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The compound CuxTiSe: exhibits superconducting behavior due to Cu
intercalated into the TiSe2 van der Waals gap. It has been previously shown that Cu can
be intercalated into the TiSe2 compounds up to amounts of x = 0.1, with an ideal amount
of x = 0.08 for superconductivity. The purpose of this investigation is to intercalate more
Cu than previously achieved. An annealing study was carried out by sequentially heating
the precursors in 100°C increments on two samples with an aim of x = 0.08 and x = 0.2.
The in-plane x-ray diffraction and x-ray reflectivity patterns of the Cuo20TiSe> target
sample indicate that all of the Cu did not intercalate. Rather, CuSe2 was formed. The data
collected for this sample could also indicate the Cu was substituted rather than
intercalated. The 8% Cu sample appeared to be fully intercalated into the TiSe2 based on

the in-plane x-ray diffraction and x-ray reflectivity patterns.
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Introduction

Transition metal dichalcogenides (TMDs) consist of a transition metal' bonded
to chalcogens?. Layered TMDs have layers around 6-7 A which are held together by
weak van der Waals forces®. (Han et al., 2015). Layered transition metal
dichalcogenides are of interest in research pertaining to optoelectronics, lubricants and
catalysis. Layered TMDs can act as catalysts for the hydrogen evolution and
hydrodesulfurization reactions by providing active sites on the edge of the sheets of the
layered materials. (Tedstone et al., 2016). The layered structures of the TMDs and the
weak interlayer interactions result in the ability to act as lubricants (Zhao et al., 2013).
In the area of optoelectronics layered TMDs with dopants have been seen to elicit
superconductivity. In different devices the main cause of deterioration and breakdown
of devices is heat that is created due to resistance. Superconductors offer no resistance
to electrical current they would not create this waste heat which would save energy and
extend the lifetime of the device (The Electrochemical Society, 2016).

These electronic, optical, and magnetic properties of the layer compounds can
be altered by adding dopants of transition metals to the structures (Tedstone et al.,
2016). The dopant* can do one of three things: substitute, intercalate, or form binary
compounds. Substitution is more likely if the dopant atom is similarly in size, valence,

and coordination to the atom in the lattice. Substitution occurs when an atom within the

! Transition metal are chemicals elements that lie in groups 3 through 12 of the period table. (New World
Encyclopedia writers, n.d.)

2 Any of the elements oxygen, sulfur, selenium, and tellurium (group 6 elements) (Merriam-Webster,
n.d.)

3 Van Der Waals forces is the general term used to define the attraction of intermolecular forces between
molecules (Libretexts, 2020)

4 Doping process of incorporating foreign atoms (dopants) into a host lattice



lattice is replaced by the dopant atom. Intercalation occurs when the dopant atom goes
between the Van Der Waal gaps of the layers (Tedstone et al., 2016). Figure 1
demonstrates a visual of the difference between substitution and intercalation. Binary
compounds can be formed. This can occur when the dopant forms a compound with the
chalcogens or with oxygen. The binary compounds can form if intercalation or
substitution is not stable or if the binary compounds are easily formed and form quickly.
The amount of dopant can alter the characteristics of the material. The synthesis method
of layered TMDs can affect the amount of dopant that can be intercalated or substituted

into the structure.

Intercalation ——
Guest y
specles
5‘ 'I ' a ﬂ' e van der Waals gap

Figure 1. Intercalation vs Substitution is shown above. Where the green represents atoms of metals (Ti for

this project), grey is the chalcogen, and red is the dopant. Figure courteous of Mellie Lemon.

New approaches for synthesis of layered TMDs have been developed to produce
the heterostructures with controlled thickness and the sequence of layers. These new
methods include chemical vapor deposition involving a volatile metal source which
involves a monolayer deposition of a metal on a surface then treated at a high
temperature with a second regent to form the desired monolayer on substrates (Hamann
et al., 2017). The thickness and the sequence of layers are analyzed using methods
including Rutherford backscattering, electron probe microanalysis, particle-induced X-

ray emission, X-ray fluorescence, and other electron microscopy techniques (Hamann et
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al., 2017). These new approaches for synthesis of layered TMDs are what incited this
investigation into Cu doped into TiSex.

Recently, Cu doped TiSe: has been studied and shown to elicit
superconductivity.® This superconductivity is the main area of interest for this project.
Superconductivity is unable to be reached at room temperatures. High temperature
superconductors have been shown to reach superconductivity at 30K and 90K (The
Electrochemical Society, 2016). The aim of research in this area is to reach
superconductivity at higher temperatures and to find new and different materials that
can elicit superconductivity. The increasing amounts of copper caused CuxTiSe:
compounds to reach this superconducting state at higher temperatures (Morosan et al.,
2006). The optimal superconducting composition was at x = 0.08 (8%) for the CuxTiSe2
compound (Venkateshwarlu et al., 2012). The optimal amount of copper had a
maximum critical temperature of around 4.14K for the transition to superconducting
(Hamann et al., 2018). In previous studies the maximum amount of Cu intercalated into
the compound was 10% in a single sub-millimeter to millimetric hexagonal plate
sample was prepared by the method of mineralization of single crystals that were then
heated under vacuum (Levy-Bertrand et al., 2016).

Within this lab, the samples are formed from amorphous precursors layered with
the desired elements and nanoarchitecture using modulated elemental reactants (MER).
Samples in this study have 20% copper added to the precursor, which is double the

amount of copper previous labs were able to intercalate into TiSe2 compounds. The

5> Superconductivity: the property of materials to conduct direct current without a loss of energy when
they reach a critical temperature (U.S. Department of Energy, 2022)
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other sample studied had a target of 8% copper; the optimal amount of copper
previously intercalated in previous studies.

The 8% Cu sample was chosen to see if the method of MER could be used to
successfully intercalate Cu into TiSe2. This amount of Cu has previously been
intercalated into TiSez. This sample is being used to determine if the method of MER
could be used to do this. The second sample of 20% Cu was chosen in order to
determine if the amount of Cu could be increased passed the previously intercalated
amount of 10%. If this amount of Cu can be intercalated this sample can be used to
determine if the trend of critical temperature where superconductivity occurs continues
with more Cu. Previously critical temperature for CuxTiSez2 reached a maximum at 8%
Cu and then decreased as the Cu increased to 10% Cu. Charge density waves are
suppressed as the amount of Cu is intercalated into TiSe2 (Morosan et al., 2006). The
second sample of 20% of Cu could also be used to investigate this trend of suppression
of charge density waves continues as Cu is added. A summary of these trends in

superconductivity and charge density waves of CuxTiSe2 is shown below in Figure 2.
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Figure 2. Summary of Trends of Superconductivity and Charge Density Waves for
Cu,TiSe,. Figure from research Morosan et al. (2006)

The samples will be annealed to promote crystallization of the hexagonal
structured TiSe2. The hexagonal unit cell of CuxTiSe2 when it successfully intercalates

is shown below in figure 3. The lattice parameters® for the unit cell are labeled on the

diagram below (a,b, and c).

Figure 3. Unit cell of CusTiSe, when it intercalates with lattice parameters Figure from research from
Morosan et al. (2006)

¢ Lattice parameter is the length between two points on the corners of a unit cell (Libretexts, 2021)



As it is heated then cooled the aim is to have the copper atoms intercalate into
the van der Waals gaps of the TMD (Liu et al., 2020). The methods used to characterize
the sample and determine if the Cu was able to intercalate into the TiSe: structure
include X-Ray Fluorescence (XRF), specular X-Ray Diffraction (XRD), X-Ray

Reflectivity (XRR), and In-plane X-Ray Diffraction.



Methods and Materials

Synthetic Procedures

The elements were deposited onto Si wafers using a custom-built high vacuum
physical deposition chamber from elemental sources. The elemental sources were
evaporated using electron-beam guns from targets while a Knudson effusion cell
evaporated the Se. The sequence of deposition of the intercalation project was Ti|Se|Cu
controlled by pneumatic shutters that were between the elemental sources and the
spinning substrate.

The elements were deposited in this sequence for enough repeat units to target a
film thickness of approximately 300 A. As the samples were deposited the number of
atoms deposited is is monitored using quartz crystal monitors. It is assumed that the
number of atoms that hit the crystal rate monitors are proportional to the number of atoms
hitting the sample. The samples were made to target specific stoichiometry of the desired
compounds (Cordova & Johnson, 2020). The samples are then stored in a nitrogen
glovebox to prevent oxidation. Annealing the samples also took place in this nitrogen box
on a calibrated hot plate at the desired temperatures. The samples were annealed from
100°C to 400°C or 300°C for 15 minutes at each step in the intercalation project. At
100°C and 200°C the samples were annealed open to the nitrogen atmosphere. At 300°C
and 400°C the samples were annealed in a closed container with a Se atmosphere to
prevent Se loss as the melting point of Se is around 221°C. The samples were removed
from the glovebox for characterization then placed back into the nitrogen glove box for

storage.



Characterization

X-ray fluorescence spectroscopy (XRF) was measured using a Rigaku Primus II
spectrometer. XRF begins by sending a high energy x-ray at the sample that knocks out
a core electron. To stabilize, an electron from a higher orbital will fall into the empty
shell. The electron moving from a higher orbital to the core orbital causes the sample to
emit a characteristic x-ray that is different for each element. The intensity of the emitted
x-ray is measured over the 20 range appropriate for the energy of the x-ray when
diffracted through a crystal with a known d-spacing. The characteristic wavelengths of
the elements are known; this information can be used in conjunction with Bragg’s law
to determine the range of 26 to measure. The intensity of the emitted x-ray can be
converted into atoms/A? for the elements deposited in the sample.

XRR and specular XRD information were collected using Bruker D8
diffractometer with a Cu Kalpha radiation in 6-260 locked coupled scan mode. XRR was
measured over 20 values of 0-11°. XRR is used to collect information about sample
thickness. This information that is calculated from the spacing of the Kiessig fringes and
the critical angle. The critical angle is the angle the x-rays start to refract into the
sample. Kiessig fringes are used to calculate the thickness of the sample using modified
Bragg’s Law, which is as follows:

1 _ 4 (h2+hk+k2) n ?
d? 3 a? c?

Specular XRD is used to calculate the c-axis lattice parameter with data
collected using Smartlab. The scan measured over 2theta values of 5-65°. The data
collected from this scan is used to calculate the c-axis lattice parameter using Bragg’s

law, which is as follows:



nd = 2dsin(0)

The last method used was in-plane XRD. The in-plane scan gives information
about the a- and b-axis lattice parameters, which gives information about the phases
present in the sample. The in-plane diffraction pattern should match that of hexagonal
TiSe2 when totally intercalated with Cu. It is useful to determine if there is another Cu

phase when indexing peaks in in-plane patterns.
Results and Discussion

Sample 1B with aim of x = 0.08 for CuxTiSe:.:
Sample 1B was annealed up to 300°C and was analyzed using XRF and specular
XRD. In-plane XRD data was not collected on this sample due to an error in the

instrument alignment.
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Figure 4. XRF data for Cugoe4TiSez.2

The composition from XRF compared to the targeted composition is

summarized in figure 4. The target of this sample was x=0.8; however the actual
9



composition was Cuo.o64T11Se2.2 due to less Cu being deposited than targeted. The actual
composition was found using the averages of the AtomssA-2eLayer™! of the metals from

Table 1 and the amount of Se after annealing to 300°C.

Cu TiSez_2 XRR
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Figure 5. XRR data for Cugos4TiSez2

Figure 5 shows the XRR patterns for sample 1B up to 200°C. If this film was
wholly homogeneous the scan would show evenly spaced peaks that are smooth
however this is not what is seen in the pattern. The period of these peaks (the Kiessig
fridges) are related to the thickness of the film. The presence of these fringes are not
dependent on the crystallinity of the sample (Miller et al., 2022). The total thickness of
the film that was calculated from this data was inconsistent. This could be due to
different phases being formed on the film. It appears as if the peaks (especially from the
200°C pattern) are getting narrower and as the temperature is increased it is shifting to

the left. From this XRR data it appears to have a layer of another compound (either a
10



copper oxide or a copper selenide) on the film. It appears to be a layer of another
compound because of the two separate ‘bumps’ seen of the peaks (clearest in 100°C
pattern).

Cu, ., TiSe, , Specular XRD
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Figure 6. Specular XRD for Cug.0s4TiSe2.2

The Specular XRD data is shown in Figure 6 and was used to calculate the c-
axis lattice parameter for the sample. The calculated c-axis lattice parameters at each

temperature are shown in Table 1.

11



Annealing Temperature c-axis lattice parameter (A)

AD 6.22(2)
100°C 6.23(2)
200°C 6.14(1)

Table 1. c-axis Lattice Parameter for Cug 064 TiSez22

The literature c-axis lattice parameter for TiSe> is 5.996 A (FIZ Karlsruhe-
Leibniz Institute for Information Infrastructure, 2022). The experimentally calculated c-
axis lattice parameter for this sample is around 6 A, which is near the literature value.
The c-axis lattice parameters are also decreasing as the temperature increases which is
consistent with the sample crystallizing during the annealing study. If this pattern

continues the experimental value will draw nearer to the literature value.

Cuo.oa 4TiSez_2 In-Plane XRD
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Figure 7. In-Plane XRD Data for Cug 64 TiSez» for Sample 1B. Red lines are expected peaks of TiSe, based

on the average a-axis lattice parameter calculated at 200°C

12



The In-plane pattern (Figure 7) appears to match the expected reflections of
hexagonal-structured TiSe2, when indexing the peaks. The reflections seen on the
pattern also indicate the sample was aligned on the c-axis, causing the / value of the
indices to be 0. Based solely on these two temperatures of the annealing study, the Cu
has been intercalated; there are no peaks that do not index with the hexagonal TiSe2
compound.

From previous research when Cu is intercalated the lattice parameters calculated

are summarized in figure 8 below.
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Figure 8. Lattice parameters of CusTiSe, when Cu intercalates. Figure from research

Morosan et al. (2006)

The a-lattice parameter was used calculated using the peaks from the In-plane

data that index to TiSe2. The a-lattice parameter for this sample is around the 3.539 A

13



which is the literature value for this parameter (FIZ Karlsruhe-Leibniz Institute for
Information Infrastructure, 2022) .The calculated a-axis lattice parameters are listed
below in table 2. The lattice parameters for this sample do not change compared to the

other sample.

Annealing Temperature a-axis lattice parameter (A)
100°C 3.53(7)
200°C 3.58(0)
300°C 3.54(9)

Table 2. a-axis lattice parameters calculated for Cugos4TiSez 2

Sample 1C with aim x = 0.2 for CuxTiSez:
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Figure 9. XRF data for Cug2,TiSe 4

The composition from XRF compared to the targeted composition is
summarized in Figure 9. The actual composition of this sample is Cuo.22TiSe2.4 found
based on the averages for Ti and Cu and Se at 300°C. The amount of Se is decreasing as
the annealing temperature is increasing most likely due to the Se evaporating. When

annealing to temperatures 300°C and above the sample is annealed in a Se rich
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atmosphere to try to limit the amount of Se that is evaporated off during the annealing

process.
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Figure 10. XRR data for Cu2TiSe» 4 The data for AD-300°C was made using the Bruker

The XRR patterns are shown in Figure 10. The calculated thicknesses of this
sample from the XRR patterns were inconsistent and unreliable. This could be due to an
interference between two different fringe patterns caused by the formation of a different
film on the sample. It is most likely a Cu-Se compound forming, indicating the Cu is not
completely intercalating into the TiSe2 compound. The Cu-Se compounds are more
likely to be formed as Cu and Se were deposited next to one another. The pattern appear
to have two distinct ‘bumps’ which indicates a separate layer of compound (a copper-
selenide). The bumps looks similar to that of the bumps introduced into the Kiessig

fringes on figure 11 when an oxide compound forms with the TiSe2. The XRF data for

15



this compound also indicates a copper selenide compound forming as the Se amount
decreases until the excess is in an ~1:2 ratio with copper, in 400°C it goes to a 1:1 ratio.
The 400°C XRR pattern was taken using the Smartlab however it was misaligned with

the previous scans made on the Bruker so it was not included in Figure 10.
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Figure 11. Separate layer of compound effects on XRR pattern. When TiO; Is introduced to the

TiSe; shown in red it creates a wave or bump in the fringe patterns. Graph from (Miller et al., 2022).
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Cu,,,TiSe, , Specular XRD
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Figure 12. Specular XRD data for Cug 2, TiSe, 4. The data for AD-300°C was made using the Bruker while

the 400°C spectrum was taken using the Smartlab. Reflections marked with an * are due to the substrate
The specular XRD pattern is shown in Figure 12. The peaks in this spectrum are
less intense than that of the previous sample and the peaks are wider. This indicates the
sample is less crystalline than the previous sample. The 003 peak appears at 400°C in
this spectrum most likely due to the sample becoming more crystalline. The c-axis
lattice parameter was calculated using this data from Bragg’s law. The c-axis lattice

parameters at each temperature are shown in Table 3.
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Annealing Temperature

C-axis Parameter (A)

AD

100°C

200°C

300°C

400°C

6.221(2)
6.183(2)
6.181(5)
6.090(7)

6.063(1)

Table 3. Specular XRD for CquzzTiISeM

The c-axis lattice parameter for this sample was around 6 A with it decreasing as
the temperature increases. The decreasing c-axis parameter indicates that the sample is
crystalizing and forming compound(s) during the annealing process. The c-axis lattice

parameter is near to the literature value for TiSez is 5.996 A (FIZ Karlsruhe-Leibniz

Institute for Information Infrastructure, 2022).

12

—
=

Log(Intensity)-a.u.
[+24]

N

CusziSeM In-Plane XRD

CuSe, (cubic) '["iScl

CuSe, (orthogonal)

100

"]

=210

e h ol
|..-r'f" WA “
'Mr'.q;

) " *"‘.’J*—'ﬂ,\l{"h‘r'v]l""‘rw.l‘f

WM""M&W

o

— 110

| =
| =
[ eq

Il. !

W
Ve Tl H“fr'_‘v.
’ !

N
Ll G TR
\\Ww“ |

i

=

g il

200°C

400°C

300°C

100°C

M«W‘*\Wc(m%h%ww WMW

Pk

=
| =

40

60 29/"’

80
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18



The in-plane XRD patterns are shown in Figure 13. When indexing the peaks of
the 200-400°C patterns there are peaks that do not index to a hexagonal TiSe:
compound that are most likely due to a Cu impurity phase. The peaks were then
compared to the two different phases of CuSez. Cubic compound of the CuSe2 is more
likely to been seen in the patterns below 300°C while the patterns above 300°C are more
likely to have orthogonal CuSe2 compound forming (Thompson et al., 2011).

CuU_ZZTiSeZ_ A In-Plane XRD at 400°C
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Figure 14. In-Plane XRD for 400°C of Cug2,TiSe,4 is shown and the peaks are indexed comparing the

spectrums to CuSe, compounds as well as hexagonal TiSe,

The XRD in-plane pattern for 400°C is shown in Figure 14 with indexed peaks.
The orthogonal phase of CuSe: indexes to the peaks seen in the pattern. The peaks
around 36° could be either index to the orthogonal CuSe: reflection of 200 or the cubic

CuSe2 112 reflection. It is most likely the orthogonal phase of the compound as it is
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seen at higher temperatures while the cubic version is seen at lower temperatures
(Thompson et al., 2011).

The a-lattice parameter for this sample is around the 3.539 A which is the
literature value for this parameter (FIZ Karlsruhe-Leibniz Institute for Information
Infrastructure, 2022). The calculated a-axis lattice parameters are listed below in table

4. The calculated values do increase to a maximum of 3.63(7) A for the sample at

300°C.
Annealing Temperature a-axis lattice parameter (A)
100°C 3.56(6)
200°C 3.51(7)
300°C 3.63(7)
400°C 3.55(9)

Table 4. a-axis lattice parameters calculated for Cug 2,TiSe: 4

The values for a-axis lattice parameters for this sample are higher than that of
the intercalated copper sample shown in figure 8. The values in figure 8 for these axis
parameters plateau around 3.548 (A) while the values calculated for this sample are all
(except for 200°C) higher than this value. The a-axis lattice parameter does not match

that of an intercalated sample for Cu doped TiSex.

Conclusion

The sample 1B with the aim of x = 0.08 for CuxTiSe2 has been annealed up to
300°C. This sample’s composition is Cuo.0o64T11Se22. The current in-plane XRD of the
100-200°C appears to have the Cu fully intercalated into hexagonal TiSe2, as the peaks
index to this phase of TiSe2 and no other peaks indicating another phase are seen on the
patterns. The c-axis lattice parameters calculated for the current temperature is near the

literature value, however the XRR patterns appear to have some interference that hinder

20



the calculation of the thickness. The annealing study for this compound needs to be
finished for this sample to see if the Cu-Se compounds form as the temperature
increases or if the patterns support the idea of the Cu fully intercalating into the
hexagonal TiSe:z structure.

The sample 1C with the aim of x = 0.2 for CuxTiSe2 data indicates that the full
amount of Cu did not intercalate into the TiSe2. The composition was actually
Cuo.22T11Se2.4. The in-plane XRD data has peaks that did not index to the hexagonal
phase of TiSez. These peaks indexed to either the cubic phase of CuSe:2 or orthogonal
phase of CuSez, indicating these compounds form during the annealing study. The a-
axis parameters were higher than the expected values for intercalated CuxTiSez2. The
increase of the a-axis lattice parameter could indicate that the Cu substituted into the
TiSez. If the Cu substituted the in-plane XRD would have peaks that do not index to
TiSe: . This also would explain why the c-axis lattice parameter decreases as the
annealing study continued. This theory of the Cu substituting does not explain the XRR
patterns. The XRR pattern could be due to interference between different fringe patterns
due to different compounds of Cu-Se forming a layer on the sample.

Data collected supports the idea that Cu is able to be intercalated into the TiSe:
structure at amounts around 6% using the method of modulated elemental reactants
(MER). However, at amounts of 19% Cu it appears the Cu was not be intercalated into
the TiSe2 compound even using MER. The data collected could indicate the sample
with 19% Cu had the Cu substitute rather than intercalate. The Cu-Se compounds could

have required less energy to form that it takes for the Cu to intercalate.
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Next steps

Possible next steps for this project might include the following.

The samples might be remade without depositing Cu and Se next to each other.
The deposition would have repeating layers of Ti|Se|Ti|Cu to try to prevent the Cu and
Se from forming compounds.

Another avenue for this project might be to make new samples with less Cu. The
attempt to intercalate 20% of Cu was an attempt to double the previous amount other
methods have successfully intercalated. The MER method was able to intercalate Cu at
lower amounts so it may be beneficial to attempt to intercalate more Cu than previous
attempts but less than double. A sample of 15%, 13%, and/or 17% Cu would be options
to prove that MER is able to intercalate more Cu than other methods.

After the annealing study is completed on the 6% Cu sample (1B) the electrical
properties of the samples could be measured to determine how the amount of Cu affects
the superconductivity of the TiSe2 compound when prepared with MER. If the amount
of Cu is able to be intercalated, then the next aim would be to attempt to reduce the
thickness of the CuxTiSe samples to reach the 2D limit and to measure the electronic
properties of the compounds. The purpose of this is to measure how the increasing
amount of intercalated Cu and the decreasing thickness of the sample would affect the
CDW and superconducting states. This is because it has been previously seen to show

different properties than their bulk counterparts (Kolobov et al, 2016).
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