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Eutectic mixture of choline chloride (CC) and malonic acid (MA) in a molar ratio of 1:1 has been evaluated
as a potential chemical system for the removal of residues produced by CF4/O2 plasma etching of copper
coated with DUV photoresist. Immersion cleaning was performed in the liquid at the eutectic composi-
tion at 40 and 70 �C. Residue removal rate was screened using scanning electron microscopy and verified
using X-ray photoelectron spectroscopy and electrochemical impedance spectroscopy measurements.
The results presented in this paper show that choline chloride–malonic acid eutectic is effective in
removing post-etch residues and has the potential to function as a back end of line cleaning formulation.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

New process challenges arise in the semiconductor industry as
device features scale down. In particular, post-etch residue re-
moval in back end processes has become more challenging since
the introduction of copper interconnect structures. New materials
such as low-k and ultra-low-k (ULK) together with metal barriers
and copper lines add to the complexity of the residue material gen-
erated during patterning by gas phase etching. Finding cleaning
agents that are able to selectively remove these residues without
corroding Cu or affecting low-k critical dimensions is a challenge
in the semiconductor cleaning technology [1,2].

In BEOL processing, post-etch residues (PER) are formed during
plasma etching of low-k interlayer dielectric (ILD) layers using CF4,
CHF3 or C4F8 in combination with O2 or Ar to form the vias and
trenches for the different interconnection levels [3]. The plasma
etching also exposes the underlying copper (when the nitride etch
stop layer is removed) and leaves behind a polymer like residue on
Cu as well as on sidewalls of dielectric [4]. The residues typically
contain copper oxides, copper fluorides, and fluorocarbons among
others. Effective removal of PER is of critical importance in BEOL to
create good contact and adhesion between the deposited layers.
The efficiency of residue removal is affected not only by the mate-
rial complexity but also by where the residue is formed. Currently,
semi-aqueous fluoride (SAF) cleaning formulations that contain
aprotic solvents, amines, fluorides, water and in some cases, corro-
sion inhibitors are cleaning agents of choice in the semiconductor
industry [5–8]. However, the downside of these formulations is the
use of solvents that are not very environmentally friendly [9]. The
ll rights reserved.

.

increasing interest of the industry to go ‘‘green’’ creates a window
to replace the traditional BEOL cleaning formulations with chemi-
cals that reduce the environmental, safety and health (ESH) impact
without compromising the process performance [10,11]. In previ-
ous studies, the use of diluted HF (DHF) has been proposed as an
alternative to the conventional solvent/water systems to remove
PER [12,13], but the use of fluorides is a concern for health and
safety [14].

Recently, a liquid mixture of two benign chemicals, choline
chloride and urea, at the eutectic composition has been shown to
be effective in the removal of residues formed by the CF4/O2 etch-
ing of deep UV resist films on copper [15]. This liquid mixture be-
longs to a class of formulations known as deep eutectic solvents or
DES but does not contain any traditional organic solvents. These
formulations are ionic mixtures that are usually formed by mixing
a quaternary ammonium halide salt and a hydrogen bond donor
such as an amide [16], a carboxylic acid [17] or an alcohol [18].
Suitable choice of the components of DES can make them environ-
mentally friendly formulations. During the past years several
applications of DES ranging from metal extraction and biodiesel
purification, to electrochemical deposition have been reported
[19–21]. This large spectrum of applications is possible due to
the properties of DES, such as low freezing temperature and low
vapor pressure. They also have good ionic conductivity and can dis-
solve significant quantities of certain metal oxides and are very
water soluble, which allows easy rinsing with water.

Following the preliminary work of replacing traditional solvent
based formulations for PER removal with DES, the use of a system
containing choline chloride (CC) mixed with malonic acid (MA)
was explored. The phase diagram of the CC/MA system is shown
in Fig. 1. As may be seen from this diagram, the system forms an
eutectic at a 1:1 M ratio of the constituents and the eutectic
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Fig. 1. Phase diagram of choline chloride/malonic acid mixtures.
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temperature is 10 �C. Hence, at the room temperature, the eutectic
mixture will be a liquid. Literature information indicates that the
CC/MA system has a good solubility for copper oxides (18,340
ppm for cuprous oxide and 14,000 ppm for cupric oxide at 50 �C)
[22]. These properties together with the green character of CC/
MA liquid make it a good alternative for commercially available
BEOL formulations. In this paper the feasibility of post-etch residue
removal using CC/MA liquid mixture is presented.
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Fig. 2. Viscosity and conductivity of CC/MA liquid mixture as a function of
temperature.
2. Experimental methods

2.1. Post-etch residue (PER) preparation

Electroplated copper films of thickness �1.5 lm provided by an
integrated circuit company were pre-cleaned using isopropyl alco-
hol (Alfa Aesar, 99%) and 0.1 M hydrochloric acid (J.T. Baker, 96%).
DUV photoresist (TDUR-P802 HP, TOK America) film of �500 nm in
thickness was spin coated on copper film and then baked at 90 �C
for 90 s. The film was then plasma etched in a reactive ion etcher
(AGS) using CF4/O2 plasma chemistry (40 sccm CF4, 4 sccm O2), un-
der 50 mTorr pressure and 250 W plasma power. Visually, the re-
sist appeared to be etched at �3 min but the samples were
exposed for an additional minute to ensure complete resist re-
moval. A pre-cleaned bare copper film was exposed for 1 min to
the same plasma chemistry to serve as a baseline for copper sam-
ples exposed to plasma.

2.2. PER film characterization

The morphology of PER films and copper films exposed to
plasma was imaged using a Field Emission Scanning Electron
Microscope (Hitachi S-4800) at a magnification of 100,000�. Com-
position (oxidation states and bonding of elements) of the samples
was analyzed by a Kratos 165 Ultra photoelectron spectrometer
equipped with an Al Ka monochromatic X-ray source. High resolu-
tion Cu 2p, C 1s, O 1s, and F 1s XPS spectra of PER film and plasma
exposed copper were acquired at a pass energy of 20 eV. Charging
effects were corrected by aligning all C 1s peaks to a binding en-
ergy of 284.5 eV.

2.3. CC/MA liquid mixture preparation

Choline chloride (CC) (Sigma, P98%) and malonic acid (MA)
(Sigma–Aldrich Reagent plus�, 99%) were mixed as received in a
molar ratio of 1:1. The mixture was stirred and warmed in a double
jacketed vessel at 80 �C until an amber transparent solution (CC/
MA) was formed. The solution was continuously stirred upon cool-
ing until room temperature (�25 �C) was reached. The viscosity of
CC/MA was measured as a function of temperature using Brook-
field DV-E viscometer equipped with a thermal cell. A sample vol-
ume of 7 mL was used and the spindle was rotated in the 5 and
100 rpm range, depending on temperature. Conductivity was mea-
sured with an Orion conductivity meter equipped with a tempera-
ture compensated Orion DuraProbe 4-Electrode conductivity cell.

2.4. Immersion cleaning

Cleaning was performed by immersing PER samples in stirred
CC/MA liquid maintained at 40 or 70 �C. Cleaning time was varied
between 2 and 10 min. After cleaning the samples were thoroughly
rinsed with DI water and dried with nitrogen. Plasma exposed cop-
per samples were cleaned for 5 min in DES at 40 or 70 �C followed
by rinsing with DI water and drying with nitrogen.

2.5. PER film removal characterization

Extent of removal of PER films was evaluated by SEM and con-
firmed by XPS. Further verification was obtained from Electro-
chemical Impedance Spectroscopy (EIS) measurements based on
the method described previously [15,23]. The EIS experiments
were performed using PARSTAT 2273 (Princeton Applied Re-
search). A three electrode set up was used with PER covered Cu
sample (or copper sample exposed to plasma) as the working elec-
trode and platinum foils as quasi-reference electrode and counter
electrode. The area of the working electrode exposed to the liquid
was �1 cm2. An AC signal of 10 mV rms amplitude was applied and
the frequency was swept between 100 mHz and 100 kHz. The test
sequence was as follows. The sample was immersed in the DES sys-
tem and at the end of 1 min of immersion, the impedance test was
started. It took approximately 90 s to cover the frequency range of
100 mHz to 100 kHz. Immersion was continued for 30 s and again
the impedance spectrum was taken. This process was repeated 2
more times. The data obtained are plotted as 2 and 1/2 min, 4
and 1/2 min, 6 and 1/2 min measurements. The data obtained were
fitted to equivalent circuits using commercially available software
ZView (Scribner Associates) to extract the electrical parameters.
EIS analysis was not performed at 70 �C due to the thermal insta-
bility of malonic acid in CC/MA DES. Malonic acid decomposition
is catalyzed by Pt (electrodes) at this temperature [24,25].

3. Results and discussion

The viscosity and conductivity of the DES system (1:1 CC:MA) is
shown in Fig. 2 as a function of temperature. The conductivity is
relevant for the characterization of the solvent polarity, which is
important for the removal of polar residues. At room temperature,
the viscosity of the liquid mixture is �2300 cP and the conductivity
�0.4 mS cm�1. Increase of temperature from 25 to 70 �C decreases
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the viscosity by almost 20 times and increases the conductivity by
almost 10-fold. Since room temperature viscosity of the liquid was
very high, temperatures of 40–70 �C were chosen to perform
immersion cleaning of post-etch residues. Low viscosity of cleaning
fluids is very important for enhanced mass transfer of reactants
and products.

The first series of tests was carried out on copper samples ex-
posed to plasma (Cu-1 m). Scanning electron micrographs of sam-
ples before and after cleaning in the CC/MA liquid are shown in
Fig. 3. Before cleaning, the plasma exposed sample shows the pres-
ence of fine (�10 nm) particulate type structures (Fig. 3a). When
these samples are cleaned for 5 min in the liquid mixture main-
tained at 40 or 70 �C, the particulate type structures are completely
removed and the surface is smooth, displaying grain structure of
copper substrate (Fig. 3b and c).

Scanning electron micrograph of copper sample coated with
PER shows a porous film with pores that are �5 nm and smaller
(Fig. 3d). Upon immersion cleaning for 5 min using CC/MA DES at
40 or 70 �C, the Cu surfaces are rendered residue free (Fig. 3e and
f). Some level of grain boundary attack was seen at 70 �C. Incom-
plete residue removal was seen for cleaning times less than 5 min.

XPS analysis was used to verify if the Cu surfaces were residue
free after 5 min of cleaning. A comparison of the Cu 2p, F 1s, O 1s
Fig. 3. SEM micrographs of (a) Cu exposed to CF4/O2 plasma for 1 min (Cu-1 m); (b) Cu-1
at 70 �C; (d) PER-film formed after �4 min exposure to CF4/O2 plasma; (e) PER-film clea
and C 1s spectra of PER-film, PER-film cleaned in CC/MA at 40 �C
for 5 min, and Cu-1 m cleaned in CC/MA at 40 �C for 5 min is pre-
sented in Fig. 4a–d. The Cu 2p spectrum of PER is characterized
by the presence of Cu 2p1/2 and Cu 2p3/2 main peaks at binding
energies of 955 and 935 eV and shakeup satellite peaks at 961.3
and 941.5 eV respectively. These characteristics confirm that the
valence state of copper in the PER film is + 2. The F 1s spectrum
of PER has a peak at 683.8 eV, which represents bonding of fluorine
to copper in the form of CuF2. In the O 1s spectrum, the peak at
531.1 eV is due to the presence of CuO [26–29]. Based on these
spectral features, it may be concluded that the PER film contains
a mixture of both CuF2 and CuO. In the carbon spectrum, while
the prominent peak at 284.5 eV corresponds to that of C 1s, the
small peak at 288 eV is most likely due to the formation of C=O
from exposure to atmosphere. The presence of fluorocarbons (CxFy)
was not detected in the residue; this is most likely due the fact that
the resist was etched for an additional 1 min beyond the 3 min
time required for its complete removal.

The effective removal of residues from PER-film cleaned in CC/
MA DES is evident from the absence of fluorine peak in the F 1s
spectrum. Additionally, shake-up satellite peaks in the Cu 2p spec-
tra disappear leaving the spectrum characteristic of plasma treated
copper cleaned in CC/MA. The main peaks at 931.3 and 951 eV in
m cleaned for 5 min in CC/MA liquid at 40 �C; (c) Cu-1 m cleaned for 5 min in CC/MA
ned for 5 min in CC/MA at 40 �C; (f) PER-film cleaned for 5 min in CC/MA at 70 �C.



Fig. 4. Comparison of Cu 2p, F 1s, O 1s and C 1s XPS spectra of PER-film, copper exposed to plasma for 1 min (Cu-1 m), PER-film cleaned for 5 min in CC/MA at 40 �C and Cu-
1 m cleaned for 5 min in CC/MA at 40 �C.

Fig. 5. Nyquist plots of Cu, Cu exposed to plasma and Cu coated with PER-film in CC/MA at 40 �C as a function of time.

Fig. 6a. Randle circuit model with mass transport limitations to fit impedance data
obtained on Cu sample immersed in CC/MA DES at 40 �C.

Fig. 6b. Equivalent circuit model to fit impedance data collected on PER-film coated
Cu and Cu-1 m sample in CC/MA DES at 40 �C.
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the Cu 2p spectrum are those for elemental copper whereas shoul-
ders at 952.5 and 932.5 eV are related to native oxides of Cu (+1)
formed during atmospheric exposure. The presence of Cu (+1) is
also confirmed by a peak at 529.9 eV in the O 1s spectrum. The
peak at 531.2 eV might be associated with C=O due to exposure
to contaminants from atmosphere [30]. For the C 1s spectrum, no
significant change in the peak position was observed.

EIS measurements on PER film coated Cu, plasma exposed Cu
and bare copper samples were made in CC/MA liquid at 40 �C to
confirm residue removal. Impedance spectra were collected for
each sample as a function of time. Nyquist plots obtained from
the PER-film coated Cu sample are shown as an example in
Fig. 5. In all the plots a depressed semi-circle is observed. This kind
of arc depression is usually due to surface inhomogeneities in the
electrode-material system [31]. A characteristic finite length War-



Table 1
Electrical parameters obtained by fitting Nyquist plots of Cu, PER-film and Cu exposed to plasma in CC/MA liquid mixture at 40 �C as a function of time. Diffusion layer length L is
reported at the bottom of the table.

Cu PER-film Cu-1 m

Time range [min] 2 and 1/2 2 and 1/2 4 and 1/2 6 and 1/2 2 and 1/2 4 and 1/2 6 and 1/2
Rs [X] 530 ± 6 539 ± 2 542 ± 2 543 ± 1 531 ± 47 533 ± 47 531 ± 47
C-PER [lF] – 5.9 ± 0.4 6.0 ± 0.3 – 5.6 ± 0.7 5.7 ± 0.7 –
Rpore [X] – 114 ± 2 152 ± 1 – 137 ± 4 185 ± 3 –
CPE0dl—T [lF s(P�1)] – 29.3 ± 0.9 22.9 ± 2.1 – 31.9 ± 2.7 25.6 ± 2.6 –

CPE0dl—P – 0.84 ± 0.01 0.89 ± 0.01 – 0.81 ± 0.03 0.86 ± 0.03 –
CPEdl–T [lF s(P�1)] 29.5 ± 2.0 – – 22.9 ± 1.7 – – 24.3 ± 0.9
CPEdl–P 0.80 ± 0.01 – – 0.85 ± 0.01 – – 0.83 ± 0.01
Rct [X] 758 ± 154 387 ± 50 348 ± 53 492 ± 39 462 ± 44 411 ± 35 615 ± 57
W–R [X] 1611 ± 155 981 ± 137 1494 ± 123 1952 ± 91 1027 ± 108 1548 ± 78 1877 ± 294
W–T [s] 4.9 ± 0.6 4.2 ± 0.5 6.3 ± 0.2 8.5 ± 0.5 4.2 ± 0.8 6.6 ± 0.8 8.5 ± 2.4
W–P 0.44 ± 0.01 0.43 ± 0.01 0.45 ± 0.01 0.44 ± 0.0 0.44 ± 0.01 0.44 ± 0.01 0.46 ± 0.01
v2 0.00042 ± 0.00001 0.00029 ± 0.00006 0.00042 ± 0.00002 0.0011 ± 0.0003 0.00027 ± 0.00009 0.00033 ± 0.00005 0.00076 ± 0.00003
L [lm] 1.97 1.82 2.24 2.61 1.84 2.29 2.60
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burg diffusion response is observed as well. This indicates that
there are mass transfer limitations in this high viscosity system.

The impedance spectra of bare copper were fitted to a typical
Randle circuit with mass transport limitations shown in Fig. 6a,
whilst the spectra of copper exposed to plasma and PER-film sam-
ples were fitted to an equivalent circuit shown in Fig. 6b. In these
models Rs corresponds to the resistance of the DES liquid, Rct to the
charge transfer resistance at the Cu/DES interface, Rpore represents
the pore resistance in the film, Ws is the Warburg diffusion element
of finite length, CPEdl and CPE0dl represent constant phase elements
associated with the double layer capacitance at the Cu/electrolyte
and PER coated Cu/electrolyte interfaces, and C-PER is the capaci-
tance of the PER film. The impedance of Ws (Eq. (1)) is defined as:

ZWs ¼ R� tanh½ðjxTÞP�=ðjxTÞP ð1Þ

where the parameter R corresponds to the Warburg element resis-
tance related to the diffusion of the electroactive species. The term
(jx) is the product of j, an imaginary number equal to

ffiffiffiffiffiffiffi

�1
p

, and x,
which is 2p times the linear frequency. The parameter T is related to
the length of the diffusion layer L and to the diffusion coefficient D
through the relationship, T = (L2/D), and P is an exponent related to
the slope of linear part in the Nyquist plot.

The impedance of constant phase elements, CPE, is defined as:

ZCPE ¼ 1=½T � ðjxÞP � ð2Þ

In the above equation, T is the capacitance value of the CPE, which is
essentially a distributed capacitor and the exponent P is related to
the surface roughness/inhomogeneity. CPE behaves like a pure
capacitor when P = 1.

The electrical parameters obtained from the fit of experimental
data to the models are given in Table 1. As the PER film gets re-
moved, the value of C-PER is expected to increase since C-PER is in-
versely proportional to PER thickness. The best fit values of the
circuit parameters of Cu-1 m and PER-film as a function of time
indicate that C-PER remains almost constant in the time, perhaps
due to the fast removal rate of PER in CC/MA. Another circuit
parameter used to analyze PER removal is the double layer capac-
itance of PER-film, Cu-1 m and Cu. Past studies [15,23] indicated
that the value of PER-film double layer capacitance (CPE0dl—T) in-
creased with immersion time approaching the value of double
layer capacitance of Cu (CPEdl–T). Increase in the CPE0dl—T value
was explained by the increase of Cu area exposed to electrolyte
as PER-film dissolved. In the case of PER-film and Cu-1 m removal
in CC/MA the best fit values of CPE0dl—T and CPEdl–T indicate that
both values are almost the same after a short period of time (Ta-
ble 1). An apparent decrease is observed as well, however the var-
iation is not significant (�10 lF) and over a longer period of time
the values appear to remain constant. The behavior of CPEdl–T as
a function of time indicates a fast PER removal kinetics without
formation of a passive layer. The later can be observed as well in
the Rct values, which remain constant over time. One note of inter-
est is that the charge transfer resistance (Rct) of plasma exposed
copper is lower than that of bare copper by �300 X, indicating that
copper exposed to plasma is more prone to corrode.

The fitted values of the parameters, R, P and T in the Warburg
element, are represented by W–R, W–T and W–P in Table 1. Diffu-
sion layer thickness (L) values were calculated from fitted W–T val-
ues and diffusion coefficient of ions in DES and are also tabulated in
Table 1. The calculated diffusion layer thicknesses are of the order
of microns, which are of the right order of magnitude for liquids
with a viscosity in the neighborhood of 100 cP. This lends support
to the goodness of fit of the impedance data.

Cleaning rate can be calculated from the film thickness divided
by the removal time. The thickness of PER films used in this inves-
tigation was �17 nm, as measured by atomic force microscopy.
SEM and EIS measurements indicate that the PER film is removed
within 5 min; based on this that a cleaning rate of �30 Å min�1

may be calculated. This removal rate is faster than that obtained
using choline chloride/urea (CC/U) liquid mixtures [15]. The higher
removal rate in CC/MA system may be attributed to the higher sol-
ubility of copper oxides in CC/MA [22].

4. Conclusions

Liquid mixtures consisting of choline chloride (CC) and malonic
acid (MA) in a molar ratio of 1:1 were effective in removing resi-
dues formed by CF4/O2 plasma etching of copper coated with
DUV-photoresist. X-ray photoelectron spectroscopy (XPS) charac-
terization showed that PER film contains a mixture of copper fluo-
rides and copper oxides. The residues were effectively removed at
a rate of �30 Å min�1 at 40 �C.
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