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Crystal Growth by Unidirectional Method - A Generalized
View on the Crystalline Perfection of the Uni-Indexed,
Bi-Indexed, and Tri-Indexed Plane Single Crystals

Sivakumar Aswathppa, Sahaya Jude Dhas Sathiyadhas, V. Muthuvel, Lidong Dai,*
and Martin Britto Dhas Sathiyadhas Amalapushpam*

In this article of generalized view, a comparison of the long-range order
crystalline perfection of crystals is made with respect to their planes grown by
the unidirectional growth technique. Based on the obtained results, it is
established that the uni-indexed grown crystals yield a high degree of
crystalline perfection and to a certain extent the bi-indexed crystals, but
tri-indexed crystals grow with higher lattice disorders. Herein,
uni-indexed crystal means the crystal grown along a plane has only
one integer out of the h, k, and l whereas the other values are zero [e.g., (100),
(010), (001)]. Bi-indexed crystal means the crystal grown along a plane
has integers for any two of the h, k, and l but the remaining value is zero [e.g.,
(110), (011), (101)]. Tri-indexed crystal means the crystal grown along the
plane has integers for all the values of h, k, and l [e.g., (111)].

1. Introduction

“Crystals” that belong to the category of solid state of mat-
ter are characterized by long-range periodic order of the atoms
or molecules in the micro-meter scale. Sometimes, these crys-
tals experience lattice disorder in a non-periodic way wherein
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atoms and molecules suffer variations in
their orientations and bonding arrange-
ments due to external parameters such
as pressure, temperature variations, ir-
radiations, etc.[1–3] Hence, the growth of
bulk crystals without any lattice disorder
is highly crucial and challenging. In
order to overcome this critical situation,
a lot of crystals growers have paid sig-
nificant effort over the last few decays
and found several direction-controlled
growth techniques such as seed-oriented
undercooled melt growth,[4] Microtube-
Czochralski,[5] Vertical Bridgman
method,[6] and Sankaranarayanan–
Ramasamy method (SR method)[7] to
grow bulk size crystals with high-degree
of crystalline perfection. Among the

above-mentioned techniques, the SR method is one of the most
popular methods due to the unidirectional crystal growth, mini-
mum defects in the growth period as well as high solute-crystal
conversion efficiency and high growth rate, etc.[7]

As far of now, a number of crystal growers have grown crystals
using the SR method with different orientations and harvested
good quality optically transparent crystals of bulk size. Benzophe-
none (110) was the first crystal grown by the SR method[7] and
from thereon, numerous researchers have reported their respec-
tive crystal growth findings and the functional properties of
the grown crystals.[8–29] For example, Balamurugan et al. have
reported the crystal growth of KDP by the SR method along
the uni-indexed plane of (200) and obtained good crystalline
perfection[8] that are also reflected in the crystals of L-alaninium
p-toluenesulfonate (010),[9] Triglycine sulfate (001),[10] triglycine
sulfate (010),[11] Sodium sulfanilate dehydrate (001),[12] Methyl 2-
amino-5-bromobenzoate (001),[13] ammonium dihydrogen phos-
phate (200),[14] benzophenone (100),[15] benzil (100),[16] nickel
sulfate hexahydrate (004),[17] and ammonium dihydrogen phos-
phate (100),[18] D-𝜋-A type 2-amino- 5-nitropyridinium dihydro-
gen phosphate (001),[19] Imidazolium L-Tartrate (010),[20] stron-
tium bis (hydrogen L-malate) hexahydrate (010),[21] sulfamic acid
(100),[22] L-alaninium p-toluenesulfonate (010),[23] and Triglycine
calcium dibromide (001).[24] Comparatively low number of bi-
indexed crystals were grown by the SR method and they are ben-
zophenone (110)[7] 1,3,5-triphenylbenzene (011)[25] l-Glutamic
acid hydrobromide,[26] 4-hydroxy l-proline (110)[27] t-stilbene,[28]

ammonium dihydrogen phosphate (101),[29] and potassium
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Figure 1. Schematic representation of planar arrangements a) uni-indexed crystal b) bi-indexed.

dihydrogen phosphate (101).[29] Tri-indexed plane crystal growth
of ninhydrin (111)[30] by the SRmethod has been reported byNee-
lam Rani et al., and such kind of tri-indexed crystal growth by the
SR method is rare and we have found, to date, only one report in
this regard.
Note that, on the one hand, based on the above-mentioned

reports, the uni-indexed planes such as (100), (010), and (001)
crystals[8–24] have yielded good crystalline perfection and such re-
sults have beenwell-documented by theHRXRD analysis. On the
other hand, in the case of bi-indexed plane crystals, crystalline
perfection is comparably lower than that of uni-indexed crys-
tals. Govindan et al., have reported the 1,3,5-triphenylbenzene
single crystal and found a couple of satellite peaks that indi-
cate the occurrence of the relative lattice disorder.[25] In addi-
tion to that, as per the ref [27] the bi-indexed crystal does not
have any HRXRD or XRD results to confirm the degree of crys-
talline nature. More importantly, Sankaranarayanan et al., have
grown (110) plane benzophenone crystals and observed one satel-
lite peak along with a major broad diffraction curve wherein the
full width at half maximum is 61 arc sec.[7] Senthil Pandian et al.,
have grown the same benzophenone crystal by the same tech-
nique along the (100) plane and found a very sharp diffraction
peak in the HRXRD data and the full width at half maximum is
10 arc sec.[15] In addition to that, NeelamRani et al., have reported
ninhydrin crystal grown along the (111) plane employing the SR
method and the results presented on the degree of crystalline
perfection of the grown crystal remain to be not convincing.[29]

Hence, the reliability of the degree of the crystalline nature of the
grown crystal has to be counterchecked.

2. Results and Discussion

2.1. XRD Results

Based on the overall reported results, it is worthwhile to add a few
more possible scientific facts about unidirectional crystal growth
and the required knowledge for the selection of the apt plane for
crystal growth to maintain a good degree of crystalline nature. A
detailed understanding is highly helpful to the crystal growers in
choosing the right plane for crystal growth such that highly long-
range ordered crystals of bulk size can be grown for industrial

applications. Note that, the surface energy (step energy) values
for a, b, and c-axes are different for a particular crystal that vary
with respect to thematerial and its crystallographic phases.[32] Be-
cause of the anisotropy of the crystalline planes (especially bond-
ing and planar density), the growth rates of the crystals are dif-
ferent from each other. While looking into a uni-indexed plane
crystal, the surface energy of the crystal is uniform throughout
such that uniform surface energy is required to build the long-
range ordered units without any lattice frustration. Since there is
no planar interface for the uni-indexed plane (i.e, isotropic sur-
face free energy) normal growth of the crystal lattice in the same
direction leads to a higher degree of crystalline nature (Figure 1).
Therefore, while selecting a seed crystal it is essential to have
uniform surface energy in such a way that high-quality unidirec-
tional bulk size crystal can be grown and Figure 1 represents the
arrangements of uni-indexed and bi-indexed planes in the respec-
tive crystal lattices.
On the other hand, bi-indexed and tri-indexed plane crys-

tals have differences in surface energies and axial temperature
gradient well within the crystal so that the staking of the re-
peated long-range order is reduced. Hence, the low surface en-
ergy plane grows faster than the higher surface energy planes so
that bi-indexed seed crystals placed for the unidirectional growth
encounter lattice disorder considerably compared to the uni-
indexed plane crystals[7,25–28] while such disorder is more vigor-
ous for the growing tri-indexed plane crystals.[29]

In the case of unidirectional growth imposed on bi-indexed
and tri-indexed planes, the planar interfaces and planer density
are linearly increased that leads to the resultant lattice disorder
in the growing crystal. Note that generally, the bi-indexed and tri-
indexed crystals’ surfaces have more steps and kinks, etc than
that of the uni-indexed plane crystal and the surfaces of such
steps and kinks are highly dominant in the unidirectional crystal
growth technique due to the anisotropic surface free energy in the
crystal surface and the supplied incoming atoms and molecules
cannot locate the lower energy point in the lattice to build a long-
range ordered crystal. Note that, in the case of the unidirectional
growth technique, the numbers of supplied atoms andmolecules
are the same across the growth surface that is controlled by the
temperature gradient while the requirement of each axis is dif-
ferent in terms of the numbers of atoms to initiate the growth
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Figure 2. The XRD patterns of as grown crystals of uni-indexed, bi-indexed and tri-indexed planes a) NiSO4.6H2O b) CuSO4.5H2O c) KH2PO4 d) XRD
baseline width profile.

unit (as per the growth velocity of the axis). In the case of the
unidirectional technique, crystals can grow easily in only one di-
rection, i.e., without any lattice frustration as per the axial velocity
of the crystal. But, while either the bi-indexed or the tri- indexed
plane crystal is placed at the bottom of the ampoule, it is forced
to grow along the respective axes simultaneously. Because of the
existence of different axial velocities and non-uniform surface en-
ergy, all the directions cannot have lower energy points to build
a perfect crystalline unit for the growing bi-indexed as well as
tri-indexed crystals. The observed measurements of diffraction
(XRD, HRXRD) of both bi-indexed and tri- indexed plane crys-
tals have significant changes in terms of the degree of crystalline
nature.[33–35] X-ray diffraction and X-ray topography techniques
can act as simple and reliable methods to find direct evidence
for the degree of crystalline nature of the grown crystals.[36–40]

Here we have performed the X-ray diffraction techniques to jus-
tify the results. The crystallographic details of the grown crystals
are such that NiSO4.6H2O has crystallized in the tetragonal struc-

ture with the space group P41212 and the lattice dimensions are
a = b = 6.785, c = 18.279 Å.[41] CuSO4.5H2O belongs to the tri-
clinic crystal system possessing the P-1 space symmetry and the
lattice dimensions are a = 6.106, b = 10.656, and c = 5.969 Å.[42]

KDP crystal is crystallized in the tetragonal structure with the
space group I4-2d and the lattice dimensions are a = 7.34, b =
7.34, and c = 6.975 Å.[43] As seen in Figure 2a, the nickel sul-
fate hexahydrate single crystal (uni-indexed plane – (004)) shows
a strong and sharp diffraction peak without any baseline noise
that indicates that the grown crystal has a higher degree of crys-
talline nature. We have utilized X-ray diffractometry (Rigaku–
SmartLab X-ray Diffractometer, Japan) for the present investiga-
tion with CuK𝛼 as the X-ray source (𝜆 = 1.5407 Å) of radiation
and a 1D detector. The copper sulfate pentahydrate single crys-
tal as in Figure 2b reflects the XRD pattern by which it is quite
clear that the degree of crystalline nature is significantly affected
due to the bi-indexed crystal growth in the SR method. Figure 2c
exhibits the XRD pattern of as grown KDP crystal along the
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Figure 3. Lattice Raman modes of the grown uni-indexed, bi-indexed and tri-indexed planes of crystals.

tri-indexed plane in which the (332) plane diffraction peak has
very low intensity and high full width at half maximum indicat-
ing the grown crystal’s high structural disorder in comparison
with the uni-indexed and bi-indexed plane crystals.[44]

Note that, the sharpness of the diffraction peak is reduced
while increasing the order of planes, i.e., uni-indexed, bi-indexed
and tri-indexed planes that indicate that the uni-indexed plane
crystals are better candidates for the growth of crystals employ-
ing the unidirectional method to harvest bulk size of high-degree
crystalline materials along a specific orientation. Apart from the
diffraction peak characteristics, the baseline XRD profile of the
above-motioned three single crystals is presented over the diffrac-
tion angle from25–35° in Figure 2dwherein the tri-indexed plane
crystal shows the highest degree of noise compared to the other
two crystals. It indicates that the staking units in the lattice may
not be homogenous such that the lack of long-range period or-
der, as well as high lattice strain, might cause the growing crystal
to experience lattice frustration and end up in a lower crystalline
symmetry material.

2.2. Lattice Raman Modes

Furthermore, in justifying the outcomes of the indented re-
search, Raman spectroscopic results can provide more inroads
into the local disorder of the crystal structure.[43–54] The recorded
lattice modes Raman spectra of the grown crystals and the ob-
served lattice Raman modes are presented in Figure 3. Note that,
in the case of NiSO4.6H2O for the (004) plane, the lattice Raman
mode positions are observed at 210, 236, and 269 cm−1 such that
the observed Raman band positions are well-matched with the

previous reports.[45] Hence, it could be confirmed that the grown
NiSO4.6H2O crystal is free from the local disorder and hence pos-
sesses a high degree of crystalline nature. On the one hand, in the
case of CuSO4.5H2O crystal, a couple of lattice Raman bands at 76
and 92 cm−1 are seenwhile on the other hand, such Raman bands
should have appeared at 62 and 82 cm−1 for the CuSO4.5H2O
crystal.[46] Such a significant difference in the lattice Raman band
positions clearly shows the symmetry of the crystal that is slightly
affected causing the loss of the degree of crystalline nature. Fi-
nally, the tri-indexed plane crystal (332) of the KDP sample’s Ra-
man spectra is shown in Figure 3 wherein only one lattice Raman
mode is present at 153 cm−1. Note that the perfect tetragonal KDP
crystal should have three lattice Raman modes at 116, 154, and
187 cm−1, respectively.[47] The absence of those two lattice Raman
modes clearly shows that the perfect tetragonal unit cell was not
formed during the crystal growth condition.[48]

In addition to that, to add color to the claims, the reported
HRXRD plots of a few technologically important single crystals
of uni-indexed and bi-indexed are presented in Figure 4 that have
been grown by the SR method. As seen in Figure 4a,b, the ben-
zophenone crystals of (100) and (110) planes showcase the full
width at half maximum (FWHM) at 10 and 61 arc s, respectively.
Based on the obtained values, the bi-indexed plane crystal

has a higher value of FWHM that clearly shows that the bi-
indexed crystal has a lower degree of crystalline nature than that
of uni-indexed plane crystal. Moreover, the same logic is no-
ticed in the case of ADP and KDP crystals and the correspond-
ing HRXRD profiles are shown in Figure 4c–f. In both ADP and
KDP crystals grown by the SR method, the respective bi-indexed
crystals have much higher FWHM values than that of the uni-
indexed crystals that is due to the changes occurring in the axial
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 15214079, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/crat.202300193 by C

A
S - C

hengdu L
ibrary, W

iley O
nline L

ibrary on [10/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.crt-journal.org


www.advancedsciencenews.com www.crt-journal.org

Figure 4. The HRXRD plots of uni-indexed and bi-indexed crystals of Benzophenone,[7,15] ADP,[14,29] and KDP crystals[8,29] wherein all the images are
reprinted with permission.

temperature gradient while increasing the number of con-
tributed axes during the crystal growth.[29] Furthermore, these
changes enforce massive interface shear stress, radial shear
stress, and axial shear stress[33–35] that leads to a poor crystalline
nature compared to the uni-indexed crystals. For a better under-
standing of the above-mentioned HRXRD results, the compara-
tive analysis of FWHM values for the uni-indexed and bi-indexed
crystals is portrayed in Figure 5. Note that, as per the Figure 5
data points, the bi-indexed crystals have higher values of FWHM
than that of the uni-indexed plane crystals.
In order to get more authentic information about the above-

discussed results, we have grown uni-indexed and bi-indexed and
tri-indexed planes of NiSO4.6H2O crystals by unidirectional tech-

nique and their respective recorded XRD patterns are presented
in Figure 6. Based on the observed XRD results, it is authenti-
cated that the degree of crystalline order is high for (004) plane
and quite low for (1010) plane whereas a significant reduction is
observed in the case of (4211) plane compared to the (004) plane.
The poor crystalline nature of the (4211) plane may be due to
the lack of long-range period order as well as high lattice strain
which might have developed in the growing crystal leading to ex-
perience lattice frustration that could have ended up with a lower
degree of crystalline nature.
In addition to that, from the provided diffraction angle from 25

to 45 degrees (Figure 1d), the diffraction baseline width is found
to be linearly increased that clearly demonstrates that the degree

Cryst. Res. Technol. 2023, 58, 2300193 © 2023 Wiley-VCH GmbH2300193 (5 of 10)
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Figure 5. FWHM values of uni-indexed and bi-indexed crystals of Benzophenone,[7,15] ADP,[14,29] and KDP crystals.[8,29]

of lattice disorder increases for higher order indexes. Note that,
in the case of NiSO4.6H2O for the (004) plane, the lattice Raman
mode positions are observed at 210, 236, and 269 cm−1 such that
the observed Raman band positions are found to be well-matched
with the previous reports (Figure 7).[44] In the case of the (1010)
plane, the dominant Raman mode is shifted toward the lower
wavenumber while one lattice Ramanmode has disappeared and
this can be convincing evidence for the increase of local lattice
disorder in the grown crystal.[48 -55] More interestingly, in the case
of the (4211) plane, the lattice Raman mode is shifted from 201
to 192 cm−1 while here also one higher wavenumber lattice Ra-
manmode has disappeared and such kind of significant changes

in the Raman lattice modes clearly show the formation of local
lattice disorder in the case of the (4211) plane.[48–55]

The Differential Scanning Calorimetric (DSC) technique is
well established to be one of the powerful tools to distin-
guish the crystalline and the amorphous states of the solid-state
samples[56,57] such that the required DSC study is performed to
reaffirm the degree of crystalline nature of the NSH sample with
respect to their planes. Note that dehydration of water molecules
is not dealt with for the NSH sample asmore focus is given to the
melting point of the DSCmeasurements that were performed us-
ing a DSC60 plus in the temperature range of 35 to 300 °C at a
scanning rate of 5 °Cmin−1 in the nitrogen gas atmosphere. The

Figure 6. The XRD patterns of the as grown crystals of a) uni-indexed, b) bi-indexed, and c) tri- indexed planes of NiSO4.6H2O d) zoomed-in version of
the uni-indexed, bi-indexed, and tri-indexed planes to visualize the lattice frustration.

Cryst. Res. Technol. 2023, 58, 2300193 © 2023 Wiley-VCH GmbH2300193 (6 of 10)
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Figure 7. Lattice Raman spectra of the as grown crystals of uni-indexed,
bi-indexed, and tri-indexed planes of NiSO4.6H2O.

recorded DSC thermograms for the NSH samples are displayed
in Figure 8.
The existing endothermic peak positions of the NHS sam-

ple are located for the (004) plane at 108.22, 140.19, 156.9, and
168.3 °C, respectively and for the bi-index at 108.22, 125.13, 140,
154.37, and 170.01 °C, respectively and for the tri-index at 110.75,
128.11, 129.51, 140.39, and 167.08 °C, respectively. The exact en-
dothermic peak positions for these three crystal planes alongwith
the literature reports are shown in Figure 9. It is very well known
that, based on the heating rate, the number of endothermic peaks

Figure 8. a) DSC thermograms of the as grown crystals of uni-indexed, bi-indexed, and tri-indexed planes of NiSO4.6H2O. Zoomed-in portions of b)
uni-indexed, c) bi-indexed, and d) tri-indexed planes of NiSO4.6H2O.

Figure 9. Number of endothermic peaks for the uni-indexed, bi-indexed,
and tri-indexed planes of NiSO4.6H2O crystals.

and their respective shapes may change.[58–60] Kathiravan et al.,
have reported three endothermic peaks at 120.45, 131.81, and
159 °C, respectively for the highly crystalline NSH samples at
the heating rate of 10 °C min−1.[61] Among the three peaks, the
endothermic peak at ≈159 °C is the most crucial one because it
must have the highest intensity of the heat flow than the other en-
dothermic peaks and similar results have been found for the uni-
indexed crystal whereas slight changes are noticed for the bi-axial
crystal such that a new endothermic peak is identified at 125.1 °C.
The new endothermic peak generation clearly represents the
local re-organization of atomic arrangements and the existing
poor crystalline nature of the bi-indexed crystal. Similarly, the

Cryst. Res. Technol. 2023, 58, 2300193 © 2023 Wiley-VCH GmbH2300193 (7 of 10)
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Figure 10. TGA plots of uni-indexed, bi-indexed, and tri-indexed planes of
the as grown crystals of NiSO4.6H2O.

corresponding peak has a very high intensity for the tri-indexed
crystal and also found that the major endothermic peak at
≈159 °C has disappeared that clearly authenticates that the de-
gree of crystalline nature is poor compared to the bi-indexed

Figure 11. XRD patterns of as grown crystals employing the slow evaporation method.

crystal. In addition to that, for better clarity on the degree of
crystalline nature with respect to their planes, the zoomed-in
portions of the high-intensity endothermic peaks are presented
in Figure 8b–d for the uni-indexed, bi-indexed and tri-indexed
planes of NiSO4.6H2O. For the tri-indexed plane of the NSH
sample, endothermic peak splitting could be noticed that is
convincing proof for the poor crystalline nature.
In Figure 10, the TGA profiles of the uni-indexed, bi-indexed

and tri-indexed planes of NiSO4.6H2O crystals are presented. As
seen in Figure 10, the weight loss tangent is uniform from 200
to 480 °C for the uni-indexed NSH samples that is one of the
strong supportive evidence for the higher degree of crystalline na-
ture. The weight loss tangent over the same temperature region
is significantly altered for the bi-indexed and tri-indexed planes
of NiSO4.6H2O crystals. Moreover, the tri-indexed plane samples’
tangent area is comparatively high that clearly substantiates the
highly disordered nature of the crystal.[62–65]

In addition to that, the observed XRD patterns of the uni-
indexed, bi-indexed and tri-indexed plane crystals that have been
grown by slow evaporation growth technique at ambient temper-
ature are presented in Figure 11. As seen in Figure 11, all the
uni-indexed, bi-indexed and tri-indexed plane crystals have good
crystalline nature of long-range order.[66 -69]

In the case of non-directional growth techniques (i.e., slow
evaporation technique), all the available atoms/molecules can

Cryst. Res. Technol. 2023, 58, 2300193 © 2023 Wiley-VCH GmbH2300193 (8 of 10)
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find the low energy lattice points by themselves in the respective
axis due to the time-dependent axial growth velocity of the crys-
tal, and hence the growth is highly ordered. Also, in the case of
the slow evaporation technique, though the numbers of available
atoms for the uni-indexed, bi-indexed and tri-indexed planes are
the same, each axis can have access to accommodate the required
numbers of atoms to build the growth unit as per the growth
of the axial velocity of the crystal structure with respect to time.
Hence, even tri-indexed crystals can be grown with good crys-
talline nature compared to the crystals grown by unidirectional
technique.

3. Conclusion

As a generalization of the investigations, we have presented the
axial-dependent crystalline perfection of the SR method-grown
single crystals such that the uni-indexed plane crystal is the best
choice to grow a high degree of crystalline material compared
to the bi-indexed and tri-indexed crystals. Literature reports also
authenticate the findings of tri-indexed crystals possessing the
higher lattice disorder because of the contribution of three dif-
ferent axial during the crystal growth such that the stacking of
units may not be homogenous. Therefore, it is suggested that
the uni-indexed planes of crystals such as (100), (010), and (001)
are better and more suitable candidates for growing good quality
crystals employing the SR method. On the other hand, the slow
evaporation technique can be considered as an aptmethod to har-
vest tri-indexed crystals of a good crystalline nature.

4. Experimental Section
The unidirectional crystal growth processes were discussed in the

group’s previous publications[16–18,31] and the details of the crystal growth
procedure are provided in the Supporting Information. The cut and pol-
ished single crystals of these materials measuring 1 mm thickness each
were utilized for the present investigation, such that the uni-indexed plane
crystal - NiSO4.6H2O (004), bi-indexed plane crystal- CuSO4.5H2O (101),
and tri-indexed plane crystal- KH2PO4 (332) were selected that were grown
by the above-mentioned unidirectional crystal growth method.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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