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Abstract 

The miniaturization of electronic devices and the consequent decrease in the distance between 

conductive lines have increased the risk of short circuit failure due to electrochemical migration 

(ECM). The presence of ionic contaminants in the devices can accelerate the ECM process. 

This work systematically investigates the ECM of tin (Sn) in the presence of bromide ions (Br−) 

in the range of 10-6 M to 1.0 M. Water drop test (WDT) was conducted in the two-probe 

semiconductor characterization system under an optical microscope for in-situ observations. 

Anodic polarization test (APT) was carried out to study the correlation between corrosion 

properties of Sn and its ECM behaviour. The products of ECM were characterized by scanning 

electron microscope coupled with an energy dispersive X-rays spectrometer (SEM/ EDX) and 

X-ray photoelectron spectrometer (XPS). The results confirm that the rate of anodic dissolution 

of Sn monotonously increases with Br− concentration. However, the probability of ECM failure 

follows a normal distribution initially, but later increases with the Br− concentration. The main 

products of the ECM reactions are identified as Sn dendrites and tin hydroxide precipitates. 

The mechanism of the ECM process of Sn in the presence of Br− is also suggested. 
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Introduction 

The increasing demand for miniaturized electronic devices has led to the development of higher 

density electronic packages with smaller components. Increased number of leads and closer 

spacing between them made electronic devices more vulnerable to corrosion related damage1,2. 

During manufacturing and in service, the devices may be exposed to humid environment which 

can lead to the formation of a corrosion cell. The reduced distance between the conduction 

lines due to a smaller pitch can accelerate the corrosion process. Consequently, the life span of 

devices is reduced, sometimes experiencing failure catastrophically.  

One of the corrosion related problems encountered in electronic devices is the 

electrochemical migration (ECM)3-7. ECM is an electrochemical reaction which occurs in the 

presence of an electrolyte and under an applied potential difference. The electrolyte results 

from the adsorption or condensation of moisture which connects the two conduction lines in 

the presence of contaminants. Under the influence of a bias voltage, the conduction lines turn 

into two oppositely charged electrodes. The conductive metal anode dissolves due to corrosion 

and forms metal ions as a result of corrosion. This is then followed by migration of metal ions 

from anode to cathode. Subsequently, the dissolved metal ions are electrodeposited at the 

cathode as dendrites. The dendrites propagate through the electrolyte and connect the two 

electrodes. This eventually leads to short-circuiting, which is a catastrophic failure in electronic 

devices7,8. 

ECM can be categorized into humid ECM and condensed ECM1,9. Humid ECM occurs 

when a thin invisible moisture film is adsorbed on the surface. Condensed ECM occurs in a 

visible layer of condensed water. The risk of condensed ECM increases as an electronic device 

is often exposed to temperature fluctuation due to the difference between the device interior 

conditions and external climates10. The presence of contaminants, especially those with 
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hygroscopic nature, facilitates water condensation on surface and increases the electrolyte 

conductivity. These contaminants accelerate the corrosion process and is expected to promote 

ECM. Ionic contaminants can arise from service environment, human handling or from the 

manufacturing processes1,11 such as the assembling process12. The most commonly found ionic 

contaminants in electronic devices are the halides and sulphates (SO4
2−)7,12.  

Studies in the past1,5 reported that higher chloride (Cl−) concentration results in a higher 

anodic dissolution rate of tin (Sn) from 10 ppm – 1,000 ppm. However, the probability of 

dendrite formation due to ECM did not increase with Cl− concentration1,5. This is attributed to 

the generation of excessive tin hydroxides precipitate which hinders the migration of charged 

ions at higher concentrations13. However, a later study found that a further increase in Cl− 

concentration beyond 0.07 M (~ 4,091 ppm) leads to the re-dissolution of the precipitate and 

the subsequent dendritic deposition at the Sn cathode14.  

Medgyes et al.15 varied the concentration of SO4
2− from zero to saturated concentration 

(~1.86 M) to study their effects on the ECM of pure Sn. The ECM lifetime was the shortest in 

low concentration of SO4
2−

 (0.1 mM) instead of the highest concentration. Similar to the results 

reported in Cl−1,5,13, only precipitate was formed instead of dendritic growth in the SO4
2− 

intermediate concentration (10 mM)15. Based on the previous studies1,5,11,13-17, it appears that 

the increase in ionic contaminants concentration does not necessarily lead to the increase in 

ECM failure, even though the corrosion of anode is more favourable at higher concentrations.  

The relationship between the corrosion properties and the ECM lifetime of Sn-based 

solders is elucidated in the literature18-22. Yoo et al.18,19 found that the corrosion rate (Icorr), 

corrosion potential (Ecorr) and pitting potential (Epitt) of Sn-based solders are affected by the 

addition of alloying elements such as lead (Pb) and bismuth (Bi). They reported that the time-

to-failure (TTF) of the Sn-based solders increases with Ecorr and Epitt in 0.001 wt.% sodium 
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chloride (NaCl) and 0.001 wt.% sodium sulphate (Na2SO4). However, the TTF is poorly related 

to the Icorr of the solders18,19. Jung et al.20,21 compared the TTF of Sn-based solders in 0.001 

wt.% NaCl and in 0.001 wt.% Na2SO4. It was reported that the TTF is higher in 0.001 wt.% 

NaCl than in 0.001 wt.% Na2SO4 due to the higher Epitt of Sn-based solders in 0.001 wt.% NaCl. 

Liao et al.22 discovered that by adding 1 mM – 500 mM tri-sodium citrate dehydrate into 1 mM 

NaCl, the growth of Sn dendrite is effectively inhibited because the Epitt of pure Sn is increased. 

In general, the ECM of Sn-based solders in the presence of ionic contaminant is suppressed 

when the Epitt is higher, and is not directly affected by the Icorr
18-22. 

Bromide (Br−) is another common ionic contaminant found trapped in electronic 

components23. The presence of Br− is due to the utilization of halides such as hydrogen bromide 

(HBr) and carbon tetrabromide (CBr4) in the etching process during chip fabrication24,25 or the 

use of brominated flame retardants (BFR) in printed circuit board (PCB) laminates and in 

moulding compounds26. Recently, there is a necessity to phase out the use of BFR due to its 

harmful effects on human and environment27. However, the Restriction of Hazardous 

Substances Directive (RoHS) still allows the presence of certain types of BFRs such as 

polybrominated biphenyls (PBB) and tetra-bromobisphenol A (TBBA) up to 1,000 ppm, as 

effective flame retardants in electronic devices27,28. The degradation of BFR remnants in 

electronics components subsequently releases the Br−29. 

To date, most of the investigations on the ECM of electronic devices are focused mainly 

on the effects of Cl− and SO4
2−. The information on the effects of Br− on ECM process is still 

scarce. The only report available5 investigated the effects of Br− concentration ranging from 10 

ppm – 250 ppm (equivalent to 8.4∙10-5 M – 2.1∙10-3 M) on ECM behaviour of pure Sn. The 

probability of ECM failure was reported to first increase then decrease with Br− concentration. 

It was suggested that further increase in Br− concentration beyond 250 ppm does not favour 
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dendritic growth as higher concentration leads to just precipitate formation without dendrite5. 

However, other work14,17 found that the precipitate can re-dissolve in extremely alkaline 

environment created in high concentration of halide contaminant. This consequently leads to 

the dendritic deposition at the Sn cathode. 

Literature reveals that the effects of ionic contaminants concentration on ECM is 

complex.  Higher concentration of contaminants may or may not favour dendritic growth, 

depending on the contaminants and mechanisms involved1,5,14,17. Correlation between the ECM 

behaviour and anodic corrosion behaviour is also not straight forward5,18,19. This work attempts 

to obtain a comprehensive understanding of the mechanism of ECM in an extended range of 

Br− concentration (10-6 M – 1.0 M, which equivalent to 0.1 ppm – 102,894 ppm). Based on 

both in-situ video microscopy and ex-situ characterizations by scanning electron microscopy 

(SEM) coupled with energy dispersive X-rays spectroscopy (EDX) and X-ray photoelectron 

spectroscopy (XPS), ECM reaction mechanisms are proposed, and the roles of precipitate and 

electrolyte flow during ECM in the presence of sodium bromide (NaBr) are discussed.  It is 

demonstrated that the ECM probability is linked to the synergistic effects of anodic dissolution 

rate, presence of precipitate and effects of convective liquid flow inside the water droplet. 

Methods 

Materials and setup for in-situ WDT. 

Two identical chemically pure (C.P.) Sn sheets with dimensions of 0.4 mm × 10 mm × 15 mm 

were aligned parallel and embedded in an epoxy resin mould. A 0.5 mm-thick 

polytetrafluoroethylene (PTFE) sheet was used as the spacer between the two identical Sn 

sheets as shown in Fig. 1. The total exposed area of two pure Sn sheets was 8 mm2. Copper 

wire was soldered at the back side of each Sn sheet. The exposed surfaces of the Sn sheets were 

ground to 3,000 grit, polished using the MD-Nap disk (Struers A/S) and lubricated by DiaPro 
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Suspension Nap R1 (1 µm; Struers) to minimize the effects of surface roughness on ECM. 

Prior to the water drop tests (WDT), the Sn surfaces were rinsed in distilled water, degreased 

with isopropyl alcohol and dried in air. 

 

 
Semiconductor Characterization System 

 

 

(a) (b) 

Figure 1. (a) Schematic of the WDT setup. (b) Top view of test sample.  

WDT was carried out using two-probe Semiconductor Characterization System (SCS) 

(Tektronix Keithley Model 4200-SCS). Sodium bromide (NaBr) solutions with concentrations 

of 1∙10-6 M to 1.0 M were used as the electrolytes. During the WDT, 5 µL of electrolyte droplet 

was placed on the exposed surfaces, covering both Sn sheets. A direct current (DC) with a bias 

voltage of 3 V was applied between the two Sn sheets, each of them acts as the anode and the 

cathode respectively. The current flow through the electrodes and electrolytes was measured 

and recorded as a function of time for 450 s. Simultaneously, the video of whole WDT process 

WDT was recorded in-situ under an optical microscope (MPI TS150). The TTF was 

determined based on the presence of first current surge and the observation of dendritic bridge 

from the optical microscope.  

Ex-situ characterizations. 

The morphology of dendrites and precipitate that formed during the tests were characterized 

using SEM coupled with EDX (Carl Zeiss, model no: Auriga) at an accelerating voltage of 15 

Electrolyte droplet 

Test sample 

Sn Sn 
0.5 mm 

10 mm 

0.4 mm 0.4 mm 

Epoxy mould 

PTFE 
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kV. XPS was performed on the precipitate using ULVAC-PHI Quantera II system. The source 

of X-ray was Al Ka (1,486.6 eV) and the base pressure in the chamber was in the range of 10-

9 mbar. The energy resolution for wide scan and narrow scan were 1 eV/step and 0.1 eV/step, 

respectively. The spectral deconvolution was performed by the MultiPak software.  In order to 

eliminate the surface charging effects, calibration of the binding energy (BE) was done by 

referring to the carbon spectrum of C-C at 284.8 eV. 

Polarization test. 

The anodic polarization tests (APT) were conducted using a potentiostat (Autolab, PGSTAT30, 

Netherlands). The counter electrode and reference electrode were platinum (Pt) wire and silver-

silver chloride (Ag-AgCl), respectively. The working electrode was a pure Sn sheet with an 

exposed area of 0.32 cm2. The polarization curves were measured in NaBr solutions with 

varying concentrations ranging from 10-6 M to 1.0 M. The polarization test was performed 

using linear scan voltammetry from -1.3 V to +1.3 V and at a scan rate of 1 mV/s. The results 

were analysed using general purpose electrochemical software (GPES). 

Statistical Analyses. 

In order to obtain the statistical averages of current flow and TTF, WDT was repeated for ten 

times under each experimental condition. The means and standard errors of current flow were 

calculated from ten replications. The ECM failure probability was calculated by dividing the 

total number of samples failed during the test by the total number of WDT (10) done under the 

same condition. The means and standard errors of TTF were then calculated based on the total 

number of samples failed during the test.  
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Results  

In-situ ECM investigation during WDT. 

Figure 2 shows a typical current-time curve and the corresponding microscopic images 

recorded in-situ during WDT, using 8∙10-4 M NaBr solution, at an applied bias voltage of 3 V. 

Figure 2b–g presents the occurring events as a function of time during the WDT. The initial 

condition of the test sample surface upon the application of a 3 V bias potential (t1) is shown 

in Fig. 2b. A clean hemispherical water droplet is observed on the test sample that consists of 

two oppositely charged Sn electrodes. The presence of bright dotted rings on the surface of the 

water droplet is due to the reflected light from the microscope. At the early stages (t1 – t2) of 

ECM, a white precipitate formed in the NaBr electrolyte and gas bubbles evolved at the cathode 

as shown in Fig. 2c. The amount of white precipitate increased gradually, while the bubbles 

grew continuously in size. The latter coalesced and eventually disintegrated with time. 

Simultaneously, Sn corrosion was observed from the change of the anode appearance from a 

shining metallic surface to greyish surface. Dendrites that appear dark in Fig. 2d started to 

nucleate on the cathode at 198s (t3) and propagated for 6s before bridging at 204s (t4). When 

the dendritic bridging occurred between the oppositely charged electrodes at t4 (Fig. 2e), the 

current surged from 10-3 mA to ~3 mA (~1,000 times increment), confirming the short-

circuiting between the two electrodes. The current dropped to 10-3 mA after 12 s, indicating the 

collapse of the dendritic bridge between the anode and the cathode. During the WDT, the flow 

of liquid was observed in the static droplet (see Supplementary Vid. S1 online). The liquid flow 

direction is shown in Supplementary Fig. S1. The dendrites could collapse due to the 

convective liquid flow of electrolyte from the opposite direction or the burning off effects 

caused by the high current1.  At 271 s (t5), the second peak was observed in the current-time 

curve (Fig. 2a) along with the second dendritic bridging (Fig. 2f).  
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(a) 

 

 
(b)  

 
(c)   

 
(d)  

 

 
(e)  

 
(f)  

 
(g)  

 

Figure 2. (a) Current vs. time curve obtained from the ECM test of Sn in 8∙10-4 M NaBr and 

applied bias of 3 V and the corresponding in-situ microscopic images at: (b) 0 s; (c) 76 s; (d) 

198 s; (e) 204 s; (f) 271 s ; (g) 450 s (C: cathode; A: anode). 
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The dendrites collapsed but were reconnected for a few times before the end of the WDT (t6). 

The time-to-failure (TTF) in this test was determined to be 204 s (t4) based on the occurrence 

of the first short circuit, which was confirmed from the observation of the dendritic bridging 

and the sudden current spike30,31. It is important to note that the gas bubbles and precipitate 

acted as mechanical obstructions to the growth of dendrite during WDT.  

Figure 3 shows a typical current-time response depicting the current surges in varying 

Br− concentrations. In general, the time of the first current surge decreases with the Br− 

concentrations. However, the time of the first current surge at the highest Br− concentration 

(1.0 M) was longer than the time recorded in lower concentrations (2∙10-4 M – 0.5 M). This 

could be due to the strong effervescence and strong electrolyte convection of electrolytes which 

obstruct the dendritic propagation at the highest Br− concentration. The current surged and 

dropped for a few times in most cases, suggesting that the dendrites collapsed and reconnected 

many times after the first bridging, indicating that more vigorous reactions occurred at higher 

concentrations.  
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Figure 3. Current vs. time curves for the ECM of Sn at various bromide concentrations and 

applied bias of 3 V. Red arrows pinpoint the time of the first current surge or the TTF. 
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Figure 4a–d show the corresponding microscopic images acquired at the end of each 

WDT (450 s) at different Br− concentrations. The amount of gas bubbles and precipitate 

formation increases with the Br− concentration. 

 
(a)   

 

 
(b)  

  

 
(c)   

 
(d)  

 

Figure 4. In-situ microscopic images of Sn electrodes at the end  (450 s) of the ECM process 

at 3 V applied bias, in various bromide concentrations: (a) 10-4 M; (b) 2∙10-4 M; (c) 0.5 M and 

(d) 1.0 M (C: cathode; A: anode). 

 

Mean time-to-failure (MTTF) and probability of failure due to ECM. 

The in-situ study on ECM of Sn shows variations in the results, with some clear short-circuiting 

events whilst others not, although the test parameters such as Br− concentration and applied 

voltage were kept constant. The variations in the results revealed that the dendritic growth of 

Sn in the presence of Br− is probabilistic in nature.  
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Table 1 summarizes the quantitative data obtained from ten repetitions of WDT in 

varying Br− concentrations. In extremely low Br− concentrations (10-6 M – 10-5 M), the 

probability of failure was zero, as none of the 10 samples tested under the same condition 

showed any current surge or short-circuiting during the WDT. The test samples started to fail 

when the Br− concentration was increased to 10-4 M, where 1 out of 10 samples had failed. The 

highest probability of failing was found at the intermediate Br− concentration (2∙10-4 M), where 

6 out of 10 samples experienced short-circuiting. A further increase in the Br− concentration 

reduces the probability of the ECM failure. The samples did not short-circuit at the 

concentration range of 10-3 M – 0.1 M. However, a still further increase in the concentration to 

0.5 M and 1.0 M resulted in the ECM failure. Supplementary Figure S2 illustrates the trend of 

ECM probability in graphical form. In short, the probability of Sn failure due to the ECM 

initially increases but later decreases with the Br− concentration, while a still further increase 

in the Br− concentration enhances the risk of failure due to the ECM in the WDT. 

 

Concentration of NaBr (M) Probability of ECM failure MTTF (s) 

10-6  0/10 ∞ 

10-5 0/10 ∞ 

10-4 1/10 350.00 

2×10-4 6/10 192.50 ± 49.08 

5×10-4 3/10 137.29 ± 28.68 

8×10-4 4/10 173.25 ± 21.61 

10-3 0/10 ∞ 

10-2 0/10 ∞ 

0.1 0/10 ∞ 

0.5 1/10 39.00 

1.0 5/10 287.04 ± 71.66 

Table 1. Probability of ECM failure and mean time-to-fail (MTTF) of Sn at various Br− 

concentrations. Standard errors were calculated from the total number of failures during WDT. 
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The average TTF or mean time-to-fail (MTTF) of the short-circuited samples were 

calculated and tabulated in Table 1. A higher MTTF implies a longer lifetime of the samples, 

while ∞ indicates that short-circuiting did not occur at those concentrations throughout the 

WDT. The shortest and the longest MTTF recorded were 39 s (0.5 M) and 350 s (10-4 M), 

respectively. 

Ex-situ characterizations of dendrites and precipitate. 

Figure 5a–d presents the microstructures of the ECM products formed from the WDT in the 

presence of different Br− concentrations. Figure 5a shows a clean sample surface at an 

extremely low Br− concentration where no reaction products such as dendrites or precipitates 

could be observed. When the concentration of Br− was increased to 10-4 M, two types of 

reaction products are formed: long tree-like dendrites and precipitate (Fig. 5b).  The dendrites 

are seen to be arranged such that they connect the anode and the cathode. The dendrites with 

long branches are typically arranged at about right angle with respect to the main stem. The 

individual dendrites could grow as long as about 175 m in length. The precipitate appears to 

be dense in nature. A further increase in the Br− concentration to a higher level (10-3 M) results 

in the formation of massive precipitates (Fig. 5c). A higher magnification shows that the 

precipitate actually consists of many tiny dendrites (inset of Fig. 5c). These tiny dendrites found 

in the precipitate phase grew to a length of about 7 m. At a very high Br− concentration (0.5 

M), the amount of precipitate increases further. 
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(a)  

 

 
(b)  

 
(c)  

 
(d)  

 

Figure 5. SEM images of the products formed at the area between two oppositely charged Sn 

electrodes, at an applied bias voltage of 3 V, in electrolytes with various bromide 

concentrations: (a) 10-6 M; (b) 10-4 M; (c) 10-3 M; (d) 0.5 M (C: cathode; A: anode). 

 

The EDX analysis of the long dendrites formed in 2∙10-4 M NaBr (see Supplementary 

Fig. S3a online) reveals them to be Sn. The presence of fluorine (F) and carbon (C) peaks in 

the spectrum is attributed to the PTFE underneath the dendrite. It should be noted that PTFE 

was used as the separator between the Sn electrodes. The presence of oxygen (O) peak could 

be due to the contamination caused by the precipitate.  The EDX analysis of the precipitate 
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formed in 0.5 M NaBr (see Supplementary Fig. S3b online) shows the presence of Sn (24.0 

wt.%), O (18.1 wt.%), Na (9.8 wt.%) and Br (48.2 wt.%) elements. 

XPS analysis was performed to investigate further the chemical nature of the precipitate. 

Figure 6 shows the XPS spectra of the precipitate formed in 0.5 M NaBr. The XPS wide-scan 

spectrum of the precipitate in Fig. 6a shows the presence of peaks belonging to C, O, Na, Br 

and Sn elements. The corresponding elemental composition obtained from the XPS results is 

shown in Table 2. The presence of C could be due to the contaminants from the experimental 

procedures. The presence of Sn, O, Na and Br suggests that the precipitate is a mixture of tin 

oxides and residue of NaBr salt. 

 

 
(a) 

 
(b)  

 
(c)  

 
 (d)  

    

Figure 6. (a) XPS wide-scan spectrum; (b) XPS high resolution spectrum of Sn3d5/2; (c) O1s 

and (d) Br3d of precipitate formed during the ECM test of tin in the presence of 0.5 M NaBr at 

a bias voltage of 3 V. 
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Element C1s O1s Na1s Br3d Sn3d 

At% 39.01 25.77 15.48 8.56 11.19 

Table 2. Elemental composition obtained from XPS of precipitate formed in 0.5 M NaBr and 

bias voltage of 3 V. 

 

The high-resolution spectra of Sn3d5/2, O1s and Br3d are shown in Fig. 6b–d. The 

oxidation states of Sn in the precipitate are verified in Fig. 5b,c. The Sn3d5/2 peak shown in Fig. 

6b is composed of two Gaussian functions centred at about 485.35 eV and 486.05 eV, which 

corresponds to Sn2+ and Sn4+ respectively. The deconvolution of O1s curve shown in Fig. 6c 

shows three Gaussian functions centred at around 529.55 eV, 530.25 eV and 531.55 eV, which 

corresponds to O-Sn2+, O-Sn4+ and water (H2O), respectively. Based on these results, stannic 

compounds (Sn4+) and stannous compounds (Sn2+) co-exist in the precipitate. The amount of 

Sn4+ was slightly higher compared to Sn2+. The resolved components of Br3d (Fig. 6d), centred 

around 69.55 eV and 68.25 eV, may arise from the SnBr2 and residual NaBr respectively.  

Anodic polarization curves. 

Figure 7a shows the anodic polarization curves of pure Sn in solutions containing various 

concentrations of Br− ions (10-6 M – 1.0 M) recorded at the ambient temperature. The values 

of Ecorr and Icorr were calculated from the Tafel plots obtained from Fig.7a. Epitt was also 

obtained from Fig. 7a from the onset of breakdown potential of the passivation. Figure 7b 

shows the relationship between the concentration of Br− and the electrochemical parameters 

such as Ecorr, Epitt and Icorr. Generally, Ecorr and Epitt decrease while Icorr increases with the Br− 

concentration. 
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(a) 

 
(b)  

 

Figure 7. (a) Polarization curves of Sn in various bromide concentrations. (b) Comparison of 

the electrochemical properties of pure tin in various bromide solutions. 

 

Discussion 

It was found that pure Sn is susceptible to ECM in Br− environment. Based on the in-situ 

investigation of WDT, the main reactions involved in the ECM of Sn include anodic dissolution 

of Sn, formation of white precipitate, evolution of gas bubbles at the cathode and growth of Sn 

dendrites at the cathode.  
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Based on the data obtained in this work and reaction mechanisms suggested in the 

literature5,7,17,31,32, the possible reaction steps that occur during the ECM of Sn are suggested. 

Figure 8 illustrates the suggested reactions involved during the ECM of Sn. In the presence of 

Br−, ECM of Sn begins with the dissolution of Sn anode to form Sn2+ ions as shown in (i), 

followed by further oxidization of Sn2+ to form Sn4+ as shown in (ii)5,7,17,32,33. 

Reactions at the anode: 

𝑆𝑛 →  𝑆𝑛2+ +  2𝑒−         (i) 

𝑆𝑛2+ →  𝑆𝑛4+ +  2𝑒−           (ii) 

 
 

Figure 8. Schematic of plan view of electrochemical cell formed during WDT at applied bias 

of 3 V, in NaBr concentration of (not drawn to scale). 

 

The anodic dissolution is followed by the transport of ions5,7. Positively charged Sn2+ and 

Sn4+ produced at the anode migrate and are transported through the electrolyte towards the 

negatively charged Sn cathode due to electrical field, concentration gradient and electrolyte 

convection7. The Na+ released from NaBr is also attracted to the negative terminal. As Sn2+ or 
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Sn4+ reaches the cathode, the discharge of Sn ions and deposition of metallic tin dendrites occur 

as described in (iii) and (iv)5,7,14,17,32.  

Reactions at the cathode: 

𝑆𝑛2+ +  2𝑒−  →  𝑆𝑛          (iii) 

𝑆𝑛4+ +  4𝑒−  →  𝑆𝑛            (iv) 

The reduction of dissolved O2 (v) in the electrolyte and reduction of H2O (vi) also occur 

at the cathode to release hydroxide ions (OH−)5,7,33,34.  

𝑂2 +  2𝐻2𝑂 +  4𝑒− →  4𝑂𝐻−       (v) 

2𝐻2𝑂 +  2𝑒− →  𝐻2 +  2𝑂𝐻−       (vi) 

Reaction (vi) is suggested as the main reaction as the concentration of dissolved oxygen (O2) 

is relatively low as compared to that of H2O in the electrolyte7,17. The evolution of gas bubbles 

at the cathode is due to the release of hydrogen gas (H2) as shown in (vi).  

Precipitation is observed during the in-situ investigation of WDT. The XPS results in Fig. 

6 reveal the co-existence of stannous and stannic compounds. This is attributed to the formation 

of stannous hydroxide [Sn(OH)2] and stannic hydroxide [Sn(OH)4] from (vii) and (viii)7,17.  

𝑆𝑛2+ +  2𝑂𝐻−  →  𝑆𝑛(𝑂𝐻)2        (vii) 

𝑆𝑛4+ +  4𝑂𝐻−  →  𝑆𝑛(𝑂𝐻)4        (viii) 

Based on the standard Pourbaix diagram of Sn, both Sn(OH)2 and Sn(OH)4 are stable 

compounds in neutral environment34. Owing to the low solubility product constant (Ksp) of 

Sn(OH)4 (1.0∙10-57 at 25 °C)7,35 and Sn(OH)2 (5.45∙10-27 at 25 °C)35,  the white precipitates of 
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Sn(OH)4 and Sn(OH)2 form rapidly upon the application of a bias voltage. Sn(OH)4 can also 

be formed from the direct oxidation of Sn anode or hydrolysis of Sn4+ as shown in reactions 

(ix) and (x), respectively5,7.  

𝑆𝑛 + 4𝐻2𝑂 →  𝑆𝑛(𝑂𝐻)4 + 4𝐻+ +  4𝑒−      (ix) 

𝑆𝑛4+ + 4𝐻2𝑂 →  𝑆𝑛(𝑂𝐻)4 + 4𝐻+      (x) 

In addition to hydroxides, XPS data also reveal the presence of NaBr and SnBr2 (Fig. 5d) 

in the precipitate. The presence of NaBr is attributed to salt crystallization from the evaporation 

of water, as the samples were left to dry in the air before the ex-situ characterizations. Based 

on the thermodynamics data, SnBr2 (∆fG
0

m = −237.9 kJ∙mol-1 at 298.15 K)36 and SnBr4 (∆fG
0

m 

= −359.5 kJ∙mol-1 at 298.15 K)36 can form from (xi) and (xii), as the Sn+ and Br− migrate and 

encounter each other under the influence of an electric field.  

The formation of SnBr2 and SnBr4 are as follows: 

𝑆𝑛2+ +  2𝐵𝑟−  →  𝑆𝑛𝐵𝑟2         (xi) 

𝑆𝑛4+ +  4𝐵𝑟−  →  𝑆𝑛𝐵𝑟4         (xii) 

SnBr4, however, was not detected in the XPS spectrum (Fig. 6d) due to the insufficient database. 

It should be noted that tiny dendrites (~7 µm in length) are observed in the precipitate 

(Fig. 5c). These are in addition to the longer Sn dendrites (~175 µm) which are conductive in 

nature and are responsible for the short-circuiting failure. Observation of tiny dendrites was 

also reported in the ECM of Sn-2Pb in 10 ppm NaCl30. By using transmission electron 

microscopy (TEM) and the electron diffraction patterns, it was confirmed that these tiny 

dendrites are tin hydroxides. Thus, it is also suggested that the small dendrites observed in this 

work are also tin hydroxides. 
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It is suggested that the mechanism of Sn dendritic growth changes at a very high Br− 

concentration (0.5 M – 1.0M). It was reported that in highly alkaline condition, further reaction 

of Sn(OH)4 with OH− forms the complex ion [Sn(OH)6]
2− as shown in (xiii)17,37. 

𝑆𝑛(𝑂𝐻)4 + 2𝑂𝐻− →  [𝑆𝑛(𝑂𝐻)6]2− +  4𝐻2𝑂     (xiii) 

At high Br− concentrations (≥ 0.5 M NaBr), excessive OH− is produced from the cathodic 

reactions and thus creates a highly alkaline environment in the vicinity of the cathode. The 

[Sn(OH)6]
2− complex ion is then reduced to form the Sn dendrites as shown in (xiv)5,7,17,37.  

[𝑆𝑛(𝑂𝐻)6]2− +  4𝑒− →  𝑆𝑛 + 6𝑂𝐻−      (xiv) 

This reaction is a widely accepted mechanism for the alkaline plating process used in industry37. 

The effect of Br− concentration in the ECM of Sn was investigated in a wide range of 

concentrations (10-6 M – 1.0 M). The results showed that the rate of reactions, corrosion 

properties and probability to ECM failure of Sn are influenced by the Br− concentration.  

The effects of different NaBr concentration was investigated using the in-situ observation 

of WDT and APT. It is obvious that the ECM reactions including corrosion of anode, formation 

of precipitates and evolution of gas bubbles at the cathode, are more vigorous with increasing 

Br− concentration. The average current in the first 10 s passing through water droplet electrolyte 

during WDT increases significantly with Br− concentration (Fig. 9). This is linked with the 

increased amount of electrically charged species38. Since NaBr solution is a strong electrolyte 

that dissociates completely in water to form Na+ and Br−, the conductivity of NaBr electrolyte 

increases with the number of ions dissolved in the solution with the NaBr concentration11,39. 

Therefore, the reaction rate increases with the solution concentration, due to the increase in 

conductivity of the electrolyte.  
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Figure 9. Mean current measured during the first 10 s of WDT. Error bars indicate the 

standard errors of the means calculated from 10 replications.  

 

The increase in the rate of reaction with Br− concentration is also revealed in the APT. 

Figure 7b shows that the increase in Br− concentration obviously increases Icorr and therefore 

accelerates the anodic dissolution step. Concurrently, Ecorr and Epitt show an opposite trend. Epitt 

represents the breakdown of the passivation film on the Sn metal40,41. The increase in Br− 

concentration leads to the decrease in Epitt, therefore facilitates the dissolution of the passivation 

film on the Sn surface. This indicates that pure Sn is more prone to corrosion in the environment 

that contains heavier Br− contaminant.  

Despite of the accelerated reactions at higher Br− concentrations, the probability of short-

circuiting due to the ECM dendritic growth does not increase monotonously with the Br− 

concentration. The dendritic growth and consequently the short-circuiting events do not seem 

to depend only on the corrosion properties such as Ecorr, Epitt and Icorr. This rather depends on 

the synergistic interplay among different factors involved. Figure S2 illustrates the 

experimentally determined probability as a function of Br− concentration. Overall, the 

probability of short-circuiting initially increases (10-6 M – 2∙10-4M) but later decreases (2∙10-4 

– 0.1M) with the Br− concentration. The probability to short-circuiting increases again upon 

further increase in the Br− concentration (≥ 0.5 M).  
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When the Br− concentration is extremely low (≤ 1∙10-5 M), the Sn dendritic growth is not 

initiated as the rate of reaction is extremely slow. The increase in the Br− concentration results 

in an accelerated dissolution of the Sn anode, which in turn promotes the feasibility of ECM. 

The probability is thus increased at intermediate Br− concentrations (2∙10-4 M – 8∙10-4 M). The 

highest probability was found at 2∙10-4 M. The precipitate formation is likewise accelerated 

with more metal ions and hydroxyl ions being generated at increased Br− concentration. The 

formation of massive precipitate at higher concentrations (10-3 M – 0.1 M) increases electrolyte 

resistance between the electrodes and acts as barrier to the migration of charged ions17. 

Therefore, only accelerated corrosion without the formation of Sn dendrites is observed at 

higher concentrations (10-3 M – 0.1 M) under the optical microscope. A further increase in the 

Br− concentrations to 1.0 M leads to the formation of a highly alkaline environment. This 

results in the re-dissolution of the stannic hydroxide precipitates to form the [Sn(OH)6]
2− 

complex ion as shown in (xii). The complex ions then further reaction to form the Sn dendrites 

at the cathode. 

Minzari et al.5 reported the probability of ECM of Sn  to anodic reaction rate in a Br− 

concentration range of 10 ppm – 250 ppm (8.4∙10-5 M – 2∙10-4 M). The probability of Sn 

dendritic growth was found distributing normally around a bell curve as a function of the anodic 

dissolution rate. It was suggested that the highest probability of dendrite formation occurs at 

an optimum anodic dissolution rate. The result obtained in this work at Br− concentrations 

lower than 0.5 M agrees with the trend observed in previous work5. However, at 0.5 M, it was 

observed that the ECM failure probability increased again from zero to 0.1. This could be 

attributed to the re-dissolution of precipitates which ceases to act as barrier against Sn dendritic 

growth.  



25 

 

Zhong et al.14 investigated the effects of varying Cl− concentrations (10-4 M – 0.5 M) on the 

ECM of Sn. They found that Sn dendrites grew in low and high concentrations (≤ 0.005 M and 

≥ 0.07 M), while the dendritic growth was hindered at intermediate Cl− concentrations (0.01 M 

– 0.03M) because the precipitate acts as a spatial barrier that hinders migration of ions. The 

mechanisms of dendritic growth reported is related to the direct reduction of Sn ions at less 

than 0.005 M NaCl and the reduction of [Sn(OH)]2− at concentrations higher than 0.07 M Cl−. 

The similarities between the findings which involved Cl− and this work which involve Br− 

show that the ECM of Sn in the presence of halide contaminants in general shares the common 

mechanisms. 

Literature18-22 suggested that the probability of the Sn dendritic growth is related to Epitt and 

Icorr which in turn determines the corrosion of Sn. However, no such relationship is observed 

in this work, the reason of which is explained above. 

The convection inside the water droplet affects the ECM of Sn significantly in the 

condensed ECM. During the WDT, the liquid flow is from the cathode to the anode at the 

centre of droplet but bounces back from the anode to the cathode at the droplet boundary (see 

Supplementary Fig. S1 online). The liquid flow is attributed to the natural convection and 

forced convection42. Natural convection arises from the concentration gradients of ionic 

species42,43. Forced convection is commonly related to the evolution of hydrogen gas bubbles 

and its consequent collapse after coalescence7,42. The convection could be also due to the 

evaporation of the electrolyte44. The loss of water was observed from the reduction of droplet 

thickness after performing the WDT for 450 s (see Supplementary Fig. S4 online).  

The fluid motion inside a water droplet is one of the mechanisms that aids ion transportation 

from the anode to the cathode and vice versa apart from the electrical field and concentration 

gradient7,45. The convection process accelerates or decelerates the process of dendritic growth 
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during the ECM, depending on the direction of the liquid flow. Since the growth location of 

dendrites on the cathode occurs randomly, there is a large deviation in the MTTF (Table 1). 

The time of dendritic propagation is shortened if the dendrites grow at the location where the 

liquid flow is from the cathode to the anode but is lengthen when the dendritic growth is against 

the direction of the liquid flow. The turbulent flow of electrolytes could dislodge the bridged 

dendrites, causing the current to drop dramatically in the current versus time graphs obtained 

during the WDT. The convection inside the electrolyte droplet plays an important role in the 

condensed ECM, and therefore should not be neglected. 

Conclusions 

The effects of Br− concentration (1∙10-6 M to 1.0 M) on the ECM behaviour of Sn were 

investigated. Overall, the reactions during ECM such as corrosion of anode, formation of 

precipitates and evolution of gas bubbles are more vigorous at higher Br− concentrations. The 

anodic polarization curves showed that Icorr of Sn increases, while Ecorr and Epitt of Sn decrease 

with Br− concentration from 10-6 M to 1.0 M. However, the probability to ECM failure is not 

related to the electrochemical properties. The probability of ECM failure initially follows the 

trend of bell-curve, where short-circuiting occurred at intermediate Br− concentration range 

(10-4 M – 8∙10-4 M). Lower Br− concentrations (≤ 10-5 M) do not initiate dendritic nucleation, 

while higher Br− concentrations (10-3 M – 0.1 M) lead to the formation of excessive precipitates 

which hinder dendritic growth. The further increase in Br− concentration (≥ 0.5 M) leads to the 

re-dissolution of precipitate to form the [Sn(OH)6]
2− complex ions, followed by the reduction 

of the complex ions to form the dendrites. The presence of physical factors such as excessive 

precipitates, gas bubbles and fluid motion in the electrolyte outweigh the influence of the 

electrochemical properties in the ECM of Sn in presence of Br− contaminant. 

 



27 

 

References 

1 Minzari, D., Jellesen, M. S., Moller, P., Wahlberg, P. & Ambat, R. Electrochemical 

migration on electronic chip resistors in chloride environments. IEEE Trans Device 

Mater Reliab 9, 392-402 (2009). 

2 Li, S. et al. Corrosion behavior of Sn-based lead-free solder alloys: a review. J. Mater. 

Sci.: Mater. Electron. 31, 9076-9090 (2020). 

3 Lee, S.-B. et al. Electrochemical migration characteristics of eutectic SnPb solder alloy 

in printed circuit board. Thin Solid Films 504, 294-297 (2006). 

4 Medgyes, B., Illés, B. & Harsányi, G. Electrochemical migration of micro-alloyed low 

Ag solders in NaCl solution. Period. Polytech. Electr. Eng. Comput. Sci. 57, 49-55 (2013). 

5 Minzari, D., Jellesen, M. S., Møller, P. & Ambat, R. On the electrochemical migration 

mechanism of tin in electronics. Corros. Sci. 53, 3366-3379 (2011). 

6 Noh, B. I., Lee, J. B., Lee, B. Y. & Jung, S. B. Characteristic of Electrochemical 

Migration on Flexible Printed Circuit Board. Mater. Sci. Forum 580, 229-232 (2008). 

7 Zhong, X. et al. Electrochemical migration of Sn and Sn solder alloys: a review. RSC 

Adv. 7, 28186-28206 (2017). 

8 Steppan, J., Roth, J., Hall, L., Jeannotte, D. & Carbone, S. A review of corrosion failure 

mechanisms during accelerated tests electrolytic metal migration. J. Electrochem. Soc. 

134, 175-190 (1987). 

9 Krumbein, S. J. Electrolytic models for metallic electromigration failure mechanisms. 

IEEE Trans Reliab 44, 539-549 (1995). 

10 Piotrowska, K. & Ambat, R. Residue-Assisted Water Layer Build-Up Under Transient 

Climatic Conditions and Failure Occurrences in Electronics. IEEE Trans Compon 

Packaging Manuf Technol 10, 1617-1635 (2020). 

11 Verdingovas, V., Jellesen, M. S. & Ambat, R. Influence of sodium chloride and weak 

organic acids (flux residues) on electrochemical migration of tin on surface mount chip 

components. Corros. Eng. Sci. Technol. 48, 426-435 (2013). 

12 Liao, B., Wang, H., Xiao, W., Cai, Y. & Guo, X. Recent advances in method of 

suppressing dendrite formation of tin-based solder alloys. J Mater Sci: Mater Electron 

31, 13001–13010 (2020). 

13 Harsányi, G. Irregular effect of chloride impurities on migration failure reliability: 

contradictions or understandable? Microelectron Reliab 39, 1407-1411 (1999). 

14 Zhong, X. et al. In situ study the dependence of electrochemical migration of tin on 

chloride. Electrochem. Commun. 27, 63-68 (2013). 

15 Medgyes, B., Szabó, P., Tamási, P., Gál, L. & Harsányi, G. Electrochemical migration 

of Cu and Sn in Na2SO4 environment. In Proceedings of the 39th International Spring 

Seminar on Electronics Technology, 232-236 (IEEE, 2016). 



28 

 

16 Zhou, Y., Li, Y., Chen, Y. & Zhu, M. Life Model of the Electrochemical Migration 

Failure of Printed Circuit Boards Under NaCl Solution. IEEE Trans Device Mater Reliab 

19, 622-629 (2019). 

17 Zhong, X., Zhang, G., Qiu, Y., Chen, Z. & Guo, X. Electrochemical migration of tin in 

thin electrolyte layer containing chloride ions. Corros. Sci. 74, 71-82 (2013). 

18 Yoo, Y. & Kim, Y. Influence of corrosion properties on electrochemical migration 

susceptibility of SnPb solders for PCBs. Met. Mater. Int. 13, 129-137 (2007). 

19 Yoo, Y. & Kim, Y. Influence of electrochemical properties on electrochemical migration 

of SnPb and SnBi solders. Met. Mater. Int. 16, 739-745 (2010). 

20 Jung, J.-Y., Lee, S.-B., Lee, H.-Y., Joo, Y.-C. & Park, Y.-B. Effect of ionization 

characteristics on electrochemical migration lifetimes of Sn-3.0 Ag-0.5 Cu solder in NaCl 

and Na 2 SO 4 solutions. J. Electron. Mater. 37, 1111-1118 (2008). 

21 Jung, J.-Y., Lee, S.-B., Joo, Y.-C., Lee, H.-Y. & Park, Y.-B. Anodic dissolution 

characteristics and electrochemical migration lifetimes of Sn solder in NaCl and Na2SO4 

solutions. Microelectron. Eng. 85, 1597-1602 (2008). 

22 Liao, B., Chen, Z., Qiu, Y., Zhang, G. & Guo, X. Effect of citrate ions on the 

electrochemical migration of tin in thin electrolyte layer containing chloride ions. Corros. 

Sci. 112, 393-401 (2016). 

23 Bixenman, M., McMeen, M. & Tynes, J. Reliable micro-electronic assembly process 

design test methods-a non-standard approach. In Proceedings of the Pan Pacific 

Microelectronics Symposium, 1-12 (IEEE, 2017). 

24 Ghodssi, R. & Lin, P. MEMS materials and processes handbook. (Springer Science & 

Business Media, 2011). 

25 Franssila, S. Introduction to microfabrication. (John Wiley & Sons, 2010). 

26 Flame Retardants in Printed Circuit Boards Final Report. Report No. 744-R-15-001 

(United States Environmental Protection Agency, 2015). 

27 Sharkey, M., Harrad, S., Abdallah, M. A.-E., Drage, D. S. & Berresheim, H. Phasing-out 

of legacy brominated flame retardants: The UNEP Stockholm Convention and other 

legislative action worldwide. Environ. Int. 144, 106041 (2020). 

28 Altarawneh, M., Saeed, A., Al-Harahsheh, M. & Dlugogorski, B. Z. Thermal 

decomposition of brominated flame retardants (BFRs): Products and mechanisms. Prog. 

Energy Combust. Sci. 70, 212-259 (2019). 

29 Eljarrat, E., Feo, M. L. & Barceló, D. Degradation of brominated flame retardants. In 

Brominated flame retardants Vol. 16  (eds D. Barceló & A. G. Kostianoy)  187-202 

(Springer, 2011). 

30 Minzari, D., Grumsen, F. B., Jellesen, M. S., Møller, P. & Ambat, R. Electrochemical 

migration of tin in electronics and microstructure of the dendrites. Corros. Sci. 53, 1659-

1669 (2011). 



29 

 

31 Yu, D., Jillek, W. & Schmitt, E. Electrochemical migration of Sn-Pb and lead free solder 

alloys under distilled water. J. Mater. Sci.: Mater. Electron. 17, 219-227 (2006). 

32 Noh, B. I. & Jung, S. B. Behaviour of electrochemical migration with solder alloys on 

printed circuit boards (PCBs). Circuit World 34, 8-13 (2008). 

33 Yoo, Y. & Kim, Y. Elucidation of the relationship between the electrochemical migration 

susceptibility of SnPb solders for PCBs and the composition of the resulting dendrites. 

Met. Mater. Int. 16, 613-619 (2010). 

34 Pourbaix, M. Atlas of electrochemical equilibria in aqueous solution. (National 

Association of Corrosion Engineers, 1974). 

35 Séby, F., Potin-Gautier, M., Giffaut, E. & Donard, O. A critical review of thermodynamic 

data for inorganic tin species. Geochim. Cosmochim. Acta 65, 3041-3053 (2001). 

36 Gamsjäger, H., Gajda, T., Sangster, J., Saxena, S. K. & Voigt, W. Chemical 

Thermodynamics Vol. 12-Chemical Thermodynamics of tin. (OECD 2012). 

37 Schlesinger, M. & Paunovic, M. Modern electroplating. (John Wiley & Sons, 2011). 

38 Liao, B., Chen, Z., Qiu, Q. & Guo, X. Inhibitory effect of cetyltrimethylammonium 

bromide on the electrochemical migration of tin in thin electrolyte layers containing 

chloride ions. Corros. Sci. 118, 190-201 (2017). 

39 Zoski, C. G. Handbook of electrochemistry. (Elsevier, 2006). 

40 Li, D., Conway, P. P. & Liu, C. Corrosion characterization of tin–lead and lead free 

solders in 3.5 wt.% NaCl solution. Corros. Sci. 50, 995-1004 (2008). 

41 Lee, S.-B., Jung, M.-S., Lee, H.-Y., Kang, T. & Joo, Y.-C. Effect of bias voltage on the 

electrochemical migration behaviors of Sn and Pb. IEEE Trans Device Mater Reliab 9, 

483-488 (2009). 

42 Bagotsky, V. S. Fundamentals of electrochemistry. (John Wiley & Sons, 2005). 

43 Volgin, V., Zhukov, A., Zhukova, G. & Davydov, A. Onset of natural convection in the 

electrochemical cell with horizontal electrodes under non-steady-state conditions: A 

numerical study. Russ. J. Electrochem 45, 1005 (2009). 

44 Pradhan, T. K. & Panigrahi, P. K. Visualization of motion inside droplets. In Selected 

Topics in Photonics   (eds A. Pradhan & P. K. Krishnamurthy) Ch. 8, 69-77 (Springer 

Nature, 2018). 

45 Simillion, H., Van den Steen, N., Terryn, H. & Deconinck, J. Geometry influence on 

corrosion in dynamic thin film electrolytes. Electrochim. Acta 209, 149-158 (2016). 

 

 



30 

 

Acknowledgements 

This work was supported by the Collaborative Research in Engineering, Science and 

Technology (CREST) [Grant number: P12C1-14] and the Partnership Grant of University of 

Malaya [Grant number: RK007-2018]. 

Author contributions 

E.L.L., A.S.M.A.H., W.J.B., Y.H.W., M.F.M.S. and B.Y.L. conceptualized and designed the 

experiments. E.L.L. conducted the experiments, performed data analyses and prepared the 

manuscript. A.S.M.A.H. and W.J.B. supervised the experiments. All authors reviewed and 

revised the manuscript. 

Competing interests  

The authors declare no competing interests. 

Additional information 

Supplementary Video 

Supplementary Figures 

 

 

 

 

 



31 

 

Figure legends 

Figure 1. (a) Schematic of the WDT setup. (b) Top view of test sample.  

Figure 2. (a) Current vs. time curve obtained from the ECM test of Sn in 8∙10-4 M NaBr and 

applied bias of 3 V and the corresponding in-situ microscopic images at: (b) 0 s; (c) 76 s; (d) 

198 s; (e) 204 s; (f) 271 s ; (g) 450 s (C: cathode; A: anode). 

Figure 3. Current vs. time curves for the ECM of Sn at various bromide concentrations and 

applied bias of 3 V. Red arrows pinpoint the time of the first current surge or the TTF. 

 

Figure 4. In-situ microscopic images of Sn electrodes at the end  (450 s) of the ECM process 

at 3 V applied bias, in various bromide concentrations: (a) 10-4 M; (b) 2∙10-4 M; (c) 0.5 M and 

(d) 1.0 M (C: cathode; A: anode). 

 

Figure 5. SEM images of the products formed at the area between two oppositely charged Sn 

electrodes, at an applied bias voltage of 3 V, in electrolytes with various bromide 

concentrations: (a) 10-6 M; (b) 10-4 M; (c) 10-3 M; (d) 0.5 M (C: cathode; A: anode). 

 

Figure 6. (a) XPS wide-scan spectrum; (b) XPS high resolution spectrum of Sn3d5/2; (c) O1s 

and (d) Br3d of precipitate formed during the ECM test of tin in the presence of 0.5 M NaBr at 

a bias voltage of 3 V. 

 

Figure 7. (a) Polarization curves of Sn in various bromide concentrations. (b) Comparison of 

the electrochemical properties of pure tin in various bromide solutions. 

 

Figure 8. Schematic of plan view of electrochemical cell formed during WDT at applied bias 

of 3 V, in NaBr concentration of (not drawn to scale). 

Figure 9. Mean current measured during the first 10 s of WDT. Error bars indicate the standard 

errors of the means calculated from 10 replications.   

 

Table legends 

 

Table 1. Probability of ECM failure and mean time-to-fail (MTTF) of Sn at various Br− 

concentrations. Standard errors were calculated from the total number of failures during WDT. 

 

Table 2. Elemental composition obtained from XPS of precipitate formed in 0.5 M NaBr and 

bias voltage of 3 V. 

 

 

 



Figures

Figure 1

(a) Schematic of the WDT setup. (b) Top view of test sample.



Figure 2

(a) Current vs. time curve obtained from the ECM test of Sn in 810-4 M NaBr and applied bias of 3 V and
the corresponding in-situ microscopic images at: (b) 0 s; (c) 76 s; (d) 198 s; (e) 204 s; (f) 271 s ; (g) 450 s
(C: cathode; A: anode).



Figure 3

Current vs. time curves for the ECM of Sn at various bromide concentrations and applied bias of 3 V. Red
arrows pinpoint the time of the �rst current surge or the TTF.



Figure 4

In-situ microscopic images of Sn electrodes at the end (450 s) of the ECM process at 3 V applied bias, in
various bromide concentrations: (a) 10-4 M; (b) 210-4 M; (c) 0.5 M and (d) 1.0 M (C: cathode; A: anode).



Figure 5

SEM images of the products formed at the area between two oppositely charged Sn electrodes, at an
applied bias voltage of 3 V, in electrolytes with various bromide concentrations: (a) 10-6 M; (b) 10-4 M; (c)
10-3 M; (d) 0.5 M (C: cathode; A: anode).



Figure 6

(a) XPS wide-scan spectrum; (b) XPS high resolution spectrum of Sn3d5/2; (c) O1s and (d) Br3d of
precipitate formed during the ECM test of tin in the presence of 0.5 M NaBr at a bias voltage of 3 V.



Figure 7

(a) Polarization curves of Sn in various bromide concentrations. (b) Comparison of the electrochemical
properties of pure tin in various bromide solutions.



Figure 8

Schematic of plan view of electrochemical cell formed during WDT at applied bias of 3 V, in NaBr
concentration of (not drawn to scale).



Figure 9

Mean current measured during the �rst 10 s of WDT. Error bars indicate the standard errors of the means
calculated from 10 replications.
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