value of dielectric constant, while above 

100 Hz there is no contribution of space charge polarization 

to dielectric constant value [32]. In the present case, the 

decrease in the dielectric constant value is significant within 

100 Hz to 1 kHz which can be associated with the mobile 

ion and dipole polarization and then there is no significant 

change is observed. It is also observed that low frequency 

dispersion is highest in pure KDP rather than LOMHC 

doped KDP. It suggests that doping LOMHC into pure 

KDP lessens interfacial polarization and mobile ions. The 

interfacial polarization is not significant at high frequencies, 

hence dielectric constant remains relatively constant 

[48,49]. Further, the dielectric constant value is observed to 

decrease within the whole frequency range under 

investigation when LOMHC is doped into pure KDP. This 

indicates that the presence of dopant impedes the diffusion 

of ions in the space charge polarization and orientation of 

the molecules in the direction of the field. Microelectronics 

industry needs materials as an interlayer dielectric having 

low dielectric constant [50]. In the present case, doping of 

LOMHC reduces the dielectric constant of pure KDP from 

nearly 28 to 16; hence, such material may be useful to 

microelectronics industry. 

 

Frequency dependence of imaginary part of dielectric 

constant 

The frequency dependence of imaginary part of dielectric 

constant (ε’’), i.e., dielectric loss of undoped and different 

wt% LOMHC doped KDP crystals are shown in the figure 

15. 
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Figure 15.  Plot of dielectric loss versus logf of sample 1 pure KDP and 

samples 2 to 5 (0.2, 0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

 

For LOMHC doped-undoped KDP, the nature of the plots 

is same, i.e., the higher values within lower frequency range 

and starts decreasing as frequency increasing. For all the 

samples, the comparison of dielectric loss curves (figure 

15) with the dielectric constant curves (figure 14) shows 

that the dispersion in dielectric loss is more than that in 

dielectric constant, which indicates the impact of dc 

conductivity. The value of low frequency slope of dielectric 

loss versus log of frequency plot for all the samples is 

nearly -1, which indicates the dominancy of the dc 

conduction in this frequency region [51]. Now, the 

contribution to the dielectric loss generally consists of three 

different types, namely, relaxation loss, conduction loss and 

resonance loss. The relaxation loss is generated due to the 

relaxation polarization when the polarization process cannot 

comply with the speed of change of direction of external 

field. Hence, relaxation loss is observed in this high-

frequency range. The resonance loss is observed when the 

frequency of external electric field is very high, i.e., of the 

order of 1013 Hz or more. In this frequency region, the 

vibration of electrons, atoms and molecules releases heat 

and results in resonance absorption [32,52,53]. As the upper 

limit of frequency in the present study is 106 Hz, the 

resonance loss is not observed. The conduction loss is 

caused by the sample's conductivity since the prepared 

samples may not act as an ideal insulator. A relation 

between dielectric loss and conductivity is given by the 

equation: 

σ = ωε0ε’’, 

Where, ω is the angular frequency of the applied electric 

field, ε0 is the vacuum dielectric constant and ε’’ is the 

dielectric loss. The loss curve of all the samples shows 

highly dispersive nature in the low frequency region and dc 

conduction is dominant. So, this equation can be written as: 

σdc = ωε0ε’’. 
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As a result, the increased amount of dielectric loss in the 

low frequency zone may be attributed to the impact of dc 

conduction. As LOMHC is doped into pure KDP and as its 

weight% increases from 0.2wt% to 0.8wt%, the loss value 

gradually decreases, which indicates the gradual reduction 

in the dc conductivity value of the LOMHC doped KDP 

samples. The dc conductivity values of all the samples are 

found out and listed in the table given in the next section of 

ac conductivity analysis. 

 

G. AC conductivity analysis 

The ac conductivity (σac) values were evaluated by using 

the formula σac = ωεoε’’, here ω is the angular frequency, 

εo is the permittivity of free space and ε’’ is the dielectric 

loss [54].  

Figure 16 shows the ac conductivity variation with respect 

to frequency for all the samples. 
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Figure 16.  Plot of ac conductivity against logf of sample 1 pure KDP 

and samples 2 to 5 (0.2, 0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

 

On observing figure 16 implies that within the measured 

frequency range, the frequency dependent conductivity of 

pure and LOMHC doped KDP shows two different regions 

(i) a low frequency plateau region and (ii) a high frequency 

dispersion region. In the first one (i), up to a specific 

frequency value, the conductivity of all samples stays 

frequency independent. and hence can be characterized to 

the prepared samples' dc conductivity. The value of dc 

conductivity for all the samples can be estimated from 

extrapolating each line of the plot up to Y-axis [27]. Ions 

can move more quicker and shift from one spot to another 

within this frequency range. The successful ion jump to a 

nearby unoccupied site leads to the dc conductivity [55]. 

After a low frequency plateau zone, there occurs a high 

frequency dispersing region. The cross-over frequency from 

the region of frequency independent conductivity to the 

region of conductivity dispersion is known as hopping 

frequency (ωp) and this frequency cross-over shows that the 

conductivity relaxation phenomenon is occurring in the 

samples. The following empirical formula can be used to 

represent the frequency dependence of ac conductivity. [56-

58]: 

σ(ω) = Aωs, 

where, ω = 2πf represents angular frequency of the ac 

signal, A is a constant defining polarizability strength of the 

material [59], s is an exponent indicating the amount of 

interaction either between mobile ions and lattice or charge 

carriers involved in the polarization process, the magnitude 

of which lies between zero and one [59,60]. The exponent s 

has been observed to behave [61-63] in different forms like 

a constant, either decreasing or increasing with temperature 

[60]. It means, exponent s depends on frequency and 

temperature [27]. Funke [62] has given the physical 

significance or physical meaning of the value of s. 

According to him, s ≤  1 and s > 1, would indicate the 

hopping motion involved is a (i) translational motion with a 

sudden hopping and (ii) localized hopping of the species 

with a small hopping without leaving the neighbourhood 

[64]. The value of exponent s one, i.e., s = 1 can be attribute 

to Debye case, generally attainable [65] at very low 

temperatures and would indicate the least interaction 

between the charge carriers leading to the confirmation of 

the assumption that ac conductivity is predominant due to 

the relaxation dipole moment [27]. The decrease in the 

value of exponent s either due to change in temperature or 

as existence of dopant in the pure crystal would indicate 

increased interaction between the same [60] and s = 0 

would indicate frequency independent or dc conduction 

[66]. 

 

By using log scale, the frequency impact of ac conductivity 

can be given by: 

logσ(ω) = logA + slogω. 

 

A plot between logσ(ω) on Y-axis and logω on X-axis is 

known as Jonscher’s plot, which is shown in the figure 17. 

The values of s and A, respectively, can be obtained from 

the slope and intercept of the linear fit of Jonscher’s plot. 
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Figure 17.  Jonscher’s Plot of sample 1 pure KDP and samples 2 to 5 

(0.2, 0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

 

The various conductivity mechanism relevant parameters of 

pure and LOMHC doped KDP crystals are listed in the 

table 8[67]. 
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Table 8: Conductivity mechanism relevant parameters of pure and (0.2, 

0.4, 0.6 and 0.8) wt% LOMHC doped KDP 

Sample name σdc × 

10-7 

(S/m) 

σac × 

10-6 

(S/m) 

s A × 10-9   

(Sm-1rad-n) 

Wm × 

10-2 

(eV) 

Pure KDP 1.025 6.23 0.573 2.26 36.35 

0.2wt% LOMHC 

doped KDP 

0.935 5.15 0.658 0.66 45.39 

0.4wt% LOMHC 

doped KDP 

0.868 5.06 0.672 0.45 47.33 

0.6wt% LOMHC 
doped KDP 

0.812 4.58 0.64 0.65 43.12 

0.8wt% LOMHC 
doped KDP 

0.393 4.18 0.63 0.77 41.95 

 

From the table 8, exponent-value lies between 0.5 and 1 for 

all the samples. Usually, in case of ionic conductors, 0.5-1 

range can be attribute to the ideal long-range pathways and 

diffusion limited hopping [68]. Hence, doped-undoped 

KDP crystals possess the previously mentioned hopping 

mechanism. Further, the lowest value of s is obtained for 

the pure KDP crystal, that can be attribute to the high rate 

of successful jump of charge carriers, resulting into high 

value of dc conductivity [69], as shown in the table 8. As 

LOMHC is doped, the s-value rises. The same can be 

attribute to the reduced rate of successful jump of charge 

carriers, decreasing dc conductivity of LOMHC doped 

KDP, as shown in the table 8. 

 

One can also notice from table 8, that polarizability strength 

A is highest in case of pure KDP but tends to decrease on 

doping. As direct relation in-between dielectric constant 

and polarizability of molecule implies that the stronger the 

polarizability of a molecule, the higher the material's 

dielectric constant[70]. Thus, the value of strength of 

polarizability of pure KDP and different wt% LOMHC 

doped KDP are in accordance with the dielectric results. 

Table 8 also states that the ac conductive property at 1 MHz 

is highest for pure KDP rather than a doped one. This can 

be understood on the basis of a relation between exponent 

(s) and binding energy (Wm) as follows [71]: 

1 – s = 6kBT/Wm, 

 

Where, kB means Boltzmann constant, T represents 

absolute temperature, s is exponent and Wm indicates the 

binding energy. According to table 8, the binding energy is 

minimum for pure but increases on LOMHC doping. Rise 

in binding energy indicates the decreased amount of charge 

carriers crossing over the barrier. So that a decreasing 

tendency in the ac conductivity of LOMHC doped KDP 

crystals occurs. In addition, proton mobility within the 

environment of hydrogen bonds can be used to determine 

conduction in KDP group crystals [72]. It has been reported 

[12,72] that thermally generated L-defects and foreign 

particles incorporated into the lattice and forming L-defects 

determine the conductivity of KDP crystals. Like 

ammonium dihydrogen phosphate (ADP) [73], as protonic 

conduction in KDP is primarily owing to the anion 

(H2PO4)– instead of the cation (K+), the existence of more 

hydrogen bonds may diminish the L-defects, obstructing 

protons' movement. This could explain why doped samples 

have lesser ac conductivity than pure KDP samples. 

 

IV. CONCLUSION 

 

Slow solvent evaporation is utilized to grow pure and 

different weight% LOMHC doped KDP crystals at room 

temperature. The EDAX analysis confirms the successful 

doping of LOMHC. The powder XRD analysis confirms 

the single-phase behavior of each doped-undoped KDP 

crystals. The lattice strain and crystallite size of doped 

KDP crystals, calculated by various methods, are observed 

to increase. SHG analysis confirms the NLO behavior of 

all the crystals with reduction in efficiency of doped KDP 

crystals. UV-Vis analysis shows higher transparency 

among visible region with reduction in transparency and 

energy band gap value of doped KDP crystals. Complex 

impedance and modulus analysis confirm the existence of 

polarization mechanism in all the samples due to bulk 

effect arising in the grains. The related equivalent circuit 

parameters are calculated. The scaling behavior of modulus 

conforms the occurrence of relaxation dynamics within the 

samples are dependent on the concentration of the dopant 

LOMHC. The value of exponential parameter suggests 

non-Debye type relaxation within each specimen. The 

dielectric analysis shows normal dielectric behavior of all 

the samples. The doping of LOMHC reduces dielectric 

constant and loss values, making the material useful to 

microelectronics industry. An examination of ac 

conductivity reveals that all the samples follow the power 

law of Jonscher and the value of exponent s indicates the 

ideal long-range pathways and diffusion limited hopping 

mechanism in the samples. 
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