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ABSTRACT

Copper sulfides have many applications from thermoelectrics to biotechnology. While the properties of different copper sulfide phases are
well understood, controlling the deposited copper sulfide stoichiometry remains a significant challenge, especially in solution-phase synthesis
techniques. In this work, we investigate the chemical bath deposition of CuxS on functionalized self-assembled monolayers (SAMs). Time-
of-flight mass spectrometry, Raman spectroscopy, and x-ray photoelectron spectroscopy are employed to analyze the deposited films. We
show that the use of thiourea as a sulfur source leads to the deposition of different copper sulfide phases and is controlled by the inter-
action of sulfur-containing ions in solution with the functionalized SAMs. For —-COOH terminated SAMs, copper sulfide deposition is
controlled by the surface polarity of the substrate. At the bath pH used in these experiments, the -COOH terminal groups are deproto-
nated. The resulting -COO™ terminated SAM surface repels negatively charged sulfur-containing ions, leading to the deposition of Cu,S.
For -CHj3 terminated SAMs, which are non-polar, there is no specific interaction between the SAM terminal group and sulfur-containing
ions and CuS is deposited. For ~-OH terminated SAMs, which have a polar terminal group, there are two competing effects: the repulsion
of S-containing ions by the small negative charge of the terminal ~-OH group and the increase in the concentration of sulfur-containing
ions in solution as the bath pH increases. This competition leads to the deposit stoichiometry changing from Cu,S at pH 9 to CuS at
pH 12.

Published under license by AIP Publishing.

I. INTRODUCTION (Cuy97S), geerite (Cuy6S), anilite (CusS4 or Cuy75S), and digen-
ite (CuoSs or Cu;sS) phases. Each phase has a different crystal
Copper sulfide is a low-cost, environmental-friendly semicon- structure *” and physical properties including bandgap energy,
ductor that has many applications due to its non-toxic properties electrical resistivity, thermal conductivity, and melting points.
and abundance. Applications of copper sulfide include in Additionally, some phases, for example, digenite and chalcocite, have
thermoelectrics, ~ solar cells,”’ energy storage,”” photocatalysis, allotropes.
biotechnology, and nanoelectronics. One important con- Copper sulfide has been synthesized by various techniques
sideration in these applications is the controlled synthesis and including gas phase methods such as atomic layer deposition
deposition of the copper sulfide layer. Copper sulfide (CuySy) is and chemical vapor deposition. However, these methods
known to exist in at least eight forms including the stoichiometric require vacuum equipment, high temperatures, and expensive
forms covellite (CuS) and chalcocite (Cu;S). " ” Non-stoichiometric precursors. Other solution-phase routes include hydrothermal
forms include spionkopite (Cui4S), yarrowite (Cuy.12S), djurleite processes, solvothermal deposition,” microwave assisted
J. Chem. Phys. 154, 144704 (2021); doi: 10.1063/5.0046062 154, 144704-1
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synthesis,”” thermolysis,” sonoelectrochemical deposition,” and
chemical bath deposition (CBD)."”** " Of these methods, CBD
is very attractive because it is performed under ambient con-
ditions, does not require a conductive substrate, and can be
performed at low temperatures (<50°C), making it compati-
ble with temperature-sensitive substrates such as organic thin
films.”

Little is known about the role of substrate chemistry in the
deposition selectivity of copper sulfides. For copper sulfide, control
of deposition reactions can lead to area-selective deposition or to
deposition of a specific copper sulfide phase. Previous studies have
demonstrated area-selective deposition of CuS under both acidic
and basic conditions. Under acidic conditions (pH ~ 2.5), CuS is
preferentially deposited on -NH, terminated self-assembled mono-
layers (SAMs).”"" However, the underlying mechanism for this
deposition selectivity is not understood with the effect attributed to
either electrostatic interactions between CuS colloidal particles and
the partially protonated -NH, terminal groups"’ or the nucleation of
the CusS layer at Cu®*-amine surface complexes.” Under basic con-
ditions (pH 11-12) using thioacetamide, Hedlund et al."' observed
that CuS preferentially deposited on —~CH3 terminated SAMs rather
than on -OH or ~-COOH terminated SAMs. This behavior was
attributed to a competition between the increase in chalcogenide
ion concentration with an increasing bath pH and the repulsion
of the chalcogenide ions with the negatively charged SAM terminal
groups.

There is even less known about how the bath conditions
affect the stoichiometry of the deposited copper sulfides. While
a number of studies have shown that CuS deposits on sub-
strates using thioacetamide,”" " a number of different cop-
per sulfide phases, including CuS, Cui¢7S, and CuyS, have been
reported to form using thiourea,””****>7%*%3%42404 Dyjfferences in
the deposit stoichiometries have been observed to be dependent on
the bath composition,"‘\“ 2 deposit film thickness,”” and substrate.”’
However, the mechanisms underlying these effects are not well
understood.

In this paper, we investigate CuxS CBD on -CH3, -OH, and
-COOH terminated SAMs under basic conditions at room tem-
perature using thiourea as a sulfur source. Functionalized SAMs
are an ideal model substrate for investigating the effects of sur-
face chemistry on deposition processes: they are well-ordered and
have a known density of terminal functional groups.”” The two
most common stoichiometric copper sulfides are CuS and Cu,S.
Chalcocite, Cu,S, has a hexagonal close packed sulfur framework
with copper atoms in triangular threefold coordination.”” The struc-
ture of covellite, CuS, is more complicated. In the unit cell, four
S atoms are part of disulfide groups, while two S atoms are iso-
lated. The six Cu atoms also have different geometries; four have
tetrahedral coordination, while the other two have trigonal coor-
dination.” All the copper atoms in both structures are in the +1
oxidation state, as confirmed by x-ray photoelectron spectroscopy
(XPS) measurements.’’ These similar Cu oxidation states and struc-
tural motifs make it difficult to determine the deposited copper
sulfide phase using a single technique. We therefore use a multi-
technique approach incorporating x-ray photoelectron spectroscopy
(XPS), time-of-flight secondary ion mass spectrometry (TOF
SIMS), and Raman spectroscopy in order to determine the CuS
stoichiometry.
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In contrast to using thioacetamide, we demonstrate that the
CuxS phase deposited is very dependent on the interaction of the
SAM terminal group with the S-containing ions in the deposition
bath. On ~COOH terminated SAMs, the repulsion of the chalco-
genide leads to the deposition of Cu,S. In contrast, on ~-CH3 termi-
nated SAMs, there is no specific interaction of the methyl terminal
group with the S-containing anions and CuS is deposited. For
-OH terminated SAMs, as the bath pH increases, the deposit
changes from Cu,S to CuS. In this case, as the bath pH increases,
the significant increase in the concentration of S-containing ions
overcomes the repulsive effect of the slightly negatively charged (87)
hydroxyl terminal group.

Il. EXPERIMENTAL METHODS
A. Materials

All chemicals were used without further purification. Thiourea
(99%) was obtained from Alfa Aesar (Thermo Fisher Scientific,
Inc., Tewksbury, MA). Sodium hydroxide (>98%, pellets) was pur-
chased from Fisher Chemicals (Thermo Fisher Scientific, Inc.,
Waltham, MA). 16-mercaptohexadecanoic acid (90%) (MHA),
1-hexadecanethiol (99%) (HDT), ethylenediaminetetraacetic acid
(98%) (EDTA), and copper (II) sulfate pentahydrate (98%) were
purchased from Sigma-Aldrich, Inc. (St. Louis, MO). 16-Hydroxy-
1-hexadecanethiol (99%) (MHL) was obtained from Frontier Sci-
entific, Inc. (Logan, UT). Ethanol (200 proof, undenatured) was
obtained from Spectrum Chemical MFG Corp (New Brunswick, NJ).
Silicon (111) wafers were acquired from Addison Engineering, Inc.,
San Jose, CA.

The preparation of alkanethiolate self-assembled monolayers
(SAMs) has previously been described in detail.” " Briefly, gold
substrates were produced by sequentially evaporating ~200 A of
chromium followed by ~1000 A gold onto silicon wafers. A well-
ordered SAM was then prepared by immersing a gold substrate into
1 mM ethanolic solution of the appropriate alkanethiol (with either
a -COOH, -CH,0H, or -CH3 terminal group) for 24 h at room
temperature. After removal from the ethanolic solution, the samples
were rinsed with ethanol and dried with nitrogen gas.

B. Chemical bath deposition

The CuxS CBD method was adapted from the work of Hedlund
et al.”" The deposition bath contained 0.006M copper sulfate pen-
tahydrate, 0.016M EDTA, and 0.012M sodium hydroxide. The pH of
the deposition bath was adjusted using sodium hydroxide and sulfu-
ric acid prior to the addition of the sulfur source, 0.012M thiourea.
The SAM substrates were then quickly immersed into the deposi-
tion bath after mixing. The deposition time was 24 h except for three
samples used for Raman spectroscopy where the deposition time was
48 h. After removal from the deposition bath, the samples were son-
icated in water for 2 min, rinsed with deionized water, dried using
nitrogen gas, and stored in a nitrogen glove box prior to further
characterization.

C. X-ray photoelectron spectroscopy (XPS)

Ex situ XPS measurements were collected using a PHI Ver-
saProbe II (Physical Electronics, Inc., Chanhassen, MN) with a
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monochromatic Al Ka source (E;, = 1486.7 €V). During data collec-
tion, the chamber pressure was maintained <5 x 107! mbar. High
resolution photoelectron spectra were collected with a pass energy of
23.5 eV, energy step of 0.2 eV, and analysis angle of 45°. All spectra
were obtained using a charge compensation system with both elec-
tron and ion beams incident on the surface. All XPS measurements
were performed within 24 h of CuxS CBD, and at least three samples
were prepared (on different days) with multiple areas analyzed for
each deposition condition. The spectra shown are representative of
the data obtained.

The XPS spectra were calibrated to Au 4f;, binding energy
(84.0 V). Spectra were analyzed using CasaXPS 2.3.17 (RBD Instru-
ments, Inc., Bend, OR). To determine the ratio of Cu to S, the atomic
concentrations of Cu and S were obtained using Multipak 9.4.07
(Ulvac-PHI, Inc., Kanazawa, Japan).

D. Time-of-flight secondary ion mass spectrometry
(TOF SIMS)

TOF SIMS data were obtained using an ION TOF IV spec-
trometer (ION TOF, Inc., Chestnut Hill, NY) equipped with a Bi
liquid metal ion gun. The instrument has three vacuum chambers
for sample introduction, preparation, and analysis. The preparation
and analysis chambers were maintained at <5 x 10™° mbar during
data collection. The primary Bi" ions had a kinetic energy of 25 keV
and were contained in a ~100 nm diameter probe beam, which was
rastered over a (100 x 100) ym?* area. All spectra were acquired
with a total ion dose of less than 10'! ions cm™2, which is within
the static SIMS regime.” The secondary ions were extracted into a
time-of-flight mass spectrometer using a potential of 2000 V and
were reaccelerated to 10 keV before reaching the detector. At least
three areas on each sample were analyzed, and the spectra shown are
representative of the data.

E. Raman spectroscopy

Raman spectra were collected using a Thermo Scientific DXR
Raman microscope (Thermo Scientific, Madison, WI) equipped
with a 532 nm diode laser, 50x objective lens and 25 ym slit aper-
ture. The spectra were collected using a laser power of 0.1 mW with
an estimated spot diameter of 0.7 ym. In order to reduce interfer-
ence from fluorescence, “fluorescence correction” was used and the
samples photobleached to data collection.

Ill. RESULTS AND DISCUSSION

The XPS data clearly show that multiple types of copper sul-
fide are deposited and that the chemical identity of the CuxS deposit
is dependent on both the bath pH and the SAM terminal group.
Figure 1 displays the ratio of the Cu to S atomic concentrations,
Cu/S, with deposition bath pH. For -CH3 terminated SAMs, Cu/S
is equal to 1.0 within experimental error for all deposition bath pH
studied, indicating that CuS is deposited. In contrast, for —-COOH
terminated SAMs, Cu/S is 2.0 within experimental error for all depo-
sition bath pH, which is consistent with the deposition of Cu,S. In
Fig. 1, it can also be clearly seen that for ~-OH terminated SAMs,
Cu/S decreases from 2.0 to 1.0 (within experimental error) as the
deposition bath pH increases from pH 9 to pH 12.

The x-ray photoelectron and Auger electron data agree with the
measured Cu/S ratios. Figure 2 displays the variation of the Cu 2p
and S 2p x-ray photoelectron spectra of the deposited CuyS films on

ARTICLE scitation.org/journalljcp
—e— -COOH
259 |-o- -OH
a.. -CH,
2.0 | 4 { L)
» he
@ —____ 1
o Tl
15 1 \‘%\
1.0 { Foreeersrer F }\\"E

9.0 9.5 100 105 110 115 120
Deposition Bath pH

FIG. 1. Variation of the ratio of Cu to S (Cu/S) after CuxS CBD with bath pH on
—CHs, -OH, and ~COOH terminated SAMs. Deposition conditions: 24 h, room
temperature.

-CHj3, -OH, and ~-COOH terminated SAMs after 24 h with deposi-
tion bath pH. Table I also summarizes the x-ray photoelectron and
Auger electron data. For every deposition bath pH and functional-
ized SAM, the Cu 2p3; binding energies are 931.6 + 0.2 eV and the
difference between the Cu 2ps/; and Cu 2py/; binding energies is 19.8
+ 0.2 eV, which is consistent with the deposition of CuS.”>”""* !
However, the S 2p binding energy and photoelectron spectra indi-
cate that there are multiple copper sulfides deposited. Although S 2p
cannot be resolved into 2ps/; and 2py;; peaks, on ~CHj; terminated
SAMs, the S 2p binding energies, 162.1 + 0.1 eV, are consistent with
the deposition of CuS.”*°"*? Furthermore, on ~-COOH terminated
SAMs, the S 2p binding energy, 161.8 + 0.1 eV, indicates that Cu,S
is deposited:“ L (Table I). Additionally, on -CH3 terminated SAMs,
the S 2p photoelectron peak has a full width half maximum (FWHM)
of ~2.8 eV and it is larger than on ~-COOH terminated SAMs,
~2.2 eV. These observations suggest that on ~CH3 terminated SAMs,
the S 2p photoelectron peak is composed of two doublets of the $*~
and S, ligands present in CuS.”” On -OH terminated SAMs, the
S 2p binding energy increases from 161.8 to 162.2 eV as the deposi-
tion bath pH increases (Table I). Furthermore, the FWHM of the
S 2p peak increases from ~2.2 to ~2.9 eV. Taken together, these
data indicate that on ~-OH terminated SAMs at pH 9 the deposit
is composed of Cu,S, and as the deposition bath pH increases, the
deposit changes to CuS. The Cu LMM Kkinetic energies and peak
shapes™”"® (Fig. 3, Table I) are also consistent with the deposi-
tion of CuS and Cu,S on —-CH3 and ~-COOH terminated SAMs.
Furthermore, the Cu LMM data indicate that on —-OH terminated
SAMs, the deposit changes from Cu,S to CuS as the deposition
bath pH increases [Fig. 3(b)]. After deposition at pH 9, the Cu
LMM peak shapes and kinetic energy are similar to those observed
for the Cu,S film formed on ~-COOH terminated SAMs. As the
bath pH increases, the Cu LMM peak shape and kinetic energy
evolve until at pH 12 the peak has a similar shape and energy
for the CuS film deposited on -CH3 terminated SAMs. Kundu
et al.”’ also observed comparable changes in X-ray Auger Electron
Spectra (XAES) during the sulfurization of Cu substrates to copper
sulfide.

Finally, the modified Auger parameter (a’), which is the sum
of the Cu 2p3/, binding energy and Cu LMM Kkinetic energy, also
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FIG. 2. Variation of Cu 2p and S 2p photoelectron spectra after CuxS CBD on [(a) and (b)] -CHg, [(c) and (d)] -OH, and [(e) and ()] -COOH terminated SAMs with bath pH
at room temperature. Deposition time: 24 h. Also shown for reference are the spectra for the bare SAMs.

indicates that the stoichiometry of the deposited CuxS layer is depen-
dent on both the SAM functional group and bath pH (Table I).
Consistent with the deposition of Cu$™*”"*" on ~CHj terminated
SAMs for all deposition bath pH, o is 1850.1 + 0.2 eV (Table I).
Similarly, on ~-COOH terminated SAMs for all deposition bath pH,
the modified Auger parameters are 1849.8 + 0.2 eV (Table I), which
are consistent with the deposition of Cu,S.”*”"°" Finally, in Table I,
it can be clearly seen that on —OH terminated SAMs, the deposition
bath pH o’ increases from 1849.8 to 1850.1 eV, confirming that the
deposit chemistry changes from Cu,S to CusS.

We note that both the C 1s and O 1s photoelectron spec-
tra show that there is no, or little, interaction between the
deposited SAMs and the copper sulfide layer; there are no new

photoelectron peaks observed in the spectra (see the supplementary
material). Briefly, the data show that as the deposition bath pH
increases, the binding energies of the C 1s and O 1s photoelectron
peaks increase and then decrease. Similarly, the intensities of these
peaks increase and decrease as the deposition bath pH increases.
These changes are likely due to charge transfer between the cop-
per sulfide deposits and the gold substrate mediated by the dipole
moment of the functionalized SAMs. We note that similar effects
have been observed for MoS, deposited on functionalized SAMs™
and Au clusters deposited on rutile.”*

Finally, the XPS data also suggest that the amount of CuxS
deposited is dependent on the bath pH but not on the chemical
identity of the SAM functional group in contrast to CuS CBD using
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TABLE I. Cu 2p3), and S 2p binding energies, Cu LMM kinetic energies, and modified Auger parameter, o', after CuxS CBD
for 24 h on -COOH, -OH, and —~CH3 terminated SAMs at room temperature.

SAM terminal ~ Deposition  Binding energy  Kinetic energy ~ Binding energy
group bath pH Cu 2p3; (eV) CuLMM (eV) S2p (eV) o (eV)
9 931.6 918.2 161.8 1849.8
10 931.5 918.4 161.8 1849.9
-~COOH 11 931.6 918.2 161.9 1849.8
12 931.6 918.2 161.8 1849.8
9 931.6 918.2 161.8 1849.8
_OH 10 932.0 917.8 162.0 1849.8
11 931.7 918.4 162.0 1850.1
12 931.6 918.5 162.2 1850.1
9 931.6 918.5 162.1 1850.1
_CH 10 931.6 918.5 162.0 1850.1
? 11 931.6 918.4 162.1 1850.0
12 931.6 918.4 162.2 1850.0

thioacetamide.”' Figure 4 displays the Cu 2p3/, photoelectron peak
height with bath pH after CuxS deposition for 24 h on -CHj3, -OH,
and -COOH terminated SAMs. The Cu 2ps/, peak height can be
used as a quantitative measure of the amount of CuyS deposited
because it is related to the peak area. Furthermore, there are no over-
lapping peaks in the photoelectron spectra that can lead to inaccu-
racies in the quantitative estimation. We also note that our previous
studies of CuS CBD on functionalized SAMs using thioacetamide
show that Cu 2ps3/; peak heights are consistent with film thicknesses
measured using the AFM."" In Fig. 4, it can be clearly seen that the
Cu 2p3/; peak height increases with increasing bath pH, indicating
that more CuyS has been deposited. Furthermore, at each deposition
bath pH, the Cu 2ps/; peak heights are the same (within experimen-
tal error), indicating that the same amount of Cu is present on each
functionalized SAM. Since Cu,S is deposited on -COOH terminated
SAMs, these data suggest that the deposited layer is thinner than on
—-CH3 terminated SAMs where CusS is deposited.

The Raman spectroscopic and TOF SIMS measurements agree
with the XPS data. Figure 5 displays Raman spectra after CuxS depo-
sition on -CH3, -OH, and ~-COOH terminated SAMs at room tem-
perature for 48 h. We note that similar results are obtained after
CuyS deposition for 24 h, but the spectra have a lower signal-to-noise
ratio. In Fig. 5(a), it can be clearly seen that after deposition at pH 12,
there are several spectral features observed. On ~-CH3 and -OH ter-
minated SAMs, there is a peak at ~471 cm™", while on -COOH ter-
minated SAMs, a peak is observed at ~468 cm ™Y, which are assigned
as the v(S-S) stretching modes of Cu$ and Cu,S, respectively.’
Additionally, after CuS deposition on -OH and -CH3 terminated
SAMs, there is a broad peak centered at ~280 cm ™, which is assigned
as a lattice mode (A4 TO).‘;I On -COOH terminated SAMs, there is
also a weak broad peak centered at a higher frequency, ~295 cm
which we also assign as a lattice mode. Figure 5(b) displays Raman
spectra after CuxS deposition on ~-OH terminated SAMs with vary-
ing pH. As the deposition bath pH increases, the frequency of the
v(S-S) stretching mode increases from 468 to 471 cm™", indicating
that the deposit has changed from Cu,S at pH 10 to CuS at pH 12.

For all experimental conditions and functionalized SAMs stud-
ied, the TOF SIMS spectra indicate that CuxS is deposited. As
the deposition bath pH increases, the ions characteristic of the
functionalized SAMS, such as Au;M~ [where M = -S(CH,);5COOH,
-S(CH:)15CH,OH, or -S(CH,)15CH3], decrease, indicating that the
substrate is increasingly covered by the Cu,S layer. This suggests that
more CusS is deposited as the deposition bath pH increases. Further-
more, information about the chemistry of the deposited CuS layers
can be obtained by examination of the CuyS,* ions formed. Cop-
per (I) sulfide has a hexagonal close packed sulfur framework with
the copper atoms mainly in trigonal coordination, and hence, it is
expected that characteristic CuS;™* ions are present in the SIMS spec-
tra.'”" For copper (II) sulfide, the copper atoms have trigonal and
tetrahedral coordination and the sulfur atoms have trigonal bipyra-
midal and tetrahedral (with a disulfide unit) coordination.” It is
therefore expected that the characteristic ions of CuS are CuS;*,
CuSs*, CusS*, CusS,*, and S;”. On ~COOH terminated SAMs,
Cu,S%, S;7, and CuSs* ions are observed after Cu,S deposition
for 24 h at pH 12. In contrast, on ~CH3 terminated SAMs, Cu,S*,
S27, CusS;~, CuSs~, and CuS;* ions are observed after CuS deposi-
tion for 24 h at pH 12. Interestingly, the data show that the Cu,S*
and CuS;* ions have different intensities (peak areas) between CuS
deposited on ~-CHj3 terminated SAMs and Cu,S formed on -COOH
terminated SAMs (Fig. 6). In Fig. 6(a), in the negative ion spectra,
on -COOH terminated SAMs, the Cu,S™ and CuS;~ ion intensi-
ties are much larger than (CH)0SH™, a characteristic ion of the
bare SAMs. In contrast, on -CHj3 terminated SAMs, the Cu,S™ and
CuS3~ ion intensities are approximately the same, or lower, than
the (CH)10SH™ ion intensity [Fig. 6(c)]. In contrast, in the posi-
tive ion spectra, after deposition on ~-CHj terminated SAMs, the
ion intensities of CuS;" are ~9x larger than the ion intensity of
Cu,S* [Fig. 6(d)]. On ~-COOH terminated SAMs, the ion intensi-
ties of CusS* are only ~3x larger than the ion intensities of Cu,S*
[Fig. 6(b)]. These observations indicate that TOF SIMS spectra can
be employed to differentiate between Cu,S and CuS. Furthermore,
the Cu,S* and CuS;" ion intensities are generally lower on ~-COOH
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FIG. 3. Variation of XAES Cu LMM transitions of the CuyS films deposited on (a)
—CHjs, (b) —OH, and (c) -COOH at room temperature. Deposition time: 24 h. Also
shown for reference are the spectra for the bare SAMs.

terminated SAMs than on —~CH3 terminated SAMs. In Fig. 7, high
resolution negative ion spectra are shown centered at m/z 160.5
after CuxS CBD on -OH terminated SAMs. After deposition at
pH 9, the ion intensities of Cu,S™ and CusS™ are similar to those
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FIG. 4. Variation of the Cu 2p;/, peak height after CuxS CBD on -CH3, —-OH, and
—COOH terminated SAMs for 24 h at room temperature.
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FIG. 5. Raman spectra after CuxS CBD for 48 h at room temperature (a) on -CH,
—OH, and —-COOH terminated SAMs at pH 12 and (b) on -OH terminated SAMs
as the bath pH is varied between pH 9 and pH 12.
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[(a) and (b)] ~COOH and [(c) and (d)] -CH3 terminated SAMs. Also shown for reference are the mass spectra of the functionalized SAMs before deposition (“bare”).

deposition bath pH. Finally, for -COOH terminated SAMs, we

observed for (CH)1oSH", indicating that Cu,S$ is deposited. In con-
observe ions of the form CuCOO(CH,)x(CH),;" and CuCOO(CH,)~

trast, after deposition at pH 12, the ion intensities of Cu,S™ and

CuzS™ are lower than those of (CH)0SH ™, indicating that CuS is
deposited. Taken together, the data confirm that on -OH termi-
nated SAMs, the copper sulfide stoichiometry is dependent on the

-OH ®cu®ocus
C H.Cus

®cus, \

65 -
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m/z, negative ion

FIG. 7. Variation of high resolution negative ion mass spectra centered at m/z
160.5 after CuxS CBD for 24 h at pH 9 and pH 12 on —OH terminated SAMs.
Deposition temperature: room temperature. Also shown for reference are the mass
spectra of the —~OH terminated SAM before deposition (“bare”).

indicating that the Cu®* ions interact with the ~COOH termi-
nal group [Fig. 6(a)] and are characteristic of copper—carboxylate
complexes.

A. Reaction pathways

Copper sulfides were one of the first materials to be deposited
using CBD. While there have been many studies of CuyS, there is
no consensus about the reaction pathways involved. In CBD reac-
tions, a controlled reaction is employed to deposit a thin film on a
substrate via a precipitation reaction. In this case, CuxS is deposited
via the decomposition of thiourea in an alkaline solution contain-
ing a copper salt. The reaction can be described using the following
(unbalanced) chemical reaction (reaction pathway):j")‘ ot

Cu’* + EDTA* - [Cu(EDTA)]*, (1)
SC(NH,), + OH™ — CN,H, + H,0 + HS, )
HS +OH - $* +H,0, 3)
Cu®" +8° - CuS. (4)

In reaction (1), the concentration of “free” copper ions is
controlled using the complexing agent ethylenediaminetetraacetic
acid (EDTA). The formation of bisulfide ions, HS™, occurs via
the reaction of thiourea with hydroxide ions [reaction (2)].77¢
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Subsequently, the bisulfide ions decompose to form S*~ ions [reac-
tion (3)],” which then react with copper ions to form CuS [reaction
(4)]. By Le Chatelier’s principle, as the bath pH increases (concen-
tration of OH"™ increases), reactions (2) and (3) are driven to the
product side, leading to the production of more $*~. This leads to a
higher production of CusS [reaction (4)], as experimentally observed
(Fig. 4).

While reactions (2) and (3) clearly show that as the bath pH
increases, the rate deposition increases, the above reaction pathway
does not account for the following observations:

(a) Cu,S and CuS is deposited in contrast to CuS CBD using
thioacetamide where CusS is deposited on these functionalized

SAMs;

(b) on -COOH terminated SAMs, Cu,S is deposited for all bath
pHs;

(c) on-CHj3 terminated SAMs, CusS is deposited for all bath pHs;
and

(d) on-OH terminated SAMs, Cu,S is deposited at pH 9 and the
ratio of Cu to S decreases until at pH 12 CuS is deposited.
We propose that in CuxS CBD, thiourea plays multiple roles in the
deposition by acting as a reducing agent, a complexing agent, and a
sulfur source. Upon mixing Cu** ions and thiourea in excess con-
centration, it is well known that copper (II) ions are rapidly reduced
to Cu" via the following reaction:"’ "

2Cu”™ +28C(NH,), - (-SC(NH)NH,)3" +2Cu’.  (5)

The reaction product, Cu”, then reacts with thiourea to form
copper-thiourea complexes,

Cu" +nSC(NH,), » [Cu(SC(NH,),) |". (6)

The concentration of Cu” is, therefore, dependent on the con-
centration of “free” Cu®" [reaction (1)], the relative rates of thiourea
hydrolysis [Eq. (2)], and the redox/complexation reaction [reactions
(5) and (6)]. Furthermore, the formation of Cu® is consistent with
the formation of CuS and Cu,S, which can be considered to be Cu(I)
compounds with the formulas (Cu*)3(S*7)(S;”) and (Cu*),(S8*),
respectively.”””’

Thiourea also hydrolyzes to form the bisulfide ion, HS™, reac-
tion (2), leading to the formation of sulfide ions, S%~ [reaction (3)].
The sulfide ion can react with copper (I) ions to form cuprous
sulfide,

2Cu" + 8% = Cu,S. 7)

Once formed, the sulfide ions can further react to form 7822_,

which is one of the dominant polysulfides at these bath pHs,” """ by,
for example,

28”7 +2H,0 —» S¥” +20H™ + H,. (8)

It is also possible that HS™ reacts with dissolved oxygen [reac-
tion (9)] or sulfate ions present (from the copper source) [reaction

5,76,78

(10)] to form S,>~ by reactions such as’”
1 -
2HS™ + 50z - 83+ H,0, ©)

SO;” +H' +7HS™ — 4S5 + 4H,0. (10)

Once formed, the disulfide and sulfide ions can react with Cu*
ions to form CuS,

ARTICLE scitation.org/journalljcp
3Cu" +87 +837 — (Cu"),(S7)(87) +e (11)
In reaction (11), the disulfide ion is oxidized and the excess

electron is adsorbed by a side reaction, such as the decomposi-
tion of $,%” to form $*~ ions. We note that the reaction of S,~
with Cu” is very unlikely to occur because the formation of copper
disulfide, CuS;, only occurs at very high pressures and tempera-
tures.”” The presence of Cu", Cu?*, $,°7, and S*~ ions in solution
[reactions (1), (3), (5), and (8)-(10)] is also consistent with forma-
tion of non-stoichiometric copper sulfides, as observed for CuyS
deposition on —~OH terminated SAMs (Fig. 3). For example, at pH
10, Cui75S is deposited, which can be formed via the following
reaction:

6Cu" + Cu®* +45* — (Cu") (Cu™)(s),. (12)

The above reaction pathways show that Cu,S 1 < x < 2 can
be deposited in CBD but do not explain the reaction selectivity.
Furthermore, they do not explain why CuS is deposited using thioac-
etamide as a sulfur source while the copper sulfide deposit chemistry
varies using thiourea. The deposition of copper sulfide, CuS, reac-
tion (11), requires the formation of Cu(I) and disulfide ions. Similar
to thiourea, thioacetamide has been shown to reduce Cu(II) to Cu(I)
when thioacetamide is present in excess concentration, leading to
the formation of copper-thioacetamide species.”’ ** These copper-
thioacetamide species rapidly decompose in solution, leading to the
formation of copper sulfide.”’” Under basic conditions, the hydrol-
ysis of thioacetamide to form the bisulfide ion is more rapid by
at least an order of magnitude than for thiourea, and hence, the
concentrations of the sulfides, bisulfides, and disulfides in solution
are much higher.””*’ Thus, copper sulfide, CuS, is deposited under
basic conditions on these functionalized SAMs, as experimentally
observed."!

If the reaction was solely dependent on the solubility product
of copper sulfides, then Cu,S would deposit on all functionalized
SAMs; the solubility product, Ksp, of Cu,S, 2.5 x 10™*%, is more than
10 orders of magnitude lower than the Ky, of CuS (6.3 x 10736).%
Our data clearly show that this is not the case (Fig. 1). We propose
that CuyS deposition on functionalized SAMs occurs via a kineti-
cally controlled mechanism in which S-containing anions modulate
the deposition reaction.

Both -OH and -COOH terminated SAMs have polar terminal
groups. Furthermore, the carboxylic acid group can deprotonate to
form carboxylate ions, -COO™. The surface pKl/2 of ~-COOH termi-

nated SAMs is ~8.0," which is the solution pH at which the terminal
groups are 50% ionized. As the bath pH increases from pH 9 to pH
12, the carboxylic acid terminated SAM surface becomes increas-
ingly deprotonated; at pH 9, ~90.9% of the terminal groups are -
COO7, while at pH 12, ~99.99% of the surface is covered by -COO".
The surface can therefore form Cu®* —carboxylate (or less likely Cu* -
carboxylate) complexes, which can act as nucleation sites for CuS
deposition. However, the complexing constant of Cu?* with car-
boxylic acids (<100)™ is very low compared to the binding constant
of Cu?" with EDTA (5 x 10'*)** and the fast redox reaction between
Cu** and thiourea.”’ Thus, copper sulfide deposition on -COOH
terminated SAMs is dominated by the surface polarity of the sub-
strate. At the deposition bath pH employed in these experiments, the
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deprotonated ~-COO™ terminal groups repel the negatively charged
S-containing anions in solution. Since HS~ and $*~ are the dominant
sulfur species in the solution, the deposition proceeds via reaction
(7) and Cu,S is deposited at all bath pHs.

Hydroxyl-terminated SAMs have a polar terminal C-OH
bond but do not deprotonate under the experimental conditions
employed. In this case, the dipole of the terminal CH,-OH group
is such that the ~-OH group has a small negative charge, §~. At pH
9, the concentration of the negatively charged S species [reactions
(2), (3), and (8)-(10)] is lower than at pH 12, and hence, at pH 9,
the deposition is dominated by the repulsion of the S-containing
anions with the negatively charged ~-OH terminated surface. Thus, at
pH 9, copper(I) ions react with the dominant S species in solution,
s, leading to the deposition of Cu,S in a similar manner to that
observed on -COOH terminated SAMs. As the bath pH increases,
the concentration of sulfur species, such as $?~ HS ,and S, signif-
icantly increases [reactions (2), (3), and (8)-(10)], and so the effect
of the surface repulsion effectively decreases. Thus, as the deposition
bath pH increases, the Cu,S deposit stoichiometry slowly changes
from Cu,S at pH 9 to CuS at pH 12 (Fig. 3 and Table I).

In contrast, for -CH3 terminated SAMs, the C-H bonds of the
methyl terminal group are non-polar. There is, therefore, no specific
reaction between copper and sulfur ions in solution and the SAM
terminal group, and thus, the effective concentration of §27, 8,7,
and other S-containing anions is higher at the solution/-CHj ter-
minated SAMs for all bath pHs employed. This suggests that CuS
will deposit on the substrate via reaction (11), as experimentally
observed.

IV. CONCLUSIONS

The chemical bath deposition of copper sulfide is strongly
dependent on the interaction of the S-containing anions with the
SAM functional groups. Using thiourea as the S source leads to the
deposition of different copper sulfide phases.

For -COOH terminated SAMs, the deposition is controlled
by the surface polarity of the substrate. At the deposition bath pH
employed, the carboxylic acid terminal groups are deprotonated,
leading to the formation of a -COO™ terminated SAM surface.
The negatively charged carboxylate terminal groups repel the S-
containing anions in solution. Since HS™ and $°~ are the dominant
sulfur species in the solution, CusS is deposited at all bath pHs. In
contrast, for ~-CHj3 terminated SAMs, there is, therefore, no spe-
cific reaction between copper and sulfur ions in solution and Cu$
is deposited.

For ~OH terminated SAMs, there are two competing effects:
the repulsion of S-containing ions by the small negative charge of
the terminal ~-OH group and the increase in S-containing anions
in solution as the bath pH increases. As the bath pH increases, the
Cu,S deposit stoichiometry changes from Cu,S at pH 9 to CuS at
pH 12. At pH 9, the deposition is dominated by the repulsion of
S-containing anions with the negatively charged -OH terminated
surface and Cu,S is deposited. As the bath pH increases, the con-
centration of sulfur species, such as S$>" HS ,and S,”, significantly
increases and the effect of the terminal group-solution repulsion
decreases, leading to deposits with lower Cu/S ratios.

These experiments indicate that CBD can not only be employed
for area-selective deposition but also for controlling the deposit

ARTICLE scitation.org/journalljcp

stoichiometry, broadening the applications of films deposited by
CBD.

SUPPLEMENTARY MATERIAL

See the supplementary material for high resolution C 1s and
O 1s photoelectrons of CuxS films deposited on ~-CH3, -OH, and
-COOH terminated SAMs for 24 h, room temperature, and bath
pH.
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