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ABSTRACT: Electroless deposition (ELD) is widely used in industry to
deposit metals because it is inexpensive and compatible with organic
materials. The deposition rate and deposited film properties critically
depend on the reducing agent, complexing agent, and bath pH and
temperature as well as bath additives. We have investigated the role of
ethanolamine additives in the ELD of copper using the reducing agent
dimethylamine borane on −CH3- and −OH-terminated self-assembled
monolayers (SAMs) adsorbed on gold. Three additives were studied:
ethanolamine (EOA), diethanolamine (DEOA), and triethanolamine
(TEOA). Both the chemical identity and concentration of the
ethanolamine significantly affect the deposition process. We show that
the Cu deposition rate is faster on −CH3-terminated surfaces than on −OH-terminated SAMs because of the stronger interaction
of the ethanolamines with the hydroxyl terminal group. In contrast to physical vapor deposition and other ELD processes, Cu
deposits atop methyl-terminated SAMs using TEOA. However, using EOA and DEOA, copper penetrates through −CH3-
terminated SAMs to the Au/S interface. For −OH-terminated SAMs, copper is observed to penetrate through the SAM for all
ethanolamines investigated. The amount of copper penetration through the SAM to the Au/S interface increases with
ethanolamine concentration. These effects are attributed to an adsorption−inhibition mechanism and differences in the chelation
of Cu2+ in the deposition bath.

1. INTRODUCTION

Electroless deposition (ELD) of metals is widely employed in
industrial processes for the metallization of organic substrates
with applications in electronics,1−4 electromagnetic interference
shielding,2,4 printed circuit boards,4 fuel cells,5 and sensors.6

ELD occurs via the chemically promoted reduction of metals,
that is, a REDOX reaction, without an externally applied
potential. The deposition rate and deposited film properties
therefore depend on the reducing agent, complexing agent, and
bath pH and temperature.2,7−13 For example, the rate of copper
deposition using amine borane reducing agents is critically
dependent on the strength of the B−N bond.9,10 Complexing
agents, such as ethylenediaminetetraacetic acid (EDTA),
stabilize the bath and prevent the precipitation of metal
hydroxides under alkaline conditions.3,14 The choice of a
complexing agent also affects the rate of deposition.2,12,13

Finally, the interaction of the bath components with organic
substrates can significantly affect the ELD process. A number of
studies have demonstrated that stable, adherent metallic
overlayers are produced if metal terminal group complexes
are formed.15−18 In recent studies, it has also been shown that
the interaction of the reducing agent with the organic substrate
affects deposition rates and deposited film properties.10,17

Additives are commonly employed in both electrodeposition
and ELD to alter the physical and mechanical properties of
deposits such as the grain size, brightness, electrical resistivity,

hardness, and smoothness.2,4,19,20 Examples include bis-(3-
sulfopropyl)-disulfide,21,22 2-aminobenzothiazole,23 benzotria-
zole,21 polyethylene glycol,1,4,14,23 dipyridyls,3,24 saccharin,25

adenine,11,18,25 guanine,11,18,25 and 3-mercapto-1-propanesulfo-
nate.22,26 Additionally, additives can accelerate or inhibit the
rate of deposition.1,4,11,21,27 There have been very few
systematic studies of the effect of additive structure on the
film deposition rate or properties. Kondo and co-workers12,13

have demonstrated that for the tertiary amines, nitriloacetic acid
(NTA), triethanolamine (TEOA), and triisopropanolamine,
there were large differences in the rate of copper ELD using the
reducing agent formaldehyde. These authors observed that
using TEOA, the rate of deposition was ∼20× faster than using
EDTA alone. Further, the rate of deposition passed through a
maximum as the additive concentration increased. These
studies suggest that both the interaction of the ligand with
the surface and the chemical structure of the Cu(II) complex
are important in ELD processes. However, although these
additives are all tertiary amines, they exhibit very different
pKa’s,

28−30 and in the case of NTA multiple pKa’s,
28 which

complicates analysis of the data.
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Ethanolamines combine the properties of amines and
alcohols and therefore have a variety of industrial applications
as lubricants, surfactants, and herbicides and in gas
purification.31,32 They are versatile ligands that behave as N
and O donors20 and easily form complexes with transition
metals.20,33−39 In ELD and electroplating, ethanolamines have
been reported to act as both complexing agents and
buffers.2,3,7,12,13,27 A number of studies have reported that
TEOA increases the rate of copper deposition which has been
attributed to the formation of Cu(II)−TEOA complexes or
mixed ligand species (in the presence of other complexing
agents).2,7,12,13,27 TEOA can also slow the metal deposition rate
by adsorbing onto the sample, which inhibits the oxidation of
reducing agents, such as formaldehyde.13,27 The properties of
the deposited film are also altered by TEOA; the grain size is
observed to decrease while the electrical resistivity is
improved.2 There have been far fewer studies of the effect of
ethanolamine (EOA) or diethanolamine (DEOA) on ELD and
electroplating.20,40 Hammami and co-workers20 observed
differences in the morphologies of electroplated Zn−Ni films
using DEOA and TEOA. Using DEOA, the films had a nodular
morphology with agglomeration of grains, while the Zn−Ni
deposit was composed of triangular-based pyramidal grains
when TEOA was employed. Further, the corrosion resistance of
the films improved using TEOA but was not improved using
DEOA.
In this paper, we systematically investigate the role of the

ethanolamine structure on copper ELD using the reducing
agent dimethylamine borane (DMAB) on functionalized
organic thin films. EOA, DEOA, and TEOA are primary,
secondary, and tertiary amines, respectively, but have similar
pKa’s.

29,41,42 We employ hydroxyl- and methyl-terminated
alkanethiolate self-assembled monolayers (SAMs) adsorbed
on gold as model organic substrates. This is because SAMs are
well-ordered with a uniform density of terminal groups.43−45

Hydroxyl and methyl terminal groups were chosen because
their surfaces are hydrophilic and hydrophobic, respectively,
and do not change their protonation under experimental
conditions commonly employed in ELD. Our data indicate that
the choice of ethanolamine is critical; both the chemical
identity and concentration of the EOA significantly affect the
deposition process. We demonstrate that the Cu deposition
rate is faster on −CH3-terminated SAMs than on −OH-
terminated SAMs because of the stronger interaction of the
ethanolamines with the hydroxyl terminal group. We further
show that Cu only deposits atop methyl-terminated SAMs
using TEOA. Using EOA and DEOA, copper penetrates
through −CH3-terminated SAMs to the Au/S interface. For
−OH-terminated SAMs, copper is observed to penetrate
through the SAM for all the ethanolamines studied. Further,
the amount of copper penetration increases with ethanolamine
concentration. We propose that these effects can be described
using an adsorption−inhibition mechanism and differences in
the formation of mixed complexes of Cu2+ with EOA, DEOA,
TEOA, and EDTA.

2. EXPERIMENTAL SECTION
2.1. Materials. Gold (99.995%), chromium (99.995%), EOA (99+

%), and TEOA (98+%) were acquired from Alfa Aesar, Inc. (Ward
Hill, MA). Copper(II) sulfate pentahydrate (CuSO4·5H2O, 98+%),
EDTA (98%), DMAB complex (97%), and hexadecanethiol (HDT)
(99+%) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO). 16-
Hydroxy-1-HDT (MHL) (99+%) was obtained from Frontier

Scientific (Logan, UT). DEOA (>99%) was acquired from TCI
America (Portland, OR). Anhydrous ethanol (ACS grade) was
purchased from Aaper Alcohol (Shelbyville, KY). Concentrated
sulfuric acid (95%) was purchased from BDH Aristar, Inc. (Chester,
PA). All reactants were used without further purification. Silicon
wafers (⟨111⟩ orientation) were acquired from Addison Engineering
Inc. (San Jose, CA) and cleaned using RCA SC-1 etch (H2O/
NH4OH/H2O2 = 5:1:1) for 20 min prior to use.

2.2. Preparation of SAMs. The preparation of SAMs has been
described in detail previously.46,47 In brief, chromium (∼50 Å) and
then gold (∼1000 Å) were sequentially thermally deposited onto clean
Si wafers. Well-ordered SAMs were then formed by immersing the
gold substrate into 1 mM ethanolic solutions of the appropriate
alkanethiol for 24 h at ambient temperature (22 ± 1 °C). The samples
were then rinsed with ethanol and dried under N2 gas. To further
investigate the adhesion of the deposited copper layer, ethanolic
solutions of 0.5 mM MHL and 0.5 mM HDT (total alkanethiol
concentration = 1 mM) were also used to prepare SAMs using the
same procedure. For each batch, one sample was taken and
characterized using single-wavelength ellipsometry (Gaertner Scientific
Corp., Skokie, IL) and time-of-flight secondary ion mass spectrometry
(TOF SIMS) to ensure that the SAMs were free of significant chemical
contamination.

2.3. Copper ELD. The standard “100%” copper ELD solution was
composed of 0.032 M copper(II) sulfate pentahydrate, 0.3 M
ethanolamine (either EOA, DEOA, or TEOA), 0.037 M EDTA, and
0.067 M DMAB. To study the effect of the ethanolamine
concentration on Cu ELD, the ethanolamine concentration was
altered while keeping the other reagent concentrations constant. The
ethanolamine concentrations are reported as a percentage of the
standard concentration (0.3 M). The pH reported was adjusted to pH
9 using dilute sulfuric acid before addition of the reducing agent,
DMAB. All experiments were carried out at room temperature (22 ± 1
°C). Depositions were performed for periods of time ranging from 7
min to 1.5 h. After deposition, each substrate was rinsed with
deionized water and ethanol and dried with N2 gas. The resulting films
were immediately studied using TOF SIMS and optical microscopy.

2.4. Time-of-Flight Secondary Ion Mass Spectrometry. TOF
SIMS measurements were performed using an ION TOF IV
spectrometer (ION TOF Inc., Chestnut Hill, NY) with a Bi liquid
metal ion gun primary ion source. The instrument has three chambers
for sample introduction, preparation, and analysis. The pressure of the
analysis and preparation chambers is typically less than 5 × 10−9 mbar.
The Bi+ primary ions had a kinetic energy of 25 keV. The probe beam
diameter was ∼100 nm and rastered over a (500 × 500) μm2 area
during data acquisition. The spectra were acquired using an ion dose
of less than 1011 ions cm−2, which is within the static regime.

For each experiment, a minimum of three samples were made and
three separate areas on each sample were analyzed. The reported data
therefore represent an average of at least nine measurements, and the
error bars represent the corresponding standard deviation.

2.5. Optical Microscopy. Optical microscopy was performed
using a Keyence VHX-2000 digital microscope. Dark-field images were
acquired with 200× magnification. The images shown are
representative of the data obtained.

3. RESULTS AND DISCUSSION

3.1. Bare SAMs. The positive and negative secondary ion
mass spectra of −OH- and −CH3-terminated SAMs have been
reported in detail previously.46,47 Briefly, in the negative ion
spectra, a number of high mass cluster ions are observed such as
AuxSy

−, AuM2
−, and Au2M

−, where M is the intact
alkanethiolate adsorbate species. Fragment ions are also
observed that are indicative of the SAM terminal group and
methylene backbone, for example, (CH2)xSy

−. In the positive
ion mass spectra, a number of characteristic ions are also
observed including (CH2)x(CH)y

+, S(CH2)x
+, and [AuS-

(CH2)x]H
+.
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3.2. Copper Deposition. For all ethanolamines studied,
copper was observed to deposit on both −OH- and −CH3-
terminated SAMs. Table 1 summarizes the fragment and cluster
ions observed in the TOF SIMS spectra upon Cu ELD using
different ethanolamines.
The data indicate that for methyl-terminated SAMs, Cu is

deposited atop the SAM if TEOA is employed as a bath
additive. We observe ions of the form [Cu4(CH2)xCH3]

+,
indicating that Cu interacts with the methyl terminal group, but
no AuxCuySz

± ions could be observed, which are characteristic
of metal atom penetration through the SAM to the Au/S
interface. Using EOA and DEOA, ions of the forms AuxCuySz

±

and AuxCuySz(CH2)a
− are observed, indicating that some

copper has penetrated through the methyl-terminated SAM to
the Au/S interface. Similar to previous studies using physical
vapor deposition48 and ELD,10 the data indicate that copper
both deposits atop −OH-terminated SAMs and penetrates to
the Au/S interface for all ethanolamines investigated. In the
SIMS spectra, ions of the forms CuO(CH2)x

+ and Cux(OH)
±

are observed, indicating that deposited Cu has interacted with
the −OH terminal group, whereas ions of the form AuxCuySz

±

indicate that copper has also penetrated to the Au/S interface.
It is interesting to note that only ions containing four copper

atoms are observed after Cu ELD on −CH3- and −OH-
terminated SAMs using TEOA (Table 1, Figure 1 and
Supporting Information S1). Figure 1 displays the ion
intensities of Cu4(CH3)2

+ upon Cu ELD on −CH3-terminated
SAMs using different ethanolamines. It can be seen that only
Cu4-containing clusters are observed if TEOA is employed as a
bath additive. This is also the only system in which copper
deposits atop the SAM only. This suggests that the critical

nucleus for copper ELD atop functionalized SAMs is Cu4. If
copper formed in the ELD reaction adsorbs on a copper island
which is smaller than the critical nucleus size, it is not stable on
the SAM surface and will penetrate through the SAM to the
Au/S interface. To test this hypothesis, we examined the
intensities of Cu4(CH2)y(CH3)y

+ with deposition time. By the
classical nucleation theory, if a Cu tetramer cluster is the critical
nucleus, it is expected that the ion intensities of the Cu4-
containing ions would increase with deposition time and then
decrease as the film forms. Our data clearly indicate that the ion
intensity of Cu4(CH3)2

+ increases with deposition time and
then decreases as the Cu film forms (Supporting Information
Figure S2). Similarly, on −OH-terminated SAMs, the ion
intensity of [Cu4OH(CH2)]

− increases with deposition time
(data not shown). Thus, it is likely that the critical nucleus size
for Cu deposition atop the SAM is a Cu tetramer.
Dark-field optical microscopy can also be employed to

provide information about the deposited films. Ellsworth and
Walker10 observed that for Cu ELD on −CH3, −OH, and
−COOH, the deposited Cu film appeared to be quite uniform
if copper deposited atop the functionalized SAM. In contrast,
the Cu film appeared to be nonuniform if some of the Cu
penetrated to the Au/S interface. Figure 2 displays the dark-

field optical images after Cu ELD on −CH3- and −OH-
terminated SAMs using TEOA, DEOA, and EOA as bath
additives. The data are consistent with the SIMS spectra. On
−CH3-terminated SAMs using TEOA, the deposited film
appears to be quite uniform and indicate that the copper film
has deposited atop the SAM. Using EOA and DEOA, the Cu
deposit appears to be nonuniform; large copper islands are
observed. On −OH-terminated SAMs for all ethanolamines
studied, the deposited Cu films are also nonuniform with large
islands. These observations indicate that some of the deposited
Cu has penetrated through the SAM to the Au/S interface.

Table 1. Fragment and Cluster Ions Observed in the TOF SIMS Spectra of Both −CH3- and −OH-Terminated SAMs, Only
−CH3-Terminated SAMs, and Only −OH-Terminated SAMs after Cu ELD Using TEOA, DEOA, and EOA

fragment ions observed

ethanolamine
on both −CH3- and −OH-

terminated SAMs only on −CH3-terminated SAM only on −OH-terminated SAMa

EOA Cux
+ (x = 1−3), CuSH2

+,
AuxCuySz

±
AuCuS(CH2)x

+, AuxCuS(CH2)x
− AuxCuS(CH2)x

±, [AuCu(MHL−H)]−

DEOA Cux
+ (x = 1−3), CuSH2

+,
AuxCuySz

±
AuxCuS(CH2)x

−, Cu3SH2
+ AuxCuS(CH2)x

±, [AuCu(MHL−H)]−, CuO(CH2)x
+, CuO−, CuOH±

TEOA Cux
+ (x = 1−3) Cu(CH2)x(CH3)

+ (x = 1−4) CuSH2
+, AuxCuySz

±, AuxCuS(CH2)x
−, CuS(CH2)xCH

+, CuO(CH2)x
+, CuO−,

CuOH±, Cu4OH(CH2)
−

aMHL = −S(CH2)15OH.

Figure 1. High-resolution positive ion spectra centered at m/z 284
after Cu ELD on a −CH3-terminated SAM using EOA, DEOA, and
TEOA. Deposition conditions: pH 9, 22 °C. For reference, the mass
spectrum of the bare SAM (“Bare”) and the calculated isotopic
distribution of Cu4(CH3)2

+ are also shown.

Figure 2. Dark-field optical images of the deposited copper layer after
Cu ELD using EOA, DEOA, and TEOA on −CH3- and −OH-
terminated alkanethiolate SAMs. Deposition conditions: pH 9, 22 °C.
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3.3. Variation of Copper Deposition with EOA Identity
and Concentration. The data clearly indicate that copper
ELD on −CH3- and −OH-terminated SAMs is dependent on
both the SAM terminal group and the chemical identity of the
ethanolamine. To further investigate the effect of the
ethanolamine on Cu ELD, the ethanolamine concentration
was varied from 0.15 M (“50%”) to 0.45 M (“150%”). Table 2
shows the deposition time (to the nearest minute) required to
deposit a copper layer that is visible to the naked eye.
In general, the deposition time is longer on −OH-terminated

SAMs than on −CH3-terminated SAMs. Further, the
deposition time using EOA and DEOA generally increases
with ethanolamine concentration. However, the deposition
time appears to initially increase and then decrease with TEOA
concentration. Interestingly, for all ethanolamines investigated,
the copper deposit does not adhere to the SAMs at 50%
concentration (0.15 M); the copper deposit can easily be
removed via rinsing with solvents such as ethanol and water
and using the tape test. It is currently unclear why this occurs,
and we are currently performing further studies to understand
this effect.
Further information about the deposition can be obtained by

examining the intensities of the molecular cluster ions, such as
Au2M

−, which involve the absorbed intact SAM molecule (M).
For −CH3-terminated SAMs, the ion intensity of Au2M

− (M =
−S(CH2)15CH3; Figure 3a) increases with increasing ethanol-
amine concentration, indicating that more methyl-terminated
SAM molecules are chemically intact after Cu deposition. This
observation suggests that as the ethanolamine concentration
increases, it interacts with more −CH3-terminated SAM
preventing copper deposition and leads to the formation of
copper islands. For −OH-terminated SAMs, the ion intensity of
Au2M

− (M = −S(CH2)15CH2OH) remains approximately
constant with increasing ethanolamine concentration (Figure
3b), which suggests that the interaction of the ethanolamines is
independent of concentration and may be quite strong.
To test whether −OH-terminated SAMs interact strongly

with the ethanolamine additives but the −CH3-terminated
SAMs do not (and so their interaction is dependent on the
ethanolamine concentration), the deposition was carried out
without the copper source (CuSO4). After the reaction on
−CH3-terminated SAMs, few differences are observed between
the “as-deposited” and bare −CH3-terminated SAM mass
spectra, confirming that there is little interaction between the
−CH3-terminated SAM and the ethanolamines (Figure 4a). For
−OH-terminated SAMs, many ions indicative of the interaction
of the ethanolamine with the SAM are observed (Figure 4b),
confirming that the polar ethanolamines interact more strongly
with the hydroxyl-terminated SAM surface.
The ion intensities of AuxCuySz

± and Cux
+ (x = 1−3) are

indicative of the amount of copper penetration through the
layer. Figure 5 displays the variation of AuCuS− ion intensity

(peak area) with ethanolamine concentration after Cu ELD on
−CH3- and −OH-terminated SAMs. On −CH3-terminated
SAMs for TEOA, the AuCuS− ion intensity is zero, indicating
that copper does not penetrate through the SAM for all
ethanolamine concentrations tested. However, for EOA and
DEOA, it can be clearly seen that the ion intensity of AuCuS−

increases with ethanolamine concentration. On −OH-termi-
nated SAMs, the AuCuS− ion intensity is the smallest at 150%
ethanolamine concentration, indicating that the ethanolamines
block metal atom penetration through the −OH-terminated
SAM to the Au/S interface. We note that a similar behavior has
been observed for Cu ELD on −COOH-terminated SAMs
using formaldehyde as a reducing agent and the additive
adenine.18

The ion intensities of the copper cluster ions, Cux
+ (x = 1−

3), are consistent with the above observations (Supporting
Information Figure S3). Previous studies by Allara, Winograd,
Walker and co-workers46−49 that show metal cluster ion
intensities differ between systems where metals deposit on
functionalized SAM surfaces and systems where metals
penetrate through the monolayer. It was observed that for

Table 2. Variation of the Time (min) for a Copper Layer To Deposit That Is Visible to the Naked Eye with Ethanolamine
Concentration on −CH3- and −OH-Terminated SAMsa

deposition time (min)

concentration (%) 50 100 150 50 100 150 50 100 150

SAM terminal group ethanolamine EOA DEOA TEOA

−CH3 10 18 36 18 18 29 10 20 7
−OH 18 90 42 27 32 42 12 25 11

aThe concentrations are reported as a percentage of the “standard” ethanolamine concentration, 0.3 M.

Figure 3. Integrated ion intensities (peak areas) of Au2M
− after Cu

ELD using EOA, DEOA, and TEOA: (a) −CH3 (M = −S-
(CH2)15CH3, m/z 651) and (b) −OH (M = −S(CH2)15CH2OH,
m/z 667) alkanethiolate SAMs. The dotted lines are shown as guides
to the eye.
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vapor-deposited metals, including Al, Ag, and Cu, which
chemisorb at the SAM/vacuum interface, the ion intensities of
Mx

+ (x = 2, 3; M = metal of interest) were relatively low. The
ion intensities of these cluster ions were much larger if some of
the metals penetrated through the functionalized SAM to the
Au/S interface. Using TEOA, the relative ion intensities of Cu2

+

and Cu3
+ are very small. For −CH3-terminated ions, these ions

are ∼0.5% of the Cu+ ion intensity, while on −OH-terminated
SAMs, the relative ion intensities of Cu2

+ and Cu3
+ to Cu+ are

between ∼1 and ∼5%. Using DEOA and EOA, the relative ion
intensities of Cu2

+ and Cu3
+ are much larger. In general, the

relative ion intensities for these cluster ions are the largest for
EOA. For −OH-terminated SAMs, the relative ion intensities of
Cu2

+ and Cu3
+ are between ∼10 and ∼235% of the Cu+ ion

intensity. On −CH3-terminated SAMs, the relative ion
intensities of Cu2

+ and Cu3
+ are generally smaller between

∼20 and ∼120% of the Cu+ ion intensity. Taken together, the
data indicate that using TEOA, copper deposits atop −CH3-
terminated SAMs while some copper penetrates through the
−OH-terminated SAM to the Au/S substrate. For DEOA and
EOA, the ion intensities of Cux

+ indicate that the deposited
copper penetrates through both −CH3- and −OH-terminated
SAMs.

3.4. Reaction Pathways in the ELD of Copper on
Functionalized SAMs. Any proposed reaction mechanism for
the effect of ethanolamines on Cu ELD on functionalized
SAMs must account for the following experimental observa-
tions:

(a) The deposition rate is faster on −CH3-terminated SAMs
than −on OH-terminated SAMs;

(b) For EOA and DEOA, the deposition rate increases with
increasing ethanolamine concentration;

(c) The deposition rate appears to decrease and then
increase again with TEOA concentration;

(d) Copper penetrates through −OH-terminated SAMs to
the Au/S interface for all ethanolamines studied; and

(e) Copper deposits atop −CH3-terminated SAMs using
TEOA but penetrates through the SAM to the Au/S
interface using EOA or DEOA.

These observations may seem surprising because −CH3-
terminated SAMs are hydrophobic, and therefore, one would
expect the deposition rate on −OH-terminated SAMs to be
faster. Second, previous studies have shown that metals
generally penetrate through methyl-terminated SAMs.18,46−49

Third, the ethanolamines act as additives and do not participate
in the ELD reaction directly. ethanolamines also have a
significantly lower association constant with Cu2+ ions than
EDTA, which is also present in the solution.39,50 Further, the
deposition behavior is observed to be different using TEOA
than using EOA and DEOA. Thus, any proposed reaction
pathway must take into account both the chemical identity of
the ethanolamine additive and the surface.
The ELD of copper using DMAB can be described by the

following reaction equation51

+ +
→ + +
+

+

+

+

3Cu (aq) (CH ) NHBH (aq) 3H O(l)

3Cu(s) (CH ) NH (aq) H BO (aq)

5H (aq)

2
3 2 3 2

3 2 2 3 3

(1)

The ELD of metals using amine borane reducing agents has
been extensively studied.3,9−11,17,52−54 Walker and co-workers
have attributed the difference in the ELD rates of metals on

Figure 4. High-resolution positive ion mass spectra after Cu ELD
without the addition of the Cu source, CuSO4, using EOA, DEOA,
and TEOA: (a) −CH3 (M = −S(CH2)15CH3) and (b) −OH (M =
−S(CH2)15CH2OH) alkanethiolate SAMs.

Figure 5. Integrated ion intensities (peak areas) of AuCuS− after Cu
ELD using EOA, DEOA, and TEOA: (a) −CH3 (M = −S-
(CH2)15CH3) and (b) −OH (M = −S(CH2)15CH2OH). The dotted
lines are shown as guides to the eye.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b03725
Langmuir 2018, 34, 4142−4149

4146



−CH3- and −OH-terminated SAMs to the interaction of the
SAM terminal with the reducing agent, DMAB.10,17,52,53 Briefly,
the difference in the ELD rates on −OH- and −CH3-
terminated SAMs can be accounted in the following way.
The initial step in deposition using amine boranes is believed to
be the adsorption of the reducing agent, followed by cleavage of
the N−B bond.9,51,54 For DMAB, the (unbalanced) reaction
equation for this process is

→ +
→ +

+

+

(CH ) NHBH (aq)

(CH ) NHBH (ads) H (aq)

(CH ) NH (aq) BH (ads)

3 2 3

3 2 3

3 2 2 3 (2)

where ads indicates a species adsorbed on the substrate. In the
above reaction (eq 2), the dimethylamine fragment
((CH3)2NH) acts as a Lewis base and hence reacts with
protons present in the deposition bath to form soluble
(CH3)2NH2

+ species. The BH3 group acts as a Lewis acid
and therefore has a slight negative charge.10 The C−OH
terminal bond of the hydroxyl-terminated SAM is covalent and
polar with the −OH group having a partial negative charge
(δ−). For methyl-terminated SAMs, the C−H terminal group
bonds are not polar and have no partial charge. Thus, BH3 is
repelled by the −OH-terminated surface while the BH3
fragment is able to easily adsorb on the −CH3-terminated
surface. Because the BH3 fragment acts as the reducing agent in
the ELD reaction (eq 1), deposition begins at slightly later
times on hydroxyl-terminated SAMs than on methyl-
terminated SAMs.10 Thus, the deposition times observed on
−OH-terminated SAMs are longer than on −CH3-terminated
SAMs (Table 2).
However, the interaction of the BH3 fragment alone with the

SAM terminal groups alone cannot explain our observations;
the deposition is also dependent on both the chemical identity
and concentration of the ethanolamines. For EOA and DEOA,
the deposition rates decrease (Table 2; deposition time
increases) with increasing ethanolamine concentration and
can be explained by an adsorption−inhibition mechanism.13 In
this reaction pathway, excess ethanolamine present in solution
adsorbs on the SAM surface, which inhibits the (heteroge-
neous) Cu ELD reaction (most likely by sterically hindering the
deposition reaction13). Assuming that the surface coverage of
the ethanolamines is proportional to their concentration in
solution, as the concentration of EOA and DEOA increases
there is a higher coverage of the ethanolamines on the SAM
surface, which blocks the deposition of copper. Hence, as the
concentration of EOA and DEOA increases, the copper
deposition rate decreases. This mechanism also explains the
slower deposition of copper on −OH-terminated SAMs than
on −CH3-terminated SAMs (Table 2). The ethanolamines
interact more strongly with the hydroxyl terminal group than
the methyl terminal group (Figure 4). Hence, at a given
ethanolamine concentration, there is a higher ethanolamine
coverage present on the −OH-terminated SAM, leading to a
stronger inhibition effect and a slower Cu ELD rate.
Using TEOA, we observe different behaviors; for both

−CH3- and −OH-terminated SAMs, the deposition rate is
generally faster using TEOA than using DEOA and EOA and
appears to decrease and then increase again as the TEOA
concentration increases (Table 2). There are a number of
possible reasons for this behavior including differences in the
complexing ability of ethanolamines toward copper(II) ions

and the interaction of copper(II)−TEOA complexes with the
SAM surface. There have been a number of studies of the
formation of copper complexes with ethanolamines33−38 using
methods including polarography, spectrophotometry, potenti-
ometry, and electron spin resonance spectroscopy. These
studies show that there are differences in the structure and
formation constants of copper complexes with EOA, DEOA,
and TEOA.34−39 Below pH ≈ 12, EOA and DEOA are believed
to form complexes with Cu2+ via the stepwise addition of two
ligands to the metal center, followed by deprotonation of the
two hydroxyl groups and chelation. For TEOA, only one ligand
is added to the Cu2+ ion because of steric hindrance effects.
Subsequently, there is deprotonation of one of the hydroxyl
groups and chelation of the metal ion. These CuLH−1 (where L
= TEOA) complexes easily form dimers, and there is a
subsequent deprotonation of other hydroxyl groups to form
Cu2L2H−4. The formation constant for the Cu(II)−TEOA
dimer, 10−1.42,39 is much larger than the formation constants of
copper(II) complexes with EOA and DEOA, 10−8.06 and 10−6.97

respectively,39 suggesting that there are more copper(II)−
TEOA complexes present in the deposition bath at a given
ethanolamine concentration. However, the presence of EDTA
and the solution pH (pH 9) affects the formation of such
complexes. The complexing constant of EDTA with copper is
much larger than that of the ethanolamines,50 indicating that
the concentration of copper(II)−EDTA complexes is signifi-
cantly higher. Under our experimental conditions, it has been
reported that both EDTA and ethanolamines form mixed
ligand complexes with high formation constants.33,34,38,55,56

Indeed, in recent studies, Wang et al.27 also observed that in
copper ELD, the deposition rate of copper increased and then
decreased with TEOA concentration. This effect was attributed
to the presence of a mixed EDTA and TEOA complex,
[Cu(EDTA)(TEA)2]

2−, which shifted the reduction potential
of [Cu(EDTA)]2− to a more positive value, making it easier to
reduce Cu2+ to copper metal. Further, we also expect that the
concentration of ions, that is, complexes, is different from that
in the bulk solution because of the electrical double layer that
forms close to the substrate.
For TEOA, we therefore propose that the deposition

reaction occurs in the following way. First, we assume that
the reduction of the adsorbed copper(II) complexes by DMAB
is only effective when the surface is bare and able to adsorb
DMAB from any direction. This assumption seems reasonable
because it is believed that the first step in the ELD of metals
using amine boranes is the dissociative adsorption of reductant
to form the corresponding amine and borane (BH3) fragments
(eq 2).9,51,54 If the surface is covered by TEOA, the dissociative
adsorption of the amine borane is sterically hindered, leading to
a reduced reaction rate. Thus, as the TEOA concentration
increases, there is an initial decrease in the reaction rate because
excess TEOA adsorbs on the SAM surface which inhibits Cu
ELD. At higher TEOA concentrations, there is a significant
increase in the concentration of a mixed ligand complex,
[Cu(EDTA)(TEA)2]

2−;27 these are able to easily adsorb on the
SAM surface, leading to more copper being available for the
reaction. Thus, the apparent reaction rate increases slightly at
higher TEOA concentrations.27 As the concentration of TEOA
increases further, the deposition of copper decreases because
the TEOA surface coverage is sufficient to inhibit deposition.
The proposed reaction pathway is also consistent with the
slower deposition of copper on −OH-terminated SAMs than
on −CH3-terminated SAMs. There is a stronger interaction of
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the hydroxyl terminal group with TEOA (Figure 4) than the
methyl terminal group with TEOA, and thus, there is a higher
surface coverage of TEOA on the −OH-terminated SAM. This
leads to a slower Cu ELD rate on −OH-terminated SAMs
because the reaction is more sterically hindered on this surface.

4. CONCLUSIONS
Copper ELD is strongly dependent on the ethanolamine
additive employed; the chemical identity and concentration of
the ethanolamine significantly affect the deposition process.
The Cu deposition rate is faster on −CH3-terminated SAMs
than on −OH-terminated SAMs because of the stronger
interaction of the ethanolamines with the hydroxyl terminal
group.
The deposition mechanism is different using TEOA than

using DEOA and EOA. This is likely due to the different
chelation properties of TEOA. Using TEOA, Cu only deposits
atop −CH3-terminated SAMs, whereas using both EOA and
DEOA, copper both deposits on top of the SAM and penetrates
through the SAMs to the Au/S interface. For −OH-terminated
SAMs, copper is observed to penetrate through the SAM for all
ethanolamines studied. Further, the amount of copper
penetration increases with ethanolamine concentration. We
propose that these effects can be described using an
adsorption−inhibition mechanism in which as the ethanol-
amine concentration increases, it blocks the Cu ELD reaction
and subsequent deposition of copper on the SAM. For TEOA,
the formation of mixed ligand complexes aids in the copper
deposition reaction because they can easily adsorb to the SAM
surface, leading to more copper being available for the reaction.
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