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The continuously increasing demand for innovation in the miniaturization of 

microelectronics has driven the need for ever more precise fabrication strategies for device 

packaging, especially for printed circuit boards (PCBs). Subtractive copper etching is a 

fundamental step in the fabrication process, requiring very precise control of etch rate and etch 

factor. Changes in the etching chemical equilibrium have significant effects on etching behavior, 

and CuCl2/HCl etching baths are typically monitored with several parameters including 

oxidation-reduction potential, conductivity, and specific gravity. However, the etch rate and etch 

factor can be difficult to control even under strict engineering controls of those monitoring 

parameters. The mechanism of acidic cupric chloride etching, regeneration and recovery is 

complex, and the current monitoring strategies can have difficulty controlling the interlocking 

chemical equilibria. A complimentary tool, thin-film UV-Vis spectroscopy, can be utilized to 

improve the current monitoring strategies, as UV-Vis is capable of identifying and predicting 

etching behavior that the current standard methodologies have difficulty predicting. Furthermore, 

as a chemically-sensitive probe, UV-Vis can investigate the complex changes to the chemical 

equilibrium and speciation of the etch bath, and can contribute overall to significant 

improvements in the control of the copper etching system in order to meet the demands of next-

level design strategies. 
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CHAPTER 1 

INTRODUCTION AND INSTRUMENTATION 

 

1.1 Introduction 

For over a century, the development of electrical components and systems has led to the 

rapid advancement of technological adoption in our daily lives. The size of IC components and 

features has scaled down rapidly ever since the invention of the first transistor at Bell Labs in 1947 

[1]. This has led to increased complexity and capability of circuit designs, to the point that many 

of us now walk around with, in our cell phones, what would have been considered a supercomputer 

even a few decades ago. The scaling down of the size of circuit components also necessitated a 

parallel process of scaling down the architecture on which the components reside and connect. 

Originally, the circuitry components were connected using “point-to-point” construction wherein 

each connection was individually fabricated [2]. This design was very inefficient, and soon 

conductive materials were “printed” in lines onto a substrate in the grids that reflected the design 

and connectivity of the component placement. This design, now known as a printed circuit board 

(PCB), allowed for much more uniform and reliable fabrication of circuit boards as the demand 

for them increased throughout the twentieth century [2]. 
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Figure 1.1. Example of a printed circuit board with electrical components added [3]. 

 

By the 1960s, the “wires”, now simply lines of metal, that connect the components to each 

other were nearly all made from Cu, and could be more efficiently packed together with automated 

systems. A typical simple PCB example is shown on Fig. 1.1. From then to now, there is an ever-

present drive in mobile consumer electronics around the world to increase the number of features 

packed into devices of roughly the same size and shape. This drive puts stress on the circuit board 

designers to continually decrease the widths of Cu lines and spaces in order to fit more components 

and features [4]. The trend of Cu line widths is shown in Figure 1.2, and indicates that there is, 

logically, a fundamental limit to this downsizing. 

 



 

3 
 

 

Figure 1.2. Trend in nominal widths for Cu line and spaces on PCBs [4]. 

 

In response to the need to downsize, the complexity of PCBs has in particular increased 

significantly in recent years [4]. Originally, only a single layer of Cu lines and components was 

used, very similar to the example from Figure 1.1. This was further built upon by adding a second 

layer of design to the bottom of the PCB, doubling the functionality. Taking this improvement in 

efficiency to its logical conclusion was the development of multilayer PCB, which has facilitated 

denser and more complex packing and arrangements of components and their interconnections on 

the printed circuit board, a design known broadly as “high density interconnect”, or HDI [4]. 

In these multilayer designs, several layers of PCBs are stacked on top of each other and 

bonded together with nitrile epoxy during fabrication [5]. The top and bottom have a thin copper 

foil to maintain the structure during bonding. These layers of PCBs then have holes drilled through 

them, both before and after stacking depending on the specific functionality required. Each hole, 

known as a “via”, is electroplated with Cu, and allows connection and communication from any 

component to any other component. Vias come in three types, blind vias, buried vias and plated 
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through holes, each of which allows a different type of connectivity. An example of a multilayer 

PCB is given in Fig. 1.3, and shows the possible various interconnections that can be designed 

within the same PCB stack. 

 

 

Figure 1.3. Example cross-section of a multilayer PCB [5]. 

 

Current strategies of fabricating the Cu lines on a board require a process known as 

subtractive Cu etching [4,6,7]. The general steps of fabricating a Cu line are depicted in Figure 

1.4. With multilayer PCBs, etching is divided into two types, inner-layer and outer-layer etching, 

each requiring a different set of etching chemistries. Inner-layer etching is simpler, and is the 

version depicted in Fig. 1.4. A copper foil is pressed and bonded to either side of an epoxy laminate 

core. Then a layer of a substance known as “photoresist” is bonded to the surface of the copper. 

The photoresist is made of a polymer that will harden when exposed to UV radiation and resist 

subsequent chemical removal. The areas that are intended to comprise the final Cu lines are then 

exposed to UV radiation, and the rest of the photoresist is removed with a solvent (Fig. 1.4(a)). 

Then the entire surface is exposed to the etch bath solution, and the Cu is etched away to the pattern 

seen in Fig. 1.4(b), during which the etched Cu and the etch bath solution is continuously washed 
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off. Then the resist is then physically stripped off of the Cu surface, leaving the final Cu line as in 

Fig. 1.4(c). These individual inner layers are then combined together to form the interior of the 

PCB stack seen in Fig. 1.3. Outer-layer etching requires taking into account the thin copper foil on 

the bottom and top of the PCB stack, and uses what is known as strip-etch-strip methodology 

[5,7,8]. The setup for outer-layer etching requires a different etch chemistry, and instead uses 

alkaline, or “ammoniacal”, etch baths. Ammoniacal etching is not the focus of this work, but is 

also a robust potential area of exploration. 

 

Figure 1.4. Diagram of basic stages of subtractive etching. 

Over time, several different etchants have been used by manufacturers for the Cu etching, 

the most critical step in the fabrication process. Because disposal of the etch bath as waste is costly 

and time-consuming due to the environmentally unfriendly nature of the etch bath, one of the key 
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factors in the current use of each etchant is its reusability [6]. Because of this, several types of 

possible etchant, such as ferric chloride, sodium chlorite and ammonium persulfate, are rarely used 

by industry. The most common etchant is cupric chloride, both in acidic and alkaline versions, due 

to its ease of continuous reuse [9,10]. The Cu(II) ions react with the solid Cu surface to form Cu(I) 

ions that dissolve in solution, after which an oxidizer can “regenerate” the CuCl2, as shown in 

Eqns. 1 and 2:  

CuIICl2
 + Cu → 2CuICl                (1) 

                                            2CuICl + H2O2 + 2HCl → 2CuIICl2 + 2H2O    (2) 

The original solution can then be “restored” with further ion additions. For acidic etching, cupric 

chloride is typically in solution with hydrochloric acid, and occasionally other minor proprietary 

components. A fundamental need in the design of the etch solution is a consistency of downward 

etch rate, for which the levels of CuCl2 and HCl are frequently optimized. The highest level design 

applications require the downward etch rate to have acceptable bounds of < ±1 µm/min. 

Another crucial factor in the design of the Cu features to be etched is undercut, and its 

derivative quantity, etch factor. The etching solution is directed perpendicularly to the surface of 

the board, usually by spraying. However, some of the etching solution will etch the sidewalls of 

the trench under the photoresist pattern. The length of the undercut is shown in Fig. 1.4(b), and a 

typical parameter for measuring the undercut is known as etch factor, which is the depth of Cu (D) 

over the undercut length (U), expressed as a percentage [4]. Undercut, at a basic level, hinders the 

reliability of the subsequent device, as irregularities in the etch profile of the Cu line from undercut 

are only partially predictable. This increases the possibility of voids and defects in the final PCB, 

which are suboptimal. A larger problem is the effect of undercut on the design of the device. The 

line spacing of the photoresist pattern has to be made wider than the actual desired width in order 
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to compensate for the thinning due to undercut [10]. The level of undercut imposes a lower limit 

to the overall width of the Cu lines on the PCB, and is one of the fundamental barriers to further 

miniaturization for microelectronics packages. 

The only effective means of improving etch factor is controlling the chemical equilibrium 

of the etch bath [11]. The concentrations of HCl in the solution (measured as electrical 

conductivity) and Cu ion (measured as specific gravity) have been found to have significant 

impacts on the etch factor and undercut performance, as seen directly in Chemcut Corporation data 

in Fig. 1.5. However, the chemical equilibrium changes to improve etch factor must be balanced 

against their effects on etch rate, in order maintain the most optimal system. For example, 

decreasing HCl concentration improves etch factor, but slows etch rate. It is vital that the chemical 

equilibrium be monitored and controlled by the most effective means possible in order to maintain 

the correct balance. 

 

Figure 1.5. Chemcut data of variation in undercut (Top Space/Middle Space) versus Cu content 
(Specific Gravity) and HCl concentration [11]. 

 
Since the etch baths are essentially perpetually reused, with a serious of complex 

equilibrium changes occurring at each step of etching, regeneration, and restoration, small 

variations in the chemical equilibrium of the etch baths at any step can multiply into large effects 
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on the etch rate and factor. The methods used to maintain the chemical equilibrium in working 

order include oxidation-reduction potential (ORP), electrical conductivity, and specific gravity. 

However, even with strict control of these parameters, the etch rate has a tendency to fall outside 

acceptable bounds, as seen in Fig. 1.6. In these cases, the monitoring parameters are within their 

acceptable ranges, but the actual etch rate is still erratic. 

 

Figure 1.6. Example of trends in etch rate over time. 

Because the etch rate is primarily dependent on the chemical equilibrium of the etch bath, this 

indicates that the chemical equilibrium is not controlled effectively with the current monitoring 

tools. This creates high levels of inefficiency in the manufacturing process, since the etch rate must 

be within control limits in order for production to continue. As such, there is a need for tools that 

can help to better characterize and control the chemical equilibrium of an etch bath under 

continuous reuse. No matter how well the etch bath is optimized for etch rate and etch factor, if 

the complex changes to the chemical equilibrium over the course of etching and regeneration are 

not properly monitored, then the optimization is for nothing. Innovations in improving the 
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monitoring of the etch bath will improve the reliability of fabrication strategies, which will, in turn, 

allow the design of these devices to be even more dense and complex in order to meet the demands 

of broader technological innovation. 

 

1.2 Instrumentation 

1.2.1    UV-Vis Spectroscopy 

 UV-Vis spectroscopy is a very commonly and widely used tool for analysis of solution 

phase chemistry. The fundamental operation takes advantage of the behavior of molecular systems 

to absorb electromagnetic radiation in the form of photons [12]. This shifts one of the molecule’s 

electrons to a higher energy orbital, where the electron is termed to be in an excited state. This 

excited state is not typically long-lasting, and the electron relaxes and returns to its ground state 

level, which causes reemission of a photon from the molecule. 

 

 

Figure 1.7. General design principle of UV-Vis spectrometer. 

 

This principle is put into effect via a source of radiation that directionally bombards with 

photons a given solution that contains a particular chemical makeup to analyze, as depicted in Fig. 
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4. Photons exist on a spectrum of different wavelengths, and UV-Vis uses sources that emit 

radiation in the high-ultraviolet range (~190-400 nm), such as deuterium lamps, and the visible 

range (~400-750), such as tungsten lamps [12].  The visible range lamp typically emits photons in 

the near-IR range as well, from ~750-1100 nm, so the typical range of analysis for UV-Vis is ~200 

-1100 nm. The likelihood that the molecule absorbs a photon of a given wavelength is based on 

the electronic structure of the molecule. Photons that are not absorbed by the molecule are 

transmitted through the solution to a diffraction grating that separates the photons by wavelength, 

then directs them to a photodiode array detector which amplifies and transduces them into an 

electrical signal [13]. The transmitted signal at a given wavelength for that sample is then 

compared with a “blank” of 100% transmittance (usually the solvent without the absorbing 

species), creating a measurement of % Transmittance. More commonly, % Transmittance is 

converted to Absorbance via the following relation:  

Absorbance = 2 – log(% Transmittance)                                 (3) 

The photodiode array detector takes this measurement at every wavelength across the analysis 

range (190-1100 nm) simultaneously [13], and a spectrum of absorbance vs wavelength is then 

plotted. 

As a side note, the UV-Vis can often be correlated to what can be seen visually. The human 

eye interprets the absorption of particular color wavelength as the presence of a complimentary 

color. For example, light of wavelength 620-750 nm is considered “red” light, and if a solution 

absorbs red light, then the solution will appear to our eye as the “complimentary” color of green 

[14]. This quality gives us the ability in day-to-day life to quickly ascertain whether there is a 

chemical change in a solution. 
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In spectroscopy, the concentration of a particular absorbing species can be related to the 

absorption (A) via the Beer-Lambert Law:  

A = εbc                                                           (4) 

Where ε is the molar absorptivity coefficient and b is the linear distance that the incident radiation 

travels through the actual solution, or path length. Since the absorption coefficient of a particular 

molecule is characteristic to that molecule, then a UV-Vis spectrum can be said to be chemically 

specific. UV-Vis, along with other spectroscopies, output a signal that is specifically dependent on 

the identity of the chemical species in the analyzed sample. 

 The path length is defined by the construction of the sample cell that holds the solution to 

be analyzed. Since glass is not very transparent to ultraviolet radiation, cells are typically 

constructed of quartz so as to be transparent across the ultraviolet, visible, and near-IR regions 

[15]. Typical path lengths for commercial cells are either 1 cm or 1 mm. If the solution absorbs 

too much light, then number of transmitted photons will be too low for the detector to function 

well. Therefore, the higher the concentration of absorbing analyte, the thinner the path length needs 

to be in order to decrease the amount of absorbance. This leads to very highly concentrated 

solutions sometimes needing specialized cuvettes of much smaller path length, like those discussed 

in this work. 

 

1.2.2 Open Circuit Potential 

Electrochemical measurements and analyses have wide-reaching applications to solution 

chemistry. In this work, this analysis is limited to the measurement of “open-circuit potential”, or 

OCP. In industrial applications, OCP is frequently referred to as “oxidation-reduction potential”, 

or ORP, and so ORP will be the term used later in this work [10]. The most widely used 
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electrochemical cell usually contains three electrodes: a working electrode, a reference electrode 

and a counter, or secondary electrode [12]. All three are connected to a potentiostat that controls 

and/or measures the current or potential at all three electrodes in order to conduct any 

electroanalytical experiments. OCP is the electrical potential between two electrodes, as measured 

by a reference electrode, when no current or voltage is applied to the cell [16]. This gives further 

experiments their “starting point” from which the potentiostat alters the potential. Typically, the 

working electrode is the surface that is under analysis, but OCP measurement essentially only 

measures the solution itself and so only requires the surface be conductive. As a result, the working 

electrode used was simply platinum. The reference electrode was a standard Ag/AgCl, and the 

counter used was also platinum. 

 

1.2.3 Electrical Conductivity  

Electrical conductivity is a measure of a solutions’ ability to conduct electricity. A solution 

can only conduct electricity if it contains charged ions, like H+, Na+, OH-, or Cl-. These are usually 

in the form of electrolytes dissolved in solution, such as salts, acids, or bases. Pure water itself also 

produces a tiny amount of conductivity, since very small concentrations (~10-7 M) of H+ and OH+ 

are ionized in solution [12]. Conductivity probes are a common tool in industry and academic labs 

for analyzing the ionic concentrations of various, usually aqueous, solutions [17,18]. Many known 

corrosive agents and contaminants in both nature and mechanical systems are in the form of 

various salts that exist in ionic form in solution, like NaCl or MgCl2, then the concentration of the 

contaminant can be correlated to the total measured conductivity. 
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Figure 1.8. Fundamental theoretical operation of conductivity probe and meter. 

The most common probe for measuring conductivity requires direct contact with the 

solution, and relies most commonly on a system of either two or four electrodes [19]. The version 

used in this work uses two electrodes, but each operates on the principle of an alternating current 

(I) being passed between two electrodes in the solution. The positively charged ions migrate 

towards the negative electrode and vice versa, creating a potential at each electrode, as seen in Fig. 

X. This potential (V) is measured and related to the resistance (R) in the solution via the simple 

relation 

V = I R                                                          (5) 

The conductance is simply the inverse of resistance. The final parameter needed is cell constant, 

which scales the conductance, in Siemens (S), to conductivity (S/cm). Cell constant is based on 

the physical design of the probe and the surface area of the electrodes, and so can vary from probe 

to probe [19]. The cell constant is simply determined with calibration by measuring a standard 

solution of known conductivity, such as KCl. Since the potential of the solution is based on net ion 
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migration, then the mobility of the ions in solution strongly affects the measurement of 

conductivity. This, in turn, leads to several factors having a significant impact on the measured 

conductivity. Decreasing ionic radius of solvated species, increasing charge on those species, and 

increasing temperature of the solution all results in higher conductivity [16]. Each needs to be 

taken into account more the most effective use and analysis of the data from a conductivity probe. 

 

1.2.4 pH 

The measurement of pH is perhaps one of the most commonly used chemical 

measurements in all of academic, industrial, and personal settings. pH is a measure of the 

concentration of hydronium ions in solution, as defined by the equation: 

       pH = - log[H3O+]                                             (6) 

Informally, pH is referred to as a measure of the H+ concentration in the solution, and the 

concentration of OH- ions can be easily calculated from this value [14]. The reactivity of a solution 

using aqueous H2O as a solvent is very dependent on the concentrations of H3O+ and OH- ions, so 

the methodology for measuring and monitoring the pH is robust. 
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Figure 1.9. Fundamental theoretical operation of glass membrane pH probe. 

 

The most common method of measuring pH is with a glass membrane electrode [12]. The 

system consists of a reference electrode inside a glass membrane bulb and a complimentary 

electrode in direct contact with the solution to be analyzed, as depicted in Fig. 1.7. The hydronium 

ions in solution interact in an exchange reaction with the amorphous silicon oxide glass membrane: 

      SiO + H3O+ → SiOH+ + H2O                                        (7) 

This buildup of positive charge on the outside of the glass membrane causes negative ions in the 

electrolyte solution inside the bulb to migrate towards the membrane. This creates a change in 

potential at the reference electrode inside the bulb, which is measured and compared to the 

potential reading of a buffer solution of known pH. This methodology is very reliable for most 

applications, but the conditions explored here are very acidic, with a pH of <1 and >1.0 M 
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concentrations of Cl-. Long-term exposure of glass membrane electrodes to solutions of this type 

is corrosive, so great care was taken to maintain good working conditions for the probe at all times. 
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CHAPTER 2 

THIN-FILM UV-VIS SPECTROSCOPY AS A CHEMICALLY-SENSITIVE MONITORING 

TOOL FOR COPPER ETCHING BATH† 

 

2.1    Introduction 

The fabrication of printed circuit boards (PCBs) used in all types of microelectronics includes 

the process of controlled etching of Cu features. In particular, the rapid growth of high-density 

interconnect (HDI) PCBs has driven innovation in miniaturization as more features are required to 

fit on devices of similar or smaller size [1]. The subtractive etching of the copper foils for the PCBs 

can be accomplished though several means, including etchants of ferric chloride [2] and 

ammonium chloride [3]. The most common method, however, is to use highly concentrated (2-2.5 

M) CuCl2 in hydrochloric acid [4-6]. With acidic cupric chloride, the fundamental reaction of the 

Cu etching process generates Cu(I) ions:  

Cu2+ + Cu → 2Cu+       (1) 

The primary advantage of CuCl2 as an etchant is that resulting Cu(I) can be oxidized back 

to Cu(II) via an oxidizer such as H2O2, among other methods, thus regenerating the post-etch 

solution so that it can be reused [7,8]. The elimination of large quantities of waste and 

improvements in efficiency via this method is of great importance to the microelectronics industry, 

which contributes to the common use of CuCl2 as an Cu etchant [9,10]. 

 

 

†This chapter is presented in its entirety from A. Lambert, M. Asokan, G. Issac, C. Love, and O. Chyan, “Thin-film 
UV–vis spectroscopy as a chemically-sensitive monitoring tool for copper etching bath,” J. Ind. Eng. Chem.  2017, 
51, 44-48. 
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Precise control of Cu etching rate is needed to achieve the etch depth consistency of 

patterned Cu features, as well as the minimization of undercut, as both are important to quality 

control of HDI PCB fabrication [11,12]. Since the etching rate and etch factor are heavily 

dependent on the chemical composition of the etch bath solution, it is of central importance that 

the monitoring tools used do not perturb the chemical equilibrium of the cupric chloride etch bath. 

As Cu(II) and Cu(I) can exist in a wide range of complexes in the solution [13], so any perturbation 

of the solution can affect the chemical equilibrium, and would not give the correct indication of 

the targeted condition of the etch bath. In industry, the monitoring of the current state of the etching 

solution is usually accomplished through several primary measurements including oxidation-

reduction potential (ORP), conductivity and specific gravity [4,14,15]. Each monitoring tool can 

correlate to the combination of several operational characteristics of Cu etching bath. However, 

little work has been done to explore the relationship of these measurements to the working 

chemical speciation environment of the various pre- and post-etch solutions.  

In this work, we explored the use of ultraviolet-visible spectroscopy (UV-Vis) as a 

complimentary, more chemical-sensitive monitoring tool of the chemical environment in Cu etch 

bath.  The advantage of UV-Vis over the traditional monitoring parameters is that it can distinguish 

and analyze the chemical equilibrium of the etch bath with chemical specificity that the other 

parameters lack, which can lead to improved monitoring of the etch bath. As of now, UV-Vis has 

had little exposure as a monitoring tool due to the very high concentrations of the etching solutions. 

Thin-film UV-Vis is a well-known technique [16,17], and is applied and developed for this work 

to overcome the concentration challenge and make the use of UV-Vis much more practical. 

Additionally, we investigated the use and efficacy of these standard parameters from a 

fundamental chemical perspective, and found that UV-Vis aided in overcoming several 
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shortcomings of those parameters while also providing new chemical insights and enabling a more 

comprehensive understanding of the behavior of the copper etching process. 

 

2.2     Experimental 

 

Figure 2.1. Schematic of etching setup. 

Copper etch bath solutions were prepared using as-received CuCl2∙2H2O (Acros) and 36% 

HCl (Baker) and diluted with >18.2 MΩ Millipore water. The primary etch bath solution was 

composed of 2.0 M CuCl2 / 1.0 M HCl. Etching measurements were made using 35 μm Cu panels 

(35 μm thick of Cu on each side, front and back, of epoxy core) that were cut into 2×2 cm coupons. 

As seen in Figure 1, the coupons were suspended at a consistent depth and position in 30 mL of 

etching solution that was maintained at a constant 40 °C during etching by a thermal jacket and 

kept under constant stirring. The coupons were removed after 6 min of etching, then rinsed and 

dried. Etch rates were calculated from total exposed surface area and the weight change of the 

coupons before and after etching using an analytical balance (± 0.1 mg). Post-etch solutions were 

stored in sealed, nitrogen-purged vials in order to minimize air exposure. After each 6 min etch, 
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the etch bath was analyzed via UV-Vis, ORP, conductivity, and specific gravity. Each 30-mL 

portion of solution was used to etch and analyzed, then used to etch another copper coupon then 

re-analyzed, up to a total of six etches. UV-Vis measurements were taken at room temperature 

with an Agilent 8453 UV-Vis Spectrophotometer using quartz cuvettes of ca. 70μm path length 

that were fabricated in-house with a dry-etching method using SiF4/O2 etching gases in an AGS 

Plasma Etcher (RIE MPS-150). ORP measurements were conducted at room temperature using a 

CHI 440 potentiostat and measuring the stable open circuit potential with a standard 3-electrode 

setup with Ag/AgCl reference. Conductivity measurements were conducted with a ThermoFisher 

Orion Star Benchtop Meter and Two-Electrode Cell. Conductivity measurements were made at 40 

°C because of the intense temperature-sensitivity of conductivity. Specific gravity measurements 

were recorded gravimetrically at room temperature with 25 mL aliquots pipetted into 25 mL 

volumetric flasks. Calibration with water and CuCl2 solutions showed that specific gravity 

measuring sensitivity is better than 1 g/L. 

 

Figure 2.2. UV-Vis spectrum of etch solution (2.0M CuCl2 1.0M HCl) undergoing successive 
etches of copper panels. Inset: Visual change in etch solution over the same sequence. 
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2.3      Results and Discussion 

2.3.1   UV-Vis and Etch Rate  

The spectra of a 2.0 M CuCl2 / 1.0 M HCl solution over the course of six consecutive etches 

is displayed in Fig 2. Though the UV region (190-300 nm) is still saturated, several features of the 

spectra stand out as qualitative indicators of the chemical specificity of UV-Vis. Most notably, the 

near-IR region displays a broad peak at 860 nm that decreases in intensity with successive etches. 

This can be assigned to a d-d optical transition, common to transition-metal complexes, involving 

copper-chloride complexes [18,19]. The etching process reaction is typically depicted as in 

equation 2. 

CuCl2
 + Cu → 2CuCl                 (2)  

This is an overly simplistic view, however, as the speciation of cupric and cuprous complexes in 

aqueous solution is a subject of significant investigation [13,20-22], and there is a wide array of 

hydrate and chloride complexes involved. In very acidic conditions, such as the ones here (pH = 

0-1), the most relevant set of species during etching are [Cu(II)Clx]2-x and [Cu(I)Clx]1-x that 

coordinate with water in a series of complexes [16]: 

 

 Cu(II) species  Cu(I) species 

                                      [Cu(H2O)n]
2+

 (n ≥ 4)      [Cu(H2O)n]
+
 (n ≥ 4) 

                                      [Cu(H2O)n-1Cl]
+
       [Cu(H2O)n-1Cl]  

                                      [Cu(H2O)n-2Cl2]       [Cu(H2O)n-2Cl2]
-  

                                      [Cu(H2O)n-3Cl3]
-
       [Cu(H2O)n-3Cl3]

2-
  

                                      [Cu(H2O)n-4Cl4]
2-

       [Cu(H2O)n-4Cl4]
3-
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It is well-known that Cu(I) and its complexes have a d10 electronic configuration, and so 

cannot give rise to d-d optical transitions. And since the pre-etch solution has only Cu(II) in it, the 

860 nm absorption peak should arises from the d-d transitions of a Cu(II) chloride complex or 

series of complexes. In addition, the observed decreases of peak intensity at 860 nm with 

successive Cu panel etching, wherein Cu(II) etchant is gradually consumed, corroborates well with 

the peak assignment of cupric complexes  

The other notable qualitative feature is the absorbance increase in the visible 420-600 nm 

range upon Cu panel etching. This absorption shoulder increase appears upon etching and addition 

of Cu(I) to the etch solution. Though this feature could be the contribution of a cuprous-only 

complex in solution, there is evidence that an increase of this type with copper-acidic chloride 

solutions could be due to a mixed-valence Cu(I)/Cu(II) interaction complex [23-25]. In either case, 

this feature also shows that UV-Vis spectra of the etch solutions display a sensitivity to Cu(I) 

addition to the solution. Additionally, this feature explains the color change seen in solution after 

etching [inset Figure 2]. The only visible-region wavelengths absorbed in the pre-etch solution are 

620-800 nm (red) and 400-430 nm (violet), which produce a visual color of green. As the etching 

progresses, the entirety of the visible range increases in absorption intensity to the point that the 

solution becomes dark brown. 

More importantly, the ability of the UV-Vis to analyze the separate chemical species in 

solution can also be used as a quantitative tool in addition to a qualitative one. Since the 860 nm 

peak is directly tied to the cupric chloride complexes that drive the etching mechanism, then the 

intensity of the peak should have a strong correlation to the etching power of the Cu etch bath. A 

plot of the absorbance at 860 nm vs. the resulting etch rate of that solution is displayed on the next 

several figures, and reveals a linear relationship to Cu panel etch rate over the course of etching. 
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This feature and behavior of the spectra indicates UV-Vis’ promise as a tool to monitor, without 

chemically perturbing, the etch bath and predict the etch rate of a given bath. UV-Vis could be set 

up as either a continual- or continuous-monitoring device of an etch bath. Side-by-side spectra of 

an etch bath solution that was performing within limits and one that was not could be used to check 

if the chemical equilibrium was the culprit for the poor-performing Cu etch solution.  

 

2.3.2. Comparison of UV-Vis to Other Parameters 

2.3.2.1. ORP 

Of the standard tools for monitoring etch baths, ORP has the best chemical specificity 

and is very commonly used [4]. ORP indicates the oxidizing power of the solution, and as an 

indicator of the equilibrium of the solution, has the advantage of great sensitivity to Cu(I). 

Addition of Cu(I) to etch solution is correlated with a lower etch rate, so ORP has a clear use. 

However, the fundamental chemical reasons for this sensitivity also reveal the possible 

shortcomings in its use. The ORP of a solution is defined using the Nernst Equation, which for 

the etch bath takes the form of: 

 E=E° − 0.0591
𝑛𝑛

log [Cu(I) species]
[Cu(II) species]

 (3) 
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Figure 2.3. Change in ORP and UV-Vis absorbance versus etch rate over successive-etching 
sequence.  

 

Before etching, the only redox-active species are Cu(II) and its complexes, as there are only 

infinitesimal levels Cu(I) in the solution. After only a small amount of etching, the redox 

equilibrium shifts and ORP is established by a new redox couple, Cu(I)/Cu(II), that was not 

previously present in the pre-etch solution. This then significantly shifts the ORP upon the initial 

etch, as seen in Fig 3. So as a qualitative indicator of Cu(I), ORP has great responsiveness. 

This specific sensitivity may limit the utility of ORP, however, as an indicator of the 

complex equilibrium and condition of the solution as a whole. For example, as seen in Fig. 4, 

increasing the CuCl2 concentration from 1.0 M to 2.5 M (134 g/L to 335 g/L, respectively), with 

constant HCl, changes the ORP merely by 40 mV. By contrast, the addition of just 0.1 M of Cu(I) 

(6 g/L) via Cu panel etching changes the ORP by 190 mV. The levels of cupric ion and chloride 

are fundamental to the complex changes in the chemical equilibrium during etching, but ORP is 

not very sensitive to those changes. The ORP is not very well correlated to etch rate (Fig. 3), and 

it does not give the full picture of the chemical equilibrium condition and etching power, that 
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closely relates to Cu(II) level, of the etch bath. In contrast, the 860 nm peak in the UV-Vis has 

excellent sensitivity to Cu(II) concentration that directly affects the control of Cu etch rates [Fig. 

2.4]. 

 

 

Figure 2.4. ORP and UV-Vis absorbance of pre-etch solutions of varying CuCl2 concentration 
(1.0M HCl) and ORP change during etching sequence, where change in Cu(II) concentration is 

calculated stoichiometrically from Cu coupon weight loss and Eqn. 1. 
 

Also, UV-Vis has the capability to support the ORP measurement by adding a quantitative 

element to the monitoring of Cu(I). The visible (420-600 nm) feature in the spectra of Fig. 2.2, 

though perhaps involving a multivalent complex, still is directly dependent on the level of Cu(I) 

in the solution. While not as specifically sensitive to Cu(I) in small amounts as ORP, a direct 

correlation of visible range (420-600 nm) absorbance increases versus Cu(I) added can be 

established from UV-Vis spectra in Fig. 2.2.  Therefore, UV-Vis metrology can complement the 

ORP probe’s fast response to Cu(I) with both qualitative and quantitative chemical information of 

Cu(I) and Cu(II).  
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Figure 2.5. Change in conductivity and UV-Vis absorbance versus etch rate over successive-
etching sequence. Inset: Conductivity of pre-etch solutions of varying CuCl2 concentration (in 

1.0 M HCl). 
 

2.3.2.2. Conductivity 

Conductivity, as a monitoring tool, is correlated to the ionic strength of the solution and 

serves as a guide for the addition of HCl to the solution [14,26]. Conductivity is very complex, 

however, and depends on many different aspects of the solution chemistry. For example, in inset 

Fig. 5, Cu(II) ion addition in the form of CuCl2 actually decreases the conductivity of the solution 

by a large amount, even though many ions have been added to the solution. This can be accounted 

for if perhaps the free HCl complexes with the added CuCl2 to decrease the conductivity reading, 

but the opposite trend is observed when Cu(I) is added to the solution via etching (Fig. 5). Even if 

conductivity was a simple linear additive trend, conductivity is not chemically specific. Different 

ionic species combinations (Cu(I), Cu(II), Cl-, H+) can produce the same conductivity value, even 

though they would have a different etch chemistry and therefore different etch rates and etch 
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factors. UV-Vis provides a capability to support and enhance our understanding of the conductivity 

measurements by identifying the chemical origins of changes in conductivity. Additionally, 

conductivity is not very sensitive to changes in the chemical equilibrium encountered in etching, 

only changing 3% over the course of these etch sequences, while UV-Vis absorbance at 860 nm 

changes 29% over the same sequence. Conductivity also does not respond linearly to these 

changes, as UV-Vis does (Fig. 5). 

 

2.3.2.3. Specific Gravity 

Since copper is the heaviest species in the etch bath solution, specific gravity is correlated 

with the concentration of copper in the solution, which accounts for its use in monitoring [4]. For 

example, specific gravity of 32 ºBé corresponds 2.33 M Cu solution. Specific gravity is only a 

mass-sensitive tool, however, it cannot identify the source of the changes in chemical equilibrium 

that cause that mass change. Specific gravity measurements can respond not only to Cu addition 

via etching, but to many other processes, such as addition of H2O2 or HCl, evaporation, or other 

bath contamination, that could cause density changes. As such, two Cu bathes can reach the same 

monitored specific gravity values (i.e. within control specs), but with completely different etch 

chemistry make up, therefore giving different etch rates and etch factors. Over the course of 

etching, specific gravity is not linear with etch rate (Fig. 6), and it is difficult to predict what the 

changes should be over the course of etching, since specific gravity is an intensive property, and 

depends on the complex chemical equilibrium changes of the solution. In fact, the actual specific 

gravity increases observed during etching are only an average of 70% of the increases that would 

be expected if density was purely additive based on the mass. The result suggests complex 

chemical equilibrium changes take place during Cu etching process. UV-Vis monitoring 
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metrology has an added advantage of distinguishing between contributions from various different 

chemical processes, and so can be used in concert with specific gravity to both monitor and control 

the etch baths. 

 

 

Figure 2.6. Change in specific gravity and UV-Vis absorbance versus etch rate over successive-
etching sequence.  

 

Specific gravity is also not very sensitive to significant changes in the Cu etch solution. The 

entirety of the etch sequence studied above, a sequence that reduces the etch rate of the solution 

by over 60%, only changes the specific gravity by <1%. Each etch, equivalent to a 15% decrease 

in etch rate, only increases the specific gravity by <2 g/L (~0.2 ºBé), an increase of <0.2%. While 

commercial densitometers can measure to an accuracy of ±1g/L, this is still a very narrow control 

margin that could easily be subject to error. Larger changes in specific gravity would only be 

attained after several repetitions of etching and regeneration, after which the chemical equilibrium 

could have been shifted away from desired composition specs in a very complex ways. UV-Vis 
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has excellent sensitivity, with an overall 29% change in intensity over the course of this etching 

sequence (5% per step). 

 

2.4 Wavelength Independence of UV-Vis 

For use as a monitoring tool, the ease of use must always be taken into account in an industry 

environment. The UV-Vis calibration in relation to etch rate used here has the added benefit of 

being independent of the wavelength used in the calibration. During the process of etching, the 

absorbance intensity at any wavelength from 750-900 nm still decreases linearly with etch rate, as 

seen in Fig 7. This removes the possibility of spectroscopic noise playing a factor in interfering 

with the precise etch rate control, as multiple points of selected wavelengths could be monitored 

to predict and control the Cu etch rate. 

 

 

Figure 2.7. UV-Vis absorbance vs etch rate at various wavelengths in UV-Vis spectrum. 
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2.5        Conclusion 

 Thin-film UV-Vis metrology as applied to copper etch solutions is a chemically-sensitive 

tool that supports and enhances the current semi-chemical monitoring tools used in industry today 

such as ORP, conductivity, and specific gravity. The chemical specificity of UV-Vis, particularly 

to Cu(I) and Cu(II) complexes, allows analysis of chemical composition of the etch bath solution 

that the current monitoring tools lack. Furthermore, the UV-Vis metrology also has the capability 

to assist the prediction of the behavior of copper etch baths in order to reach the next level of 

control required in the fabrication of PCB devices. 
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CHAPTER 3 

 

CHARACTERIZATION OF CHEMICAL EQUILIBRIA OF CUPRIC CHLORIDE COPPER  

ETCHING BATHS VIA THIN-FILM UV-VIS SPECTROSCOPY 

 

3.1. Introduction 

As microelectronics continue to shrink in size while still requiring more functionality in 

the same small spaces, industry has pushed for more and more innovation in miniaturization. This 

has led to the development of high density interconnect printed circuit boards, which require very 

fine and very reliably controlled Cu feature etching [1]. The primary fabrication pathway for these 

features is subtractive copper etching, which can be accomplished with a variety of etchants, 

including ferric chloride [2] and ammonium hydroxide [3]. The most widely used method for 

etching, however, is acidic cupric chloride [4-6]. The fundamental etching reaction with acidic 

CuCl2 is:  

                  CuIICl2
 + Cu → 2CuICl                 (1)  

Acidic CuCl2 as an etchant has several advantages. Primarily, it has the ability to be very 

effectively regenerated via the addition of an oxidant such as hydrogen peroxide or sodium chlorate 

[7,8]. The oxidizer converts the Cu(I) complexes back to Cu(II) complexes thus regenerating the 

original etchant. The overall process of reclaiming the original etch bath is generally divided into 

two distinct steps, the first of which is the regeneration of the CuCl2 etchant. The second step is 

the restoration of the original etch bath, via ion additions to make up for ion losses during etching 

and regeneration, so that the used quantity of etch bath can then be reused for etching [9]. This 
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regeneration and restoration eliminates vast quantities of etching waste and improves overall 

efficiency, making CuCl2 an appealing choice of Cu etchant for industry firms [10]. 

 Quality control in fabrication of HDI PCBs relies on the patterned Cu features having very 

precise control of etch depth and undercut for the most consistent etching profile [11,12]. As would 

be expected, both the etch rate and etch profile are dependent on the chemical composition of the 

etch bath. This requires that any method of monitoring of the etch bath not to disturb the chemical 

equilibrium. The complicated, interlocking picture of combination of Cu(I) and Cu(II) complexes 

that exist in solution can be shifted by any minor perturbations [13]. The non-perturbative standard 

parameters that are currently used in industry to monitor the acidic cupric chloride etch baths are 

oxidation-reduction potential (ORP), conductivity, and specific gravity [4,14,15]. Each of the tools 

correlates to some optimal aspect of the operational characteristics of Cu etching bath and taken 

together, they provide the standard picture of the condition of the etch bath. However, each tool is 

not chemically specific, and they can fall short in predicting the etch bath chemical equilibrium, 

especially at the extremely fine level required for next-generation device design and manufacture. 

In previous work, we reported on the use of thin-film UV-Vis as a monitoring tool to supplement 

those currently in use [16]. UV-Vis also does not disturb the chemical equilibrium, and unlike the 

standard parameters, is more chemically specific and can produce a snapshot of the etch bath 

chemical equilibrium during etching. Thin-film UV-Vis has the capability to analyze the solutions 

of very high concentrations that are encountered in Cu etch baths [17,18]. Here, we expand on the 

use of UV-Vis as applied to the further regeneration and restoration of Cu etch bath to its original 

operating condition. We find that UV-Vis has the capability to effectively monitor the various 

changes to the chemical equilibrium of the etch bath during etching, regeneration and recovery. 

UV-Vis also sheds light on the decoupled roles of H+ and Cl- to the etching mechanism. Finally, 
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UV-Vis can help to monitor the condition and predict the behavior of the etch bath in cases where 

the standard parameters fall short. 

 

3.2. Experimental  

The etch bath solution prepared here was 2.0 M CuCl2 / 1.0 M HCl, prepared using as-

received CuCl2∙2H2O (Acros) and 36% HCl (Fisher) and diluted to volume with >18.2 MΩ 

Millipore water. For etching measurements, as described in previous work [16], 2×2 cm coupons 

were cut from 35 μm Cu panels (epoxy core with 35 μm thick Cu on each side). The coupons were 

weighed and suspended for 6 min at a consistent depth and position in 30 mL of the etching 

solution that was kept under constant stirring and maintained at a constant 40 °C during etching 

by a thermal jacket. The coupons were removed, then rinsed, dried and reweighed with an 

analytical balance (± 0.1 mg), from which etch rates were calculated from total exposed surface 

area and the weight change of the coupons. Repeated etch sequences were conducted by 

sequentially adding and removing fresh copper coupons to the same portion of etch bath solution, 

up to six etches total. The post-etch solutions were regenerated by using a calibrated 25 µL 

micropipette to deliver 30% H2O2 until the etch bath color changed from dark brown-green to light 

green, indicating full regeneration of Cu(I) to Cu(II), which was further confirmed via ORP and 

UV-Vis measurements. Further post-regeneration ion additions were made with HCl, KCl (Alfa 

Aesar) and 70% HClO4 (Fluka). The etch bath was measured at each stage via UV-Vis, ORP, 

conductivity, specific gravity, and pH. 

UV-Vis measurements were taken at room temperature with an Agilent 8453 UV-Vis 

Spectrophotometer using quartz cuvettes of ca. 70μm path length that were fabricated in-house by 

a dry-etching method using SiF4/O2 etching gases in an AGS Plasma Etcher (RIE MPS-150). ORP 
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measurements were conducted at room temperature using a CHI 440 potentiostat and measuring 

the stable open circuit potential with a standard 3-electrode setup with Ag/AgCl reference. 

Conductivity measurements were conducted with a ThermoFisher Orion Star Benchtop Meter and 

Two-Electrode Cell. Conductivity measurements were made at constant 40 °C because of the 

intense temperature-sensitivity of conductivity. The pH measurements were made using the same 

ThermoFisher Benchtop Meter equipped with an Orion 8157BNUMD ROSS Triode. Specific 

gravity measurements were recorded gravimetrically at room temperature with 25 mL aliquots 

pipetted into 25 mL volumetric flasks. Calibration with water and CuCl2 solutions showed that 

specific gravity measuring sensitivity is better than 1 g/L. 

 

3.3. Results and Discussion 

3.3.1 H2O2 Regeneration  

3.3.1.1. Etch Rate and Visual Inspection 

 

Figure 3.1. The appearances and relative etch rates of etch bath after etching and various levels 

of regeneration with H2O2. 
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Figure 3.1 displays the etch rate and color changes in the etch bath as H2O2 is added. Over 

the course of the six-etch sequence, 0.2 M of Cu(I) ion is added to the solution from etching the 

Cu panels, creating 0.4 M total of Cu(I) in solution. Since each mole of H2O2 should oxidize two 

moles of Cu(I) to Cu(II) [4], 0.2 M of H2O2 should be required to regenerate the solution, and this 

ratio corresponded well with our etch bath regeneration additions, which required slight excess of 

H2O2 (0.29 M) to fully regenerate. There is a constant increase in etch rate as the solution is 

regenerated, but it reaches a limit at full regeneration (4.8 µm/min) that is significantly lower than 

the original etch bath (5.5 µm/min). Additionally, the final regenerated etch bath is visually more 

blue in color than the original, indicating a different chemical equilibrium state. This simple visual 

inspection points to the necessity of additional steps like addition of HCl in order to restore etch 

bath to its original chemical equilibrium for the targeted Cu etch rate. 

 

3.3.1.2. UV-Vis upon Regeneration 

 The UV-Vis spectra of pre-etch, post-etch, and regenerating solution are displayed in Fig. 

3.2. The most striking feature is the elimination of the visible shoulder feature in the 450-600 nm 

range of the spectra. During etching, this peak increases significantly, and it is likely directly 

related to the Cu(I) in the etch bath, as discussed in previous work [16]. The large absorption 

increase across the visible range leads to a visual color change from green to brown (Figure 3.1). 

As H2O2 is added, the feature shrinks until full regeneration, when this peak returns to nearly the 

original shape of the pre-etch bath (dashed line in Fig. 2). Visually, the etch bath returns to nearly 

the original color, except now with a distinctly blueish tint. This color difference is reflected in the 

UV-Vis, as the visible range shoulder (350-450 nm) in the regenerated etch bath is mildly blue-
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shifted compared to the pre-etch bath, indicating a deficiency in HCl. The 400-600 nm shoulder 

feature has utility as a monitoring component, as it monitors the Cu(I) concentration in solution, 

and can be used as a guide for regeneration. 

 

 

Figure 3.2. UV-Vis spectra of etch bath after etching and various levels of regeneration with 

H2O2. 

  

 The other major feature of note in the spectra is the broad NIR peak, from 750-1000nm. 

This peak arises from copper chloride complexes, and is typically ascribed to an optical d-d 

transition [19,20]. During etching, the absorbance intensity decreases linearly with etch rate [16] 

and blue-shifts the peak by ~10 nm (see inset of Fig. 2). During regeneration, nearly the inverse 

effect is observed. The intensity increases all the way to full regeneration, ending more intense 

than the original solution. This result is explained by accounting for the copper added to the 

solution via etching that, post-regeneration, is now Cu(II), making the solution 2.2 M Cu2+. 

However, a spectrum of 2.2 M CuCl2 / 1.0 M HCl (Fig. 2) has a NIR feature of greater absorbance 
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than the regenerated solution. This is expected because Cu2+ has been added to the solution without 

corresponding Cl-. The NIR peak is best understood as an indicator of the concentration and 

distribution of cupric chloride complexes in solution, so even though there is higher Cu2+ content 

in solution, the distribution of Cl- to them is lower [13]. This leads to cupric complexes that are 

less efficient at etching in the regenerated post-etch bath than the pre-etch bath, which is supported 

by the etch rate data from Figure 3.1. The standard understanding is that HCl is “consumed” in the 

etching process via the equation:  

                                             2CuCl + H2O2 + 2HCl → 2CuCl2 + 2H2O    (2) 

However, both Cu(I) and Cu(II) exist in an equilibrium of chlorinated and hydrated complexes in 

solution, the equilibrium of which is dominated by chloride concentration due to its much higher 

complexing tendency [21-23]. The lower etch rate in the regenerated solution, even with a higher 

absorbance NIR peak, indicates the importance of HCl concentration (NIR peak shape) to the etch 

rate of the solution. The shape of the peak is also helpful for understanding and indicates the effect 

of Cl- concentration. Regeneration does not red-shift the peak back to its original position (870 

nm), which is expected since the Cu2+ increases without corresponding a Cl- increase, and is 

consistent with the shape indicating the Cl- distribution across the cupric chloride complexes. 

Overall, the UV-Vis effectively captures the complex changes in the chemical equilibrium through 

etching and predicts the etching behavior. It can be analyzed in a two-dimensional manner, both 

in height and wavelength of peak absorbance, for even better chemical equilibrium monitoring and 

control.  
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3.3.1.3. Standard Monitoring Parameters upon Regeneration 

For comparison, it is important to examine how the standard monitoring parameters behave 

during regeneration, and the data is summarized in Fig. 3.3. ORP, as previously examined [16], 

behaves similarly to the visible range feature in the UV-Vis spectra, in that it is sensitive to the 

presence of Cu(I) in the etch bath. As expected from the Nernst equation, the ORP drops 

precipitously upon the addition of a small amount of Cu(I). This gives ORP excellent sensitivity 

to Cu(I), but the application to the etch bath is limited beyond that, since it is only very slightly 

sensitive to other species that are involved in the etching chemical equilibria, such as Cu(II), Cl- 

and H+. Over-regenerating the solution by adding excess of H2O2 produces a higher ORP than the 

original etch bath, as expected, but this is not reflected by a significant corresponding change in 

the etch rate of the etch bath, as seen in Fig. 3.1. 

Conductivity, used as a measure of HCl [24] predictably decreases as the solution 

regenerates, as the availability of free HCl in the solution is consumed by the regeneration 

mechanism. The most interesting result is specific gravity, which is commonly used by industry 

as a measurement of the Cu concentration in the etch bath [4]. As our data indicated in Fig. 3.3, 

addition of less dense 30% H2O2 (~1.11) to post-etch solution (1.221), actually increased the 

overall specific gravity of fully regenerated post-etch solution (1.230). This is counterintuitive, as 

the peroxide molecules essentially convert to water by the regeneration reaction. Furthermore, we 

observed only ~60% expected increase of specific gravity, based on added mass of copper via 

etching, from pre-etch to post-etch solution. Since Cu etching generating Cu(I) ions to form the 

observed dark brown complexes, likely multi-valent, Cu(I)/Cu(II) complex [25-27]. it is 

reasonable to assume that this complex could act to lower the specific gravity of the post-etch bath. 

Subsequently, adding H2O2 to oxidatively remove this Cu(I)/Cu(II) complex helps to restore the 
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expected increase of specific gravity. These observations serve as an indicator of the complexity 

of the changes in the etch bath chemical equilibria that the UV-Vis is able to capture, but the 

standard parameters do not. 

 

Figure 3.3. The monitoring parameters of etch bath after etching and various levels of 
regeneration with H2O2. 
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3.3.2. Restoration via HCl Addition 

 

 

Figure 3.4. The UV-Vis spectra of original etch bath (2.0 M CuCl2 / 1.0 M HCl) and the series of 
HCl additions to regenerated post-etch bath. Inset: Zoom on NIR feature, with each peak’s apex 

absorbance marked. 
 

The restoration of the regenerated etch bath to its original pre-etch condition requires the 

addition of further reagents beyond the oxidizing regenerating agent. Since HCl is consumed 

during regeneration, a logical choice to recover the original etch bath parameters is the addition of 

concentrated HCl. The changes in the UV-Vis spectrum are displayed in Fig. 3.4, and the 

corresponding changes in the monitoring parameters and etch rate are in Fig. 3.5. As expected, the 

NIR feature increases in absorbance intensity and slightly red-shifts and the visible region (350-

450 nm) shoulder red-shifts, as seen previously with increasing HCl content of the etch bath 

[13,17]. At 0.5 M HCl addition, the peak of the NIR feature has returned to 870 nm, the same 
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location as the original etch bath, and the corresponding etch rate has now returned to 

approximately the original etch rate (Fig. 3.5). In this simple shape analysis, the absorbance profile 

of the NIR peak does correspond well to the relative etch rate of the etch bath, indicating the central 

role of Cl- and the [Cu(II)Clx]2-x complexes to the fundamental etch mechanism, and indicating the 

ability of UV-Vis to effectively monitor the complex changes in the etch bath chemical 

equilibrium. 

 Since the addition of HCl to the regenerated post-etch bath is itself a relatively 

straightforward change, the standard monitoring parameters behave close to expectations. 

Conductivity increases significantly to near the level of the original etch bath. Specific gravity 

decreases marginally, owing to lower density of 37% HCl (1.19 g/mL) relative to the regenerated 

post-etch bath (1.23 g/mL). ORP remains largely unchanged, as no redox-active species are added 

or removed. 
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Figure 3.5. The monitoring parameters and etch rates of original etch bath (2.0 M CuCl2 / 1.0 M 
HCl) and the additions of (a) HCl, (b) KCl and (c) HClO4 to regenerated post-etch bath. 
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3.3.3. Contributions of H+ and Cl-  

Since the NIR peak arises mainly from [Cu(II)Clx]2-x complexes in the etch bath and is 

closely correlated to the etch rate, then it might be reasonable to hypothesize that the etch rate is 

more sensitive to Cl- concentration than H+. It is therefore worthwhile to explore the separate 

effects of H+ and Cl- on the etch rate and various monitoring parameters, rather than on the addition 

of the whole of HCl. . To accomplish this, the H+ and Cl- were split into additions of KCl and 

HClO4. K+ is largely a spectator ion, and perchlorate ion is non-complexing to Cu ions in solution 

[28], so this gives an approximation of the additions of H+ and Cl- separately into the regenerated 

post-etch bath. Overall, as seen in Fig. 5, the etch rate increases significantly with the addition of 

KCl and slightly decreases with the addition of HClO4. The correlates very well with the UV-Vis, 

as seen in Fig. 6. The NIR (~700-1000 nm) peak increases significantly with KCl addition, but 

sees a very slight decrease upon addition of HClO4. This behavior reinforces the hypothesis that 

the etch rate is more closely tied to the [Cl-] than the [H+] in the etch bath, and that the NIR peak 

is largely dominated by the [Cu(II)Clx]2-x  complexes in the etch bath. It is therefore vital that the 

monitoring of the etch bath includes sensitive measurement of the Cl- concentration. UV-Vis 

provides some of that capability, and can clearly predict and explain the change in etch rate upon 

various ion additions. The pH of the solution certainly plays an important role in etching process, 

as low pH helps to break up the initial outer copper oxide layer and prevents copper hydroxides 

from precipitating out of the etch bath [29,30]. However, the change in measured pH, even after 

the H2O2 regeneration consumes H+ (see Eqn. 2), is only a difference of ~0.2 pH, from -0.34 pre-

etch to -0.17 post-regeneration. Over the range of use of etching, the pH does not approach the 

range that negative effects begin to appear, so the constant monitoring of [H+] is less vital. 
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Figure 3.6. The UV-Vis spectra of original etch bath (2.0 M CuCl2 / 1.0 M HCl) and the 
additions of (a) KCl and (b) HClO4 to regenerated post-etch bath. Inset: NIR feature, with peak 

absorbances marked. 
 

The UV-Vis prediction of the etching behavior differences between KCl and HClO4 is not 
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similarly reflected in the standard monitoring tools. Conductivity is typically used as a measure of 

the HCl concentration in the Cu etch bath. However, the molar conductivity for H+ (349.6 S cm2 

mol–1) is much higher than for Cl- (76.35 cm2 mol–1) [31], which suggests that H+ has a larger 

effect on conductivity than Cl-. This is reflected in the conductivity measurements, seen in Fig. 

3.5, as the increases in conductivity for HClO4 addition are much higher than for KCl addition. In 

fact, the conductivity changes for HClO4 addition are nearly identical to those of HCl addition, 

with only a slight downward offset for the HClO4 values. This indicates that the conductivity is 

mostly capturing the change in [H+] in the Cu etch bath. If conductivity monitoring data were 

capturing the HCl only, then increasing the conductivity would predict a higher etch rate. A larger 

increase in etch rate would then be expected for the HClO4 than the KCl addition, which is the 

opposite of what occurs. The ORP and specific gravity do behave as expected from each type of 

addition to the etch bath, with neither KCl nor HClO4 having a significant effect on the ORP and 

both increasing the specific gravity due to their higher densities than the etch bath (KCl: 1.98 

g/mL; HClO4: 1.67 g/mL). These predictable behaviors do not alter that the overall standard 

monitoring parameter picture does not predict the changes in etch rate from KCl and HClO4 

addition to the etch bath, while UV-Vis does predict the etch rates very effectively. This is directly 

tied to the lack of chemical specificity in the current monitoring parameters, which UV-Vis can 

make up for as a complimentary tool to check the overall condition of the chemical equilibrium of 

the etch bath. 

 

3.3.4. UV-Vis Prediction vs Monitoring Parameters 

Over the complicated sequence of changes to the etch bath from etching, regeneration and 

restoration, the chemical equilibrium related to etching can be modified in many different ways. 
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UV-Vis can serve as a more chemically-sensitive way to check that the overall condition of the 

equilibrium of the etch bath is where it is supposed to be. This is particularly true of the NIR 860 

nm feature, since it arises from the d-d transitions of the [Cu(II)Clx]2-x complexes that drive the 

fundamental Cu etching mechanism. It is not difficult to come up with a combination of steps just 

from the experiments discussed here that produce parameter values that are within standard process 

tolerances of the original Cu etch bath, but have entirely different etch rates. For example, when 

the final HClO4 addition level is diluted down so that the specific gravity of the final bath matches 

that of the initial bath, all three monitoring parameters come to within standard process tolerances, 

as seen in Table 3.1. This would be expected to produce similar etch rates for the two etch baths, 

but they are, in fact, very different. UV-Vis, in this case, does predict the difference in etch rate, 

as the absorbance of the NIR feature of the recovered etch bath is much lower than that of the 

original etch bath (Fig. 3.4). UV-Vis is able to detect the difference in etch chemistries and thus 

aid in the prediction of the behavior of the etch bath beyond what the other parameters can 

accomplish together. 

 

Solution ORP 
(mV) 

Specific 
Gravity 

Conductivity 
(mS/cm) 

Etch Rate 
(µm/min) 

Pre-Etch (2.0M CuCl2 /1.0M HCl) 606 1.212 338.0 5.7 

Post-Regeneration/Recovery 642 1.212 336.9 3.8 

Table 3.1. Monitoring parameters of original etch bath (2.0 M CuCl2 / 1.0 M HCl) and etch bath 
that has been successively etched, regenerated, and recovered. 
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Figure 3.7. UV-Vis spectra of original etch bath (2.0 M CuCl2 / 1.0 M HCl) and etch bath that 
has been successively etched, regenerated, and recovered. 

 

3.4. Conclusion 

Thin-film UV-Vis has the capability to serve as both a monitoring tool for acidic Cu etch 

baths, and as pathway to reveal new insights about their behavior and mechanistic features. 

Through its use, the Cl- concentration can be monitored in the etch bath apart from the H+ in 

solution. UV-Vis also helps to create a more comprehensive understanding of roles of H+ and Cl- 

in the etching mechanism. Furthermore, it can act as a support for the current etch bath monitoring 

tools, helping to fill in where they fall short over the course of the complex system of changes to 

the etch bath chemical equilibrium, and help to achieve the high levels of etching control required 

for the ever-increasing demands of technological development. 
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CHAPTER 4 
 
 

ONGOING AND FUTURE WORK 
 
 
4.1 Alternate Metrologies for UV-Vis 

 Though much knowledge about the Cu etch bath chemical equilibrium has already been 

gained from the setup that we have currently applied to UV-Vis, there is substantial room for 

growth in the analysis capabilities. There are regions of the spectrum that can provide excellent 

sources of new insights. 

4.1.1 Expanding Analysis Range 

4.1.1.1 Ultraviolet Region 

The ultraviolet region is a potential source of a great deal of knowledge. The intensity of 

the UV features in the etch bath spectra render it difficult to analyze, but early data shows that the 

region contains many distinct facets. For example, to confirm that H2O2 directly regenerates the 

original etcher by oxidizing the [Cu(II)Clx]2-x complexes to [Cu(I)Clx]1-x complexes, H2O2 was 

added to a very dilute CuCl / HCl solution. The resulting spectra are in Figure 4.1, and show that 

the Cu(I)/Cl and Cu(II)/Cl solutions have very different peak profiles. The experiment confirmed 

that the peak profile of the Cu(I) solution (peaks at 230 and 275 nm) converts to the peak profile 

of a Cu(II) solution (peaks at 217 and 250 nm) of the same concentration after an addition of 

approximately half the molar amount of H2O2, which is in line with previous, higher-concentration 

experiments. 
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Figure 4.1. UV-Vis spectra of 0.7 M HCl with a) CuCl; b) CuCl2; and c) CuCl with H2O2 added 
dropwise. 

 
Another example of the useful UV information is in the direct monitoring of H2O2, which 

has a moderate UV background signature that could be used to detect its presence in an etch bath. 

Figure 4.2 displays the UV-Vis spectra of a dilute CuCl2 / HCl solution upon increasing additions 

of H2O2. A distinct increase in background signal is observed in the 190-250 nm UV range. This 

is very likely directly attributable to the H2O2, as the same increasing addition of H2O2 to a simple 

HCl solution produces the same background absorbance increase (Figure 4.2 inset) at 

approximately the same magnitude. Though this is a much more dilute etch bath than the industry 

relevant conditions [1], any UV probe that could quantitatively capture the UV range should be 

able to detect the presence of unreacted H2O2 in the etch bath, which increases the versatility and 

utility of UV-Vis’ application to etch bath monitoring. 
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Figure 4.2. UV-Vis spectra of dilute etch bath (78 mM CuCl2 / 0.7 M HCl), with increasing 
addition of H2O2. Inset: HCl-only solution with same H2O2 addition. 

 

4.1.1.2 Near Infrared Region 

Alternatively, the spectra of the Cu etch baths at higher wavelengths into the near-IR region 

was also checked for additional features of interest, using a Perkin Elmer Lambda 900 UV-Vis-

NIR system. Several different etch baths are displayed in Figure 4.3. The only noticeable feature 

of the extended scanning range is the remaining shoulder of the d-d transition NIR feature [2]. The 

three spectra stay in roughly the same proportions to each other as seen in the UV-Vis regions of 

the spectrum. This gives us confidence that there is not a significant feature or information to be 

gained beyond what is captured in standard UV-Vis operation. However, this does not rule out any 

higher-wavelength features further into the Near-to-Mid IR range. 
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Figure 4.3. UV-Vis of various etch baths with extended range of analysis. 

 

4.1.2 Manipulation of Cuvette Path length 

4.1.2.1 General Principle and Difficulties 

Aside from increasing the scanning range of the instrumentation, there are possibilities for 

manipulating the path length in the sample prep. The path length used for most of the analyses was 

70 µm, but there is no difference in relative spectra behavior if the path length is changed. This is 

briefly demonstrated by Figure 4.4, where both 70 and 140 µm cells were used. However, the 

ultraviolet region is very intensely absorbing, so cannot be analyzed with either. Cells of ~38, ~25, 

and ~12 µm path length were fabricated and could produce repeatable spectra, but none were thin 

enough to capture the UV region. A series of “Ultrathin” cuvettes were fabricated to have path 

lengths of 3-5 µm, and the full spectra were captured very effectively. However, the physical 

constraints of this type of sample prep meant that those were very inconsistent in their path length 

from measurement to measurement. This meant that the spectra could only be qualitative.      
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Figure 4.4. UV-Vis spectra of 2.0 M CuCl2 / 1.0 M HCl 6-etch sequence with quartz cuvette of 
70 and 140 μm path lengths. 

 

4.1.2.2 Qualitative Ultrathin UV-Vis Data 

Ultrathin cuvettes have provided the clearest data on the ultraviolet-range (190-400nm) 

behavior of the Cu etch baths under various manipulations. The ultraviolet region is too absorbing 

(~5000 abs/cm) to be analyzed with the 70 μm cuvettes that were used to analyze the visible and 

NIR features (~85 abs/cm) of the spectrum. Given how much understanding has been gained from 

the visible- and NIR-range features, and given the features already visible in dilute solutions [see 

previous section], analysis of the UV region is likely to yield significant valuable knowledge. 

Currently, the UV-range analysis has been confined to ultrathin cells that use a path length of 3-5 

μm. Due to engineering difficulties of the current metrologies, the consistency of the path length 

over this Ultrathin range is very low, so the data is qualitative only. However, very interesting 

features still emerge in this analysis over the course of the standard processes investigated 

previously. 
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Fig 4.5 displays spectra for pre-etch bath concentrations of 2.3 CuCl2 and varying 

concentrations of HCl. In the overall analysis, there is generally only a single large peak in the 

200-300 nm range, rather than the two separate ones that had been seen in the low concentrations 

of CuCl2. There is a distinct shape change in the feature to a more red-shifted peak absorbance 

with increasing HCl content of the etch bath. This is in line with the prediction of separate peak 

absorbances for the different [Cu(II)Clx]2-x complexes in solution [3], and follows a somewhat 

similar general pattern to the red-shifting seen in the near-IR feature. There is also likely an 

intensity increase that cannot quantitatively be captured here, as the valley in between the 190-200 

nm shoulder and the primary 220-300 nm feature changes shape significantly with increasing HCl 

concentration. There are clearly several features that deserve further quantitative analysis, with the 

possibility of application of deconvolution of the various features to gain more comprehensive 

speciation data. 

 

Figure 4.5. Ultraviolet range of UV-Vis spectra of various Cu etch baths using Ultrathin cuvette. 
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 Qualitative UV-region spectra also reveal interesting behaviors over the processes of 

etching and regeneration with H2O2 that were previously discussed. Fig. 4.6 displays the original 

2.0 M CuCl2 / 1.0 M HCl etch bath, along with post etch and regenerated etch baths. Upon etching, 

the primary feature red-shifts significantly. This is likely due to the rise of the Cu(I)-dependent 

complexes generated via etching, though the identity of the complexes, whether mixed valence or 

Cu(I)-only is still uncertain [4,5]. After 6 etches, the UV absorbance feature has deformed 

significantly, to the point that the spectrum begins to separate into two separate features. 

Regeneration with H2O2 returns the shape of the primary feature to nearly its original form. 

Interestingly, the final, post-regeneration peak absorbance is slightly blue-shifted from that of the 

original etch bath. Since a blue-shifted peak absorbance of the UV feature indicates lower HCl, 

this further corroborates the Cl- deficiency in the regenerated etch bath indicated by the NIR and 

visible peak analysis [3]. 

 

Figure 4.6. UV-Vis spectra of Cu etch bath across etching and regeneration steps. 
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 Further comparison to previous experiments includes the restoration step of adding HCl to 

the regenerated etch bath, shown in Fig. 4.7. As expected, the primary effect is the red-shift of the 

peak absorbance of the primary 220-300 nm feature. Another small effect can be seen in the 200-

215 shoulder, where the shape changes significantly. Overall, it is very likely that a fuller 

quantitative understanding of each one of these features and effects will lead to new insights and 

much more comprehensive understanding of the changes in chemical equilibrium and speciation 

in the Cu etch baths, as well as CuCl solutions in general.  

 

Figure 4.7. UV-Vis spectra of regenerated Cu etch bath across restoration with HCl. 

 

4.1.3 Fiber Optic Attenuated Total Reflectance 

 The primary tool to overcome the problem of quantitatively measuring the UV-range 

features of the Cu etch bath spectra will be fiber optic attenuated total reflectance (ATR). ATR 

functions on the principle of light passing through a crystal at an angle that produces an evanescent 
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wave [6]. If the crystal is in contact with the sample, the evanescent wave extends into the sample 

and the resulting diffraction can be collected and analyzed by a spectrometer. The supply of the 

light that reflects through the ATR crystal can be through a variety of mediums; here, it will be 

supplied through a fiber optic cable, so that the probe can be dipped into the etch bath, as shown 

in Figure 4.8. The key to its application for this purpose is that the depth of penetration of the 

evanescent wave into the sample functions as the effective path length. This depth is dependent on 

the wavelength of the incident beam, and, for this application, will be approximately 0.5-2.0 µm. 

This will be an excellent range to analyze the features in the UV region (190-400 nm) that had too 

high of an absorbance to be consistently analyzed in a quantitative manner. Fiber-optic ATR is 

already used to analyze highly-concentrated dyes and paints [7], and it has great potential to vastly 

improve our understanding of the complex chemical equilibria of the Cu etch baths. 

 

Figure 4.8. Schematic of Fiber-optic ATR system in operation in Cu etch bath. 



 

61 
 

4.2 Other Applications of UV-Vis for Subtractive Etching 

4.2.1 Current System 

4.2.1.1 Intel Etch Baths 

The primary goal of this project is to apply fundamental science to industry processes and 

problems, so analysis of actual Cu etch baths used by industry would be valuable. Several etch 

bath solutions were provided from Intel along with the Cu panels used for etching. They were 

designated as Fresh Chemistry for solution that had not been used to etch, Normal Etch Rate for 

solution that had both an acceptable etch rate and normal monitoring parameters (ORP, 

conductivity, specific gravity), and Out of Control for a solution that had normal monitoring 

parameters but an etch rate outside the acceptable bounds (usually lower). The UV-Vis spectra of 

each, along with spectra of each after a single 6-min etch of a copper coupon, are displayed in Fig. 

4.9(a). Significant shifts can be seen in the absorbances of both the Near-IR region (700-1000 nm) 

and the UV-Vis region (320-420 nm). Additionally, the etch baths were analyzed using the 

ultrathin cuvettes described earlier, and their qualitative spectra are displayed in Fig. 4.9(b).  
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Figure 4.9. UV-Vis spectra of various Intel-provided etch baths using a) 70 µm and b) Ultrathin 
quartz cuvette. 

 

Though it is more difficult to quantify the differences, there are still clear distinctions 

between the spectra, especially with the Fresh Chemistry versus the other two types. However, 

these spectra have a certain built-in error in their measurement and analysis, in that the etch baths 
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were only measured this way after the metrology was developed, which was approximately six 

months after they were sampled from Intel. Therefore, these particular etch bath spectra cannot be 

used diagnostically. However, the differences in the etch baths can be clearly discerned, and this 

metrology would have a clear application to industry relevant conditions. 

 

4.2.1.2 Cu(I) Monitoring 

The thin-film UV-Vis will have great utility going forward as a monitoring tool for several 

individual species. As a specific check of the UV-Vis monitoring capability of Cu(I) in the etch 

bath, solid CuCl salt (Acros) was added to the etch bath in small amounts. The specific product 

mentioned in literature as the result of the fundamental etch mechanism is CuCl [1]. This is a naïve 

view of the generated products, as it is more comprehensively described as a the series of 

[Cu(I)Clx]1-x complexes. However, addition of CuCl is still a close simulation enough of the 

addition from etching. The spectra are displayed in Fig. 4.10, and the 400-600 nm region shows 

the distinct absorbance increase that is observed while etching. The absorbance increase is linearly 

correlated with the amount of CuCl added to the etch bath, confirming that the visible range feature 

is closely tied to the level of Cu(I) in the etch bath. Additionally, there is a slight decrease in 

absorbance at the (700-1000 nm) NIR feature, perhaps indicating that some of the Cu(I) complexes 

in the bath interact with the Cu(II) complexes to form a possible mixed-valence complex, as 

described in previous sections. 
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Figure 4.10. UV-Vis spectra of original Cu etch bath with addition of CuCl. Inset: Calibration of 
UV-Vis absorbance at 470 and 520 nm versus concentration of CuCl added. 

 
4.2.1.3 Cl- Monitoring with Ag(NO)3 

There are other possible ways to test the free Cl- content of the Cu etch bath. One possibility 

that has only been mildly explored so far is via titration with a complexing agent such as Ag(NO3) 

(Mallinckrodt). The primary goal has been to find a probe that does not perturb the chemical 

equilibrium in order to enable better integration into industry environments, but for lab purposes, 

it is useful to use all available methods of exploration. Ag(NO3) addition is a common method to 

determine the Cl- concentration in an etch bath, as Ag+ will react with the Cl- to form precipitate 

AgCl and drop out of solution in theoretically equimolar amounts [8]. The spectra of the original 

etch bath, along with multiple additions of AgCl, are presented in Fig 4.11. The NIR absorbance, 

along with the visible range shoulder, are very sensitive to the loss of free Cl due to Ag(NO3) 

addition. The lowered NIR absorbance also displays the blue-shift observed during etching, 
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indicating the lowered Cl- content in the population of [Cu(II)Clx]2-x complexes. These are initial 

data, and show that this type of analysis could have promise going forward. 

 

Figure 4.11. UV-Vis spectra of Cu etch bath with Ag(NO3) added to precipitate AgCl from 
solution. 

 

4.2.1.4 Cl- Deficiency Calibration 

The regenerated Cu etch bath being higher in Cu(II) concentration, and with a lower 

distribution of Cl- , raises the possibility of quantitatively determining the deficiency of Cl- 

among the Cu complexes in the etch bath. Figure 4.12 shows the UV-Vis spectra of the 

regenerated etch bath (2.2 M Cu), and that etch bath diluted down to 2.0 M Cu, which are 

compared to a calibration of 2.0 M CuCl2 / X.X M HCl. The absorbance intensity of the NIR 

feature now indicates the deficiency free HCl in the regenerated etch bath. And since the H+ 

concentration does not have a significant effect on the absorbance intensity of the NIR feature, 

this method provides a semi-quantitative method for determining the decrease in free Cl- in the 

final etch bath. Besides for any applications as a monitoring tool, the increase in Cu 

concentration, combined with the decrease in free Cl-, gives an semi-quantitative indication of 
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the speciation of the Cl-, and the population of Cl- ions added to the coordination spheres each 

Cu(II) ion. There has been some work to find the proportionality via electrochemistry [9], and 

this method may aid along that line of inquiry. 

 

Figure 4.12. UV-Vis of regenerated etch bath diluted to 2.0 M Cu2+ compared to series of 
solutions of 2.0 M CuCl2 / X.X M HCl. 

 

4.2.2 Alternate Types of Regeneration 

Since, fundamentally, the regeneration reaction is simply oxidizing Cu(I) to Cu(II), then 

there could be a huge number of different methods to regenerate the Cu etch bath. There are several 

in common use besides for H2O2, the most common of which is sodium chlorate, NaClO3 [10]. 

The reaction from NaClO3 is  

                   NaClO3 + 3Cu(I) + 6HCl → 3CuCl2 + NaCl + 3H2O       (2) 

 

The upside of NaClO3 is that it is generally safer to handle than H2O2, and the downside is 

that NaCl can build up and cause significant problems for not only the chemical equilibrium, but 
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the equipment itself. Since our industry partner uses hydrogen peroxide, these studies had been 

confined to that method. An initial study of regenerating the post-etch bath with NaClO3 was 

completed as well, the results of which are in Table 4.1 and Fig. 4.13. Eqn. 2 suggests that less 

NaClO3, which uses one mole to oxidize three Cu(I) complexes to Cu(II) complexes, should be 

needed to fully regenerate the etch bath than H2O2, which oxidizes at a 2:1 ratio. This is confirmed 

by experiment, as only ~ 0.1 M of NaClO3 is needed to regenerate, while 0.29 M of H2O2, which 

also indicates the efficiency of NaClO3. The relative effects of the two types of regenerating agents 

in regards to the etch bath is very broadly similar, but more study should reveal much more about 

the differences between each. 

 

Table 4.1. Monitoring parameters of original etch bath and etch bath regenerated with H2O2 
(blue) and NaClO3 (red). 

 

Figure 4.13. UV-Vis spectra of original etch bath and etch bath regenerated with H2O2 (blue) 
and NaClO3 (red). 
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4.2.3 Alkaline Etching 

Another broad area of possible exploration and development is the application of the 

techniques developed here to alkaline etching. The etching of Cu features in PCBs is usually 

accomplished by acidic cupric chloride etch baths, but another pathway is through alkaline etch 

baths that use cupric chloride, ammonium chloride and ammonium hydroxide to generate cupric 

ammonium chloride pH range of 8.0-8.8 [11,12] The fundamental reaction proceeds similarly to 

the acidic version, where Cu(I) complexes are generated:  

Cu(NH3)4Cl2 + Cu → 2Cu(NH3)2Cl     (3) 

This method has the benefit of lower undercut, and the lack of hydrochloric acid means 

that fewer measures must be taken to prevent corrosion of processing machinery. However, the 

equilibrium and pH are much more unstable than acidic etching, and the etch baths frequently 

“crash out” into copper hydroxide complexes if the pH falls below ~7.5 pH. 

 

Figure 4.14. UV-Vis spectra of alkaline etch baths of 0.94 M and 0.44 M Cu2+, along with a 
“crashed out” etch bath. Inset: Images of each etch bath. 
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Alkaline etching, with its more unstable equilibrium, would provide an excellent 

opportunity for study with UV-Vis metrology. The solutions are very intensely colored, and 

“crashing-out” shifts the visual color of the etch bath from deep purple to a sky-blue. Initial data 

of several etch baths, including a “crashed-out” example, are shown in Fig. 4.14. The UV-Vis 

ability to analyze the etch bath equilibrium with better chemical specificity could prove valuable 

for the maintenance and study of alkaline etch baths. 

 

4.3 Exploration of Etching Chemical Equilibrium via Simulation and Calculation 

4.3.1 Simulating the Etch Bath Ionic Environment 

The complex chemical equilibria found in the series of chemical changes in the Cu etching 

process can not only be explored with the actual Cu etch baths themselves, but through simulations 

of the ionic environments. Initial work has been done to recreate the etch baths by “building up” 

the ionic species environment via alternate chemicals. For example, Cu(NO3) was used as a source 

of Cu(II) in the etch bath, and NaCl was used as the source of Cl- to create the same molar quantities 

of Cu and Cl- as the original etch bath we used. A series of spectra of 2.0 M Cu(NO3) and increasing 

NaCl concentration show that, in particular, the NIR absorbance feature shifts to very close to that 

of the original etch bath when 5.0 M of NaCl is added. This is notable, since 2.0 M Cu(NO3) / 5.0 

M NaCl has the exact Cl- and Cu(II) molarity as the 2.0 M CuCl2 / 1.0 M HCl original etch bath. 

This mimicking of ionic behavior leading to mimicking of spectroscopic behavior suggests that 

these simulations have some value. 
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Figure 4.15. UV-Vis spectra of near-IR region absorbance feature using 2.0 M Cu(NO3) with 
NaCl additions, compared to original 2.0 M CuCl2 / 1.0 M HCl etch bath. 

 

There is a limit to the value of the simulations, however. The etch rate of the simulated 

etch bath (2.2 μm/min) was only 40 % of the original etch bath (5.5 μm/min). Even after adding 

HClO4 in order to add the final missing ion from the original etch bath, H+, the etch rate remained 

the same low value. The likely reason is both intuitive and borne out by the spectra of the UV 

region, as shown in Fig. 4.16: the ionic environment of the simulation, though containing all the 

components of the etch bath, has a great many more components that could interfere with the 

chemical equilibrium of the etch mechanism. In particular, a large background is introduced in the 

UV spectrum by the nitrate ions. So, at a basic level, the UV-Vis does still predict abnormal etching 

behavior from the simulation. 
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Figure 4.16. UV-Vis spectra of original and simulated etch baths in ultraviolet region. 

 

The simulations can, however, lead to interesting quantitative/qualitative results. The 

combination of the two quartz cells (25 µm and Ultrathin path lengths) were used to analyze the 

initial addition of KCl to the 2.0 M Cu(NO3), as depicted in Fig. 4.17. Since K+ produces no 

significant interference in the UV region, the sequence appears to capture the initial formation of 

the large ~250 nm UV absorbance feature seen in the original etch baths and indicates how quickly 

it grows with Cl- addition. Experiments like this could possibly be deconvolved and analyzed for 

speciation information and how it changes over different concentrations of Cl- in the etch bath. 
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Figure 4.17. UV-Vis spectra of ultraviolet region of etch bath simulations of 2.0 M Cu(NO3) 
with KCl additions, using 25 µm and Ultrathin path length cuvettes. 

 

4.3.2 Ionic Effects on Chemical Equilibrium 

With the observed effect in the simulated Cu etch baths discussed in the previous section 

having severely lowered etch rates compared to the normal etch baths. It would therefore be 

worthwhile to explore which added ions, among Na+, NO3
-, and HClO4

 affect the etch rate the 

most. More broadly, this analysis could be expanded to many diverse anions and cations. Since 

Na+ among the known contaminants of etch baths [13], this type of experimentation would also 

have some industry-relevant applications. The initial etching data from various experiments along 

this front is displayed in Fig. 4.18, and though the data is not yet extensive enough to draw any 

conclusions about Na+ addition, some intriguing observations are evident. For example, the 

addition of KOH, made to increase the pH of the etch bath, significantly increases the etch rate. 

Though this does not rule out K+ as the source of increased etch rate, which would itself be 



 

73 
 

interesting, the increase in pH being so strongly correlated with the increase in etch rate suggests 

an interesting direction of future study. 

 

Figure 4.18. Etch rate data of various ion additions to 2.0 M CuCl2 / 1.0 M HCl etch bath. 
 

4.3.3 Calculation and Simulation 

The speciation of cupric chloride solutions has been partially explored via electrochemistry 

[3], DFT [9], and ab initio studies [14]. However, there still remains plenty of opportunity to probe 

the actual industry-relevant solution chemistry of both the acidic and alkaline Cu etch baths via 

calculations. The speciation environment undergoes several complex transformations over the 

course of etching, regeneration, and restoration, and we have not been able to find any literature 

that addresses the possibility of simulating these changes. There are also several software tools 

available to help explore and test various additions to the etch bath as described in the previous 

section, like ChemEQL [15], PHREEQC [16], and MINEQL+ [17]. Each could help guide the 

thinking of what additions might affect each stage of the etch bath chemical equilibrium. 
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