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Hybrid materials synthesized combining atomic layer deposition and molecular layer deposition (ALD/
MLD) results in advantageous material properties owing to the functionalities contributed from the in-
organic and organic constituents in the film. The number of MLD precursors that are volatile and compati-
ble with ALD precursors are limited. This study explores the synthesis and characterization of new
dithiooxamide (DTOA) derivatives with varied side chain lengths for their application in ALD/MLD pro-
cesses for the fabrication of Cu-R DTOA thin films. Utilizing bis(dimethylamino-2-propoxy)-copper(i) (Cu
(dmap),) as the metal precursor, the impact of side chain modifications on the thermal stability and vola-
tility of DTOA derivatives was investigated. Employing complementary analytical tools namely NMR, FTIR
and TGA/DSC, the study unveils the structural and thermal properties of synthesized derivatives. From the
proof-of-concept ALD/MLD experiments performed, the in situ spectroscopic ellipsometry monitored
deposition process demonstrates a controlled linear thickness increase with deposition cycles, affirming
the suitability of the DTOA derivatives as MLD precursors. This study delineates the influence of alkyl side
chain variation on precursor properties, offering insights into the tailored design of precursors for

rsc.li/dalton advanced material deposition.

Introduction

The introduction of atomic layer deposition (ALD) processing
of functional materials represents a significant breakthrough
in thin film technology, offering an unparalleled approach to
deposit films conformally with precisely engineered properties.
These methodologies, distinguished by their capability to
control film thickness and composition at an atomic level,
have catalysed the development of semiconductors, catalytic
systems, medical devices, displays and energy devices with
enhanced performance.'” The organic variation namely mole-
cular layer deposition (MLD) extends the compositional scope
to include organic films. When inorganic and organic precur-
sors are combined to yield hybrid inorganic-organic thin
films, the combined terminology ALD/MLD reflects the dual
nature of the process, in which the inorganic half-cycles and
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the organic half-cycles opens new prospects in the realms of
flexible electronics, gas separation technologies, and
optoelectronics.*® Its applications span a wide array of indus-
tries, from the enhancement of semiconductor devices to the
innovation in catalysis and the advancement of surface coat-
ings, thereby underscoring its role in modern material
science.” ™ A recent review article summarizes and highlights
the importance of ALD/MLD processing of ALD and MLD
layers for a range of functional applications.'*

The properties of organic/hybrid metalorganic films
depend on the choice of both inorganic and organic precursor
molecules. These molecules serve as essential building blocks
for creating the desired characteristics of materials, as they
integrate into the film, distinguishing them from the metal
precursors ligands used in ALD to make inorganic films.
Achieving superior performance and precise control over
material properties necessitates the chemical modification of
organic molecules used in MLD. This modification not only
enhances the molecule’s physicochemical properties but also
focuses on fine-tuning functional groups and molecular size to
improve their thermal properties and reactivity. Such adjust-
ments are crucial for ensuring the molecules are perfectly
suited for MLD’s precise and controlled deposition processes.
Furthermore, this approach paves the way for customization of
materials through detailed molecular engineering. The vast
potential of MLD remains underutilized due to the limited

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/dalton
http://orcid.org/0000-0003-2505-3064
http://orcid.org/0000-0001-7653-0858
http://orcid.org/0000-0003-2142-8105
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt01405k&domain=pdf&date_stamp=2025-10-01
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01405k
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054039

Open Access Article. Published on 09 September 2025. Downloaded on 3/12/2026 12:49:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

attention given to the rational design of organic precursor
molecules. Additionally, there is a small library of commer-
cially available molecules with suitable physicochemical pro-
perties. Such constraints hinder the full exploration of MLD’s
potential to create materials with tailored characteristics.

Among hybrid materials, copper-based hybrid thin films
are of particular interest due to copper’s unique combination
of redox activity, electrical conductivity, and catalytic behav-
iour."” When coordinated with suitable organic linkers, these
films can offer tuneable physicochemical properties that are
highly desirable for applications in electrocatalysis, thermo-
electric materials, batteries, antimicrobial coatings, and
nanoelectronics.'®™*°

The implementation of hybrid Cu-organic thin films using
organic linkers such as hydroquinone (HQ), terephthalic acid
(TPA), 4,4"-oxydianiline (ODA), p-phenylenediamine (PPDA),
and 1,4-benzenedithiol (BDT) has demonstrated considerable
promise; however, several intrinsic limitations of these precur-
sors hinder their broader utility in MLD processes. Hagen
et al.*® demonstrated that these precursors exhibit a wide range
of sublimation temperatures—approximately 100 °C for HQ,
160 °C for TPA, 140 °C for ODA, 70 °C for PPDA, and 35 °C for
BDT—posing challenges in finding compatible metalorganic
precursors. Another study showed use of TPA at 180 °C to get
crystalline CuTPA films deposited at 190 °C.>"** In one notable
case, the use of HQ in combination with bis(dimethylamino-2-
propoxy)-copper(u) Cu(dmap), led to the formation of metallic
copper films when the deposition temperature exceeded
120 °C, indicating thermal decomposition and loss of MLD
self-limiting behavior.>® Similar formation of Cu film has been
shown with other combinations of Cu(dmap), with ODA at
deposition temperature of 240 °C (ref. 20) and bis(2,2,6,6-tetra-
methyl-3,5-heptanedionate) copper(u) Cu(thd), in combination
with HQ at deposition temperature of 160-240 °C.>*"*

Although there has been advances made in developing new
ALD/MLD processes, there is more room for improvement
especially the volatility, reactivity and thermal stability of
organic precursors.

Addressing this gap, this research aims at investigating
dithiooxamide (DTOA) derivatives as potential precursors for
ALD/MLD applications. Dithiooxamide, alternatively recog-
nized as rubeanic acid,> is a molecule exhibiting redox activity
and a dibasic acidic nature, as depicted in Fig. S1. DTOA
derivatives represent a promising class of organic precursors
due to their rigid, planar backbone, multidentate coordination
sites, and strong electron-donating thiocarbonyl groups, which
enable stable complexation with transition metals such as
copper. Its structural modularity allows for functional tuning
through side-chain modifications, making them ideal candi-
dates for use in ALD/MLD processes that demand both
thermal robustness and tailored reactivity.

Recently, a 1D coordination polymer N,N-dimethyl
dithiooxamidato-copper thin films using ALD/MLD demon-
strated high out-of-plane ordering and can transition from
insulating to metallic conductivity upon reductive doping.*®
The orientation seems to play a vital role in determining the
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film properties. The influence of varied side chain lengths for
the ALD/MLD is unknown.

With this study as a basis for further exploration of MLD
precursors, we report on the synthesis and characterization of
DTOA derivatives with the scope of making them compatible
with (Cu(dmap),) to derive hybrid films of Cu via ALD/MLD.
Our aim is to understand how variations in the side chain
length of these derivatives affect their thermal stability and
volatility—key factors for the effectiveness of ALD/MLD pro-
cesses. The experimental part of this research outlines the syn-
thesis of a series of DTOA derivatives, including methyl-DTOA
(Me-DTOA) 1, ethyl-DTOA (Et-DTOA) 2, isopropyl-DTOA (iPr-
DTOA) 3, normal propyl-DTOA (nPr-DTOA) 4, and normal
butyl-DTOA (nBu-DTOA) 5. Following synthesis, we conducted
a detailed analysis of their structural and thermal properties
using techniques such as nuclear magnetic resonance (NMR)
spectroscopy, Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis and differential scanning calorime-
try (TGA/DSC). Furthermore, proof-of-concept ALD/MLD depo-
sitions were performed using the DTOA derivatives (2-5) with
(Cu(dmap),) as the Cu source, the details of which are
described herein. We showcase the practical applicability of
DTOA derivatives for ALD/MLD applications.

Experimental

The synthesis of all the DTOA compounds was done using
under standard atmospheric conditions. NMR spectroscopy
measurements were conducted using a Bruker AV III 300
spectrometer at a temperature of 298 K. Reference points for
all signals were based on the residual proton signals found in
deuterated solvent CDCl;, and these were aligned with the
standard values for tetramethylsilane (TMS). The obtained
NMR spectra were analysed further using MestReNova soft-
ware. For FTIR spectroscopy, a range of 400-4000 em™" was
covered utilizing a PerkinElmer spectrum two device, equipped
with an attenuated total reflectance (ATR) module, within an
argon atmosphere glove box. TGA was executed using a
Netzsch STA409 PC/PG instrument under normal pressure con-
ditions, with a sample mass of approximately 10 mg in an
alumina crucible of 6.15 mm diameter. The TGA process uti-
lized a heating rate of 5 °C per minute and a nitrogen flow rate
of 90 sccm supplied by Air Liquide (purity of 99.998%).
Melting points were assessed using simultaneous DSC, with a
unit measure of milliwatts per milligram (mW mg™"). The
vapor pressure calculations were made according to the pro-
cedure given by Price et al.>® and stepped isothermal TGA.

The synthesis procedures for five DTOA derivatives, namely
Me DTOA 1, Et DTOA 2, iPr DTOA 3, nPr DTOA 4, and nBu
DTOA 5, are described below. Each synthesis involved the reac-
tion of dithiooxamide with different amines to yield the
respective  DTOA derivatives. The detailed synthesis is
described as follows.
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Synthesis of Me DTOA 1

0.3 g of dithiooxamide was dissolved in ethanol. To this, 2 mL
of 33% methylamine solution (excess) in ethanol was added
dropwise. The solution was stirred at 40 °C for one hour. Then
the solution was cooled on an ice bath. 0.180 g of yellow pre-
cipitate obtained was filtered, washed with deionized (DI)
water and dried. Yield = 49%; 'H NMR & (ppm) = 10.35(b) NH,
3.39(d) -CHj; "*C NMR & (ppm) = 185.71 C=S, 34.31 -CH3.

Synthesis of Et DTOA 2

0.8 g of dithiooxamide was added to 3 mL 70% solution of
ethylamine in water. The solution turned from red to green.
The solution was stirred at 40 °C for one hour and the color
became reddish yellow. The yellow precipitate was obtained on
cooling using ice bath and further filtered, washed with DI
water and dried to obtain 0.6 g of Et DTOA. Yield = 51%; 'H
NMR § (ppm) = 10.29(b) NH, 3.73(qd) ~-CH,-, 1.37(t) -CH,; *C
NMR & (ppm) = 184.44 C=S, 42.54 ~-CH,-, 12.76 ~CHj.

Synthesis of iPr DTOA 3

1.14 mL of 99% isopropyl amine was added to 4 mL deionized
water. 0.8 g of dithiooxamide was added to this solution result-
ing in orange solution. The solution was stirred at 40 °C for
one hour. The yellow precipitate was obtained on cooling
which was then washed with DI water and dried. 0.952 g of
yellow precipitate of iPr DTOA was obtained after filtration.
Yield = 70%; "H NMR & (ppm) = 10.24(b) NH, 4.50(dhept) -CH,
1.35(d) -CH;; C NMR § (ppm) = 183.28 C=S, 49.36 -CH,
20.88 -CH,.

Synthesis of nPr DTOA 4

1 mL of 98% propylamine was cooled to 0 °C. 0.5 g of dithioox-
amide was added step wise. The solution turned yellow and
was stirred overnight and recrystallized in methanol at —30 °C.
0.2 g of orange-red product was obtained. Yield = 24%; 'H
NMR § (ppm) = 10.38(b) NH, 3.66(td) -CH,-, 1.79(m) -CH,-,
1.03(t) -CH3; “C NMR & (ppm) = 184.62 C=S, 49.30 -CH,-,
21.06 -CH,-, 11.73 -CH,,.

Synthesis of nBu DTOA 5

2 mL of methanol was added to 1.68 mL of 99% butylamine
solution. 1 g of dithiooxamide was added stepwise at room
temperature. 2 mL of methanol was added further to the solu-
tion and stirred for one hour. The solution was cooled with an
ice bath. The yellow precipitate was obtained, filtered and
dried to obtain 0.507 g of nBu DTOA. Yield = 20%; '"H NMR &
(ppm) = 10.35(b) NH, 3.69(td) ~CH,-, 1.75(m) ~CH,-, 1.45(m)
-CH,-, 0.98(t) -CH3; *C NMR & (ppm) = 184.52 C=S, 47.45
-CH,-, 29.68 -CH,—, 20.44 —-CH,—, 13.86 ~CHa.

Thin film deposition

The ALD/MLD experiments were performed in an in-house fab-
ricated, pump-operated high-vacuum ALD reactor at University
of Ghent, achieving a base pressure of 10~ mbar. Si substrates
were used for thin film deposition. Throughout the deposition
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procedure, the sample substrate temperature was precisely
controlled at 80 °C, while the reactor chamber walls were
maintained at 85 °C. As precursors, bis(dimethylamino-2-
propoxy)-copper(u) (Cu(dmap),), (Strem Chemicals) and the
synthesised DTOA derivatives were employed. The thin films
thickness was measured by in situ spectroscopic ellipsometer
and bonding was characterised by FTIR. The FTIR analyses on
thin film samples were performed with a Bruker VERTEX 70 V
spectrometer, featuring a DTGS detector, in transmission
mode. The measurements were performed on the thin film
samples on double-sided polished Si(100) wafers, and a spec-
trum from a blank Si wafer was subtracted to mitigate the
background effects of the substrate, which was also adjusted
for enhanced spectral comparison. The composition of thin
films were measured with X-ray photoelectron spectroscopy
(XPS). The measurements were performed on a Thermo
Scientific Theta Probe tool with Al Ka radiation on a 0.3 mm
diameter spot focused by a MXR1 monochromator. X-ray diffr-
action data was collected with a Bruker D8 diffractometer with
Cu Ka radiation.

Results and discussion

The synthesis of dithiooxamide derivatives was accomplished
through the reaction of dithiooxamide with various amines,
resulting in the formation of the corresponding DTOA deriva-
tives, Fig. 1. Although some of these compounds are reported
for synthesis of organic molecules,””° they were not explored
as MLD precursors except for the case where Nisula et al.
implemented N,N'-dimethyl dithiooxamidato-copper for the
synthesis of one-dimensional (1D) coordination polymer.*®
Thus, it was important to synthesize the DTOA derivatives
modifying the synthesis procedures and varying the side
chains systemically with the perspective of using them as MLD
precursors. Additionally, for the use of these compounds as
precursors, it is relevant that the synthesis should be scalable
which was also addressed in this study. The synthesis was
carried out by the dissolution of dithiooxamide in an appropri-
ate solvent followed by the addition of the amine. This mixture
was subjected to stirring and subsequent cooling, leading to
the formation of a precipitate. The purification process
involved the isolation of the precipitate via filtration, which
was then subjected to washing and drying procedures to
obtain the purified derivative. Fig. 2 illustrates the appearance
of these compounds stored in vials, maintained at standard
ambient temperature and pressure conditions. Notably, these
compounds emanate a pungent odor attributable to the sulfur
content within their molecular structure.

S

oS
HZN)H(NHZ + R-NH, —> R/N%N»R + NH,
s H

S R= Me, Et, iPr, nPr, nBu

Fig. 1 Synthesis scheme for
derivatives.

the preparation of dithiooxamide

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Vials showing the synthesized DTOA derivatives 1-5.
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Fig. 3 'H NMR of DTOA derivatives (1-5) in CDCls. * = 7.26 ppm,
300 MHz.

Fig. 3 presents the "H NMR spectra of derivatives of dithioox-
amide 1-5, showcasing a diverse array of chemical shifts and
multiplicity patterns that indicate a variety of proton environ-
ments within the molecular structures. The multiplicity of each
signal is indicative of the complex splitting patterns resulting
from spin-spin coupling between non-equivalent protons. For
instance, the signals denoted by A, occurring between
10.24 ppm and 10.38 ppm, are characteristic of protons in a
highly deshielded environment, which is associated with hydro-
gen atoms bonded to nitrogen in a thioamide functional group.
These signals exhibit singlet patterns, suggesting the absence of
neighboring protons that would induce splitting. The series of
peaks labeled B, ranging from 3.29 ppm (doublet) to 4.50 ppm
(doublet of heptets), reflect protons in varying environments and
are influenced by the alkyl chains or amide hydrogen. The com-
plexity of these patterns (doublets, triplets, and quartets) corres-
ponds to the number of adjacent protons.

Signals E and F, with chemical shifts from 1.03 ppm to
1.79 ppm, represent protons in less deshielded environments,
typical for protons attached to carbons that are farther away from
the electronegative sulfur atoms or involved in aliphatic chains.
The peak at G, near 0.98 ppm, is a triplet indicating a methyl
group (-CHj3) with two neighboring protons, at the end of butyl
alkyl chain.

Fig. 4 is a >C NMR spectra of derivatives of dithiooxamide
1-5, displaying a range of chemical shifts that offer insight into
the carbon environments within the molecular frameworks. The
signals are classified as A, B, E, F, and G, each correlating to dis-
tinct carbon environments in the compounds’ structures. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 3C NMR of DTOA derivatives (1-5) in CDCls. * = 77.16 ppm,
300 MHz.

peaks denoted by A, with chemical shifts from 183.28 ppm to
185.71 ppm, are in the region characteristic of carbon atoms with
a significant degree of deshielding and correspond to thioamide
linkages. The high chemical shift values suggest these carbons
are strongly influenced by the presence of adjacent electronegative
sulfur atoms. Peaks labeled B, ranging from 34.31 ppm to
49.36 ppm, correspond to carbon atoms adjacent to nitrogen
atoms, illustrating a less deshielded environment compared to
the thioamide but influenced by electronegative atoms. The
signals assigned to E, at 20.88 ppm and 21.06 ppm, and F, at
17.73 ppm, are indicative of aliphatic carbon environments,
which are expected to appear at a lower chemical shift range.
These may represent carbon atoms further away from the electro-
negative sulfur and nitrogen atoms and are part of alkyl side
chains. Lastly, the peak marked G at 13.86 ppm is typical for
methyl carbons, suggesting a terminal position in an alkyl chain
and has almost no influence on the electronegativity of thioamide
group.

Based on these findings, the "H and >C NMR spectra offer
a comprehensive profile of the dithiooxamide derivatives,
underlining the successful introduction of different amines to
modify the parent DTOA structure and achieve a range of
derivatives 1-5. The combined data from these spectra con-
firms the chemical structures of synthesized compounds.

Further, the thermal characteristics which is an important
figure of merit for ALD/MLD processes of the DTOA and its
derivatives 1-5 were investigated. TGA was carried out as
depicted in Fig. 5. The amount of weight change as the com-
pound is heated, thermal stability, and the melting point are
measured with TGA/DSC. From the plot, it’s apparent that all
compounds undergo significant weight loss upon heating,
which is attributed to the volatility of these compounds. This is
an important finding as the compounds sublime at lower temp-
eratures even under atmospheric conditions (ambient pressure).

Table 1 shows the melting points of dithiooxamide (DTOA)
and its derivatives as determined by DSC measurements. A sig-
nificant decrease in melting point upon derivatization from the
parent DTOA compound is observed. The parent compound
DTOA has a relatively high melting point of 238-240 °C, indicat-
ing strong intermolecular forces due to hydrogen bonding. The

Dalton Trans., 2025, 54,14896-14903 | 14899
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Fig. 5 TGA and vapor pressure plots of DTOA and compounds 1-5.

introduction of a methyl group in 1 result in a much lower
melting point of 135 °C. This is due to the methyl group introdu-
cing steric hindrance, decreasing intermolecular hydrogen
bonding, which lowers the melting point. The ethyl derivative 2
has an even lower melting point of 56 °C. As the alkyl chain
length is increasing, the molecular weight is increasing, but the
melting point is decreasing. This suggests that while van der
Waals forces increase with longer chains, the effect of disrupting
the crystal lattice structure is more significant, leading to lower-
ing of the melting point. Compound 3 exhibits a melting point
of 102 °C. The isopropyl group is larger than the methyl and
ethyl groups, which increases van der Waals interactions but
also contributes to lowering of the hydrogen bonding in com-
parison to parent DTOA. Compound 4 is a liquid at room temp-
erature, implying a melting point below 25 °C (room tempera-
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ture). The normal propyl group extends the carbon chain
further, which in the case of 4, seems to lead to a molecular
structure that does not solidify at room temperature, indicating
very weak intermolecular forces in the solid state. The normal
butyl derivative 5 has a melting point of 38 °C. This indicates
that the longer butyl chain significantly reduces the inter-
molecular hydrogen bonding. The trend observed here—decreas-
ing melting points with increasing alkyl chain length—suggests
that the alkyl substituents decrease the hydrogen bonding that
stabilize the crystal lattice of the parent DTOA compound. While
longer alkyl chains can increase van der Waals forces, the
decrease of intermolecular hydrogen bonding and increased
molecular volume seem to play a dominant role in reducing the
melting points of these derivatives.

The relative thermal stability and volatility was analysed by
TGA for dithiooxamide (DTOA) and its alkyl-substituted deriva-
tives 1-5. DTOA itself demonstrates the highest onset of volatil-
ization at 149 °C, which is due to strong intermolecular hydro-
gen bonding. Conversely, the compound 1 and 2 derivatives
have substantially lower onset temperatures, at 88 °C and
82 °C respectively, indicating that even short-chain alkyl sub-
stitutions can substantially increase the volatility due to
decrease in intermolecular hydrogen bonding. Compounds 3
and 4 having same molecular weight show similar behaviour,
with onset temperatures of 81 °C and 85 °C, respectively, illus-
trating a continued trend of increased volatility with alkyl sub-
stitution. However, compound 5 exhibits a higher onset temp-
erature of 121 °C, due to increased molecular weight and
increased van der Waals forces. The absence of residual weight
in DTOA derivatives 1-5 following thermal analysis suggests a
complete volatilization through evaporation or sublimation
without evidence of thermal decomposition. This contrasts
with the parent DTOA, which retains 13% residual weight,
indicating thermal decomposition. The complete volatilization
of DTOA derivatives 1-5 is particularly advantageous in MLD
processes where residue-free volatilization is desirable to
ensure the purity and quality of the deposited layers.

Vapor pressure is a crucial parameter for evaluating the
thermal characteristics of precursors. Fig. 5 (bottom) illustrates
an Arrhenius-type plot, derived from the Clausius-Clapeyron
relation, which is used to analyse the vapor pressures of com-
pounds with change in temperature. This graph facilitates the
extrapolation of the vapor pressure at different temperatures,
including the temperature at which the vapor pressure reaches 1
Torr. This was determined as described by Price et al.*® and the

Table 1 Thermal properties of the compounds 1-5 in comparison to DTOA

Melting point Onset of volatilization Residual weight Temperature in K at 1 Torr Temperature °C at 1 Torr
Compound (°C) (°C) (%) VP VP
DTOA 238-240 149 13 — —
DTOA-Me (1) 135 88 0 367 94
DTOA-Et (2) 56 82 0 377 104
DTOA-Pr (3) 102 81 0 372 99
DTOA-nPr (4) Liquid 85 0 394 121
DTOA-nBu 38 121 0 414 141

(5)
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values are given in Table 1. The various DTOA derivatives 1-5,
show that different substituents affect the vapor pressure of each
compound. The compounds 1-3, shows higher volatility than
compounds 4 and 5 as the larger the alkyl group, the lower the
vapor pressure at a given temperature due to the increased mole-
cular weight and van der Waals forces. The change of the slopes
of the vapor pressure can be attributed to changes in the
thermal event such as melting, phase change or boiling.

View Article Online
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In summary, the thermal analysis provides valuable
insights into the thermal behaviour of DTOA and its deriva-
tives 1-5, demonstrating the influence of chemical modifi-
cation on the compounds’ volatility, thermal stability and
decomposition characteristics. The modification of DTOA pre-
cursors through the introduction of different alkyl groups suc-
cessfully enhanced their thermal properties, making them very
appealing for ALD/MLD processes, which prompted us to
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Fig. 6 Growth per cycle of the Cu-R DTOA films against pulse length, for (a) Cu(dmap), and (b) R DTOA; (c) thickness vs. deposition cycles for Cu-R
DTOA tracked through in situ ellipsometry. For Cu(dmap), saturation studies, the R-DTOA pulse length was kept fixed at 35 s, and for R-DTOA satur-

ation, the Cu(dmap), pulse length was fixed to 20 s.
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employ them in Cu-based hybrid thin films via ALD/MLD as
discussed in the following section.

ALD/MLD of Cu-R DTOA

To validate the suitability of DTOA derivatives 2-5 in ALD/MLD
applications, proof-of-concept experiments were conducted
using bis(dimethylamino-2-propoxy)-copper(u) (Cu(dmap),) as
the metal precursor, at deposition temperatures as low as
80 °C on Si substrates as illustrated in Fig. 6. The deposition
process underwent real-time monitoring via spectroscopic
ellipsometry, which revealed a consistent and well-regulated
increase in film thickness proportional to the number of depo-
sition cycles, following an initial phase of accelerated growth.
Notably, the growth per cycle (GPC) exhibited a saturation
trend when the precursor pulse duration exceeded 10 seconds
for Cu(dmap), and 30 seconds for the dithiooxamide deriva-
tives 2, 4 and 5 (R DTOA) precursors, indicating a threshold
beyond which no further increase in film thickness occurs
with extended precursor exposure.

Additionally, FTIR spectroscopy was utilized to analyze Cu-
R DTOA films in comparison to R DTOA derivatives, as illus-
trated in Fig. 7. FTIR spectra identify molecular functional
groups through the absorption of infrared radiation, leading to
molecular vibrations. These spectra are displayed as percent
transmittance against wavenumber (measured in cm ™). In the
spectra, the black lines denote the infrared spectra of Cu-R
DTOA thin films, while the colored lines represent the R DTOA
compounds.’**?

The absence of strong N-H bands in the range of
3151-3181 cm™' and 1363-1386 cm™' suggests the substi-
tution of the N-H bond with metal coordination in the Cu-R
DTOA thin films. Furthermore, the retention of certain bands,
which are fundamental to the compound’s structure, indicates
the preservation of the thioamide backbone in the thin film, a
conclusion supported by Desseyn et al.>* The presence of C-S
and C-N bands, observable in both Cu-R DTOA thin films and
R DTOA spectra around 1000 cm ™" and 1500 cm ™" respectively,
further corroborates the structural integrity of these com-
pounds within the films. Compositional analysis by XPS,
Fig. S2 reveals that the derivatives 2 and 4 yield films are close
to the expected chemical composition with only a small
amount of oxygen impurity. On the other hand, the oxygen
content of the films deposited from 3 and 5 is significant. This
would suggest that these samples are more readily oxidized
when exposed to an ambient atmosphere.

XRD measurements of the as-deposited films reveal a single
prominent diffraction reflections for Et-DTOA and nPr-DTOA -
based films, whereas iPr-DTOA and iBu-DTOA - based films
appear to be amorphous (Fig. 8). For Et-DTOA and nPr-DTOA,
the reflection position corresponds to d-spacing of 9.2 A and
12.1 A, respectively. In a previous study on Cu-MeDTOA, a
structural motif with formation of polymeric 1D Cu-MeDTOA
chains.?® These would further stack into a sheet-like secondary
structure with the alkyl groups separating adjacent sheets. The
increasing d-spacing value with the increasing chain length of
the alkyl substituent found in this study would thus be consist-

14902 | Dalton Trans., 2025, 54,14896-14903
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Fig. 8 X-ray diffractograms of (a) Et-DTOA, (b) nPr-DTOA, (c) iPr-DTOA,
and (d) nBu-DTOA based Cu-R DTOA thin films deposited on Si
substrates.

ent with increasing intermolecular spacing of the adjacent
polymeric chains.

Conclusions

This study demonstrates for the first time the successful
exploration of DTOA derivatives as suitable precursors for ALD/
MLD. The potential of DTOA derivatives as versatile precursors
for ALD/MLD processes, emphasizing the significance of side
chain length variation on the thermal behaviour and success-
ful low temperature ALD/MLD is presented. The DTOA deriva-
tives exhibit superior thermal properties in terms of com-
pounds either as liquids or low-melting-point solids and
enhanced volatility compared to standard MLD precursors,
rendering them highly conducive to their application in
synthesizing Cu-R DTOA thin films. The meticulous analysis of
structural, thermal, and deposition characteristics reveals the
crucial role of molecular engineering in optimizing precursor
performance for material deposition. In situ ellipsometry and
FTIR spectroscopy during ALD/MLD processing further vali-
date controlled film growth while maintaining structural integ-
rity within the films. This study not only broadens the reper-
toire of precursors available for ALD/MLD but also sheds light
on the strategic modification of organic molecules for the
advancement of thin film technology.

The ability to modify the thermal properties of DTOA
through molecular engineering opens new avenues for
material design and the fabrication of thin films with custo-
mized properties. Moreover, by the use of DTOA derivatives, a
successful method to fabricate the hybrid materials via ALD/
MLD without the solvent inclusion, which are normally cap-
tured in the lattice with other preparation methods like solvo-

This journal is © The Royal Society of Chemistry 2025
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thermal synthesis, is a significant advantage. Further work
needs to be carried out on the thorough characterization of de-
posited films to further understand their composition, struc-
ture, morphology, and exploring the functionalities for poten-
tial applications of the hybrid materials.
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