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ABSTRACT 

Atomic layer etching (ALE) of metals offers a path to greater control of selectivity, etch 

rate, and etch profile. However, tailoring a process to meet these demands requires an 

understanding of the volatile etch product, which is challenging to detect due to low 

product concentrations and the paramagnetism of many metalorganic products. In this 

work, several complementary analysis techniques were used to determine the volatile etch 

product and residual surface species of a Cu ALE process based on plasma oxidation and 

formic acid vapor etching of the oxidized layer. It was shown that the volatile product was 

copper formate with a Cu2+ paramagnetic center, in concordance with prior density 

functional theory (DFT) calculations. While copper formate tetrahydrate was formed, it 

was determined that the tetrahydrate product was confined to the surface, with anhydrous 

copper formate being the volatile etch product. 
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I. INTRODUCTION 

In an integrated circuit (IC), the interconnects are the metal “wires” that link the 

transistors and other electrical components. Initially made of Al, interconnects in most 

modern ICs are made of Cu due to its higher conductivity and greater resistance to 

electromigration1, 2. When the IC industry initially switched from Al to Cu, difficulties in 

developing a low temperature gas phase etch of Cu necessitated the use of a dual damascene 

process to create the interconnects3. In the dual damascene process, the interlayer dielectric 

(ILD) is deposited and patterned. A barrier layer is then deposited, followed by 

electrodeposition of Cu. This results in excess, or overburden, Cu that must be removed using 

a chemical mechanical planarization (CMP) step. The subsequent layers of vias and lines can 

then be created using the same process. 

Even using state of the art lithography tools, edge placement error (EPE, the 

misalignment between subsequent lithography steps) can cause a metal via to be too close to 

a neighboring metal line, leading to crosstalk, increased RC delay, and in extreme cases 

shorts. The fully self-aligned via (FSAV) was proposed as a way to improve device reliability 

by mitigating the negative impact of EPE4. In order to achieve an FSAV, either an area 

selective deposition of dielectric on dielectric5 or a recess etch of the Cu is required, which 

has been demonstrated using solution phase processing4, 6. Gas phase etching of Cu through 

atomic layer etching (ALE) could be another means of achieving a recess etch. 

To achieve controllable and selective gas-phase etching of Cu, a halogen-free atomic 

layer etch (ALE) process was developed that relied on alternating cycles of plasma oxidation 

to oxidize the Cu surface and formic acid vapor to remove the oxidized layer7. To understand 

the mechanisms behind the etching of the oxidized Cu by formic acid, density functional 
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theory (DFT) was used to explore the possible products, and it was found that an anhydrous 

dimeric tetra(μ-formato) dicopper(II) “paddlewheel” complex (Cu2(HCOO)4) was the most 

thermodynamically favorable etch product. However, experimental verification of the etch 

mechanism, particularly identification of the volatile etch product, was not attempted at the 

time. In the present work, experimental determination of (1) the volatile etch product and (2) 

the state of the oxidized Cu surface after etching with formic acid vapor are demonstrated, as 

outlined in Fig. 1. 

 

FIG. 1. Many potential volatile products of a Cu ALE process using oxygen plasma and 

formic acid vapor were examined theoretically using DFT7. However, experimental 

verification of the volatile gas phase product, as well as determination of the state of the 

surface following etch, are still needed. A variety of complementary techniques are 

employed in this work to ascertain the volatile product and surface state post etch. 

 

Various means have been used to determine ALE reaction products. However, 

determination of the volatile products can be particularly challenging because ALE of thin 

films forms miniscule amounts of product that are difficult to detect, and standard surface 
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analysis techniques cannot detect the gas phase product. For example, studies using X-ray 

photoelectron spectroscopy (XPS)8, 9, Fourier transform infrared spectroscopy (FTIR)10, and 

temperature programmed desorption (TPD)11 revealed useful information about the etched 

surfaces, but did not conclusively demonstrate the nature of the volatile product. In one 

approach to determine volatile etch products, a custom quadrupole mass spectrometry (QMS) 

system was constructed12 that has been used for a variety of interesting ALE mechanistic 

studies13-15. While this QMS system can clearly identify volatile etch products, it operates 

at pressures much lower than those used for Cu ALE by formic acid. In this work, the Cu 

ALE etch products are studied using a range of complimentary techniques and are found 

to be in good agreement with the prior DFT calculations. 

 

II. EXPERIMENTAL 

Ambient pressure XPS (AP-XPS) allows for in situ study of surfaces as they are 

exposed to vapor or gas16-18 and is leveraged in this work to observe a CuO surface 

exposed to formic acid vapor. AP-XPS was performed at the Advanced Light Source 

(ALS) beamline 9.3.219 using an X-ray energy of 700 eV, a take-of angle of 90°, and a 

sample temperature of 25°C. The sample analyzed was a 45 nm Cu film that was grown 

on a TiN adhesion layer on a Si substrate, then subsequently plasma oxidized for 10 min 

in a Unaxis 770 reactor at 500 W ICP power and 35 mTorr O2. Prior to collecting spectra, 

the sample was cleaned by dosing the AP-XPS chamber with O2 gas at a pressure of 100 

mTorr, then heating the sample surface to 250°C and holding this for 50 min. The 

chamber was then pumped to ultra-high vacuum (UHV). Residual formic acid in the 

chamber from prior experiments meant that not all initial carbon was removed following 
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the cleaning procedure. Spectra were collected at UHV, and then the chamber was dosed 

with formic acid through a leak valve to a pressure setpoint ranging from 10−5 to 10−1 

Torr, with spectra collected at each setpoint. It should be noted that the highest pressure 

in the AP-XPS experiments, 0.1 Torr, is much lower than the partial pressure of formic 

acid in the vapor chamber used for the actual ALE process, which ranges from 50 to 70 

Torr depending on the total pressure used7, 20. 

Magic angle spinning nuclear magnetic resonance (MAS-NMR) spectroscopy 

measurements were performed using a WB Bruker Avance 500 MHz instrument used 

with a 7.5 mm AMP 4395-001 rotor designed for heterogeneous sample packing21. For 

these experiments, a slurry of 13C-enriched formic acid (Cambridge Isotope Laboratories) 

and Al2O3 powder (Strem Chemicals) was prepared by mixing 319 mg of Al2O3 and 40 

µL of 13C-enriched formic acid in a 1.5 mL centrifuge tube, then filling half of the rotor 

volume with the slurry. Al2O3 is unreactive with formic acid. A barrier layer of 35 mg of 

Al2O3 was then packed on top of the slurry. CuO powder (Sigma-Aldrich) was added in 

increments of ~245 mg, packing down the rotor contents after each addition, until the 

rotor was full. While the polycrystalline CuO powder is not a perfect model of the 

amorphous CuO surface formed by plasma oxidation of Cu 22, it is nonetheless a 

reasonable approximation as it exposes different CuO crystal orientations to formic acid, 

with each orientation having different free energies of reaction with formic acid23. 

Previously published X-ray diffraction (XRD) data showed no crystalline Cu2O or CuO 

peaks, suggesting the oxidized surface was amorphous.  Because of the many layers in 

the rotor, stable spinning was only possible up to a maximum speed of 4 kHz. The rotor 

was packed at room temperature with the CuO isolated from the formic acid containing 
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slurry by the Al2O2 barrier layer. It was heated to 80°C in the NMR probe, volatilizing 

the formic acid and causing it to percolate through the rotor. The 13C-enriched formic 

acid vapor then reacted with the CuO powder in the top of the rotor, with the reaction 

monitored by 13C MAS-NMR in real time. 

A second MAS-NMR instrument, a Bruker 400 MHz ASCEND DNP-NMR, was 

used with a 2.5 mm thick-walled rotor. This probe and rotor combination allowed for 

spinning at a higher spinning speed of 34 kHz, which lessened 1H-13C and 1H-1H dipolar 

couplings, reducing peak linewidth and allowing for resolution of paramagnetic peaks24, 

25. Temperature measurements using the 2.5 mm rotor filled with a KBr reference 

spinning at 34 kHz showed a rotor temperature of ~74°C26. For these experiments, the 

analyte was prepared by mixing 82.8 mg of CuO powder with 5 µL of 13C-enriched 

formic acid in a 1.5 mL centrifuge tube, then packing the sample into the rotor. A 

reference powder of Cu(HCOO)2·4(H2O) (Alfa Aesar) was used as a reference for 

chemical shifts. An anhydrous version of Cu(HCOO)2 was prepared by dehydrating the 

tetrahydrate in an oven at 100°C for 5 hours, which was also used as a chemical 

reference. For both spectrometers used, all 13C spectra were referenced to the second 

peak of standard adamantane at 38.48 ppm with respect to tetramethylsilane (TMS) at 0 

ppm, and all 1H spectra were referenced to the 1H peak of adamantane at 1.71 ppm. 

The etch products of reacting CuO powder with formic acid (95%, Sigma-

Aldrich) were collected by placing a cold trap (Labconco CentriVap Cold Trap) between 

the custom-built vapor chamber and its roughing pump. The cold trap was cooled to 

−50°C to condense all vapor phase products for analysis. For the experiment, 100 mg of 

CuO was loaded into the vapor phase reactor, which was then dosed with formic acid at a 
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pressure of 350 Torr at a temperature of 80°C for a duration of 30 min, after which the 

chamber was pumped down to base pressure. This was repeated an additional 9 times, 

after which the CuO powder was replaced with a fresh 100 mg of CuO powder and the 

process repeated. A total of 30 cycles were done this way, with the CuO powder replaced 

every 10 cycles. An additional 30 cycles was then carried out at the same pressure and 

temperature and replacing the CuO every 10 cycles, but using an exposure time of 10 

min. Following the second set of the 30 cycles (60 cycles total and 600 mg of CuO used), 

the cold trap was removed and the liquid etch condensate extracted and stored in glass 

vials. The etch condensate was then analyzed with matrix-assisted laser 

desorption/ionization time of flight mass spectrometry (MALDI-TOF MS)27, 28 and 

XRD29, 30. For MALDI-TOF MS, the etch condensate was mixed with a matrix and 

analyzed using a Bruker Ultraflextreme spectrometer. Three different matrices were 

tested: 2,5-dihydroxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic acid (CHCA), 

and 2-(4'-hydroxybenzeneazo)benzoic acid (HABA). 

For XRD measurements, a D8 DISCOVER with DAVINCI Design X-ray powder 

diffractometer, configured in Bragg-Brentano focusing with LynxEye geometry was 

used. For the sample, 750 µL of etch condensate was drop-cast on a Si zero diffraction 

plate (MTI Corporation) in 50 µL increments. This was then scanned continuously over 

the course of 133 hours to acquire data with sufficient signal to noise. The powder 

diffraction pattern was then compared to various references. The anhydrous Cu(HCOO)2 

crystal structure was determined by single crystal XRD of anhydrous Cu(HCOO)2 

prepared by immersing CuO powder in formic acid solution at 80°C for 10 min, pipetting 

out the solution, drying out the powder, and then collecting spectra on a single crystal 
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pulled from the powder. The powder diffraction patterns of Cu(HCOO)2 dihydrate and 

tetrahydrate were taken from literature data31. 

 

III. RESULTS AND DISCUSSION 

A. AP-XPS Shows Hydrated Surface 

The state of a CuO surface during formic acid vapor etching was studied using AP-

XPS. The O 1s, C 1s, and Cu 3p spectra collected during these experiments are shown in 

Fig. 2(a-c), respectively. In the O 1s region, increasing the formic acid pressure led to the 

emergence of two peaks at 535.9 and 534.3 eV which correspond to the O-C and O=C 

oxygen atoms in gaseous formic acid. The attribution of these peaks was verified by 

backing the oxidized Cu sample away from the detector and collecting spectra of only the 

formic acid vapor, with these spectra shown in Figure S-1(a) of the supporting information. 

For the O 1s peak fitting, these two vapor phase formic acid peaks were constrained to have 

the same area, consistent with the stoichiometry of the formic acid molecule. A peak 

attributed to adsorbed water at 533.8 eV was also observed as the formic acid pressure 

increased, similar to the binding energies reported in the literature for water adsorbed on 

CuO32 and Cu2O
33. Water is a byproduct of the formation of the volatile metalorganic 

products predicted by DFT.7 The AP-XPS spectra confirm that water adsorbates are formed 

as byproducts of the formic acid and CuO reaction. However, this does not point to the 

structure of the volatile etch product. In the C 1s region, the peak associated with carbon 

bonded only to hydrogen or other carbon atoms (C-C/C-H) grew substantially, despite the 

fact that formic acid has only a single carbon with two oxygen bonds. Reasons for this 

could include that the X-ray beam decomposes the formic acid or that formic acid displaces 
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adventitious carbon species from the chamber walls that subsequently adsorb on the sample 

surface. At a formic acid pressure of 100 mTorr, a gaseous formic acid C 1s peak became 

visible at a binding energy of 291.1 eV, consistent with AP-XPS C 1s spectra reported in 

the literature34. The attribution of this peak was also confirmed by collecting spectra with 

the sample backed away from the detector, shown in Figure S-1(b). No changes were 

observed in either the full widths at half maximum or the peak positions the Cu 3p region 

peaks with increasing formic acid pressure. The Cu 3p region is much less studied than the 

Cu 2p3/2 region, and it may be that the chemical shift between CuO and Cu(HCOO)2 in the 

3p region is not significant. From the AP-XPS measurements it was therefore concluded 

that water is adsorbed on the surface post etch. 
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FIG. 2. (a) O 1s, (b) C 1s, and (c) Cu 3p AP-XPS spectra of a plasma oxidized Cu sample 

treated with formic acid at various pressures. Increasing the formic acid pressure led to 

the emergence of a peak at 533.8 eV, which was attributed to adsorbed water on the 

surface. 

 

B. MAS-NMR Shows Paramagnetic Cu(HCOO)2 Product 

The results of the MAS-NMR experiment carried out using the heterogeneous 

rotor are shown in Fig. 3. At room temperature, there was a clear 13C-enriched formic 

acid peak at 165 ppm, with all other peaks being satellite spinning sidebands35. These 

spinning sidebands were separated from the main peak by integer multiples of the 

spinning speed (4 kHz). When changing the spinning speed, only the peak at 165 ppm 

remained at a constant position, and all other peaks shifted according to the change in 

spinning speed, confirming that they were merely spinning sidebands. 
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FIG. 3. NMR spectra of a heterogeneously packed rotor at room temperature, after heating 

to 80°C, and after cooling back down to room temperature. The 13C-enriched formic acid 

peak has a chemical shift of 165 ppm, and all other peaks in the spectra were spinning 

sidebands (denoted by asterisks) of this main formic acid peak. When the rotor was 

heated and the formic acid vapor reacted with CuO, all peaks disappeared due to the 

formation of a paramagnetic product with a fast relaxation time, confirming the product is 

Cu2+. (Inset) The rotor is packed at room temperature such that the CuO is separated from 

the slurry containing the formic acid. Heating the rotor to 80°C volatilizes the 13C-

enriched formic acid and causes it to react with the CuO powder in the top of the rotor. 

 

Heating the rotor to 80°C volatilized the 13C-enriched formic acid and allowed it 

to react with the CuO powder at the top of the rotor. It was verified that the formic acid 

was not leaking out through the rotor seals by filling the rotor entirely with formic acid-

Al2O3 slurry and Al2O3 and observing that heating did not cause a reduction in signal. 

Therefore, the loss in signal must be due to the reaction of formic acid with the CuO 

forming a paramagnetic product with an unresolvable peak at slow spinning speeds. Cu in 

the +1 oxidation state is diamagnetic and therefore would not cause the peak 

broadening/disappearance that was observed. This implies the product contains 

paramagnetic Cu2+, which features very broad NMR peaks due to enhanced relaxation36. 

The DFT calculations suggested that Cu2+ products were more thermodynamically 

favorable than Cu1+ products7, and the present experiments confirm these predictions. 

Although this heterogeneous rotor packing method did not reveal the exact nature of the 

product for this ALE chemistry, other ALE processes involving metals in oxidation states 

that are diamagnetic (e.g., Al37, Hf(IV)38, Zn(II)39) could benefit from product 

identification using this NMR rotor packing method. 
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In order to spin at higher speeds and determine the identity of the paramagnetic 

product, a smaller, homogeneously packed rotor was used. The 13C and 1H NMR spectra 

of these very fast MAS-NMR experiments are shown in Fig. 4(a-b), respectively. In the 

13C NMR spectra, both the anhydrous and tetrahydrate Cu(HCOO)2 reference powders 

had peaks at −14.0 ppm and −166.9 ppm, corresponding to the two formate ligands. 

Literature reports on manganese(III) acetylacetonate (Mn(acac)3) have shown that the 

paramagnetic shifts of ligands with the same chemical structure but in different magnetic 

environments because of the central paramagnetic center can have different chemical 

shifts25. In the case of Mn(acac)3 the CH3 carbons on each of the three acac ligands were 

found to have chemical shifts of −47, −113, and −530 ppm despite all being part of 

chemically identical acac ligands. In the present work, the two chemically similar formate 

ligands in Cu(HCOO)2 manifest as two distinct peaks because they are in different 

magnetic environments due to the paramagnetic Cu2+ center. A similar phenomenon is 

observed in the 1H spectra where both the anhydrous and tetrahydrate Cu(HCOO)2 

powders have two 1H peaks at 374.6 and 284.4 ppm. The only difference between the two 

1H spectra is that the tetrahydrate has a strong water peak at 5.9 ppm. 
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FIG. 4. (a) 13C and (b) 1H NMR spectra of Cu(HCOO)2 powder, Cu(HCOO)2·4(H2O) 

powder, and CuO mixed with 13C-enriched formic acid. Formic acid reacted with CuO 

form Cu(HCOO)2·x(H2O). The integrated intensity of the water peak suggests the 

product is a mix of the tetrahydrate and anhydrate. 
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The 13C and 1H NMR spectra of the mixture of CuO powder and 13C-enriched 

formic acid can be compared to the reference powders to ascertain the nature of the 

product. Like the reference powders, the mixture of CuO powder and 13C-enriched formic 

acid showed prominent 13C peaks at −14.0 and −166.9 ppm and 1H peaks at 374.6 and 

284.4 ppm. This confirms that the product has a stoichiometry of Cu(HCOO)2. The CuO 

and 13C-enriched formic acid 1H spectrum also showed a 1H water peak at 5.9 ppm. 

To determine the hydration of the product, the ratio 𝑟 of integrated intensities of the 

1H peaks at 5.9 and 284.4 were compared. For the Cu(HCOO)2·4(H2O) reference the 

value of  𝑟 was 0.63. The amount of water x in a sample of Cu(HCOO)2·x(H2O) can be 

therefore be determined as 𝑥 =
4𝑟

0.63
. For the sample of CuO mixed with 13C-enriched 

formic acid, the ratio of the peaks at 5.9 and 284.4 ppm was determined to be 0.37 

leading to a stoichiometry of Cu(HCOO)2·2.3(H2O). The DFT calculations suggested that 

a dihydrate product was not thermodynamically favorable under the experimental 

conditions used and instead suggested that an anhydrous dimer of Cu2(HCOO)4 or 

anhydrous monomer Cu(HCOO)2(HCOOH)4 was most thermodynamically favorable7. 

Based on the alignment with the Cu(HCOO)2 reference powder peaks, the monomeric 

Cu(HCOO)2(HCOOH)4 can be ruled out as the volatile product. What is proposed based 

on the NMR results and is corroborated with further experiments is that the reaction 

between formic acid and CuO forms a volatile anhydrous Cu(HCOO)2 product and leaves 

the CuO surface terminated with residual Cu(HCOO)2·4(H2O). 

NMR captures the signal from volatile and nonvolatile products simultaneously. 

Although small chemical shifts between the liquid and gas phase have been observed 

experimentally for diamagnetic compounds21, paramagnetic compounds have broad 
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linewidths that could obscure the slight chemical shift of the vapor phase. Based on the 

total product stoichiometry of Cu(HCOO)2·2.3(H2O), the proposed mixture of volatile 

anhydrate and surface tetrahydrate would correspond to 41.3% anhydrate and 58.7% 

tetrahydrate. The formation of Cu(HCOO)2·4(H2O) on the surface is consistent with the 

AP-XPS results showing water on the surface following the reaction of CuO with formic 

acid vapor. Similarly, a literature report using Cu(HCOO)2·x(H2O) chemical vapor 

deposition (CVD) precursors suggested that the hydrated precursor molecule volatilizes first 

through a dehydration step followed by sublimation of the copper formate, although direct 

evidence for an anhydrous volatile compound was lacking40. To verify the formation of the 

volatile anhydrous Cu(HCOO)2, analysis of the etch condensate was pursued. 

 

C. Etch Condensate Analysis Shows Anhydrous Volatile 

Product 

The nature of the volatile product could be studied by analyzing the condensate 

collected in the cold trap of the vapor phase reactor. Only the volatile product was 

collected in this manner, allowing for separation of the surface products from the volatile 

product. However, the process of condensing the volatile product simultaneously with 

excess formic acid, coupled with ambient exposure prior to ex situ analysis, could lead to 

chemical and structural changes in the observed product. Understanding these limitations, 

the structure of the drop-cast condensate containing the volatile product was studied with 

XRD, with the XRD powder diffraction pattern for the drop-cast condensate shown in 

Fig. 5. This was compared to the powder diffraction patterns of the anhydrous, dihydrate, 

and tetrahydrate Cu(HCOO)2. 
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FIG. 5. XRD of the etch condensate drop-cast on a Si zero-diffraction plate compared to 

anhydrous, dihydrate, and tetrahydrate Cu(HCOO)2 reference patterns. The dehydrated 

and tetrahydrate powder diffraction patterns are taken from the literature31. The dominant 

peaks of the XRD pattern most closely align with the anhydrous reference, suggesting the 

volatile product is anhydrous. 

 

The diffraction pattern of the drop-cast etch condensate has two sharp peaks at 

16.1° and 38.3° that have close analogues with the anhydrous reference (15.9° and 38.0°) 

that correspond to the (102) and (006) Cu(HCOO)2 orientations. The condensate also had 

a weaker peak at 31.2° that corresponds to the (121) peak of the anhydrous Cu(HCOO)2 

at 31.0°. Many peaks from the anhydrous Cu(HCOO)2 reference were not present in the 

diffraction pattern of the drop-cast condensate. This is likely because of a combination of 

a very small amount of etch product and preferential alignment of that small amount 

along specific crystal orientations of the zero-diffraction plate. There were two additional 

small peaks in the drop-cast condensate diffraction pattern at 26.4° and 28.1° which were 
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more aligned with peaks from the dihydrate reference. However, these two peaks are 

much weaker in intensity than the anhydrous peaks and comprise only a small portion of 

the product. This XRD analysis therefore suggests the primary volatile etch product of 

CuO reacting with formic acid is the anhydrous formate. 

MALDI-TOF MS was used to further confirm the nature of the volatile etch 

product. Of the three matrices tested, only spectra collected with DHB showed any peaks 

matching the Cu isotope pattern. Spectra were collected for the DHB sample in both the 

positive and negative ion mode, but Cu peaks were present only in positive ion mode. 

Only one m/z region had peaks that could be associated with the isotope pattern of Cu, 

with a detailed view of that region shown in Fig. 6. The m/z ratio corresponded to 

anhydrous Cu(HCOO)2 as the product. The signal from the DHB matrix overlapped 

somewhat with the Cu(HCOO)2 product, with a fitting of all Cu(HCOO)2 and DHB peaks 

based on standard isotope ratios illustrated in Fig. 6. Note that all mass values are +1 

greater than standard molecular weights because MALDI generates ions through 

protonation/deprotonation. MALDI-TOF MS thus confirms that the volatile product is 

anhydrous Cu(HCOO)2. 
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FIG. 6. MALDI-TOF MS spectra of the condensate collected from the volatile products 

and byproducts of the vapor phase reactor showing anhydrous Cu(HCOO)2 as the volatile 

product. DHB was the only matrix that volatilized/ionized the copper etch product, but its 

signal overlapped with that of the anhydrous Cu(HCOO)2. The patterns of Cu(HCOO)2 

and DHB based on natural isotope distributions are shown as bars in the figure and 

closely align with the experimental results. The inset shows the full spectrum. 

 

Based on all of the complementary measurements, the following reaction products 

are proposed. Formic acid reacts with CuO to form volatile Cu(HCOO)2 as the primary 

volatile Cu etch product, as shown by XRD and MALDI-TOF MS. This has the same 

stoichiometry as the product predicted by DFT., but there was no experimental evidence 

of the dimer predicted by the DFT calculations7. A possible explanation for this is that the 

dimers revert to monomers in solution phase when the product is condensed in the cold 

trap. On the surface, the reaction between formic acid vapor and CuO leaves the surface 

terminated with Cu(HCOO)2·4(H2O). The adsorbed water apparent in the AP-XPS results 
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supports the conclusion of a residual tetrahydrate on the surface, with MAS-NMR also 

showing the presence of hydrated Cu(HCOO)2. 

 

 

FIG. 7. In the removal half cycle of an ALE process based on plasma oxidation and 

formic acid vapor, formic acid reacts with CuO to form volatile Cu(HCOO)2 and H2O 

while leaving residual Cu(HCOO)2·4(H2O) on the surface. 

 

IV. SUMMARY AND CONCLUSIONS 

The volatile and surface products were elucidated for a Cu ALE process that 

relied on formic acid vapor to etch oxidized Cu surfaces. Using a novel rotor packing 

method for a heterogeneous MAS-NMR rotor, it was shown that formic acid vapor reacts 

with CuO powder to form a paramagnetic Cu2+ product, but the identity of this product 

could not be confirmed due to the very fast relaxation time of the products. This rotor 

packing technique could still be useful for ALE product identification of diamagnetic 

metals. Very fast MAS-NMR at a spinning speed of 34 kHz confirmed that the etch 

product had a stoichiometry of Cu(HCOO)2, although the NMR results were inconclusive 

as to whether the volatile etch product was anhydrous or hydrated. AP-XPS of an 
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oxidized Cu surface showed that water adsorbed on the surface with increasing formic 

acid pressure, suggesting residual Cu(HCOO)2·4(H2O) on the surface after etching. 

MALDI-TOF MS and XRD analysis of the etch condensate collected in a cold trap 

downstream of the vapor phase reactor showed that the volatile etch product was 

anhydrous Cu(HCOO)2, in line with stoichiometry of the Cu2(HCOO)4 product from the 

DFT predictions, but no dimer was observed.7 Based on these results, it is concluded that 

formic acid vapor reacts with CuO to form volatile anhydrous Cu(HCOO)2 and leaves the 

surface terminated with residual Cu(HCOO)2·4(H2O). 

 

SUPPORTING INFORMATION 

The Supporting Information contains O 1s and C 1s AP-XPS spectra of the formic acid 

background gas. 
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