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The CulnSe; has recently emerged as a very promising material for photovoltaic
solar-energy application, due partially to the fact that it is probably the strongest
absorbing semiconductor under sunlight. Furthermore, CulnSe; is also widely used in
optical laboratories. Since the chemical and physical properties of materials are governed
by the temperature and pressure. The crystal structure of this material is studied under
various thermodynamic conditions. Because of the advancement in technology, the
structure studies of this material under high pressure are interested for various fields of
work.

In 1996, the crystal structure of CulnSe, and their structural phase transitions
under high pressure were investigated by T.Tinoco et al. They studied the crystal
structure of CulnSe, under the maximum pressure of 290 kbar by using energy dispersive
x-rays diffraction with synchrotron radiation and Merill-Bassett diamond anvil cell. In
this research, the Angle Dispersive X-rays Powder Diffraction-is used with Image-Plate
method and x-rays with A = 0.4654 A on station 9.1 at Synchrotron Radiation Source,
Daresbury, UK for high quality data. DXR-6 Diamond anvil cell is used for generating
pressure up to 532 kbar which the structural studies of this material at this pressure have

never been done before. Ruby fluorescence technique is used for pressure calibration.
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CHAPTER 1

Introduction

The ternary-compound IB-IITA-VIA, chalcopyrite semiconductors (e.g.
CuGaSe,) form a large group of semiconducting materials with various optical,
electrical and structural properties. Omne of them, CulnSe; (Copper Indium
Diselenide) has received considerable attention recently because of its potential in
photovoltaic solar-energy application. Figure 1 shows the absorption spectrum of
CulnSey complied by Jaffe et al. [1]. The absorption of this material is stronger
than those of other photovoltaic semiconductors. In the case of Cu-III-VI,, their
direct energy gaps (E,) increase with the increasing pressure similar to those of

the II-IV binary compounds [2]. Nevertheless, the relative magnitude of % in

we—m—r—r—r7rrT7Tr7 7777 2000

a(em™)

Air Mass 1.5 Irradiance, W/m*® ym

hv (eV)

Figure 1: Absorption Spectrum of CulnSe, compared with that other photovoltaic
semiconductors. For comparison, Jaffe et al. gave also the air mass
(AM) 1.5 solar-emission spectrum. a-SiHg 16 is amorphous hydrogenated
Si and x-Si is crystalline Si. [1]
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Figure 2: Pressure dependence of the direct energy gap in the ternary-compound
semiconductors was shown by Gonzdlez et al. in 1995 [3].

CulnSe, is smaller than other ternary-compounds as shown in Figure 2 [3]. In
Figure 3, Gonzdlez et al. [4] have shown that the direct energy gap of CulnSe;
increases linearly with pressure at the rate of 30 meV-GPa™! or 3 meV-kbar—!.
Figure 4 shows the pressure dependence of the absorption edge of CulnSe,
reported by Gonzdlez et al.. Because several properties of CulnSe,, mentioned
earlier, are highly depend on hydrostatic pressure, this material is enormously

interested in high-pressure research recently.

In the early 1980s, Diamond Anvil Cell (DAC) have been used for structural
study of single crystal sample. Energy-dispersive X-rays diffraction is one of the

most basic tools for the comprehension of materials under high-pressure. These
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Figure 3: Pressure dependence of direct energy gap in CulnSe, was shown by
Gonzdlez et al. in 1989 [2].

techniques have been extensively performed for a long period of time in high pres-
sure crystallography. However, Energy-dispersive X-rays diffraction have limited
resolution because of the unavoidable contaminations from sample-fluorescence
lines and poor powder averaging due to the high degree of collimation between
the sample and the detector. Both unavoidable contaminations and poor powder
averaging have effect on peak intensities. To overcome this limitation, the reso-
lution of reflections were improved by using x-rays from Synchrotron Radiation
Source. Nevertheless, the unavoidable contaminant features still remain. Another
technique of x-rays diffraction, Angle-dispersive X-rays diffraction was applied
to tackle the contamination problems. The higher resolution of Angle-dispersive
techniques can reduce the unavoidable contaminations from the sample and
the detector. At this point, the resolution of reflections were improved but
the problems arising from single crystal technique still remain. Since the single

crystal sample could not survive intact through the abrupt density increase during
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Figure 4: Shift in the absorption edge with hydrostatic pressure for CulnSes: (1)
12 kbar, (2) 28 kbar (3) 47 kbar, and (4) 71 kbar was shown by Gonzdlez
et al. in 1989 [2].

applying high pressure, the single crystal sample is replaced by the polycrystalline
powder sample. X-rays powder diffraction techniques are used for characterizing
samples in the form of loose powders or aggregates of finely divided materials.
These techniques cover with various investigations including qualitative and
quantitative phase identification and analysis; crystallinity, microstructure, and
lattice parameter determinations; high-temperature studies, and, in some cases,
full crystal structure analysis. Not only to perform such identifications more
simply, conveniently and routinely than any ether analytical methods but the
x-rays powder diffraction can. also explain its importance in many industrial

applications as well as its wide availability and prevalence [5].

In 1991, the Image-Plate method for high-pressure x-rays powder diffraction
experiments with diamond anvil cell and Synchrotron Radiation was pioneered
by O. Shimomura et al. at the Photon Factory in Japan [6]. Their beamline

setup is shown in Figure 5. The Image-Plate is found to be more effective than a
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Figure 5: Schematic drawing of the setup for the combination of SR, DAC, and
Image-Plate at the Photon Factory in Japan is shown [6].

conventional x-rays film because of its ideal characteristics for recording powder
diffraction patterns. The advantages include low intrinsic noise, high sensitivity,
high dynamic range, high absorption coefficient, a large size recorder and ease to
operate. The intrinsic noise of Image-Plate is lower than those of photographic
film about 300 times. Its sensitivity is about 10 photons per pixel (~0.1x0.1
mm?) for weak reflections. Its dynamic range is in the order of ~10° and its size
is large enough to record a large part of complete 2-dimensional patterns without
any reduction in resolution. The 1-dimensional data, required for crystal structure
solving and full refinement, is simply obtained by integrating the 2-dimensional

pattern around the rings.

The important things have been the ability to detect and characterize the
microstructure effect of the sample. In high-pressure research, when the powder
sample is pressurized, preferred orientations occur. Preferred orientation can
cause a strong reflection to be clearly absence in a powder diffraction pattern

and introduce large uncertainties into the structure solution and refinement [7].



Rietveld refinement can overcome a serious impediment to accurate crystallog-
raphy by detecting and characterizing preferred orientation from its effects on
2-dimensional data [8]. By using Rietveld method, some other effects such as
non-hydrostatic stress and stacking faults that cause displacing reflective planes
can also be approached [9]. Moreover, we can distinguish the diffraction pattern

of a multiple phase specimen simply by their texture and appearance [10].

The related theories for structural determination and refinement are given in
chapter 2 which also include the details of many programs used for unit cell analy-
sis and Rietveld refinement. Diamond anvil cell, Ruby fluorescence technique, and
experimental method used in this research are implied in Chapter 3 and 4, respec-
tively. Crystal structure analysis and discussion of CulnSe; under high-pressure

phase are presented in Chapter 5. In Chapter 6, the conclusions are implied.



CHAPTER 1II

Structural Determination

2.1 X-Ray Powder Diffraction

X-ray powder diffraction (XRPD) is one of the most basic tools for the
comprehension of material in the form of loose powders. The extensive use of
x-rays for structural study of atomic arrangements and full crystal structure
analysis is based on the fact that waves undergo diffraction. In this technique, a
powdered specimen, which is random orientation of many crystallites, satisfy the
diffraction conditions of Bragg’s law [11]. In all instances, the radiation must have
wavelengths in the range of 0.1 to 10 A because the average distance between

adjacent atoms in solid is about 1 A.

The incident beam of x-rays can be diffracted by crystals. Atoms scatter the
incident x-rays in all directions and in some of these directions the scattered beams
are completely in phase and so reinforce each other to form the diffracted beams.
In Figure 6, the scattered rays are completely in phase and their path difference

is equal to the n times of wavelengths, or if
nA = 2dsinf (1)

where n is called the order of diffraction corresponding to n = 1, 2, 3,...

This relation was first formulated by W. L. Bragg and is known as Bragg’s law.
It states the essential condition which must be met if the diffraction occurs.
Therefore, for fixed values of wavelength A and interplanar spacing d, there may
be several angles of incidence 6y, 65, 03,... at which diffractions may occur. In
a first-order reflection (n = 1) of Figure 6, the scattered rays 1’ and 2’ would
differ in length of path and in phase by one wavelength. The angle between the
diffracted beam and the transmitted beam is always 26, known as the diffraction

angle or Bragg angle. The rays, which are scattered by all the atoms in all planes,



Diffracted
Beam

Figure 6: Bragg’s Law

are completely in phase and reinforce one another to form a diffracted beam. For
other directions of space the scattered beams are out of phase and cancel one
another. The intensity of the diffracted beam depends on the arrangement of
atoms on these planes. The diffracted beam is rather strong when all rays scatter
in the same direction. Since the atoms of a crystal scatter only a small fraction

of the incidented energy, the diffracted beam is extremely weak.

The powder diffraction pattern can be recorded with a detector-photographic
film, charge-coupled device (CCD), image plate, position-sensitive photodiode
(PSD), etc [12]."Whether the analog or digital data collection technique is used,
the final data can be displayed as intensity profiles versus interplanar spacing or
Bragg angle 20. Many modern x-ray powder diffractometer are equipped with
data reduction and peak fitting facilities (finding peak intensity versus interplanar
spacings and Bragg angles). A powder diffraction pattern of single phase material
depends on the size and shape of its unit cell. When the symmetry of materials

decreases, its powder diffraction pattern becomes more complex. For a powder



pattern of multiple phases material, the pattern is more complex because all in-
dividual patterns from each phases are overlapping. The very low symmetry and

large unit cell dimensions of the mixture cause complexity in the pattern too [5].

2.2 Image-Plate Method

Originally the diffraction pattern from x-rays diffraction was recorded by an
x-rays camera which was designed to hold a specimen and photographic film for
recording the diffracted beams. However, most of photographic films are sensitive
to visible light. Therefore, the solid state area detector, called image plate, has

been developed.

Image-Plate

Monochromator

Figure 7: Image-Plate Method in high-pressure research are shown.

Image-Plate area detector is the reusable two-dimensional diffraction patterns
recording media. The detection surface can be spherical, cylindrical, or flat.
Both spherical and cylindrical area detectors are designed for a fixed sample to
detector distance, while the flat area detector has the flexibility to be used at the
different sample to detector distance, short distance for higher angular coverage
and large distance for higher resolution [13]. This technique was originally

developed for the medical radiology and has become very popular in high-pressure



10

angle dispersive powder diffraction technique because the image-plate is sensitive
for the short-wavelength (A < 0.7 A) which pass throughout the pressure
cell [14]. The family of compounds comprising BaFX:Eu?* (X = Cl, Br) has been
known to have the high luminescence efficiency for x-ray excitation for over thirty
years [16]. In this research, the phosphor materials BaFBr:Eu*" have been bonded
on the backing plate that made from a 20x25 cm? flat aluminium to be the

fluorescence sensitizing screens and covered with a thin layer of transparent plastic.

When the x-ray photons are absorbed by phosphor screen, the excited electron
state occur. After that He-Ne laser, A = 632 nm, is used for irradiating the
Image-Plate to generate the photostimulated luminescence in the visible light
photon at A = 400 nm. The intensity of visible light photon is proportional to

those of original x-rays photon.

In high-pressure diffraction experiments, the background intensities of the dif-
fraction are comprised of air scattering and pressure transmitting medium scat-
tering. In the diffraction pattern, sometime, the contributions of at least two
additional crystalline phases from the diamond anvils and the pressure calibration
standard are presented [15]. In the diamond anvil cell, diamond can be recognized
as a large single-crystalline so its contributions in the diffraction appear very in-
tense and broad spots as shown'in Figure 8(a).” The ruby fluorescence technique
is used for pressure measurement. In this techniques, the size of ruby crystal is
as small as the average grain size of poly crystalline sample. Therefore, the ruby
spots in diffraction pattern have approximately the same intensities as diffraction
rings of the powder specimen as shown in Figure 8(b). The multiple phases from
impurities and overlapping peaks in powder diffraction pattern can be treated by
Rietveld refinements. In this way, the most accurately peak intensities can be

extracted from the powder pattern for isolating peaks and overlapping peaks [15].
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2.3 Crystal Structure Refinement

First of all, the reflection peak intensities versus Bragg angle 26 from the
powder diffraction data were fitted for the lattice paremeters determination
by using Gaussian and Lorentzian functions (Pseudo-Voigt) in the XRDA3.1
program. The “XRDA3.1 - a program for XRD analysis” [17, 18] was developed
by Serg Desgreniers and Ken Lagaree at the Laboratoire des solides denses de
I’Universite’ d’Ottawa. This program was designed to simplify and speed up the
analysis of multiple x-rays diffraction data. In addition, this program can also be
used as the x-rays data management, peak profile fitting and diffraction intensity

calculation.

Next, the “DICVOL91 - The automatic indexing of powder diffraction patterns
variation of parameters” [19] and the “UNITCELL - refinement from powder
diffraction data” [20] programs are used for determining the unit cell of CulnSe,.
The DICVOL91 was created by A. Bolutif and D. Louer of the University of
Rennes, France to index powder diffraction patterns of low symmetry lattice,
the cubic end of the symmetry sequence to triclinic lattices, by the successive
dichotomy method [21]. The dichotomy method is base on the variation, in the
direct space, of the lengths of the cell edges and interaxial angle by finite ranges.
These parameters are progressively reduced by a dichotomy procedure if they
contain possible solution.. The UNITCELL has been developed by T.J.B Holland
and.S.A.T. Redfern at Department of Earth Seciences, University of Cambridge,
to refine all parameters by minimizing residuals in the experimentally determined
Bragg position in the terms of 20,4, d spacing (dpx) or energy (En) using a

nonlinear least squares method.

After the lattice parameters were determined, the possible space group of the
crystal and atomic coordinates were approximated by using the “CrystalCracker”

which was developed by Kurt Leinenweber at Arizona State University, USA.



13

The CrystalCracker provides various manual techniques for solving the powder
diffraction patterns. This program allows user to adjust with free of change
in Bravais lattice, extinction symbol and lattice parameters for a crystal. In
addition, this program allows the calculated line positions and collected data

from monochromatic x-rays diffraction pattern to be compared.

The Rietveld method was first presented by H. M. Rietveld in 1969 [22]. Since
the peak intensities depend on the atomic types and their distribution within the
unit cell, the parameters actually being refined in this method are parameters in
the models for the structure, intensities of Bragg peaks, and instrument effects on
the diffraction pattern. The factors that affect the shape of reflection peaks are
temperature, polarization, absorption, particle size, and preferred orientation so
the fitting of reflection peak intensities throughout the whole diffraction pattern
diagram will provide the accurate structural information of our sample. The
least-squares refinements are used for adjusting the parameters of the model
which compare the calculated diffraction profile with the observed step profile
point by point. This method calculate intensities of the reflection peaks in the
experimental pattern and combine it with various controllable factors in the form
of diffraction diagram. Moreover, this model is adjusted to obtain the best fit and
accurate information of the atomic positions in the unit cell. The usual refinable
parameters are listed by classing Table 1[23]." The calculated model can also
describe many variables about the sample such as lattice parameter, symmetry
of unit cell, atomic coordinates, thermal parameters, occupancy, optics, set-up of
diffractometer, and peak shape, etc. Each variable is refined until the diffraction

pattern from observing and calculating diagram are matched.



14

Table 1: Parameters refinable simultaneously [23]

For each phase present

7oy %4 B N

(zj, y;, and z; are position coordinates, B; is an isothermal parameter, and N;
is the site-occupancy multiplier, all for the j** atom in the unit cell.)

Scale factor

Lattice parameters

Thermal parameter

Preferred orientation

Crystallite size and microstrain

Global

20-Zero

Instrumental profile
Profile asymmetry
Background
Wavelength

Specimen displacement,
Specimen transparency

Absorption
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The quantity minimized in the least-squares refinement is the residual, x?2,
X2 = wi(Yoi — Yei)” (2)
i

where w; = the statistical weight at the i'" step, i,
Yo = the observed intensity at the it" step,
y.i = the calculated intensity at the i step,
and the sum is overall data points. The calculated intensity is a combination of

many factors following the equation:

K

where s = the scale factor,
K = the Miller indices, h k [, for a given Bragg reflection,
Ly = the Lorentz factor,
© = the reflection profile function,
Py = the preferred orientation function,
A = an absorption factor,
Fy = the structure factor for the K* Bragg reflection,
Y = the background intensity at i’® point, can model or subtract, base on

physical reality.

The reflection profile function approximates the effects of instrument and spec-
imen features e.g. aberrations due to transparency, specimen displacement, and
specimen-caused broadening [23]. The parameters which are not included in equa-
tion (3) are structural parameters and unit cell parameters (a, b, ¢; a, 3, 7). In
equation (3), | Fx | depends on the positions of every atoms within each Miller

plane and can be written as,

. o 0
Fuu = Z N; f; exp [2mi(hx; + ky; + 12;)] exp (— B sin® ﬁ) (4)
j

where N; = the site occupancy,

f; = the structural factor for j™ atom,
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zj, y;, 2; = the position parameters of j*" atom in the unit cell,

B = the thermal vibration.

The peak shape in the powder diffraction can be described by Gaussian and
Lorentzian functions (pseudo - Voigt) with the refinable degree of mixing following
the equation:

pV =L+ (1=nG ()

where pV = the pseudo - Voigt function,
L = the Lorentzian function,
G = the Gaussian function,
1 = the mixing parameter.
The mixing parameter can be refined as a linear function of 20 however the refin-

able variables are NA and NB,

7= NA+NB  (20). (6)
and
NB#(26)i= Y NBis(26); ™)

where * = the convolution operation.

The peak shape also depend on the halfwidth of Bragg peaks or Full Width
Half Maximum (FWHM). The FWHM shows an angular dependence that express

by the Caglioti function,
H? =Utan®0 + Vtan® 0 + W (8)

where H = the halfwidth of Bragg peaks (FWHM),

U, V, W = the refinable parameters.

After the specimen is pressurized in the diamond anvil cell, the crystallites in

the powder sample tend to be oriented in one way more than all others; in this case
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the preferred orientation occurs. In powder diffraction experiments, the preferred
orientation, which is a frequent problem, produce the systematic distortions of the
reflection peak intensities. Those distortions can be model mathematically in the

form of the preferred orientation function (Pg),
Py = exp (—Gra%) 9)

or

PK = GQ + (1 — Gg) €xXp (—GlOé%() (10)

where (G1, G = refinable parameters,

ak = the angle between dj. and the fibre axis direction.
This Pk is used for the small preferred orientation. In 1989, Ahtee et al. [24]
presented the spherical harmonic formulation that also referred to an orientation
distribution function defined a set of terms to treat the preferential orientation
as a function of the sample and the Laue phase symmetry. There is only one set
of terms that use for each phase, so this function should not be used with the

different types of powder data.

A computer program, based on the described method and least-squares re-
finement, used in this research is the “GSAS - Generalized Structure Analysis
System” program [25; 26]. The GSAS has been developed by Allen C. Larson and
Robert B. Von Dreele at Los Alamos National Laboratory, USA. This program is
widely used for fitting crystallographic and magnetic structural models to x-ray
and neutron single crystal and powder diffraction data with both time - of flight
and monochromatic neutron powder diffraction. In addition, it can also work with

multiple phases, including mixed powder sample.



CHAPTER III

High-Pressure Techniques

3.1 Diamond Anvil Cell

Nowadays the diamond anvil cell (DAC) has been very useful in expanding the
knowledge of physical world through scientific investigation of the properties of
material under a wide range of pressures. The high pressure techniques can solve
fundamental questions about the phase transitions, crystal structure, the nature
of atomic bonding and the physical properties analyzing in the applied materials
research [27]. Not only be used for high pressure techniques but the DAC can also
be coupled with other condensed-matter techniques such as photoluminescence,
Raman scattering, Brillouin scattering, X-rays diffraction and transport property

measurements for various studies [28].

Force

l Diamond

Pressure

Metal Gasket / Medium

Sample Ruby Crystal

T Diamond

Force

Figure 9: The main components of Diamond-Anvil Cell, with a metal gasket for
confinement of the sample and pressure transmitting medium are shown.
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Figure 10: Schematic diagram of a Merill-Bassett (M-B) diamond-anvil cell [30]
comprises of (1) Stainless steel body (2) Beryllium discs (3) Gasket (4)
Diamond anvils.

The diamond- anvil-cell -is-a simple device capable of generating pressures
almost as great as the pressure at the Earth core, 3,500 kbar.” Figure 9 shows
the main components of the DAC that comprise of a metal gasket, 2 diamond
culets, powder sample, a ruby crystal and a pressure transmitting medium. A
tungsten sheet is compressed between 2 diamond culets. A pressure transmitting
medium, which is a mixture of 4:1 methanol: ethanol, and the pressure calibrant,
which is a ruby crystal of ~10 micron in size, are filled in a central hole of gasket.

High pressures are generated in the pressure cell by taking a small force of the
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Figure 11: DXR-6 Diamond-Anvil Cell is shown. Pressures of up to 950 kbar have
been obtained with this cell type, using 200 micron anvil culets.

diamond culets to a small area by tightening the screws of the two beryllium
discs together. The beryllium disc is used as supporting components in DAC as
shown in Figure 10. Since the area of the culet is very small, about 0.01 mm?; a
modest load of force about 104 N is sufficient to generate a pressure in excess of
1,000 kbar. Diamonds are used as anvils because they are the hardest and least
compressible material; and therefore they do not break or deform under such
ultra force in pressure cell. In addition, diamond has the important property of

being transparent to most of the spectrum of electromagnetic radiation including

v-ray, X-rays, portions of ultraviolet, visible and most of the infrared region [27].

In'this research, x-ray diffraction is used for determining the crystal structure of
CulnSe; under high pressure. The beryllium discs are used as a baking plate; since
they are transparent to X-rays and allowing us to measure the diffraction from the
sample [29]. Many diamond anvil cells have been designed in the different ways
depending on the need and ingenuity of the designers. In this thesis, the DXR-6

pressure cell, Figure 11, is used to generate pressure.
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3.2 Pressure Calibration

The most suitable and convenient technique of pressure measurement in DAC
is Ruby - Fluorescence technique; since fluorescence spectrum of a ruby crystal
in the diamond anvil cell shift to the lower energy with the increasing pressure
as shown in Figure 12. Piermarini et al. (1975) [31] have reported the pressure
dependence of the R; ruby fluorescence line which was calibrated at 25°c against
the compression VKO of NaCl via the Dekker equation of state [32]. They have

showed that its pressure dependence is linear up to 195 kbar following the equation:
Pnoci = 2.746 A\ (11)

where P is in kbar and A\ is the ruby Ry line wavelength shift in A.

Relative Intensity

14300 14340 14380 14420 14460
Wavenumber, em’’

Figure 12: The R-line fluorescences of a ruby crystal in the DAC at room temper-
ature are shown; ruby crystal: at ambient pressure (A); at about 22.3

kbar (B); at about 40 kbar (C). The pressure - shift is to lower energy
with increasing pressure [34].
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In 1978, Mao et al. [33] calibrated the wavelength shift with the pressure of
the ruby Ry line (A) in the diamond pressure cell from 60 to 1000 kbar under
simultaneously making specific volume measurements of Cu, Mo, Ag, and Pd.
They refered those results to isothermal equations of state which derived from

shock - wave experiments. This can be written as

(‘;-: + 1)3 - 1] (12)

where A) is the ruby Ry line wavelength shift in A. B = 7.665, 5 for quasi -

1904
P (kbar) = —9%9

hydrostatic and non - hydrostatic conditions, respectively. g is the wavelength
measured at 1 bar in A equal to 6942 for R, line and 6928 for Ry line. The wave-

length shift A\ of the fluorescence line versus pressure are showing in Figure 13.

40 -
Ruby calibration curves el
=—="Linear = e
ol — Mao etal (1878) i
;
- -
- -
’/
a2 (nm) 20} ,,«"
o
10}
a L | I 1 I
20 40 60 a0 100

Pressure (GFa)

Figure 13: Plot of the wavelength shift A\ of the Ry line fluorescence with pressure
determined from the specific volume of Cu, Mo, Ag, and Pd. The
dashed line is a linear extrapolation of the data from Piermarini et
al. [31]. The solid line is a least - squares curve fit to the data points.
[33]



CHAPTER IV

Experimental Methods

In this research, Angle dispersive X-rays diffraction (ADXRD) and Diamond-
anvil cell (DAC) techniques are essential for crystal structure determination under
high pressure. The DXR-6 diacell is used for this experiment. Tungsten sheet, used
for the gasket material, is approximately 250 micron in thickness. The mixture
4:1 of methanol and ethanol is used as the pressure transmitting medium for
hydrostatic pressure inside the DAC. Pressure is applied by squeezing the backing

discs which support diamonds together.

Tungsten Znd IP Holder
Carbide St IF Holder Alignment Laser
SRS
I] ¥
- E o
Si(111) S |] =
Monochromator D
| S
Sample
Lead Shield Stage ) Optical Bench
NG
-FE;F'E @ Digital readout for telescope
B -
Y R
LUl Digital readout for sample stage
s B OR
Telescope

Figure 14: The beamline setup for high-pressure powder-diffraction on station 9.1
the SRS, Daresbury are shown [14].

X-ray powder diffraction data of CulnSe, were collected at the Synchrotron
Radiation Source (SRS) at Daresbury Laboratory, UK [35]. The wavelength of
x-rays from the SRS is 0.4654 A. The principal components of the current SRS
beamline equipment on station 9.1 at SRS, Daresbury laboratory are shown in

Figure 14. A double-bounce channel cut Si (111) monochromator is used for
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Pressure Cell

Beam Splitter / | Spectrometer

Computer |

Laser

Figure 15: Schematic diagram shows the ruby pressure measurement equipment
at SRS, Daresbury [14].

selecting the required wavelength for Angle dispersive x-rays diffraction. To

reduce the dimension of the x-rays beam to 0:5x0.5 mm?

, we lay the tungsten
carbide slit between monochromator and lead shield. A platinum pinhole is used
for changing the shape of the beam to the circular beam 50-100 pm in diameter.
The X-ray beam is perpendicular to.the faces of the DAC and incident to the
powder of CulnSe, inside DAC. After the beam pass through the DAC, the
beamstop is used for protecting the Image-Plate (IP) detector from exceeding
rays. The IP is made from the phosphor materials BaFBr:Eu?* on a sheet of

aluminum in 20x25 cm?

and all components are coverall with the transparent
plastic to protect IP from reaction. To align the sample accurately on the X-ray

beam, an optical method employed at Photon Factory [6] is used. The laser in
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Figure 15 is used for marking the X-ray beam and aligning the components. The
telescope is used for focusing on the sample through DAC and is removed during

exposures.

The Ruby fluorescence technique is used for calibrating the pressure scale in-
side the DAC before and after x-ray powder diffraction data were collected. The
pressure measurement system used at SRS Daresbury Laboratory is shown in Fig-
ure 15. The He-Cd laser use for stimulating electron inside the ruby crystal to
emit the fluorescence. The fiber optics, which are the path of He-Cd laser, focus
laser beam on a ruby crystal inside the DAC. After that the ruby fluorescence
lines go out from the same path and go to the beam-splitter and spectrometer.
The spectrum consists of the fluorescence in difference frequencies including ruby
fluorescence and background signal. These fluorescence lines are dispersed by a
grating onto a photo-diode array. After that those collected spectrums are com-
plied by computer. The pressure inside the DAC can be calculated by using the

shifting of Ry line fluorescence following the equation (12).



CHAPTER V

Results and Discussions

In order to find the crystal structure and the phase transition of CulnSes,,
the x-ray powder diffraction data were collected under high-pressure at ambient
temperature. At the beginning, powder sample of CulnSe; were measured under
pressure range 0.001013 kbar or 1 atm to 87.73 kbar. At ambient pressure, the
crystal structure of this material is tetragonal chalcopyrite with space group I42d
and lattice parameters a = 5.785(5) A, ¢ = 11.616(9) A and V = 388.846(1) A°
as shown in Figure 16. The strong reflections of the pattern in this phase can be

indexed to be (112), (204) and (312) as shown in Figure 17. The observed and

.
2
a

Figure 16: The crystal structure of CulnSe; at ambient pressure is tetragonal chal-
copyrite with space group I42d and lattice parameters a = 5.785(5) A,
c = 11.616(9) A and V = 388.846(1) A°.
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Table 2: Observed d spacings and 26 angles (d, and 26,), and refined unit-cell
dimensions for phase I of CulnSe; at 1.013 bar or ambient pressure and

ambient temperature.

Present work at ambient pressure

hkl  d,(A) dy(A)  Ad(A) 20.(°)  20,(°)  A200°) 1 (%)
101 5179  5.179(5) 0.0005  5.151 5.150(4) -0.0006 3.04
112 3344 3344  0.001 7979  7.979  0.000 100
103 3.218  3.220 0.002 8294 8288  -0.006 3.72
004 2904 2874 -0.030 9.191 9287  0.096  0.61
200 2893 2822  -0.071 9228 9461 0233 283
211 2.525  2.524(2) -0.0008 10.574 10579  0.005 1.9197
105 2156 2153 ~ -0.003 12.392 12410  0.018  0.52
204 2.049(5) 2.049(9) 0.0004 13.039 13.037  -0.002 53.35
220 2.045(5) 2.047(7) 0.0022 13.064 13.050 -0.014  25.34
301 1.902 1.901 ~ -0.001  14.051 14.066  0.015  1.94
116 1.750 1.750 0.000 15282 15.284  0.002  17.26
312 1.745 1744~ -0.001 15326 15.339  0.013  31.29
215 1.728(7)  1.729  0.0003 15472 15467 -0.005  0.73
323 1.482 1480  -0.002 18.063 18.091  0.028  0.16
008  1.452  1.451(2) -0.00091 18.443 18.454  0.011  3.61
400 1.446 1.444  -0.002 18516 18.542  0.026  5.46
217 1.397 1.396. - -0.001 - 19.178  19.196 . 0.018  0.22
411 1.393 1.391 - <0.002 19.232 1 19.258 0.026  0.34
316 1.329(8) 1.328(7) -0.0011 20.156~ 20.173  0.017  12.65
332 1.327(6) . 1.327 = -0.0006 20.190 & 20.200  0.010°  6.47
325 1.320  1.320(3) 0.0003 20.302 20.303  0.001  1.61
413 1319  1.318(6) -0.0004 20.319 20.329  0.01  1.32
307 1.258  1.257(4) -0.0006 21.321 21.330  0.009  0.65
415 1201 1.200(7) -0.0003 22.341 22.350  0.009  0.74
228 1.184 1.183  -0.001 22.668 22.696  0.028  5.90

To be continued Table 3 >
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Table 3: Observed d spacings and 26 angles (d, and 26,), and refined unit-cell
dimensions for phase [ of CulnSe; at 1.013 bar or ambient pressure and
ambient temperature. (Continued from Table 2)

Present work at ambient pressure

hkl do(A) dy(A)  Ad(A)  20.(0)  20,(°) A200°) 1(%)
424 1.181(7) ~ 1.181  -0.0007 22.713 22.745 0.032 13.59
431 1.151(4)  1.151(1) -0.0003 23.320 23.346 0.026  0.16
1110  1.117(5)  1.117(8) 0.0003 24.037 24.031 -0.006 1.54
336 1.115  1.115(1) 0.0001 24.095 24.090 -0.005 2.19
512 1.113(6)  1.113(1) -0.0005 24.123 24.135 0.012  5.28
503 1.108(7)  1.108(1) -0.0006 24.232 24.244 0.012  0.49
433 1.108(7)  1.108(1) -0.0006 24.232 24.244 0.012 0.24
521 1.069(8)  1.070  0.0002 25.127 25.119 -0.008 0.38
a (A)  5.785(5)

b (A) 11.616(9)

V (A3%) 388.846(1)

Ny 4
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Figure 17: A diffraction pattern is recorded from the 1% phase of CulnSe, at
ambient pressure. The strong reflections are shown.

calculated d spacings for these (hkl) reflections are shown in Table 2 and 3.

With the increasing pressure, the volume of CulnSe; is decreasing and the
change in its powder diffraction pattern-is emerging. In Figure 18, no phase tran-
sition.is observed between 27.46 and 61.77 kbar.. Nevertheless, when the pressure
increases gradually to 70.03 kbar, the tetragonal phase starts transforming to
high-pressure phase. With a slight tightening of the pressure cell to 74.42 kbar,
six reflections (circled) of the high-pressure phase appear very clearly. A mixture
ratio of new phase:tetragonal phase at this pressure is 87:13. At 81.23 kbar the
high-pressure phase reflections (circled) become stronger than the high-pressure
phase reflections in the previous pressure level as shown in Figure 18 and a

mixture ratio of new phase:tetragonal phase is 97.5:2.5. After that, the tetragonal
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Figure 18: The diffraction patterns of CulnSesy at pressure between 0.001013 and
87.73 kbar are shown.
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Table 4: Observed d spacings and 260 angles (d, and 20,), and refined unit-cell di-
mensions for phase I of CulnSe; at 87.73 kbar and ambient temperature.

Present work at &87.73 kbar

hkl do(A) d(A)  Ad(A)  20.(°)  20,(°) A200°) 1(%)
111 3.069 3.209 © 0.140 8.697 8318 -0.379 0.77
200 2.658 2.656 ~ -0.002 10.046 10.052 0.008 75.76
220 1.879 1.878  -0.001 14.225 14.236 0.011 45.61
311 1.603 1.607 ~ 0.004 16.697 16.649 -0.048 0.21
222 1.534 1532 -0.002 17445 17476 0.031 13.50
400 1.329 1.325  -0.004 20.170 20.227 0.057 8.06
331 1.219 1218  -0.001 22.001 22.037 0.036 0.12
420 1.189 1.186  -0.003 22.580 22.622 0.042 16.34
422 1.085  1.084(9) -0.0001 24.768 24.771 0.003  9.01
511 1.023 1.0184  -0.005 26.296 26.417 0.121  0.09
333 1.023 1.0184. -0.005 26:296 26.417 0.121  0.03
a (A) 5.315(6)

V (A3 150.19(7)

N 2
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Figure 19: The diffraction pattern is recorded from phase II - cubic of CulnSe, at
87.73 kbar.

phase was completely transformed to the new phase, was called the phase II,

when the pressure increases to 87.73 kbar.

The phase II of CulnSe; can be indexed by a cubic unit cell with (111), (200),
(220), (311), (222), (400), (331), (420), (422) and (333) reflections in space group
Fm3m or NaCl:like structure as shown in Figure 19. In this phase, the lattice
parameters (a) equal to 5.315(6) A and V = 75.098 A%, In Figure 20, the reflection
intensities of the phase II are well fitted with Cu-In atoms at (0.5, 0.5, 0.5) and
Se atom at (0, 0, 0). There are disorder between Cu and In atoms in this phase
with site occupancies of 50:50 for both atoms. Table 4 gives the observed and

calculated d spacings for the (h, k, 1) reflections in the phase II.
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Figure 20: The crystal structure of CulnSey at 87.73 kbar-is cubic in space group
Em3m or NaCl-like structure with lattice parameters a = 5.315(6) A
and V = 75.098 A3,
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Subsequently, the high pressure powder diffraction data of CulnSe, were
measured again for finding the third phase under the pressure range 0.001013 to
277 kbar. No transition is observed at the pressure between 0.001013 and 69.1
kbar. When the pressure goes up to 110.9 kbar, the tetragonal phase completely
transforms to the cubic phase which is stable in the pressure range 110.9 to 277
kbar. However, the patterns collected in the pressure range 110.9 to 173.2 kbar
were contaminated by the very weak (110) reflections (arrowed) of the tungsten

gasket at 20 ~ 12° as shown in Figure 21.

350 — —110.9-113.2 kbar
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Figure 21: In the pressure range 110.9 to 173.2 kbar, the patterns were conta-
minated by the very weak (110) reflections (arrowed) of the tungsten
gasket at 20 ~ 12°.
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Figure 22: The diffraction patterns of CulnSes at pressure range 239.4 to 532 kbar
are shown.

In order to search for the phase III of CulnSey, the pressure was increased
gradually to 532 kbar. No transition was observed between 110.9 and 276.4 kbar
as shown in Figure 22. When the pressure increases to 339 kbar, the phase II
begins to transform to the higher-pressure phase as shown in Figure 22. In this
pressure range, there is overlapping of the (110) reflection line of the tungsten
gasket and the new reflection at 26 ~12° as shown in Figure 23. At 487.7 kbar,
the reflections (circled) of the new phase are much stronger than those of the
previous phase as shown in Figure 22. At the pressure between 439.8 and 450.8
kbar, one of the reflection (circled) for phase II at 26 ~ 21° begin to split as shown
in Figure 24. A 55:45 mixture of the new phase and the cubic phase is found at

this pressure. In Figure 25, a 80:20 mixture of the new phase and the phase II was
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Figure 23: The diffraction pattern is recorded from CulnSe, at pressure range
339.1 to 346.3 kbar. The overlapping of the (110) reflection line of the
tungsten gasket and the new reflection at 26 ~12° is indicated by the
circle.
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Figure 24: The diffraction pattern recorded from CulnSe; between 439.8 and 450.8
kbar. One of the reflection line (circled) of the phase II - Cubic phase
at 20 ~ 21° begin to split in the new phase.

refined at 476.9 kbar. The new reflections from phase LI were clearly observed as
indicated by red circled and arrowed. The (110) reflections (arrowed) from gasket
at 20 ~ 12° also appear-in this pattern. In this pattern, we can confirm that this
is the tungsten gasket reflection because its diffraction texture detected by the
Image Plate is entirely different from others. The Cubic phase of CulnSe; was
completely transformed to phase III at 532 kbar.

This new phase of CulnSe, can be indexed by the orthorhombic unit cell
with space group Cmem and lattice parameter a = 4.867(8) A, b = 5.023(8)
A, ¢ =4980(3) A and V = 60.8973 A3. The (110), (200), (021), (112), (221),
(310), (222), (312), (331), (422) and (423) reflections are shown in Figure 26. In
Figure 27, the calculated intensities of the crystal structure of CulnSey in the

phase IIT - orthorhombic are well fitted with the atoms at (0, y, 0.25), Cu-In
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(b) The diffraction pattern of CulnSes at pressure range 476.9 to 487.7 kbar.

Figure 25: The image-plate (a) and diffraction pattern (b) of the CulnSes at pres-
sure range 476.9 to 487.7 kbar. The strong (110) reflections (arrowed)
of the tungsten gasket appears at 20 ~ 12°.
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Figure 27: The crystal structure of CulnSe, at 532 kbar is orthorhombic unit cell
with space group Cmem and lattice parameters a = 4.867(8) Ab =
5.023(8) A, ¢ = 4.980(3) A and V = 60.8973 A3

atoms at y = 0.70, Se atom at y = 0.159(6). There are also disorder between Cu
and In atoms in this phase with site occupancies of 50:50 for both atoms. Table 5
and 6 give the observed and calculated d-spacings for the (h, k, 1) reflections in

the phase IIL.

The high pressure structure solution of CulnSes; are NaCl and Cmcm, respec-
tively.: The NaCl structure is the well-known structure with six unlike nearest
neighbors in each atom. The Cmem structure is the base-centered-orthorhombic

structure with lattice parameters a#£b=#c.
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Table 5: Observed d spacings and 26 angles (d, and 26,), and refined unit-cell di-
mensions for phase I1I of CulnSe, at 532 kbar and ambient temperature.

Present work at 532 kbar

hkl  d.(A) do(A)  Ad(A) 20.(°)  20,(°)  A200°) 1(%)
110 3.496 3.536  0.040  7.633  7.546  -0.087 1.97
111 2.861 2.866  0.005 9330 9.313(5) -0.0165 6.10
020  2.512 2.514  0.002 10.631  10.621  -0.010 25.58
002 2490  2489(7) -0.0003 10.724 10.725(8) 0.0018 100
200 2.433(9) 2438(9) 0.005 10972  10.949  -0.023 87.61
021 2.242(7) 2251(7) 0.009 11.911 11.863  -0.048 77.70
112 2.028 2.024 ~ -0.004 13176 13.201  0.025 2.74
022 1.768(4) 1.768(7) 0.0003 15.122  15.120  -0.002 20.98
220 1.747(96) 1.748(0) 0.00006 15301  15.300  -0.001  5.68
202 1.740(5) 1.739(5)  -0.001  15.366 15.375(6) 0.0096 86.98
221 1.649(3) 1.650(0)  0.0007 16.222 16.214(8) -0.0072 55.25
131 1.509  1.508(7) -0.0003 17.741 17.745  0.004  2.43
311 1.474(8) 1.475(3) 0.005 18.156 18150  -0.006 1.74
222 1.430(7) 1.426(4) -0.0043 18.722 18778  0.056 21.33
023 1385 ~ 1.386(7) 0.0017 19.345 19.320  -0.025 1.33
312 1.312(2)  1.312(1) -0.0001 20.428 20.430  0.002  0.38
040 1.255(9) 1.255(6) ~=0.0003 21.355. 21.360  0.005  0.14
004  1.245  1.242(5) -0.0025 21.544 = 21.587  0.043  7.42
041 1.217(8) 1.218(4) 0.0006 22.031  22.020  -0.011  9.51
4000 1 1.217 1.216. « -0.001 © 22:047 + ©22.065  “0.018  7.42
223 1.203(7) 1.203(1) -0.0006 22.293 22.305 = 0.012 28.48
133 1.145(8)  1.146  0.0002 23.435 23.430  -0.005 6.58
331 1.134(6) 1.135(3) 0.0007 23.669 23.656  -0.013 2.25
042 1.121(4) 1.121(3) -0.0001 23.953 23.955  0.002 0.26
240 1.116(1) 1.116(4) 0.0003 24.068  24.060  -0.008  0.86

To be continued Table 6 >
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Table 6: Observed d spacings and 260 angles (d, and 26,), and refined unit-cell di-
mensions for phase I1I of CulnSe, at 532 kbar and ambient temperature.
(Continued from Table 5)

Present work at 532 kbar
hkl do(A) dy(A)  Ad(A)  20.(0)  20,(°) A200°) 1(%)
204 1.108(5) ~ 1.107(6) -0.0009 24.237 24.255 0.018  11.09
402 1.093(3) 1.093  -0.0003 24.576 24.585 0.010 22.44

241 1.089 1.088  -0.001 24.674 24.690 0.016 12.11
421 1.069(6)  1.069(8) 0.0002 25.130 25.125 -0.005 15.69
224 1.014  1.013(9) -0.0001 26.531 26.535 0.004 5.82
422 1.002(5)  1.002(8) 0.0003 26.843 26.835 -0.008 4.35
043 1.001(6)  1.002  0.0004 26.868 26.850 -0.018 4.11
a (A)  4.867(8)

(A)  5.023(8)

¢ (A)  4.980(3)
V (A3) 121.794(6)

Ny 2
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The difference in powder diffraction pattern of CulnSe, in NaCl and Cmcem
phases can also be used to identify the crystal structures, e.g. the (200) reflection
in NaCl cubic phase split to (200), (020) and (002) in the C'mem orthorhombic
phase. From such information the Cmcem structure can also be viewed as an
orthorhombic distortion of the NaCl structure. Two atomic groups of 4(c) sites
at the positions (0, y1, 1/4) and (0, yo, 1/4) of Cmem, with reflection conditions
h+k = 2n in h k [ indices and h, [ = 2n in A 0 | indices, occupy the same position
as the atomic groups of NaCl if lattice parameters a=b=c, y; = 3/4 and y, =
1/4. If Ay = yi-y2 # 1/2, then there are a shearing of alternate (001) planes
in the [010] or y direction, can be measured by 2(1 - (y1+yz2)) and a zigzag of
the [100] atomic rows of NaCl structure with b = b£(1/2 - Ay)/2 in the [010]

direction as shown in Figure 28.

In Figure 29, The d-spacing are plotted against the pressure. The changes
can be observed at 73 and 445 kbar from the disappearance or appearance of the
peak(s), or from the change of slope in the d-spacing plot. The lattice parameters
at various pressures were refined with the same accuracy and are plotted as
a function of pressure as shown in Figure 30. The lattice constants a and ¢
for the chalcopyrite phase, lattice constant a for the cubic phase and the lat-

tice constants a, b and ¢ for the Cmem phase decrease continuously with pressure.

The pressure-dependence of the volume is shown in Figure-31.. The 1% order
phase transition occurs at 70 kbar with a volume reduction of 11.26% and trans-
form completely to the phase II at 87 kbar. The 2"? phase transition starts at 340

- 345 kbar and transformed completely to the phase III - Cmcem at 532 kbar.
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Figure 28: Comparison of the NaCl and Cmcm structures: upper, NaCl; lower,
Cmem. If Ay = yi-ys # 1/2, then there are a shearing of alternate
(001) planes in the [010] or y direction, can measure by 2(1 - (y1+y2))
(black dashed arrow) and a zigzag of the [100] atomic rows of NaCl
structure with b = b - (1/2 - Ay)/2 (white arrows), b + (1/2 - Ay)/2
(red arrows) in the [010] direction.
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Figure 29: The d-spacing versus pressure for phase I-chalcopyrite (black sign),
phase 1I-cubic (red sign); and phase I1I-Cmem (blue sign) of CulnSe,
on pressure increase are shown.
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Figure 30: The lattice parameters versus pressure for phase I-chalcopyrite (black
sign), phase II-cubic (red sign), and phase III-Cmem (green sign) of
CulnSe, on pressure increase are shown. The circle signs are repre-
sented the lattice parameter a, the triangle signs are represented the
lattice parameter b and the square signs are represented the lattice
parameter c.
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Figure 31: The volume per formula unit versus pressure for phase I-chalcopyrite
(black. sign). phase II-cubic-(red sign),; and phase III-Cmcm (green
sign)-of CulnSey on pressure increase are shown, the 15 order phase
transition occurs at 70 kbar with a volume reduction of 11.26 %.
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Figure 32: The V/Vj versus pressure for phase I-chalcopyrite (black sign), phase
II-cubic (red sign), and phase III-Cmcm (green sign) of CulnSes on
pressure increase are shown.
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Hydrostatic pressure carries all atoms in the crystal closer together. A smaller
atomic separation result in a larger energy gap. Nevertheless, the energy gap in
some materials, for example Te and PbSe, diminishes with decreasing interatomic
spacing. When the atomic separation decreases, its ionicity becomes greater. The
ionicity causes significant changes in the properties of semiconductor. A larger
ionicity increases the Coulomb interaction between the ions and also the energy
of fundamental gap in the electronic band structure. Whether the ionicity is large

enough, the material becomes metal.

The increasing of Coulomb interaction between ions causes the increasing in
the cohesive energy of the crystal which favours the high-symmetry structure
of increasing coordinate. In the case of CulnSe,, its greater ionicity favours
the Cmem structure containing 8-fold coordinated atoms and the rock-salt
structure containing 6-fold coordinated atoms rather than tetrahedral bonds in

the chalcopyrite structure.

When CulnSes in the phase III is quenched, its recovered phase should
be the chalcopyrite. Since there are disordered between Cu and In atoms in
the phase II, the identification of the atomic positions for Cu and In atoms
cannot be recovered when this material reverses to the ambient pressure. So
its recovered phase is the zinc-blende structure as shown in Figure 33 and not

the chalcopyrite. This assumption agrees with T.Tinoco et al.’s report in 1996 [36].

Similar to CulnSey, Some of the binary semiconductors in III-V and II-VI
groups transform from NaCl to Cmem structure at high-pressure for example
InP, InAs, ZnSe, CdS, CdSe, CdTe, HgSe, and HgTe [7, 37]. Not only these
binary semiconductors but the ternary-compound I-III-VI,, in the same group of
CulnSe,, and II-IV-V; chalcopyrite structure should also have the same transition

sequence. The fact that supports this assumption came from the bonding of
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these compounds at ambient pressure. Since the bonding of these compounds is
tetrahedral, their cohesive energy favour the high-symmetry structure of increasing
coordinate to the rock-salt and C'mem structure like those of the binary I1I-V and

II-VI semiconductors and CulnSe,.

A/ \_

Figure 33: The recovered phase of CulnSe, is zinc-blende structure.



CHAPTER VI

Conclusions

High pressure x-ray diffraction study for the chalcopyrite semiconductor,
CulnSe,, was carried out up to 532 kbar. The Angle Dispersive X-rays Powder

Diffraction data were carefully analyzed by the Rietveld refinement.

From the high-pressure x-ray diffraction data of CulnSe,, its crystal structure
at ambient pressure is tetragonal chalcopyrite with space group I42d and lattice
parameters a = 5.785(5) A, ¢ = 11.616(9) A and V = 388.846(1) A%. When the
pressure increases, the lattice parameters and volume of unit cell decrease. At
70.03 kbar, the ambient phase start transforming to the 2"¢ phase. The tetragonal
phase is completely transformed to the 2"¢ phase at 87.73 kbar. The crystal
structure of CulnSe, in the 2"¢ phase is cubic in space group Fm3m or NaCl-like
structure with lattice parameters a = 5.315(6) A and V = 75.098 A%. With the
increasing pressure, the 2" phase transition occurs at 339 kbar. The cubic phase
is completely transformed to the 3" phase at 532 kbar. The 3"¢ phase of CulnSe,
can be indexed as the orthorhombic unit cell with space group Cmcem and lat-

tice parameter a = 4.867(8) A, b = 5.023(8) A, ¢ = 4.980(3) A and V = 60.8973 A3

In addition, both the 1% and 2"¢ phase transition of this material are 1%
order phase transition because the pressure dependence of the volume as shown in
Figure 31 are slightly changed. The sequence of high pressure crystal structures
of CulnSe; in all phases from 0.001013 to 532 kbar are shown in Figure 34.
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Figure 34: The summarized high pressure crystal structures of CulnSe; from
0.001013 to 532 kbar:
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