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Abstract

Plated copper (Cu) contacts for silicon (Si) solar cells are an attractive alternative material to
conventional screenprinted silver, but there are unresolved questions on the long-term integrity of
plated contact structures. In this work we perform characterization on plated Cu contacts from

encapsulated cells that were degraded during extended exposure to damp heat (DH) stress. First,



using energy dispersive X-ray spectroscopy (EDS), we find evidence of Cu outdiffusion upward
through capping layers made of both tin and silver applied with light-induced plating, resulting in
a layer of Cu on the outer contact surface. We hypothesize that if Cu is mobile in the module, it
may eventually find some route by which to enter the Si cells where it can degrade performance.
Subsequently, in several types of Cu-plated, DH-degraded cells, secondary ion mass spectrometry
(SIMS) detects elevated levels of Cu at the Si surface and in the Si cell bulk, which suggests that

Cu can indeed migrate from contacts into Si over the course of DH stress.
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l. Introduction

The long-term reliability and durability of solar cells is a topic of prime importance, particularly
considering that targeted solar module lifetimes in the future may be substantially longer than the
25-30 years of field deployment that has been typical of warranties for currently-deployed
modules.! When considering the introduction of new materials or manufacturing methods for PV
modules, it should be necessary to test for and understand any new degradation modes that might
also be introduced. In this case, we consider electrical contacts for silicon (Si) solar cells made
primarily of plated copper (Cu), which have for some time been discussed as a lower-cost
alternative to screenprinted silver (Ag) contacts.

Plated Cu contacts have not gained their projected market share for Si solar cells despite the fact
that they offer savings on material costs and performance advantages compared to screenprinted
Ag.2 While there seem to be several compounding reasons for this lack of industrial adoption, a

recent review of challenges with plated Cu highlighted reliability and durability concerns over



“contact integrity,” a term used to describe detrimental Cu diffusion or microstructural changes in
the contact over time in response to environmental stressors.? High-efficiency cell concepts may
present an opportunity for the introduction of plated Cu contacts, as they may offer a more cost-
effectiveroute to highly-conductive contacts and are inherently formed at the low temperatures
necessitated by some high-efficiency cell passivation schemes.?* Therefore, continued study of
plated Cu contact integrity is important.

Copper ingress from contacts into Si has been a concern from the outset as Cu is a particularly
fast-diffusing and insidious defect in Si and can form highly recombination-active precipitates.>”’
Plated contact schemes aim to prevent Cu ingress with diffusion barriers between the Cu and Si.
In homojunction c-Si cells with direct contact between metal and Si, this barrier layer is usually
nickel (Ni), and is usually annealed to form an interfacial nickel silicide layer (NiSix). The
annealed Ni layer is also understood to improve adhesion and reduce contact resistance.®12 A
number of studies have tested for the downward diffusion of Cu (into cells) through the Ni barrier
by means of accelerated testing at elevated temperatures (usually 200°C), with detrimental
degradation noted only when the Ni layer is insufficiently thick (<~200 nm).!3.14 It is assumed that
with sufficiently thick Ni barriers, the downward ingress of Cu is prevented both by the formation
of NiSix layer at the bottom of the stack and alloying at the Ni-Cu interface.>!>-1¢ However, one
study showed detrimental Cu precipitates underneath Ni diffusion barriers after 200°C heat
treatments and rapid cooling, suggesting that downward Cu may somehow defeat Ni barriers at
moderate temperatures, but that slow cooling inhibits the formation of performance-limiting
extended Cu defects.!”

More recently, other evidence has emerged regarding another aspect of contact integrity: after

performing extended heat treatments designed to test for downward Cu diffusion, several studies



have found evidence of “upward” Cu outdiffusion through Ag capping layers, which can leave
voids in the contact stack that in some cases ultimately affected device performance.!0.13.19

In previous work, we have shown that encapsulated cells with Cu-plated contacts degrade more
under damp heat (DH) stress than comparative encapsulated cells with Ag-screenprinted
contacts.20:21 Specifically, the degradation in Cu-plated samples affected diode parameters,
indicating junction degradation described by increasing non-ideal recombination current density
(Jo2) and decreasing pseudo fill factor (pFF) as measured by the Suns-Voc technique.?? In the first
study, the degradation was not observed in sister samples with Ag-screenprinted contacts, and
degradation was prevented in Cu-plated cells when the encapsulant was polyolefin elastomer
(POE), rather than the more common ethylene vinyl acetate (EVA).20 In the second study,
degradation seemed to correlate with the average adhesion strength of the Cu-plated fingers to Si,
and it was proposed that weaker finger adhesion resulted in finger dislodgement during DH testing,
thereby opening a pathway for mobile Cu to diffuse into Si.?!

In the present work we examine samples from those previous studies that exhibited pFF loss
after DH stress. We hypothesized that this degradation could be due to Cu contamination of the
Si. We present cross-sectional scanning electron microscope (SEM) images and energy dispersive
X-ray spectroscopy (EDS) characterization of encapsulated, Cu-plated cells after exposure to
1000+ hours of DH testing at 85°C and 85% relative humidity. In these modules, we find evidence
of Cu diffusion outward through contact capping layers formed by light-induced plating (LIP). In
samples with suspected Cu-induced degradation, we show evidence of Cu ingress into c-Si via

secondary ion mass spectroscopy (SIMS).

[l. Experimental



The samples in this work are a variety of p-type c-Si cells with Ni-Cu plated contacts, which
were encapsulated into modules, and exposed to DH at 85°C and 85% relative humidity (RH) for
varying durations. As described in subsequent sections, we examined several different cells with
plated Cu contacts manufactured with different specific processes and encapsulated with different
materials. In particular, we study Ni-Cu plated contacts with different metal capping layers: both
tin (Sn) applied with light-induced plating (LIP Sn) and silver (Ag), also applied with LIP (LIP
Ag). Although the specific materials, manufacturing, DH stress duration and observed degradation
in each sample are slightly different, we aim to compare and contrast Cu outdiffusion in different
systems. More details of each sample are found in respective discussion in Sections III.A and I11.B.

After DH exposure, samples were characterized with [-V and electroluminescence and/or
photoluminescence imaging, then prepared for cross-sectional imaging. Small, selected sections
of modules were removed with adiamond cutter, then mounted in resin for grindingand polishing,
Glass and encapsulant were ground away, then polished with 3 um and 1 um compound until
smooth. A Helios G4 plasma focused ion beam and scanning electron microscope (PFIB-SEM)
was used to mill EVA and plated finger cross sections and take images, equipped with an Oxford
Ultim Max 170 SDD energy dispersive X-ray spectroscopy (EDS) system for elemental mapping,

Selected sections of the same and analogous modules were analyzed with secondary ion mass
spectroscopy (SIMS). After harvesting cores from degraded modules and removing the
encapsulant, the samples were dipped in 70% nitric acid (HNOj3) for 90 minutes at 45°C followed
by 5% hydrofluoric acid (HF) for 4 minutes to remove the metallization and expose the silicon
surface. SIMS was performedusinga PHI Adept 1010 Dynamic SIMS system, with an oxygen
primary ion beam with 3 kV energy and 20 nA current. The raster size was 60 x 60 um and positive

ions were detected from a 19 x 19 um area in the center. Multiple measurements were performed
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at exposed metal contact regions on each sample. See the discussion of SIMS measurements

applied to degraded c-Si cells in Igbal et al.?3

I11. Results and Discussion

I11. A. Electron microscopy and EDS of degraded samples
I1l. A. 1. Cu-plated, Sn-capped

Electroluminescence (EL) images of a degraded Cu-plated Sn-capped cell over 2000 hours of
DH are shown in Figure 1. The pFF of the sample decreased from 82.1% to 77.0% and Jy, more

than doubled, indicating degradation of the diode characteristics of the cell.?
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Figure 1. Electroluminescence and pFF changes of a Cu-plated, Sn-capped cell over 2000 hours

of DH exposure. The area harvested for SEM cross-sectioning is indicated in red.

Figure 2a shows a SEM cross section of a Ni-Cu-Sn-plated contact finger harvested from the
cell region indicated in Figure 1. This cell was fabricated from a 6” textured p-type mono-Si
aluminum back surface field (Al-BSF) cell precursor obtained from an industrial manufacturer,
lacking a front contact. The front contact pattern was then patterned via negative screenprinted
photoresist, and the Si surface was exposed for plating via HF etching of the front silicon nitride
antireflection coating. The aspectratio of the contacts was rather large due to the poor fidelity of

resist/wet etch patterning: fingers were roughly 200 pm wide by several um tall. The plated contact
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stack was formed via light-induced plating (LIP): first a Ni diffusion barrier from a sulfamate-
based Ni bath. Following a NiSix-forming anneal (350°C, 2 minutes, N, ambient) and SPM etch
(2 minutes, 4:1 sulfuric acid to hydrogen peroxide) of unreacted Ni, the final stack was plated with
LIP Ni, sulfate-based LIP Cu, and LIP acid stannous Sn with interim rinsing.?* The final contact
stack height at the busbar was approximately 7-8 um, roughly 0.5 um Ni, 6 pm Cu, and 1 pm Sn.
The sample was tabbed by hand and encapsulated with a conventional glass/EV A/backsheet
module construction and subjected to 2000 total hours of 85°C/85% RH DH stress.

Figure 2c shows linescan EDS data from the yellow line indicated in 2a. Figure 2b shows EDS
maps, which clearly show the presence of Cu within the Sn capping layer, and particularly
accumulating at the outer Sn surface. Small voids are visible at the Cu-Sn interface approximately

every 1-2 pm.
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Figure 2. (a) SEM cross section of a Ni-Cu-Sn plated contact finger harvested from the region
indicated in Figure 1 after 2000 hours of DH. (b) EDS maps for Sn, Cu, Ni, and Si of the same

cross section. (¢) EDS linescan of the line indicated in (a).

The low temperature Cu-Sn system has been studied extensively, primarily regarding solid state
Cu-Sn interdiffusion which results in intermetallic compounds (IMCs). These IMCs are
problematic in solder joints because of their brittleness.? Cu is a fast diffuser in Sn, diffusing
interstitially in the ¢ direction of the metallic Sn tetragonal lattice, which initiates Cu-Sn
interdiffusion at low temperature.2® The Cu-Sn phase diagram shows two low-temperature IMCs

formed through interdiffusion: an orthorhombic e-Cu3;Sn and a monoclinic 1-Cu¢Sns.27-28 Many



experimental results on binary Cu-Sn diffusion couples at low temperatures find that these two
phases develop at Cu-Sn interfaces.? A number of measured and derived Cu-Sn interdiffusion
concentration profiles from the literature appear much the same as the EDS profile near the Cu-Sn
interface in Figure 2c¢, see for example Kumar et al.30

Another feature of many of these studies of Cu-Sn interdiffusion is the development of
microvoids at the interface, which are attributed to the faster diffusion of Cu into Sn than Sn into
Cu, as well as in the IMC layers.3%-3! This results in a net flux of vacancies, which can coalesce to
form voids. While these are frequently called “Kirkendall voids” in the literature, the position of
the voids in the IMC layers requires some extension of classical Kirkendall theory. In particular,
multiple Kirkendall planes are predicted in the Cu-Sn system, an effect of the diffusion anisotropy
of'the Cu-Sn IMCs.2%-32 Furthermore, ithas been shown repeatedly that void formationis enhanced
by the presence of impurities, which is very relevant for plated Cu from sulfate-based acid
solutions, which is likely to have impurities including sulfur, chlorine, carbon, and oxygen.31-33
Void size and density in plated Cu-Sn also seems to depend on plating current density .33 In the Cu-
Sn system, voids are expected to form at the Cu-CusSn interface, and perhaps within the CusSn
phase, especially if the purity of the Cu layer is <99.9%.3° While Cu diffusionin Sn is a
predominantly bulk diffusion process, grain boundary diffusion plays an important role in
transporting Sn in the CueSns layer toward the CusSn layer, so the CugSns tends to consume the
Cu;Sn.3¢ Grain boundary diffusion explains why Sn and Cu diffusion in the CusSns phase are
roughly equal. If left for long periods, the growth of voids in the Cu3Sn layer may disrupt the
diffusion of Cu, and eventually the Cu;Sn is consumed by CugSns.3> At low temperatures (<75°C)
it seems like the primary phase growth is in the CusSns phase, whereas at higher temperatures both

phases grow.37 This difference in phase growth is potentially relevant for Cu-plated solar cell

9



contacts in the field, which operate in wide temperature ranges that will typically be lower than
75°C, but may occasionally approach 75°C in hot climates. It may also suggest that the phase
growth will be different in most field scenarios than in 85°C DH testing.

Overall, the implication seems to be that some degree of IMC and void growth should be
anticipated with plated Cu-Sn contacts. With a sufficiently thick Sn layer, growth of the CusSns
phase could ultimately present a barrier to further outdiffusion of Cu through Sn. Cu outdiffusion
will also be disrupted as voids form at the Cu-CusSn interface.?> Both are dependent on
temperature and Cu purity, among other variables. With a thin layer of Sn and/or no limitation on
Cu outdiffusion, Cu-Sn IMCs could potentially consume the entire Sn layer given enough time.
Another solution might be to add Ni to the Cu (5-15 at.%, or 9 at.% according to various sources),

to limit Cu outdiffusion and create a stable phase of (Cu, Ni)¢Sns at room temperature.2’-38

I1l. A. 2. Cu-plated, Ag-capped

Figure 3 shows cross-sectional and luminescence data from a 3x3 cm cell with Ni-Cu-Ag plated
contacts. This cell was fabricated from a 156 x 156 mm PERC precursor without front contacts.
Twenty-five small cell contact grids (25 x 25 mm) were patterned on the front of each wafer by
removal of the silicon nitride antireflection layer with a 266 nm ps Lumera Super Rapid Nd: YAG
laser with a BBO crystal for the 4t harmonic. Pre-treatment (deglazing) was performed by single
side immersion in 1% HF for 60 s to remove native oxides formed during laser ablation followed
by a rinse with deionized water.3%40 LIP was used for the Ni (~1 um), Cu (~11 um) and Ag (~1
um) contact stack. After cells were plated, they were annealed (350°C, 1 minute, N, ambient) to
form NiSiy. After annealing, each large precursor was laser cleaved into 25 individual small cells

(30 x 30 mm).*% Cells were interconnected and EV A-encapsulated in a three-cell mini-module and
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exposed to 1000 hours of DH stress. pFF reduced from 79.4% to 77.9% in DH, again indicating

deterioration of the diode characteristics.

(b)

1000 hours DH
ApFF  -1.5%

e |
10 ym

Figure 3. (a) SEM cross section of a finger from a Ni-Cu-Ag plated cell after 1000 hours of DH,
harvested from the region indicated in (c). (b) EDS maps of the same cross section for Ag, Cu, Sj,

and Ni. (¢) EL and pFF loss for the cell after 1000 hours of DH.

Figure 3a shows the cross-sectional image of a finger, harvested from the region indicated in
Figure 3c. The EDS map of the cross section in Figure 3b shows the presence of the Cu on the
outer surface of the capping layer and interestingly lining the voids in the encapsulant above the
finger. Close inspection shows small voids present at the Cu-Ag interface. Previously, small voids
have been reported at the interface of LIP Cu and LIP Ag after NiSiy annealing at 300-350°C for
several minutes,2!-4! with larger voids reported after thermally-stressing cells at 200°C for 500
hours.10:42

The Cu-Agphase diagram predicts little solid solubility in the Cu-Ag system below the eutectic

point at approximately 780°C, therefore bulk diffusion studies seldom report interdiffusion in Cu-
11



Ag diffusion couples below ~700°C.#3-46 In other cases, diffusion experiments at lower
temperature have noted a discontinuity in the Arrhenius plot of Cu-Ag diffusion coefficient,
indicating a lower activation energy at temperatures below 600-700°C, which they attribute to the
greater role played by grain boundary diffusion.#”48 Dorner et al. took care to study Cu diffusion
in Ag single crystals and found no such discontinuity in the Arrhenius plot, again suggesting that
grain boundary diffusion is responsible for diffusion of Cu in Ag at temperatures below the limit
of solid solubility.4

Applied studies of Cu diffusion through thin plated Aglayers have been previously performed
on leadframe packages for integrated circuits. Lin et al. detected Cu migration through 5-7 um-
thick plated Ag layers after 2.5 hoursat175°C, and suggested that grain boundaries in the Ag layer
presented a route for Cu migration.’ Similar experiments were performed by Li and Ong and
Zhang et al.,>>2 who all discovered Cu migration through several um of plated Ag after thermal
exposure to 125-200°C for durations ranging from several hours to several days. A point of
emphasis in these studies was the consumption of outdiffused Cu by reactions occurring on the
surface. Cu oxidized with atmospheric oxygen or corroded from oxygen and sulfur present in
packaging mold compounds. The rate of Cu outdiffusion through Ag seemed to depend on the
chemical environment at the outer surface of the Ag layer, with some packages preventing Cu
outdiffusionbetter than others.3%-52 Similarly, chemically-driven outdiffusion of Cu through plated
Ag grain boundaries is observed in historical daguerreotype photographs.33-34

Therefore, it seems plausible that Cu could outdiffuse through plated Ag capping layers at
relatively low temperature, given both sufficient grain boundaries in the Aglayer and a chemical
reaction “sink” at the surface. It is well known that DH stress applied to conventional PV modules

with EVA encapsulant produces acetic acid. Acetic acid has been noted to corrode cell
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metallization in other experiments (see e.g. references 3>-°%); in Cu-plated, Ag-capped samples it
might also provide a sink reaction to drive Cu outdiffusion via grain boundaries. Solutions to
prevent this outdiffusion may be to substitute or engineer encapsulant materials to produce less
acetic acid; or to manipulate the grain boundaries of the Ag layer to provide fewer diffusion
pathways. Colwell et al. noted apparently greater Cu outdiffusion through thick LIP Ag capping
layers than in thin immersion-plated Ag, and suggested the more polycrystalline LIP Ag provided

more pathways for low-temperature Cu diffusion.!8

[11. B. SIMS on degraded samples

After finding evidence of Cu outdiffusion, it is important to understand if the outdiffused Cu is
problematic. In an effort to understand if degradation of diode characteristics is actually caused by
Cu ingress into the c-Si, SIMS profiles into the depth of the c-Si were recorded on a number of
locations on a number of different sample types. Figure 4 shows SIMS depth profiles of Cu in
three samples with different DH degradation. The signal is normalized to the maximum detected
signal. Lines represent the mean of multiple measurements from a sample, shaded areas represent
the 95% confidence interval. Ni-Cu-Sn plated (EVA) (solid black line) signifies a sample
analogousto the one discussed in Section III.A.1 and Figures 1 and 2: that is, a cell with Cu-plated,
LIP Sn-capped contacts, encapsulated in EVA. It was exposed to 3500 hours of 85°C/85% RH DH
and lost 4.7% absolute of pFF with more than 6x increase in Jo,. Ni-Cu-Sn plated (POE) (dashed
red line) is the same type of sample except encapsulated in POE, and did not undergo appreciable
pFF or Jy, degradation over the same duration of DH. The EVA sample has a roughly three-fold

greater concentration of Cu at the surface than the POE sample, on average. The rather large
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confidence interval could reflect the fact that these dynamic SIMS depth profiles are complicated
by the Si surface texture. We also cannot rule out that Cu ingress could vary across the surface of
each sample, which would also yield large confidence intervals. As a reference, Figure 4 also
shows a profile (dotted blue line) from a Ag screenprinted sister cell, encapsulated in EVA, which
did not degrade over 3500 hours of DH, and shows essentially no Cu signal. The surface
concentration of Cu shown in Figure 4 is higher in the Cu-plated, EVA-encapsulated sample than
in the Cu-plated, POE-encapsulated sample. We have previously reported that the diode
degradation was greater in EVA-encapsulated samples than in POE-encapsulated samples2?, and

we now suggest the reason is because Cu ingress is greater EVA-encapsulated samples.
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Figure 4. SIMS Cu profiles into three similar c-Si solar cells after 3500 hours of DH: a Ni-Cu-Sn
plated cell, encapsulated in EVA (solid black line); a Ni-Cu-Sn plated cell encapsulated in POE
(dashed red line); and a Ag-screenprinted cell encapsulated in EVA (dotted blue line). The line
shows the mean of multiple measurements (five, three, and two measurements respectively) and

the shaded area shows the 95% confidence interval.

Figure 5 shows SIMS profiles from a Cu-plated, LIP Ag-capped sample with a contact stack
similar to the one discussed in Section III.A.2 and Figure 3. It was encapsulated in EVA, and

14



exposed to 2000 hours of DH and degraded in pFF 6.8% absolute. The bad regions (orange solid
line) are measurements performed on areas that appeared relatively darker in EL, while the good
regions (green dashed line) are measurements performed on bright areas, marked in the EL image.
We detect Cu in the sample in both good and bad areas. The surface concentration of Cu is greater
in the bad regions, but the good regions have slightly higher Cu signal beyond ~500 nm. This

might indicate that Cu is more concentrated in the emitter in worse-performing regions.

1.0
—— Ni-Cu-Ag plated (EVA, bad region)

0.8 Ni-Cu-Ag plated (EVA, good region)
£
8. 0.6
©
5
‘» 0.4
= W
O

0.2 1

\r\,v\;.\l\',\\‘ Al ’
M i """'""‘"’v'\" '\"_‘"\ I R N W T 1-\:\-"‘"'\
0.0 T . k":\A,\“"’V\/"\:\""‘\{‘l‘V"“‘:\"ﬁ &"M‘:/:u )\."j\’\»}»\im\f,%"/w’».: lk 4
0 1000 2000 3000 4000

Depth (nm)

Figure 5. SIMS Cu profiles into a Ni-Cu-Ag plated cell, encapsulated in EVA, after 2000 hours
of DH. Bad regions (solid orange line) correspond to dark spots in EL indicated in the image at
right. Good regions (dashed green line) correspond to brighter areas. The line shows the mean of

3 measurements from each region, the shaded area shows the 95% confidence interval.

V. Conclusion

This study of DH-exposed silicon solar cells with Cu-plated contacts shows evidence of Cu

outdiffusion through plated capping layers after 1000+ hours of DH exposure. Outdiffusion is
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observed for both LIP Sn and LIP Ag capping, although in each case the mechanism for low
temperature outdiffusion is likely different. In Cu-Sn contacts, low temperature formation of IMC
layers via interdiffusion at the interface is predicted by the Cu-Sn phase diagram. In Cu-Ag
contacts, Cu outdiffusionis likely confined to grain boundaries, and perhaps only if a chemical
driving force consumes outdiffused Cu at the surface.

Cells with both Cu-Sn and Cu-Ag contact stacks exhibited pFF loss in DH. Previous studies of
Cu contact-induced degradation have primarily been concerned with pFF loss caused by
downward Cu ingress through seed/barrier layers (usually Ni). Upward Cu outdiffusion may also
need to be considered, particularly in module packages that create a chemical reaction sink at the
outer surface of the contact, e.g., acetic acid from hydrolyzed EVA. Once outdiffused, Cu may be
mobile in the module and eventually find some route to ingress into the Si. Conceivable solutions
are to engineer the capping layers to prevent Cu outdiffusion, or to remove the driving force for
outdiffusion by better engineering module packages and materials for stable chemical
environments, for example, by replacing EVA with other encapsulants.

Finally, we present evidence of Cu ingress into c¢-Si in several types of Cu-plated, DH-degraded
cells as measured by SIMS. In general, the relative quantity of Cu measured by SIMS at the c-Si
surface correlates with the extent of degradation observed in I-V parameters or observed in
electroluminescence. We have shown evidence that replacing EVA with POE seems to limit Cu

ingress.
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