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a b s t r a c t 

Co films were electrodeposited with different additives including dimethylglyoxime, sodium chloride, 

and mercapto-propanesulfonate (MPS). A systematic study was conducted using scanning electron mi- 

croscope, four-point probe, secondary ion mass spectrum, and X-ray diffraction to understand the effects 

of such additives on the morphology, resistivity, impurity incorporation, and grain structure of film, as 

well as how thermal annealing influences these attributes. The addition of MPS into the electrolyte was 

found to significantly increase the S incorporation level and decrease the grain size, both contributing to 

a higher sheet resistance of film. Transmission electron microscope with energy dispersive X-ray spec- 

troscopy and local electrode atom probe tomography were used to determine the distribution of different 

impurity elements. A pronounced grain structure change from columnar grains to pseudo-spherical grains 

was observed upon the addition of MPS in electrolyte or the incorporation of S in film. In addition to the 

precipitation of sporadic S-rich clusters, S and C were also found to segregate at the grain boundaries in 

annealed Co films, both of which are believed to correlate to the grain growth and a significant resistance 

drop upon annealing. 

© 2020 Elsevier Ltd. All rights reserved. 
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ntroduction 

Copper (Cu) has been used as the conducting metal in back end 

f the line (BEOL) wiring for many CMOS technology generations 

1] . Electrodeposited Cu was selected not only for the defect-free 

uperconformal filling enabled by organic additives [2] but also 

ecause of the self-annealing phenomenon [3] , where the as de- 

osited fine-grained Cu undergoes abnormal grain growth at room 

emperature resulting in a much improved resistivity and reliabil- 

ty. However, as the BEOL critical dimensions decrease to the mean 

ree path of Cu or below, the resistivity of Cu in fine features in-

reases exponentially [4] , posing significant challenges on the fur- 

her scaling of interconnects and demanding alternative materials 

5] . Among them, cobalt (Co) has been proposed, explored and, re- 

ently, adopted as one of the front runners to replace copper in 

he finest metal levels [6] . The electron mean free path in Co is

uch shorter than Cu, allowing further scaling. On the other hand, 

 higher melting point of Co (than Cu) provides advantages as it 

ecreases diffusion and electromigration. 
∗ Corresponding author. 

E-mail address: qhuang@eng.ua.edu (Q. Huang). 
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Damascene Cu plating processes have been well established in 

he industry. Not only have the different roles of organic additives 

n such processes been extensively investigated [7] , but also much 

ffort has been made to understand the recrystallization and the 

ffect of im purity on such recrystallization of the electrodeposited 

u films [8–10] . As discussed above, the so-called “self-annealing”, 

r room temperature grain growth, was typically observed for elec- 

rodeposited Cu films with a fine grain size and minimum amount 

f impurity elements [11] . The latter is dependent on the depo- 

ition conditions and the organic additives used [12] . Due to the 

ocal deviation of the additive concentration or distribution inside 

he narrow trenches to be filled, the impurity incorporation be- 

avior in small structures can be significantly different from that 

f a film, and the annealing process in BEOL fabrication is there- 

ore typically carried out at an elevated temperature to facilitate, 

xpedite and stabilize the grain growth. 

While the effects of additive, annealing, and impurity incorpo- 

ation on electrodeposited Cu have been well established [13–15] , 

ery few reports are available on Co. Kelly et al. [16] reported a 

omprehensive study about Co film properties with different de- 

osition methods (physical vapor deposition, chemical vapor depo- 

ition, and electrodeposition) and annealing treatment. The resis- 

ivity of Co films with different deposition methods was measured 

https://doi.org/10.1016/j.electacta.2020.137594
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2020.137594&domain=pdf
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nd compared. Moreover, they found that the impurity level of Co 

lms was related to deposition methods, electrolyte composition, 

nd annealing process. Doubina et al. recently conducted a system- 

tic study on the thermal annealing effect on the grain structure of 

lated Co films and lines, where grain coarsening was observed at 

round 300 to 350 °C [17] . In our previous work [18–20] , additives

ith a pair of conjugated oxime groups such as dimethylglyoxime 

DMG) display strong suppression effects on Co deposition and a 

uppression breakdown occurred upon the reduction of adsorbed 

o 2 + -dioxime chelates. Superconformal filling using such additives 

as also been demonstrated and results will be published sepa- 

ately. In this paper, the effects of DMG additive and annealing 

rocess on the impurity incorporation, film sheet resistance, and 

rain structure of electrodeposited Co are reported. The impacts of 

wo co-additives, sodium chloride (NaCl) and sodium 3-mercapto- 

-propanesulfonate (MPS), are also investigated here as the source 

f Cl and S impurities, respectively. 

xperimental 

A homemade electrochemical cell with an electrolyte bridge to 

eparate the catholyte and anolyte was used in this study. The 

ounter electrode was a Co rod with a purity at least 99.9% and 

 surface area much larger than that of the cathode. Si coupons 

2 cm by 2 cm squares, or 4 cm 
2 ) were cleaved from a 3-inch

lanket wafer with Co (30 nm, PVD) seed layer on Ta (5 nm, PVD) 

dhesion layer, and were used as cathodes. The Si coupon was 

ounted on a holder rotating in the same way as a rotating disk 

lectrode. The electrical connection was made through a front pin 

ontact to the Co seed. All Co films were deposited at −15 mA/cm 
2 

nd 400 rpm for 400 s, corresponding to a thickness between 640 

nd 910 nm depending on the Faraday efficiency. This current den- 

ity was selected as it is used in BEOL metallization. The selection 

s also based on our previous studies, where the suppression by 

MG has broken down and impurity incorporation is expected to 

ccur [20] . After electrodeposition, all films were thoroughly rinsed 

n deionized (DI) water and then blow-dried using compressed air 

efore analysis. 

The Co makeup solution for deposition was the same as our 

revious studies, containing 0.3 M CoSO 4 , 0.4 M H 3 BO 3 , and 0.1 g/L

odium dodecyl sulfate (SDS). The pH of Co solution was adjusted 

o 4.0 with H 2 SO 4 . Concentrated DMG solution (23,0 0 0 ppm), con-

entrated MPS solution (17,800 ppm), and concentrated NaCl solu- 

ion (3550 ppm of Cl) were prepared by dissolving the correspond- 

ng chemicals in water. Calculated amounts of the concentrated ad- 

itive solutions were then added into the Co makeup solution to 

ntroduce 100 ppm of each additive. All salts and organic additives 

ere at least ACS grade and used as received. DI water with a re-

istivity of 18.2 MOhm-cm was used in all studies. 

An Autolab 302 N potentiostat was used for all electrochemi- 

al studies. A home-built vacuum annealing system was used to 

nneal all Co films at 300 ◦C for overall 20 h. The annealed Co
lms were cooled down to room temperature before unloading 

nd were kept in N 2 atmosphere in between annealing to mini- 

ize oxidation. A four-point probe setup was used to measure the 

lm sheet resistance, a ratio between resistivity to the film thick- 

ess. A Bruker D8 powder X-ray diffractometer (XRD) with Co K α
ource (wavelength = 1.79 Å) was used to perform film crystallo- 

raphic analysis. The D8 powder diffractometer is equipped with 

 2-dimensional x-ray detector, which collects the x-ray signal 

ithin a θ range from θ- α to θ+ α. The range α is determined by 

he size of the detector and its distance from the specimen. During 

he data acquisition, the x-ray tube and detector are both fixed at 

ame positions, θ1, θ2, or θ3, resulting in the collection of multiple 

egments of diffraction pattern. The neighboring segments slightly 

verlap so that a complete diffraction pattern is obtained by merg- 
2 
ng them together. The 2 θ resolution used in data acquisition is 

.005 °. A JEOL 7000 scanning electron microscope (SEM) was used 

o characterize the morphology of electrodeposited Co films, op- 

rated at 30 kV. Time-of-flight secondary ion mass spectroscopy 

ToF-SIMS) equipped with a Bi cluster liquid metal ion source was 

sed to obtain the depth profiles of various elements in the elec- 

rodeposited Co films. Since the electrodeposited Co are dense 

lms without porosity or density change, the SIMS signal of a same 

lement between different Co films can be used as a direct com- 

arison of the concentration of impurity. However, a comparison 

etween different elements would be inaccurate due to the yield 

ifference for different elements. A FEI Quanta 3D Dual Beam (FIB) 

ith a 30 kV gallium ion beam was used to prepare samples for 

ransmission electron microscope (TEM) and local electrode atom 

robe (LEAP) tomography. Cross-sectional grain structure observa- 

ion with elemental analysis was carried out using FEI TITAN TEM 

ith a Bruker EDAX energy dispersive spectroscopy (EDS) detector. 

 Cameca LEAP 50 0 0 XS was used to analyze the specimens pre- 

ared with FIB. The base temperature was maintained at 30 K dur- 

ng analysis, and the specimens were analyzed with a laser power 

f 0.05 nJ. Atoms were ionized using high-voltage pulses at a fre- 

uency of 200 kHz. 

esults and discussion 

The effects of additives on the morphology of electrodeposited 

o were first characterized using SEM and Fig. 1 shows the top- 

own images. The Co film prepared in additive-free solution shows 

arge and flake-shaped Co grains with sharp ridges, which is con- 

istent with the literature [21] . Moreover, no significant changes 

n the shape or size of grains are observed after vacuum anneal- 

ng at 300 °C for up to 20 h. This also confirms that no significant

xide has formed during or between annealing studies. The film 

orphology, however, has dramatically changed after the addition 

f 100 ppm DMG. The flake-shaped Co grains become smaller and 

ess frequent, and more irregular Co grains are observed. Based 

n our previous studies, DMG suppresses Co deposition and cat- 

lyzes hydrogen evolution reaction. The continuous formation and 

dsorption of Co 2 + -DMG complex may have prevented the growth 

f large Co nuclei. Adding 100 ppm NaCl into the solution further 

hanges the shape of Co grains, that is, the flake shaped grains be- 

ome even more sparse and the majority of grains are more spher- 

cal. This seems to suggest that the film deposition is dominated 

y the effect of DMG and this effect might be strengthened by 

he presence of chloride anion. A fourth case was studied with 

00 ppm MPS added into the solution with DMG. Different from 

he chloride ion, the addition of MPS dramatically changed the film 

orphology. The size of Co particles further decreases and worm- 

haped morphology features appear. It is noted here that the SEM 

mages are at different magnifications for different films and that 

he worm-shaped features observed here are indeed much smaller 

han the ridged flake shaped particles in the additive free case. 

hiol terminated molecules are known to bond with transition 

etal surfaces such as Co and form a mono layer [22] . Our recent

ork shows that the adsorption and desorption of MPS, or a Co- 

PS complex, on deposited Co can sometimes be manifested as a 

pontaneous electrochemical oscillation at certain conditions [23] . 

he change of film morphology observed here seems to be consis- 

ent with the presence of a second adsorbate upon the addition of 

PS. If a competitive adsorption between two adsorbates (Co-MPS 

omplex and Co 2 + -DMG complex) occurs, depending on the inter- 

ction of the two, the change of the surface coverages would be 

xpected to have an impact on the nucleation, growth, and there- 

ore morphology of films. On the other hand, the annealing pro- 

ess completely changes the surface morphology, where the worm- 

haped features disappear and a dense compact film with small 
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Fig. 1. Top-down SEM images of electrodeposited Co films from solution containing (a) no additive; (b) 100 ppm DMG; (c) 100 ppm DMG and NaCl; (d) 100 ppm DMG and 

MPS and (e) 100 ppm DMG, NaCl, and MPS before and after annealing. 
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pherical grains was obtained. When all three additives (DMG, Cl, 

PS) are present in the solution, the surface morphology is simi- 

ar to the case with only two additives, DMG and MPS, consistent 

ith the above discussion on the stronger effects from DMG and 

PS than chloride ion. 

The effects of additive on impurity incorporation in Co films 

ere studied using SIMS. The elemental depth profiles are shown 

n Fig. 2 . The profiling runs from the top surface of Co to the sil-

con (Si) substrate. The depth of the raster crater was determined 

ith an AFM stylus. A sharp increase of Si signal upon the emerge 

f substrate is used as the end point of analysis and to estimate 

he thickness of Co film. In addition, the volatile CN species is 

sed in SIMS to represent the concentration of N. Fig. 2 (a) and (b)

how the depth profiles of Co films deposited without additives 

nd with 100 ppm DMG, respectively. The SIMS signals of all im- 

urity elements are much higher at the film surface, i.e. the begin- 

ing of analysis, because of the surface oxide as well as the matrix 

ffect on the signal yield. A stable region is observed under this 

urface layer for all cases, reflecting a steady state deposition pro- 

ess. The film thickness decreases from 780 nm to 640 nm upon 

he addition of DMG, where the Co deposition is suppressed. The 

resence of DMG also enhances the hydrogen evolution reaction 

 24 , 25 ], further decreasing the current efficiency and film thickness 

n galvanostatic deposition. The comparison between the two films 

hows that the amount of N, measured as the count of CN species, 

ramatically increases for 20 times, from 50 to 10 0 0 after DMG is 

dded. At the same time, the counts of C and S both increase for 

bout 7 times, from 15 to 100. Since DMG is the only N source in

he electrolyte, the significant increase of CN species agrees with 

ur previous work [20] , where the suppression effect of dioxime 

n Co deposition was concluded to result from a Co 2 + -dioxime 

omplex formed through a pair of conjugated N-atoms in dioxime. 

he complex molecule adsorbs on electrode surface inhibiting Co 

eposition, but breaks down and gets incorporated into film at a 

ufficiently negative potential or a cathodic current. Interestingly, 

he increase of C signal is much less pronounced than N. Because 

he SIMS signal was not calibrated using a standard, it is unclear 

f this difference results from the different yields of element or a 

ower incorporation of C. The latter, if true, may suggest that the 

 –N bond in DMG breaks frequently upon the DMG incorporation. 

The SIMS results here also show that the formation and in- 

orporation of this Co 2 + -DMG adsorbate facilitates the incorpora- 

ion of sulfur, an element not present in DMG. This suggests a 

o-incorporation from the inorganic sulfate or the surfactant dode- 

yl sulfate. However, neither anion shows strong affinity with elec- 

rode surface, particularly at a negatively biased surface, resulting 

n very low S incorporation. Such co-incorporation is also observed 
3 
or chloride, probably from the inevitable contamination from lab- 

ratory ambient or impurities in chemicals, but to a much lower 

egree and with a much lower concentration. 

Fig. 2 (c) shows the depth profile of Co film deposited with 

00 ppm DMG and 100 ppm MPS. A comparison with Fig. 2 (a) 

hows a significant increase of S concentration from 100 to 10,0 0 0, 

uggesting that MPS dominates the S incorporation in the Co film. 

his is not uncommon as the thiol group has a strong affinity with 

etal and such a significant S incorporation has been widely ob- 

erved in Cu deposition in presence of MPS [26] . More interest- 

ngly, the concentration of CN decreases 3 folds, from 10 0 0 to 30 0,

hile other elements such as C, O, and Cl all remained about the 

ame , indicative of a lower incorporation rate of DMG in the pres- 

nce of MPS. As discussed above in Fig. 1 , it is believed that both

o-MPS complex and Co 2 + -DMG complex are adsorbed on elec- 

rode surface and suppress Co deposition. Therefore, this result 

ot only demonstrates a competitive adsorption between the Co 2 + - 
MG and Co-MPS complexes, but also confirms a direct correlation 

etween impurity incorporation with surface adsorbates. Moreover, 

he thickness of these two films are nearly the same, which means 

he addition of MPS on top of DMG does not further change the 

urrent efficiency of Co deposition. When all three additives are 

resent in the solution, shown in Fig. 2 (d) and similar to Fig. 2 (c),

nly S and CN incorporation increase compared with Fig. 2 (a). Sur- 

risingly though, the concentration of Cl in film maintains at a 

imilar level despite the addition of NaCl in electrolyte. The ad- 

ition of Cl on top of DMG and MPS results in a decrease in S

ncorporation. It also results in an increase in current efficiency at 

he deposition condition used as the film thickness increases from 

bout 640 nm to 910 nm. The mechanism is not clear and no sig- 

ificant impact was observed in film morphology. Fig. 2 (e) shows 

he impurity profile of the same sample in Fig. 2 (d), deposited with 

ll additives but after 300 °C vacuum annealing for 20 h. All impu- 

ities remain nearly the same except for CN concentration, which 

ecreases for about 50% upon the annealing. It is not shown here, 

ut the amount of H in Co film decreases significantly upon an- 

ealing as well. Both H and N can form volatile species themselves 

nd do not form strong ionic bonds with Co metal. Such attributes 

re different from other impurity elements such as C, O, Cl, S, and 

re believed to cause the decrease of their concentrations upon an- 

ealing. 

It is well known that the impurities in copper films have a 

trong impact on grain coarsening upon annealing, typically char- 

cterized as a decrease of sheet resistance along annealing. A sim- 

lar study was carried out and Fig. 3 (a) illustrates the sheet re- 

istance change of five Co films deposited with different additives 

long a course of 20-h annealing at 300 °C. Before annealing, it is 
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Fig. 2. SIMS elemental depth profiles of electrodeposited Co films from solution 

containing (a) non-additive before annealing; (b) 100 ppm DMG before annealing; 

(c) 100 ppm DMG and MPS before annealing; (d) 100 ppm DMG, NaCl, and MPS 

before annealing and (e) 100 ppm DMG, NaCl, and MPS after 20 h annealing. 

Fig. 3. (a) Sheet resistance change with different additives and annealing conditions 

as indicated and (b) Normalized Sheet resistance change with different additives 

and annealing conditions as indicated. 
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4 
vident that the higher sheet resistance seems to correlate with 

igher impurity levels in the film. The Co film deposited with- 

ut additive shows the lowest sheet resistance at around 0.158 

/sq. This sheet resistance approximately doubles with the pres- 

nce of DMG in electrolyte, and almost quintuples upon the ad- 

ition of MPS on top of DMG. Moreover, the addition of Cl has 

hown very little increase in the sheet resistance, apparently con- 

istent with the observation in morphology, where DMG and MPS 

lso show the most predominant effects over Cl. It is worth noting 

ere that the film thickness is not a constant as the current effi- 

iency changes. But the change in film thickness estimated from 

IMS profiles is much less pronounced than the sheet resistance. 

or example, the film thickness decreases for about 20% from ad- 

itive free case in Fig. 2 (a) to the DMG with MPS case in Fig. 2 (c),

ut the sheet resistance increases for about 400%. In conjunction 

ith the SIMS results, it can be seen that the addition of MPS or 

he incorporation of S seems to contribute to such a huge increase 

n sheet resistance. The sheet resistance is further normalized with 

he as-deposit resistance value (R0) and is presented in Fig. 3 (b), 

here the resistance decreases along annealing and stabilizes af- 

er about 6 hours. The sheet resistance of S-containing Co films, 

amely the films deposited with MPS, drastically drops up to 78% 

fter 6 h annealing. The resistance evolution for Co films deposited 

ith additives but without MPS, that is, films with much lower S- 

ncorporation, stabilizes at about 30%, regardless of the presence of 

l. No significant resistance change is observed for film deposited 

dditive free. Doubina et al. reported [17] that the low resistivity 

o film with larger Co grains could be obtained when the film was 
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Fig. 4. XRD results of electrodeposited Co films from solution containing different 

additives with (a) 0 h annealing; (b) 10 h annealing and (c) 20 h annealing. 
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nnealed at 300 °C for 60 min. In our results, the S-containing Co 

lms show the sharp drop of resistance upon 300 °C annealing and 
imilar large grains are observed as shown in Fig. 5 (c). 

While it is clear that the use of additives in electrolyte leads 

o the increase of sheet resistance, the effects of these additives 

iffer. Again, the use of MPS and the high S incorporation in film 

how the strongest impact on sheet resistance, which cause not 

nly the most significant increase of resistance for as deposited 

lms but also the most pronounced decrease of sheet resistance 

long with annealing. On the other hand, incorporation of C and 

 from the addition of DMG in electrolyte shows a much less pro- 

ounced effect, where the sheet resistance also increases for as de- 

osited films and decreases for annealed films, but both to a lower 

egree. The change of O and Cl incorporation with different addi- 

ive combinations are very marginal and no strong effect on the 

heet resistance could be determined. 

Electrodeposited metal films with fine grains, when annealed, 

ypically experience a change in microstructure, or grain growth, 

long with the outgassing or redistribution of impurity elements. 

uch changes often cause a sheet resistance decrease by mitigat- 

ng the electron scattering at grain boundaries. However, the grain 

rowth behavior or the easiness of grain boundary elimination is 

ighly related to not only the impurity elements but also the grain 

tructures of as deposited films. 

The crystallographic structure of films was characterized with 

-ray diffraction. Fig. 4 (a) shows the diffraction pattern of as- 

eposited Co films with different additives. The X-ray signal is 

lotted in the log scale. Both HCP and FCC Co phases are observed 

n all films. No peak is observed from the single crystal Si substrate 

ith the powder diffractometer used in the study. The Co films de- 

osited without MPS are polycrystalline with a predominant HCP 
5 
tructure, with the sharp peaks at 2 θ of 48.8 °, 55.5 °, 52.5 ° and 

1.2 ° assigned to Co HCP (100), (101), (002) and (110) orientations, 
espectively. While two of the peaks at 48.8 ° and 91.2 ° are also 

lose to the FCC (111) and FCC (220) reflections, respectively, the 

CC (200) peak at 60.6 ° is broad and weak, suggesting that ei- 

her the FCC grains are extremely refined or the fraction of FCC 

hase is extremely minor. This observation holds largely the same 

egardless of the addition or the absence of DMG and chloride, ex- 

ept for a small shift of the relatively preferred orientation within 

he HCP phase. The introduction of MPS into the electrolyte sig- 

ificantly changes the crystallinity of Co films. While all the above 

eaks are also observed, the peaks are much broader and weaker, 

ndicative of much finer grains for both phases. As discussed ear- 

ier, these films show a much higher sheet resistance, as well as a 

uch higher sulfur incorporation. Here, the much finer grains are 

elieved to contribute to the higher sheet resistance through grain 

oundary scattering. Adsorbates such as halides are known to se- 

ectively adsorb on certain facets of metal crystals [27] . Such pref- 

rences are believed to relate to the change of the preferred crys- 

allographic phases of Co observed here upon the addition of DMG 

nd Cl. However, the addition of MPS seems to cause a ubiquitous 

eak broadening regardless of the orientation, suggesting that the 

hiol group in MPS has strong affinity with all Co facets and ren- 

ers MPS a grain refiner. 

Polycrystalline Co films with coarsened grains are obtained 

pon 300 ◦C vacuum annealing for 10 h. This grain coarsening ef- 

ect are more pronounced for the films deposited with MPS, where 

he grains are refined. As shown in Fig. 4 (b), four strong reflec- 

ions, HCP (002), (101), (110) and FCC (200), emerged after an- 

ealing for these films. No significant grain growth is observed in 

CP (100) direction. Among the four peaks, HCP (002) seems to 

e the strongest, indicative of a preferred growth of HCP grains 

n (002) direction. On the other hand, Co films deposited with- 

ut MPS show much less pronounced change in the XRD reflec- 

ions. No notable change other than the emergence of a weak FCC 

200) peak at 60.6 ° is observed. Fig. 4 (c) shows the diffraction pat- 

erns of the same Co films after 20 h annealing. No further change 

s observed in crystallinity for Co films deposited with MPS. For 

he other Co films prepared without MPS, no further change was 

bserved either, except for a sharper HCP (002) peak, suggesting 

hat a crystallographic preference gradually evolves as the anneal- 

ng continues. This evolution takes longer time and the preference 

s less prominent than the films prepared with MPS. This is con- 

istent with the fact that the latter have much finer grains, that 

s, much higher grain boundary energy and easier boundary elim- 

nation or grain growth. However, it is known from SIMS results 

hat the films also incorporate different impurity elements, par- 

icularly S and, to some extent, N. Impurities can increase film 

esistivity through electron scattering on these foreign elements. 

ore importantly, depending on the mobility, they may segregate 

t grain boundaries as grains grow. Such segregated impurity can 

in the grain boundary, slowing down the grain growth and re- 

istance drop during annealing. Microscopic composition analysis 

echniques are needed to further understand the roles that the dif- 

erent impurities may play in the grain structure and resistivity. 

Cross sectional TEM in conjunction with EDS was first at- 

empted to characterize the grain structure and impurity distribu- 

ion for two of annealed films, one deposited with DMG and the 

ther with all three additives. Both films were deposited for 400 s 

t a same current density of 15 mA/cm 
2 and a same rotation rate 

f 400 rpm. The conditions are similar to films presented in Fig. 1 ,

nd the film thicknesses are also consistent, at about 600 nm. 

ig. 5 (a) shows the dark field cross-sectional TEM micrographs of 

o films with 100 ppm DMG after 20 h annealing. Columnar grains 

cross the entire film thickness are observed with lateral grain size 

f about 100 nm. EDS elemental maps around a grain boundary are 
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Fig. 5. (a, c) Cross sectional FIB-TEM images and (b, d) EDS elemental maps around a grain boundary of Co films electrodeposited with (a, b) 100 ppm DMG and (c, d) 

100 ppm DMG, NaCl, and MPS. Both films were annealed at 300 °C for 20 h annealing. White dashed lines in (c) are used to outline the grains. Yellow boxes in (a, c) are 

used to outline the location for EDS mapping. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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cquired and presented in Fig. 5 (b). A slight contrast is observed 

etween the two grains for Co, S, and Cl signals. This is because 

f the difference in the grain orientation, resulting in different sig- 

al intensities. But a uniform distribution of impurities is observed 

cross the grains and grain boundaries. Line scans were also car- 

ied out perpendicularly across the grain boundary, but no aggre- 

ation of any element could be identified. An organic coating was 

pplied on Co films prior to TEM sample preparation, resulting in 

he top region rich in carbon and oxygen. 

Similar analysis was also carried out for a Co film deposited 

ith all three additives (DMG, MPS, Cl) after 20 h annealing, and 

he results are shown in Fig. 5 (c). As outlined with the white 

ashed lines, the grain structure dramatically changes as com- 

ared with Fig. 5 (a). Instead of the columnar grains, randomly dis- 

ributed, irregular but more spherical, grains with a more uniform 

ize between 200 and 500 nm are obtained. It is known from XRD 

hat the as deposited film has much finer grains. The more spher- 

cal grains observed here post anneal suggest a random nucleation 

f initial grains and an anisotropic grain growth with a more uni- 

orm growth rate in all crystal orientations. Elemental maps are 

lso acquired at a boundary between two grains, as indicated with 

 yellow box in the TEM image, and the results are shown in 

ig. 5 (d). A clear contrast in signal density was observed between 

he two grains for Co and Cl, similar to Fig. 5 (b). It is worth not-

ng that an intermediate Cl content region seems to be present at 

he grain boundary, resulting in two apparent boundaries with one 

n the left of the other. This indicates that the grain boundary in 

EM micrograph may not be perfectly perpendicular to the TEM 

ample lamella and the projected view of the tilted grain results 

n such halo. Interestingly, whilst an aggregation of impurities at 

rain boundary could not be determined here, numerous sulfur- 

ich clusters are clearly observed across the entire field of view. 

arbon accumulation occurs as well, albeit to a much less extend, 

orming one cluster. In addition, a lower cobalt signal is observed 

n the sulfur clusters (highlighted with white arrows), probably re- 

ulting from a combination of different crystal structure and ori- 

ntation, and a lower cobalt concentration in a cobalt sulfide com- 

ound region. Since only one C cluster was observed, multiple re- 

ions in the lamella were examined and such observations have 

een confirmed. 

EDS has a typical detection limit of 0.1 wt% [28] . and it can

e even poorer for light elements such as the ones of interest 

n this study. While no impurity segregation at grain boundary is 
6 
onfirmed with TEM-EDS, such segregation cannot be completely 

uled out because the impurity concentration at grain boundaries 

ould still be well below the detection limit of EDS. Therefore, local 

lectrode atom probe (LEAP) tomography was carried out to fur- 

her characterize the distribution of different impurity elements in 

he annealed Co films. A same film as in Fig. 5 (c), deposited with

ll additives and annealed, was used to ensure high impurity in- 

orporation. Multiple pillars with a footprint diameter of no more 

han 100 nm were prepared from a TEM lamella to ensure the in- 

lusion of a grain boundary in at least one of the pillars. No stress 

r charge accumulation was observed and the Co pillars well sur- 

ived the entire analysis, that is, about 140 nm deep profiling. The 

ntire mass spectrum is provided in Supplementary Material with 

ll peaks assigned to a reasonable species to enable the reconstruc- 

ion of the 3D pillar. The average concentration of all species other 

han hydrogen and hydrocarbon are well below 0.1 at% (even much 

ower in wt%), consistent with Fig. 5 , where no distribution other 

han S-rich clusters could be observed in TEM. Fig. 6 shows the el- 

mental distribution maps projected from an angle where a grain 

oundary can be clearly identified. As shown in the Co map, clus- 

ers rich in S were also observed randomly distributed across the 

lm, consistent with the TEM results. Furthermore, CoO with a m/z 

atio 75 have been observed as very small clusters randomly dis- 

ributed across the entire film. However, such clusters were not ev- 

dent in the oxygen map obtained from TEM EDS, probably due to 

he much smaller size. 

The important result from LEAP analysis is that S and C are 

ound to significantly accumulate at grain boundaries. At the spe- 

ific view angle in Fig. 6 , a “χ” shaped segregation of S and C is

bserved, where the two impurity elements appear to be comple- 

entary to each other in terms of the segregation. In the C map, 

 “λ” shaped distribution was clearly observed. This “λ” shaped 

oundary is still observed, but much less pronounced, in S map. 

n addition, S accumulates along another short grain boundary lo- 

ated upper right to this “λ” shape. Overlapping the two maps not 

nly confirms the same location of the grain boundaries, but also 

eveals the complete “χ” shape of the segregation. 

Three LEAP videos are included in the Supplementary Materi- 

ls with 360 ° view of the distribution of S and C in the entire 

illar specimen. It can be seen from the videos, particularly the 

nes revolving around Y and Z axes, that the longer tail of the “λ”
hape represents the projection of a curved grain boundary, which 

ntersects the pillar from the top cone surface to the cone base, 
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Fig. 6. LEAP tomography elemental mapping and mass spectroscopy results of electrodeposited Co film with 100 ppm DMG, NaCl, and MPS after 20 h annealing. 
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esulting in a curved trapezoid surface. As discussed in Fig. 4 (c), 

he grains are spherical and grain boundaries are expected to be 

urved not only in X-Y view plane, but also in Y-Z and X-Z view

lanes as evidenced in the videos. On the other hand, while the 

ther line of the “χ” shape may also result from a grain boundary, 

t is less obvious or conclusive. It is worth noting that no mor- 

hological patterns were observed on the pillar by SEM that can 

ossibly relate to the observed impurity segregation. While TEM 

bservation was not performed on the same pillar to avoid high 

nergy beam damages, the C and S segregation observed in the 

D animation highly likely corelates to a curved grain boundary. In 

ddition to S and C, some very minor accumulation was observed 

or O around the cross point of the “χ” shaped boundary. Again, 

umerous CoO clusters were observed and are believed to be the 

redominant form of O in the film. This might relate to a stronger 

lectron affinity of O and thus a stronger bond between Co and O, 

esulting in lower mobility of O. The concentration of other ele- 

ents such as B, N and Cl, are much lower and no accumulation 

ould be determined. 

The effects of the incorporation and movement of impurities 

ave been well studied in the electrodeposited Cu films. It has 

een reported that a higher annealing temperature not only facil- 

tates the grain boundary annihilation but also promotes impurity 

obility, both accelerating the grain growth [29] . Our results here 

onfirm that impurities not only affect the Co grain structure but 

lso redistribute and aggregate in Co films, which is believed to be 

esponsible for the change of sheet resistance. 

It is worth mentioning that this Co impurity and microstruc- 

ure study is based on blanket films, which can be different from 

ne trenches. Because of the geometry of trench, the growth mode, 

rain structure, and the impurity incorporation of Co can be dif- 

erent. For example, an additive concentration gradient in the 

renches is often needed to achieve the defect free filling. In ad- 

r

7 
ition, the current density in the feature is different from the ap- 

lied current density due to the interaction between additives and 

he Co surface. Moreover, the filling rate in the trench is typically 

aster than the deposition on field region. Therefore, as mentioned 

bove, it is very difficult to experimentally mimic the Co deposition 

n the trenches with a blanket film. Results shown in this study 

ims to provide a fundamental understanding on the effect of or- 

anic additives on the impurity incorporation and grain structure 

f electrodeposited Co, as well as how the impurities redistribute 

n relation with grain growth upon annealing. 

onclusion 

A systematic study was carried out to understand the effects 

f additives in electrolyte on the properties of electrodeposited Co 

lms, such as morphology, sheet resistance, grain structure, the 

ncorporation and distribution of impurity elements. The addition 

f additives, particularly MPS, not only smooths out the film sur- 

ace, decreases the grain size, and increases the sheet resistance, 

ut also dramatically amplifies the resistance drop upon annealing. 

IMS analysis shows that the presence of DMG in electrolyte pre- 

ominantly introduces N and C impurity into films. On the other 

and, the further addition of MPS significantly increases S and de- 

reases N incorporation probably due to a competitive adsorption 

etween the DMG and MPS on electrode surface. XRD confirms 

hat the addition of MPS results in smaller grains in the elec- 

rodeposited Co films. While such a refined grain structure con- 

ributes to a higher sheet resistance of as deposited Co films, it also 

ases the grain growth upon annealing resulting in the most sig- 

ificant resistance drop among all the different additive cases stud- 

ed. Columnar grain structure and pseudo-spherical grains are ob- 

erved in annealed Co films deposited without and with MPS, re- 

pectively. With atom probe tomography, randomly distributed S- 

ich and CoO clusters in nanometer scale are observed after the an- 
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ealing of Co films deposited with all additives. More importantly, 

ignificant S and C segregation and marginal O segregation at grain 

oundaries are proved to occur during the annealing, probably cor- 

elating to the grain growth. The findings in this study are believed 

o provide understanding and guidelines for chemistry and process 

esign to fabricate low resistance Co interconnects structures. 
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