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ABSTRACT  

   

This paper reports the results of studies comparing various patterning and electroplating 

methods for the deposition of Cu electrodes for silicon heterojunction solar cells, as well 

as developing and applying a novel mask-free plating process to plate copper patterns. The 

direct electroplating portion of this work compared the results of electroplating on different 

metal seeds from Ag, Ni, Cr and Ti by physical vapor deposition to the light induced plating 

of Ni/Cu directly on transparent conductive oxide. Patterning was performed using 

photoresists formed by spin-coating, screen printing or lamination. The geometry of the 

fingers, line resistance, contact resistance and adhesion were used as comparative 

parameters for the quality of the electroplated deposit on the different seed layers. The 

direct electroplating of Cu on the sputtered Ag seed achieved the lowest contact resistance 

and the best adhesion. All photoresists were able to achieve greater than 60μm resolution 

and could produce the fingers with the required height, despite the presence of 

mushrooming of plated copper. The most efficient silicon heterojunction cell with Cu 

contacts directly electroplated on the sputtered Ag seed achieved 21.9% efficiency on a 

153cm2 area. The localized electroplating process developed in this work produced 

definitive lines of plated copper without the use of any masking materials or methods on 

the cathode. Cu was deposited using this new method on polished brass substrates and 

polished silicon wafers with a sputtered Ag front coating, from anodes made of oxygen-

free copper (OFC) and platinum. Plating applied voltage and anode-to-cathode distance are 

varied to study the effect on the plated lines profile. A full finite element method (FEM) 

model was created to simulate the growth of plated lines using different localized plating 

methods, including the method used in this work. The model was compared to measured 
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results and used as a predictive tool to simulate the effects of changing anode geometry for 

future applications in solar. Finally, non-ideal effects of the exposed wire anode plating 

were discussed, including variations in the electric field which lead to undesirable effects 

such as pillars, inconsistent aspect ratios, tapering and dendritic growth along the plated 

line. 



  iii 

ACKNOWLEDGMENTS  

   

I would like to thank Bill Dauksher and Stas Herasimenka for their guidance throughout 

my time in the program, making me a well-rounded scholar and researcher. I would also 

like to thank my many friends and acquaintances in the Solar Power Lab who gave 

thoughts, advice and/or simply a good chat. Of note, I thank Mark Bailly, Joseph Karas, 

Alex Killam, and Pradeep Balaji. I would also very much like to thank my wife Alexandra 

for support through the many years and long days while I remained in the program, as well 

as my daughter Theodora, who has the uncanny ability to turn any work time into play 

time. Finally, I would like to thank the group at Technic Inc. for supplying materials and 

many bits of chemistry advice, which made electroplating in this work possible and less 

daunting to an electrical engineer. 

This material is based upon work supported in part by the Engineering Research Center 

Program of the National Science Foundation (NSF), the National Nanotechnology 

Coordinated Infrastructure Program (NNCI) grant No. NNCI-1542160, the US Department 

of Energy (DOE) PV Foundry Grant No. DE-EE0008975, and by the NSF and DOE 

cooperative agreement No. EEC-1041895. Any opinions, findings and conclusions or 

recommendations expressed in this material are those of the author(s) and do not 

necessarily reflect those of the National Science Foundation or Department of Energy.



  iv 

TABLE OF CONTENTS 

                                                                                                                             Page 

LIST OF TABLES ............................................................................................................. vi 

LIST OF FIGURES .......................................................................................................... vii 

CHAPTER 

1 INTRODUCTION .................................................................................................... 1 

1.1 Silicon Heterojunction (SHJ) Solar Cells ................................................... 1 

1.2 Tunnel Oxide Passivated Contact (TOPCon) Solar Cells .......................... 5 

1.3 Silver Screen Printed Technique ................................................................. 9 

1.4 True Cost of Silver PV Integration ........................................................... 11 

1.5 Overview of Copper Electroplating .......................................................... 14 

1.5.1 Copper Electroplating in Solar Research ............................................... 19 

2 DIRECT CONTACT ELECTROPLATING FOR SHJ SOLAR CELLS ........... 23 

2.1 Light Induced Plating (LIP) ...................................................................... 25 

2.2 SHJ Solar Cell Fabrication ........................................................................ 28 

2.2.1 Seed Layer Processing .............................................................. 29 

2.2.2 Photolithography ...................................................................... 30 

2.2.3 Experimental Setup of Contact Electroplating For SHJ 

Solar Cells ................................................................................ 34 

2.3 Measured Results of SHJ Cells ................................................................. 35 

2.3.1 Front Grid Optimization ........................................................... 36 

2.3.2 Electroplated Fingers and Electroluminescence (EL) .............. 37 

2.3.3 Plated Copper Adhesion ........................................................... 46 



  v 

CHAPTER                                                                                                                Page 

2.3.4 Contact Resistance .................................................................... 51 

2.3.5 Line Resistance and Four Point Probe ...................................... 54 

2.3.6 Full Cell Results ....................................................................... 60 

3 LOCALIZED ELECTROPLATING METHODS ................................................ 62 

3.1 Optimization of Copper-Plated Front Grid Patterns................................. 65 

3.2 Experimental Setup ................................................................................... 71 

3.2.1 WLECD .................................................................................... 71 

3.2.2 LECD With Large Area Anode ................................................ 74 

3.3 Modelling of LECD and WLECD Techniques and Mechanisms of 

Electroplating ................................................................................. 75 

3.3.3 Geometry and Electric Field Growth ....................................... 80 

3.3.4 Configuration of The Mesh and Measurements ....................... 83 

3.3.5 Electric Field Growth Model using FEM ................................. 88 

3.3.6 Effects of Geometry on Growth ............................................... 91 

3.4 Effects of Anode Composition on Localized Plating ............................... 93 

3.5 Localized Electrochemical Deposition Using Large Area Cu Anode ..... 94 

3.6 WLECD with Inert Platinum Anodes ....................................................... 98 

3.7 WLECD with Consumable Cu Anodes .................................................. 103 

CONCLUSION ............................................................................................................... 107 

REFERENCES ............................................................................................................... 109 

 



  vi 

LIST OF TABLES 

Table Page 

Table 1-1. A Review of the Best Cu Electroplated SHJ Cells Reported in Literature. .... 22 

Table 2-1. Measured Physical Characteristics of Each Photolithography Method 

Used in This Work. ..................................................................................... 34 

Table 2-2. Results of the Adhesion Tests for Each Seed Layer and Corresponding 

Failure Point (If Applicable). ...................................................................... 49 

Table 2-3. Parameters of the Best Cu Electroplated SHJ Cells Produced in This 

Work. ........................................................................................................... 60 

Table 3-1. Parameters of Each Solar Cell Design to Be Calculated in Griddler. ............. 70 

Table 3-2. WLECD Growth Model Parameters Comparison to Actual WLECD 

Parameters. .................................................................................................. 90 



  vii 

LIST OF FIGURES 

Figure Page 

Fig. 1-1. Diagram of the Cell Structures of a (a) DJ Solar Cell and (b) SHJ Solar 

Cell. .................................................................................................................... 1 

Fig. 1-2. One Evolution of the SHJ Solar Cell. The Front Grid Has Moved 

Completely to the Rear of the Cell to Maximize Light Entering the Cell. 

The Back Layout Has an Array of Interspersed n and p Layers. Photo 

Credit: Photovoltaic & Thin Film Research Laboratories (Kaneka 

Corporation).. ..................................................................................................... 3 

Fig. 1-3. SHJ Cell Structures with (a) Screen-printed Fingers and with (B) Cu Plated 

Fingers. Due to the Deposition Method and Possible Material 

Incompatibilities, It Is Necessary to Include an Intermediate Layer 

Between the Cu and ITO, Labelled in (B) as the Seed Layer. Several 

Materials Are Explored in This Work as Compatible Seed Layers. .................. 5 

Fig. 1-4. Cross Section Diagrams of (a) Traditional DJ Solar Cell with Front 

Screen-printed Ag Contacts and Rear Fired Al-BSF and (B) Proposed 

TopCON Structure Which Includes Rear Side Passivation Separate from 

the Grid Contacts. In Both Cases, Front and Rear Metallization Is Fired 

Through the Existing Passivation Layers to Contact the C-Si Substrate 

(Poly-Si in the Case of TopCON Rear Contacts)............................................... 7 

Fig. 1-5. General Processing and Materials for Screen-printing a Solar Cell. (A) 

Modern Automated Screen Printer with Corresponding Parts and (B) a 

Screen-printing Mask Designed to Print a 3BB Pattern with 60μm 

Fingers. (C) Industrial Screen-printer Squeegeeing Ag Paste Through a 

2BB Mask on a (D) Polycrystalline Solar Cell Manufacturing Line. (C) 

and (D) Courtesy of [25]. ................................................................................. 10 

Fig. 1-6. Inflation-adjusted Bulk Price of Ag and Cu in US Dollars Dating Back to 

1960. Data Extrapolated from [29], [30]. ......................................................... 12 

Fig. 1-7. Total Global Silver Demand in Grey and Piecewise Components Labelled 

in Blue for 2017. Chart Used from [35]. .......................................................... 13 



  viii 

Figure Page 

Fig. 1-8. Simplified Diagram of Industrial Copper Electroplating Process. The 

Electric Field from the Power Supply Drives Copper Ions from the 

Anode to the Cathode. The Anode Is a Source of Purified Copper, and 

the Cathode Can Be Any Metallic or Conductive Material. ............................ 15 

Fig. 1-9. SEM Images of a (a) Cross Section View of an Electroplated Cu Line on 

a Ni Seed Layer and (B) a Silver Screen-printed Line Viewed Adjacent 

to the Line. Images Are from (a) Lennon Et Al [22] and (b)-(c) an ASU 

DJ Solar Cell. ................................................................................................... 16 

Fig. 1-10. Deposition Stress of Cu and Screen-printed Ag. Cu Stress Is Minimal 

and Not Shown but Is Still Present on the Wafer. Just as with Ag, Cu 

Stress Would Be More Visible as Wafers Become Thinner. Cu Stress Is 

Also a Function of Electroplating Parameters. Different Plating Rates, 

Bath Temperatures, Etc. Affect Post-deposition Annealing of Cu and 

Thus Have Varying Bow Intensities. When Cooling the Ag Front Grid 

after Firing, Bow Is at a Maximum Due to the Now Bonded Ag and 

Silicon Wafer. Cooling Begins on the Outer Edges and Moves Inward 

Leading to Slight Relaxation of the Wafer and Front Grid. ............................. 18 

Fig. 1-11. (a) Photolithographic Mask and a (b) Dielectric Mask Deposited on a 

Solar Cell to Guide Electroplating. Mask Scales in (a) and (b) Are 

Relative to Each Other. Random Pyramid Structure on the Silicon Is Not 

Shown for Simplicity. ...................................................................................... 20 

Fig. 1-12. Arrows Show Copper Growth Directions in (a) Photolithographic Mask 

Channel and out of a (b) Dielectric Mask. (b) Dielectric Masks Are Thin 

Enough to Develop Pinholes That Lead to Ghost Plating................................ 21 

  



  ix 

Figure Page 

Fig. 2-1. Simplified Electrochemical Diagram of a Solar Cell with a p-type Bulk 

and Rear-contacted Where RElectrolyte Includes Bath and Electrode 

Capacitances and Resistances. The Circuit Diagram Shows the Diode 

Configuration of Solar Cell When the Positive Potential Is Applied to the 

Anode. An n-type Wafer Would Reverse the Diode and Prevent Current 

from Flowing in the Electrochemical System. An Infinite Shunt 

Resistance for the Solar Cells Is Assumed Here since Shunts Are 

Considered Imperfections and Not Intentionally Implemented in Solar 

Cell Processing. ................................................................................................ 23 

Fig. 2-2. Diagram Showing the Alternative Front Contact Method for SHJ Solar 

Cells. The Seed Layer Is Electrically Contacted from the Edges of the 

Wafer in Multiple Locations to Maximize Current Uniformity Across the 

Seed Layer. Contacting the Seed Layer Makes for a More Difficult 

Physical Setup, but the Internal Equivalent Circuit of the Solar Cell Is 

Circumvented. As with Fig. 2 1, the RElectrolyte Includes All Bath and 

Electrode Capacitances and Resistances. ......................................................... 25 

Fig. 2-3. (a) Diagram of LIP Cu Electroplating and (B) Custom Created Equipment 

by Technic Inc. (a) Positive Potential on the Submerged Cu Anodes 

Provides a Corrosion Source and a Potential Bias to Increase Plating Rate 

Due to the Solar Cell Operating near Short Circuit Conditions. Light Bias 

on the Solar Cell Splits the Quasi-Fermi Levels on the Solar Cell and 

Creates a Large Excess of Electrons on the Surface Which Provides 

Activation Sites for the Cu to Bond. Electroplating Mask Can Be 

Photoresist, or an Ablation Patterned Dielectric Film. In (b), a Wafer 

Was Place in a Custom Plating Holder and Would Be Moved 

(Reciprocated) Left and Right over the Anodes to Provide Uniform 

Plating. ............................................................................................................. 27 

Fig. 2-4. General Process Flow for the SHJ Seed Layer and Photolithography 

Applications as Well as Removal. ................................................................... 29 



  x 

Figure Page 

Fig. 2-5. Summarized Processing Steps for Each Seed Layer Type. (a), (b) Seed 

Layers Deposited in Vacuum, e.g., Sputtering and Evaporation, Such as 

Cr, Ti, Ag, and PVD Ni, Needed to Be Deposited Prior to 

Photolithography Due to the Organic Nature of Photoresist. (c), (d) The 

LIP Ni Seed Layer Was Deposited via Electroplating, so the Seed Layer 

Did Not Need to Be Etched Away after Photolithography. ............................. 30 

Fig. 2-6. General Photolithographic Processing with All Three Negative 

Photoresists. (a) Photoresist Is Deposited and Cured, Followed by (b) 

UV Exposure with a Mask of the Front Grid Design, (c) Developing the 

Unexposed Photoresist, and Finally (d) Plating in the Developed 

Regions. ............................................................................................................ 31 

Fig. 2-7. Pictures Showing the Three Photolithography Methods Used in This Work 

to Pattern the Front Grid. Images of the (a) Spin-on Resist, (b) Screen-

printed Photoresist, and (c) the Roll-on Dry Film Photoresist. The 

Corresponding (d) Optical Microscope Image of Spin-on Resist, and 

Optical Profilometry Images of (e) Screen-printed and (f) Dry Film 

Resist Exposed Finger Profiles Below. ............................................................ 32 

Fig. 2-8. Custom Contact Electroplating Apparatus Made for Solar Cells with a 

Solar Cell Harnessed In. Highlighted Are the (a) Ground Probes to 

Charge the Metal Seed Layers on the Front of the Solar Cell to Complete 

the Electrochemical Circuit, (b) Busbar and Finger Front Grid Pattern 

Exposed in the Photoresist, and (c) Face of Solar Cell with Purple 

Screen-printed Photoresist. .............................................................................. 35 

  



  xi 

Figure Page 

Fig. 2-9. Diagram Showing the Process of Electroluminescence. Photons Are 

Generated Anywhere Close to the Current Source. Relative Light 

Intensity Is Used as a Tool to Determine If the Current Is Not Reaching 

the Cell i.e., There Are Areas of High Electrical Resistance. Also Shown 

Is a Broken Finger Due to Some Processing Error, Which Would Show 

up as a Black Spot in EL, since There Is No Way for the Current to Reach 

the Broken End from the Current Source, Labelled Probe in This Figure.

 .......................................................................................................................... 38 

Fig. 2-10. EL Images of Two Solar Cells with Different Front Grid Integrities. The 

Right Solar Cell Has a (c) Large Number of Broken Fingers and a More 

Resistive Front Grid. Areas of Note Are (a) Regions of High Brightness 

near the Busbars Where Most of the Current Flows and (b) Areas of 

Much Lower Brightness Where Resistance of the Cell Contributes to 

Current Losses That Generate Less Electron-Hole Pairs That Recombine 

and Generate Photons. Also Noted Are the (c) Shaded Regions That Are 

Reminiscent of Broken Fingers and (d) the Busbars That Are Electrically 

Connected to the EL Power Supply. ................................................................ 39 

Fig. 2-11. Optical Microscope Image of (a) a Plated Copper Finger on an SHJ Solar 

Cell with Screen-printed Photoresist. The Photoresist Is Still Present on 

the Cell Outside of the Finger. The Screen-printed Photoresist Was More 

Susceptible to Problems Such as (b) Overexposure of Certain Regions 

Leading to Inconsistent Finger Cross Section. Not Shown Is Possible 

Resist Stuck under the Electroplated Copper Due to Difficulties in 

Removing All Photoresist During Development. ............................................ 41 

  



  xii 

Figure Page 

Fig. 2-12. SEM Image of a Broken Copper Finger after Stripping of Photoresist. 

The Conductive Seed Layer Was Left on for the Image. The Smooth 

round Profiles Constantly Found on the Edges of All Bubble Sites on the 

Finger Support the Hypothesis That a Bubble Was Present. Contrast This 

with a Random Edge Pattern from an Over-exposed Region on the 

Finger. .............................................................................................................. 43 

Fig. 2-13. Visualization of Cu Mushrooming Effect. Cross Section Diagram 

Explains (a) Cu Growth over the Photoresist and a Diagonal View SEM 

Image of the Effect. The (B) Shadow in the Sem Image Shows the Cu 

Extension Shading the Silicon Surface. ........................................................... 44 

Fig. 2-14. (a)–(c) the Photos of the Resulting Plated Profiles of Cells Patterned by 

Spin-on, Screen Printed and Dry Film Photoresist Respectively. (d)-(f) 

SEM and Optical Profilometry of a Finger from (a)-(c) Respectively. ........... 45 

Fig. 2-15. (a)-(c) Description of 3 Levels of Adhesion Followed by (d)-(h) Passing 

and Failing of Subsequent Tests. (a) the First Level of Adhesion Was 

Probing the Sample and Is Shown Successfully in (d). (b) the Second 

Level of Adhesion Is the 90-degree Tape Test on a Vacuum Chuck with 

a Wafer That (e) Passed and (g) Failed. The Final Level of Adhesion 

Was the Measured Instron 180-degree Pull Test with a Soldered Ribbon 

and Wafers That (f) Passed and (h) Failed. ...................................................... 47 

Fig. 2-16. Pull Force Sampled as a Soldered Ribbon Was Pulled off the Busbar of 

a Cu Electroplated SHJ Cell with a PVD Ag Seed Layer. The Ribbon 

Was Pulled Across the Entire 156mm Wafer, 180 Degrees from the 

Ribbon Origin. ................................................................................................. 49 

Fig. 2-17. (a)-(b) Qualitative Results of the Adhesion Pull Tests for the Ag Seed 

Layer. A Full Ribbon Was Pulled from (a) with No Front Grid Failure 

and (b) with Full Cell Failure. (c)-(d) SEM Images of a Cu Finger Pulled 

from an Ag Seed Layer Sample. ...................................................................... 50 

  



  xiii 

Figure Page 

Fig. 2-18. (a) Diagram Showing the TLM Approach to Measuring Contact 

Resistance and the Possible Areas of Non-idealities in This Work, 

Namely the Parasitic Currents from Outside the TLM Pattern and into 

the Silicon Bulk. (b) the Contact Resistance Was Measured 

Simultaneously for Both the Electroplated Cu to the Seed Layer and the 

Seed Layer to the ITO. (c) Image of a Photoresist TLM Pattern on a Test 

Wafer Prior to Electroplating. .......................................................................... 53 

Fig. 2-19. Specific Contact Resistivity of Various Metal Seed Layers on Two 

Different TCO Layers. The Specific Contact Resistivity Was Measured 

Using TLM Patterns of the Metal Seed and ITO on an Undoped 

Amorphous Silicon Substrate. The Ideal Specific Contact Resistivity 

Calculated in the Model in Section 2.3.1 Is Shown Here As 0.5mΩ-cm2. ....... 54 

Fig. 2-20. Visual Explanations and Comparisons of (a) Squareness, (b) Plated 

Finger Height and (c) Plated Finger Density or Porosity. ................................ 56 

Fig. 2-21. Diagram of a Four-point Probe. The Outer Two Probes Supply a Known 

Current Through the Through Each Other and the Inner Two Probes 

Measure the Voltage Generated by the Supplied Current. Thus, a 

Resistance Can Be Measured. By Placing the Probes on the Cu Finger, a 

Resistance Could Be Calculated. ..................................................................... 58 

Fig. 2-22. Line Resistance of Plated Copper and Screen-printed Silver Fingers of 

Various Heights. Dotted Curves Are Ideal Copper Plated Lines with a 

Perfect Rectangular Profile Throughout the Line. Dotted Curves 

Represent the Minimum Line Resistance Possible for a Plated Line. 

CSEM and ASU Data Points Represent the Plated Fingers of the Swiss 

Center for Electronics and Microtechnology and the Author 

Respectively. .................................................................................................... 59 

Fig. 2-23. (a) Photograph of Highest Efficiency 5” Cu Electroplated SHJ Solar Cell 

Produced, with Corresponding (b) Photoluminescence and (c) 

Electroluminescence Images of the Cell in (a). ............................................... 61 



  xiv 

Figure Page 

Fig. 3-1. Diagrams Showing Cross Section Views of (a) a Typical LECD 

Application and (b) WLECD Used in This Work. For This Work, (b) 

Depicts How the WLECD Anode Wire Is Fully Exposed and Flush with 

the Surface of the Polished Substrate to Maximize Parallel with the 

Cathode. Typical LECD Processes in (a) Sheathe the Anode with an 

Insulator and Expose the Tip Normal to the Cathode. ..................................... 64 

Fig. 3-2. Solar Cell Busbar Patterns from a (a) First Generation 2 Busbar Cell and 

a (B) More Modern 5 Busbar Cell. .................................................................. 67 

Fig. 3-3. Predicted Trends of Solar Cell Development to 2030 for (a) Number of 

Busbars per Cell and (B) Solar Cell Sizes Used in Modules. The Trends 

Show Increasing the Number of Busbars and the Elimination of Busbars 

for Future Cell Designs, as Well as an Industrial Preference to Dice Solar 

Cells in Half Rather than Stringing Full Cells in a Module [6]. ...................... 68 

Fig. 3-4. Model Graphic for a (a) 6BB Ag Screen-printed Half-cell and a (b) 

Copper-plated Single Bb Shingled Cell. Model Color Variations from (a) 

and (b) Are Due to Program Inconsistencies with Imported CAD Files in 

Griddler. The Fingers Run Shorter and Are Horizontal on (a) While They 

Run Across the Entire Cell Vertically on (b). Finger Spacings for (a) and 

(b) Were Optimized for Highest Efficiency in the Respective Model. ............ 69 

Fig. 3-5. Plot Comparing the Simulated Efficiencies of the Cu Electroplated Half 

and Quarter-cell with the Simulated Ag Screen-printed Solar Cell. 

Efficiency Accounts for Series Resistance Losses and Optical Losses 

from Shading of the Front Grid. Normalized Efficiency Is the Fractional 

Percentage Gains/Losses of Each Technology Compared to the Ag 

Screen-printed Solar Cell While the Delta Translates This to Actual 

Gains/Losses. ................................................................................................... 71 

  



  xv 

Figure Page 

Fig. 3-6. Cross Section View of WLECD. Active Area Is Defined as the Region 

Where the Anode-cathode Spacing Is Set by the Spacers and Where 

Reliable Measurements Were Taken in This Work. The Wire Is 

Tensioned Laterally over the Polished Substrate by a Custom Tensioning 

System Extending out of the Diagram at Each End of the Anode Wire 

(Not Shown). Diagram Is Not to Scale. ........................................................... 72 

Fig. 3-7. (a) The Physical Plating Setup, Without Electrolyte and (b) a Close-up of 

the Center Plating Active Area. (a) Center of Tank Is Filled with Solution 

and Cathode Wafers Are Placed Face down on the Spacers. Labels in (b) 

Are Shown as (1) Anode Wire, (2) Polished Flat Surface, and (3) Spacer.

 .......................................................................................................................... 73 

Fig. 3-8. (a) Concept of LECD Using a Large Area Patterned Anode and (b) the H-

bar Photolithography Patterned OFC Large Area Anode. The Anode 

Source Is Masked so Copper Is Selectively Corroded from the Anode in 

Areas Defined by the Mask. Minimization of the Anode Gap Leads to 

Concentrated Electric Fields Where the Pattern Is Exposed, Making 

Preferential Copper Deposits under the Exposed Sites. ................................... 74 

Fig. 3-9. Structures Modelled in This Work. Red Lines Are Indicated by Electrodes 

and Are the Anode and Cathode. The Three Structures Are (a) a 

Traditional LECD Wire with 15μm Diameter Anode, (b) a WLECD 

50μm Wire Anode Strung Parallel to the Cathode, and (c) a WLECD 

50μm Wire Anode That Is Encased in an Epoxy Block and Polished to 

Expose the Wire. .............................................................................................. 81 

Fig. 3-10. Representations of the Mesh for Two Electroplating Simulations 

Involving the WLECD Wire Anode. (a) Is the Mesh Density on the First 

Level of Plating, When the Cathode (Orange) Is Flat and (b) Is the Much 

Denser Cathode Mesh During a Growth Phase................................................ 84 

  



  xvi 

Figure Page 

Fig. 3-11. (a)-(b) Measured Electric Field Magnitudes for a Polygon and Software 

Embedded Interpolation Function Growth Curve. The Curves Seem 

Identical When First Viewed in (a), but When the Peak Is Viewed Closer 

in (b), There Are Artifacts Present (Labelled Sharp Peaks) That 

Contribute to False Electric Field Growth. (c)-(d) Resulting Profiles 

from a 35μm Growth Curve Using the Polygon and Interpolated Curves. 

The Interpolated Curves in (d) Show Significant Deformations of the 

Growth Curve. At the High Fields Present During LECD, These 

Artifacts Become Quite Significant over Several Growth Iterations. .............. 86 

Fig. 3-12. Electroplating Simulation Showing Where the Electric Field Magnitude 

Is Calculated Relative to the Cathode. Measurement Line Is Adjusted to 

1μm above the Cathode after Every Growth Period. ....................................... 87 

Fig. 3-13. Plot Showing the 5μm Growth Steps for a Full 50μm Tall Growth Using 

the 50μm WLECD Insulated Anode Set 50μm Away from the Cathode. 

The WLECD Anode Is to Scale in the X-direction. ........................................ 89 

Fig. 3-14. (a) Simulated Growth in Red and Measured Value Range of Profile Cross 

Sections for WLECD. (b) Simulation Physical Setup with Rainbow 

Coloring Representing the Electric Field Magnitude. The Cathode in (b) 

Has Grown to the Red Curve in (a). ................................................................. 90 

Fig. 3-15. 10-50μm Profile Growths for the (a) Bare 50μm Diameter WLECD 

round Anode, (b) Insulated 50μm Diameter WLECD Anode, and (c) 

Insulated 15μm Diameter LECD Anode. Each Curve Represents an 

Entire Growth Cycle at the Specified Anode/Cathode Gap. The Anode 

Was Also Static for Each Growth i.e., The Anode Was Placed in the 

Described Anode/Cathode Gap and Remained for the Entirety of the 

Simulated Event. .............................................................................................. 92 

Fig. 3-16. Simplified Electrochemical Process Diagrams Involving a (a) Cu and (b) 

Pt Anode [85]. .................................................................................................. 94 

  



  xvii 

Figure Page 

Fig. 3-17. One Masking Method of the Large Area Anode to Determine the Ability 

of This LECD Method to Imprint an Image onto a Brass Substrate. The 

(a) Brass Substrate with a (c) TLM and Line Width Pattern Previously 

Used in This Work from Measuring Contact and Line Resistance. (b) a 

Close-up Image of One of the Square Contact Pads at the End of a Line. 

Besides the Photoresist Mask on the Anode, No Other Mask Was Used 

on the Brass Plate. Wisps at the End of the Lines in (a) Are Due to Ghost 

Plating. ............................................................................................................. 95 

Fig. 3-18. Optical Microscope Images of (a) a Cu Finger and (b) the End of a Cu 

Finger Prior Etching of the Ag Seed Layer and (c) an Older Style 

Perimeter Finger Set at the Angle of the Solar Cell Diagonal Cut after 

Ag Etching. Cu Formed Is Granular in Nature Due to the Fast Plating 

Rates, and Darker Colors Such as in (a) Can Be Seen If Granules Are 

Large, Creating a Rough Surface Texture........................................................ 96 

Fig. 3-19. Optical Microscope Image of Depleted Cu Anode in Different Regions. 

Red Lines Show Approximate Location of Photoresist Mask Openings. 

Clear Undercutting of the Photoresist Can Be Seen Which Led to Loss 

of Adhesion and Unpredictable Plating. .......................................................... 97 

Fig. 3-20. Optical Microscope Images of Cu Lines Deposited on Different Brass 

Cathodes at 2.3V with (a) 40μm Spacing and (B) 60μm Spacing Between 

the Anode and Cathode. Optical Measurements Were Taken Using a 

Calibrated Microscope. Uniformity of These Line Cross Sections Were 

Maintained Around 4mm. ................................................................................ 99 

Fig. 3-21. Physical Profilometry Scans of Plated Samples. Plots Showing (a) Effect 

of Voltage on Plated Cross Section, (b) Effect of Anode/Cathode Gap, 

and (c) Consistency of Line Cross-sections along 4mm of Plated Line. 

(a) and (b) Show Averaged Heights in Several Locations along Their 

Respective Sample Line. ................................................................................ 100 

  



  xviii 

Figure Page 

Fig. 3-22. Plated Line Outlined by (1) on a Brass Cathode. Deviations in the Line 

Formation Occur at (2) and Are a Result of Overplating in Those 

Regions. .......................................................................................................... 102 

Fig. 3-23. Optical Microscope Image of Cu Line Deposited on a Brass Cathode. 

Evidence of Bubbles Formed During Plating Manifest as (1) Circular 

Regions Lacking Deposited Cu. The (2) Plated Line Is Still Visible 

Despite Inhibited Growth Due to Oxygen Buildup. Bubble Sizes Are 

Dependent on Plating Voltage and Location along the Anode Wire. ............ 103 

Fig. 3-24. (a) Images of Cu Deposited above the Half-cell Potential. Plating 

Occurred Quickly in Certain Regions Which Led to (1) 

Pillared/Clumped Growth and (2) Cu Dendrites on Many Levels of the 

Pillars. (B) Vertical Cross-sectional Diagram Showing 3 Stages of 

Growth and Cu Anode Dissolution; Initial Imperfections Such as a Bend 

Shown Here in a Cu Anode under High Current Densities Could Lead to 

a Localized Column-like Growth That Can Break the Anode. Dendrites 

(Red) Would Occur in Many Places Where Growth Began but Was 

Outpaced Elsewhere on the Columns. ........................................................... 105 

Fig. 3-25. Images of Cu Deposited below the Half-cell Potential at 70mV with an 

Anode/Cathode Spacing of 30µm. Plating Occurred on a Silver Seed 

Layer on Polished Silicon. The Rough Surface of the Copper Granules 

on the Left Gives the Appearance of a Darker Line When Observed with 

an Optical Microscope. .................................................................................. 106 



  1 

CHAPTER 1 

1 INTRODUCTION 

1.1 SILICON HETEROJUNCTION (SHJ) SOLAR CELLS 

SHJ technology was developed as an independent cell structure to the industrial standard 

diffused junction (DJ) solar cell in 2001. The passivation qualities of the amorphous silicon 

(α-Si) heterojunction led to substantial improvements in efficiency and stability compared 

to the DJ cell. SHJ cells differ from an industrial standard DJ solar cells in Fig. 1-1. 

 

Fig. 1-1. Diagram of the cell structures of a (a) DJ solar cell and (b) SHJ solar cell. 

To form an SHJ cell, amorphous silicon (α-Si) is deposited on a crystalline silicon (c-

Si) substrate, in this work by means of plasma enhanced chemical vapor deposition 

(PECVD). The junction is formed between different doping of the amorphous layer to the 

crystalline substrate [1]. The α-Si also acts as a passivation layer for the c-Si substrate, 

which is why it is deposited on both sides of the substrate. First however, an intrinsic layer 

is deposited on the c-Si substrate before the junction is formed. While the need for this 

layer is not immediately clear, literature has shown this can mitigate stability losses of the 

heterojunction in the form of light induced degradation (LID) and reduce tunnelling, as 

well as supply superior passivation than just the p-type α-Si alone, increasing the fill factor 
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and efficiency of the SHJ cell [2]. Tunneling has been shown to occur between the p-type 

α-Si and the n-type c-Si due to the many localized states present in the doped layer.  

The next layer deposited on the solar cell is the transparent conductive oxide (TCO). 

The reason for transparent conductive oxide (TCO) is threefold. The TCO is deposited onto 

the α-Si layer to minimize resistance for the transport of electron-hole pairs laterally to the 

fingers on the top surface of the solar cell. The α-Si layer is very resistive, and thus would 

contribute greatly to series resistance without the presence of a conductive top film. 

Secondly, the TCO passivates the top layer of the α-Si. Due to the nature of the TCO being 

on the front of the cell, it must also be transparent to a reasonable degree to allow photons 

to enter the cell. Therefore, the top surface cannot be covered with metal or some other 

conductive film. Transparency and conductivity in TCO films can be dial turned with 

different ratios of atomic elements however, they are inversely related. As such, carrier 

transport through TCO films should be limited to reduce overall resistance and maximize 

optical clarity. A metal front grid is still necessary to provide a more conductive path for 

carriers to leave the cell and provide energy for the load. A special, low temperature silver 

screen-printed paste is used to make electrical contact to the TCO and subsequently fired 

to solidify the paste. The TCO used exclusively in this work is Indium Tin Oxide (ITO). 

The SHJ cell has remained remarkably like when it was first established, a testament to 

the robustness of the original design. Fig. 1-2 shows throughout the evolution of the SHJ 

cells, the technology has remained very similar in concept to initial designs. SHJ cells with 

a front grid resemble that of Fig. 1-1(b), while some designs, such as the high efficiency 

research cells have completely removed the front grid. The architecture of these cells in 

Fig. 1-2 are slightly different, taking on the name of interdigitated back contact (IBC) cells, 
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but may utilize the same heterojunction interface as the original. In fact, the current world 

record silicon solar cell efficiency is held by a SHJ IBC cell [3]. The most prominent are 

the full-size research SHJ cells from Panasonic, LONGi, and Kaneka, with conversion 

efficiencies of 25.6%, 26.5%, and 26.7% respectively [4], [5], [3].  

  

Fig. 1-2. One evolution of the SHJ solar cell. The front grid has moved completely to the 

rear of the cell to maximize light entering the cell. The back layout has an array of 

interspersed n and p layers. Photo credit: Photovoltaic & Thin Film Research Laboratories 

(Kaneka corporation). 

SHJ cells have held the world record of efficiency for silicon solar cells for many years, 

which has kept this cell type holding a smaller, but not insignificant 15% of production 

market share projections by 2030 [6]. Some of the largest issues with mass production 

include front metallization, extensive use of vacuum tools and in complex processing. 

Additionally, the current front metallization scheme with the low temperature Ag screen-

printed paste limits the potential of SHJ cells by means of increased series resistance. 

However, due to the conductive nature of the front side TCO unique to SHJ cells, it is 

compatible with a metallization technology such as electroplating, a core concept of this 

work. Electrical contact can be made to the TCO, whereas the insulating SiNx on the 

surface of the DJ cell cannot be electrically contacted. Fig. 1-3 shows the metallization 

differences between the traditional screen-printed front grid and the process of integrating 
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of an electroplated front grid for an SHJ cell. By applying an intermediate layer, in this 

work referred to as a “seed” layer, that is compatible with both the TCO and the 

electroplated metal, it is possible to electroplate that metal onto the solar cell. Different 

seed layers have been observed in literature, some more successful than others. Kaneka 

demonstrated a large area Cu-SHJ cell on a vacuum deposited seed layer with 25.1% 

efficiency, which held the world record among both sides contacted silicon solar cells in 

2015 [7]. High efficiencies above 22% on Cu-SHJ cells were also reported by other labs 

using various seed layers in 2015 [8], [9], [10], [11]. In 2014, Silevo became the first 

company providing PV modules based on Cu-SHJ technology on commercial basis with a 

proprietary seed layer. There are many benefits to replacing the screen-printed Ag paste 

with electroplated metals as the front grid of the SHJ cell and they are explored in this 

work. The seed layer combined with electroplating requires two new processing steps that 

are not standard in a typical solar pilot line. Vacuum sputtering/evaporating are used in this 

work to deposit the seed layers, and the SHJ cells are submerged in electroplating solution 

to deposit the front grid. Conveniently, since the ITO is deposited in a vacuum deposition 

step immediately prior to the seed layer deposition, it is a simple measure of placing an 

additional metal target in the vacuum deposition tool. In short, the seed layer and TCO can 

be deposited without breaking vacuum, which saves on time and cost. The final aspect of 

the integration into SHJ cell structure is the electroplating step itself. Electroplating baths 

and masking steps are required to define the front grid which historically, tends to be costly 

when using traditional methods such as photolithography. The electroplated metal, which 

in this work is Cu, is more conductive than the screen-printed Ag and cheaper than the bulk 

material price of Ag. Silicon heterojunction solar cells with Cu front grids deposited by 
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electrochemical plating (Cu-SHJ) have been shown to reduce levelized manufacturing 

costs associated with the increase the efficiency of PV modules [12], [13]. If the 

electroplating masking process can be made more cost effective, an electroplated front grid 

would mark a significant step towards competitive production with industrial standard DJ 

technology. 

 

 

Fig. 1-3. SHJ cell structures with (a) screen-printed fingers and with (b) Cu plated fingers. 

Due to the deposition method and possible material incompatibilities, it is necessary to 

include an intermediate layer between the Cu and ITO, labelled in (b) as the Seed Layer. 

Several materials are explored in this work as compatible Seed Layers. 

1.2 TUNNEL OXIDE PASSIVATED CONTACT (TOPCON) SOLAR CELLS 

TOPCon solar cells are the potential successor to the original DJ, Passivated Emitter 

Rear Contact (PERC) and n-Passivated Emitter Rear Totally diffused (n-PERT) solar cells 

composing the majority of market share of solar cells the last 20 years. TOPCon solar cells 
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were introduced by Fraunhofer in 2013 as a progressive technology to advance current 

industrial scale solar designs [14].  TOPCon, like PERC cells, are composed of the basic 

DJ cells structure with a several design changes that improve cell efficiency. Such designs 

are useful for industry, as they require little modifications to existing pilot lines for 

integration into full scale production [15]. Because of this, industrial cell results can be 

reported in a relatively short turnaround time [16]. As seen in Fig. 1-4, the major cell 

changes from the DJ line occur in the passivation and transport mechanisms on the rear of 

the cell. The presence of a thin, SiOx film between the metal and the Si forces carriers to 

quantum mechanically tunnel to the rear contact from the c-Si bulk, vastly reducing the 

recombination current density at the rear of the cell, among other benefits [14]. The front 

of the cell, where this work is focused, changes little conceptually across technologies. The 

DJ structure utilizes a monocrystalline silicon wafer that undergoes a diffusion process of 

opposite dopants on the front of the cell to form the junction whereas for TOPCon, 

researchers have explored junctions created with diffusion as well as with ion implantation 

[17]. In Fig. 1-4,  the DJ cell in (a) would undergo a n-type dopant diffusion process while 

the TOPCon cell in (b) would undergo a p-type dopant diffusion process or ion 

implantation. For a DJ cell, the front surface is passivated with a non-stoichiometric silicon 

nitride (SiNx) deposited using Plasma Enhanced Chemical Vapor Deposition (PECVD) 

that functions primarily as an anti-reflection coating (ARC). The front passivation is more 

optimized in a TOPCon cell, typically incorporating a double layer ARC. Multi-layer 

ARCs are used to further decrease reflectance of various wavelengths of light compared to 

single layer ARCs, with more ARC layers increasing the amount of absorbed light in the 

silicon bulk [18]. While silicon nitride has been used to passivate the n-type emitter of DJ 
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cells, TOPCon’s deviation to superior performance n-type silicon wafers requires a more 

optimized film to properly passivate the p-type emitter. Built in positive charges in 

commonly used passivation films such as silicon nitride and oxide lead to a poorer 

passivation on p-type silicon than a film with built in negative charges such as aluminum 

oxide [19]. Thus, the p-type emitter is passivated with an atomic layer deposition (ALD) 

AlOy, followed by deposition of the SiNx layer to be used as the second stage of the ARC.  

 

 

Fig. 1-4. Cross section diagrams of (a) a traditional DJ solar cell with front screen-printed 

Ag contacts and rear fired Al-BSF and (b) proposed TOPCon structure which includes rear 

side passivation separate from the grid contacts. In both cases, front and rear metal is fired 

through the existing passivation layers to contact the c-Si substrate (poly-Si in the case of 

TOPCon rear contacts). 
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Excluding rear surface formation, the next step after the deposition of the ARC layers 

on the front surface is the front metallization process. DJ and TOPCon cells must utilize 

screen-printed silver paste to make contact to the emitter. The paste is deposited directly 

onto the ARC layers and fired. The firing process drives the silver paste through the ARC 

and passivation layers and makes electrical contact to the emitter. The ARCs are 

electrically insulating, so the metallization layer needs to penetrate the ARC to make good 

ohmic contact to the doped c-Si underneath. 

The insulating SiNx in the DJ and consequently, the TOPCon structure, presents 

challenges for electroplating. Being an insulator, it is difficult to sufficiently charge the 

front of the solar cell to allow for copper electroplating to occur. A metal seed layer, such 

as the one presented in Section 1.1, would make the front of the solar cell more conductive 

for plating, but ohmic contact would not be made to the silicon surface due to the 

intermediate layer of insulating nitride. As such, electroplating is not immediately 

integrable for TOPCon structures. However, future ARCs, electroplating combinations 

with other technologies such as multiwire, advancements in the technology proposed in 

this work, changes in the TOPCon structure, among others, have the potential to fully 

incorporate electroplating contacts with the TOPCon solar cell [20]. Despite this, research 

groups are still reporting TOPCon cell structures with copper electroplated front grids, just 

as there were numerous attempts to create electroplated front grids on DJ solar cells [21], 

[22]. Also, the TOPCon structure is expected to overtake PERC and become the dominant 

cell technology by 2030, making this cell structure extremely relevant to study [6]. Due to 

the benefits of a copper electroplated front grid outweighing the difficulties of 

incorporating one, in addition to the importance of TOPCon cell technology and the 
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corresponding market share, it is safe to assume the electroplating technology will 

eventually be integrated in some way to the TOPCon structure. 

1.3 SILVER SCREEN PRINTED TECHNIQUE 

The dominant front metallization technique for DJ solar cells is the Ag screen-printing 

technique. The deposition process is similar to how images are printed on T-shirts, and 

first-generation solar cell Ag screen printers were simply modified T-shirt printers as in 

Fig. 1-5(a). First, Ag paste is placed onto a screen made of metal mesh. The mesh in Fig. 

1-5(b) is open in regions where paste needs to exit. A solar cell is placed under the mesh 

and a squeegee is run over the screen with a certain pressure. As shown in Fig. 1-5(c) the 

squeegee drags the paste over the entirety of the mesh and paste is allowed through the 

regions of the mesh that are clear. In this way, a solar cell grid pattern is applied onto the 

front of the solar cell. 

Silver itself is a solid at room temperature, and to make an emulsion that is screen-

printable, organic compounds of various quantities and types are added, depending on the 

rheological properties needed for the application. Other additives are present such as glass 

and lead frit but are used to bind the Ag to the solar cell [23], [24]. To solidify the paste to 

make final electrical contact possible, it must be dried and fired at temperatures around 

800C. The purpose for drying and firing is twofold: the outgassing of the organic additives 

to solidify the Ag paste and the penetration of the Ag contact through insulating SiNx layer. 

The organic compounds in the paste evaporate, leaving a porous Ag front grid making 

ohmic contact to the front of the cell and the glass frit penetrates through the dielectric SiNx 

layer, allowing the Ag to make ohmic contact to the c-Si.  
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Fig. 1-5. General processing and materials for screen-printing a solar cell. (a) Modern 

automated screen printer with corresponding parts and (b) a screen-printing mask designed 

to print a 3BB pattern with 60um fingers. (c) Industrial screen-printer squeegeeing Ag paste 

through a 2BB mask on a (d) polycrystalline solar cell manufacturing line. (c) and (d) 

courtesy of [25].  

For SHJ cells, the presence of the temperature sensitive α-Si limits the firing 

temperatures to 200°C since annealing temperatures beyond 200°C have been shown to 

decrease the photovoltaic properties of SHJ cells by means of out diffusion of hydrogen in 

the α-Si layers. The loss of the passivating hydrogen increases the defect density at the α-

Si/c-Si interface and lowers minority carrier lifetime, in addition to compensating the 

doping in the α-Si [26]. This irreversibly destroys the benefits reaped with the amorphous 
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heterojunction structure. Therefore, a special low-temperature paste was developed for the 

specific application of SHJ cells. The paste is a derivation of the traditional silver screen-

printed paste used for diffused junction cells but is instead resin bonded and cured to the 

SHJ cell [27]. The conductive resin contains flakes of Ag that are much larger than the 

nanoparticles in fired paste. The flakes leave much larger gaps than the nanoparticles 

between Ag pieces, leading to overall increased resistivity of the front grid, but the curing 

temperature is reduced to ~150C from 800C in traditional pastes [28]. Additionally, there 

is no dielectric ARC on the top of the SHJ cells. A conductive TCO is present, meaning 

the paste makes ohmic contact directly to the top surface of the solar cell. The high 

resistivity of this front grid offsets several advantages of SHJ cells over DJ cells, but for 

years it was the only front metallization available for SHJ cells, until the arrival of other 

low temperature metallization techniques such as Cu electroplating were adapted for solar 

cell use. 

1.4 TRUE COST OF SILVER PV INTEGRATION 

Silver is a valuable commodity with importance in many industries, such as its use as 

an antibiotic in medicine and a conductive material in electronics, solar being no different. 

Besides its practical usefulness, silver is a precious metal that is used in most countries as 

an investment or as a hedge against inflation. As such, the price of silver tends to wax and 

wane with the economies of the world, and most significantly with the United States. Fig. 

1-6 shows the volatility of the price of silver and copper in the past 50 years. Copper is also 

examined since bulk copper prices are directly correlated with variable costs associated 

with electroplating systems such as the electrolyte cost. While copper experiences some 

volatility relative to itself, it is important to note how the price of copper never exceeds 
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silver, nor does the price change in magnitude as much as silver. Also, the price of bulk 

silver varies anywhere between 100x-300x the price of bulk copper. At the lowest price 

point, silver is a necessary expense to achieve the conductivity required for an industrial 

silicon solar cell front grid, and at the highest price, silver becomes a luxury only the more 

established manufacturers can afford. With the price of silver currently over $600/kg, the 

metallization of the front silver contact alone is over 25% of the cell cost for an industrial 

standard monocrystalline PERC cell with 22% efficiency [6].  

 

Fig. 1-6. Inflation-adjusted bulk price of Ag and Cu in US dollars dating back to 1960. 

Data extrapolated from [29], [30].  

In addition to price volatility, silver is not a sustainable resource and photovoltaic 

module recycling will be crucial to reclaim silver necessary to achieve worldwide 

Terawatt-scale deployment. This is especially important since future cell production 

capacities by 2030 are predicted to consume roughly 8000 tons of silver per year, about 

one-third of the world’s annual production at that time [31]. As shown in Fig. 1-7, 



  13 

photovoltaics (PV) production in 2017 utilized 10% of the world’s annual silver production 

in that same year. Due to high demand of silver and the amount in current reserves, it would 

be impossible to achieve terawatt-scale deployment for PV. The entirety of the world’s 

silver reserve amounts to 530,000 metric tons, according to the mineral commodity 

summaries published by U.S. Geological Survey in 2022 [32]. Contrast the silver scarcity 

with copper, which is not a precious metal. Current world reserves of copper amount to 2.1 

billion metric tons, with an estimated 3.5 billion tons of undiscovered copper in the Earth’s 

crust [32]. Assuming all future solar cells manufactured follow a standard 7 W DJ solar 

cell with 7% front metallization coverage and 12um tall front grid, the world’s reserve of 

silver will be depleted producing solar cells powering only 5% of the 46TW power supply 

needed by the United States in 2100 [33], [34].  

 

Fig. 1-7. Total global silver demand in grey and piecewise components labelled in blue for 

2017. Chart used from [35]. 
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The volatile price of silver combined with the resource constraints leads to an unreliable 

and unsustainable future of silver screen-printed solar cells, despite intentions to reduce 

silver consumption per cell. This work introduces methods for copper front grid 

metallization to fully replace silver screen-printing. In addition to being cheaper and 

significantly more abundant, Cu has already been implemented in research solar cells and 

provides other benefits that will be discussed in this work. 

1.5 OVERVIEW OF COPPER ELECTROPLATING 

Electroplating is the process of depositing a metal onto an object using an electric 

potential in a liquid electrolyte. This work focuses on the deposition of copper, so any 

reference to electroplating, unless otherwise specified, will refer to an acid copper sulfate-

based electrolytic bath. In the most elementary form of electroplating, an anode made of 

high purity oxygen-free copper (OFC) with phosphorous additives is submerged in a 

copper electrolyte, sulfuric acid-based bath with a cathode comprising of an appropriate 

metal. The bath can be various temperatures which affect plating rates, but acid-copper 

baths can achieve sufficiently high plating densities compared to other chemistries at room 

temperature, which made the exotic fixtures necessary for this work simpler to design, 

since no heating element was present. Additionally, the room temperature deposition 

makes Cu electroplating compatible with the low temperature processing requirements of 

SHJ cells.  

In general electroplating, the anode is electrically connected to the positive terminal 

while the cathode is negative as seen in Fig. 1-8. Copper sulfate is soluble in water, so it 

dissociates into Cu2+ and SO4
2-, which compose the electrolyte. The now free Cu2+ become 

hydrated and diffuses toward the cathode. To simplify the example, the necessary forced 
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flow of ions in what is known as convection is ignored. The hydrated Cu2+ cations are not 

able to bond to the cathode in a region close to the cathode known as the diffusion boundary 

layer, without first shedding the hydration shells surrounding the cations [36].  

 

Fig. 1-8. Simplified diagram of industrial copper electroplating process. The electric field 

from the power supply drives copper ions from the anode to the cathode. The anode is a 

source of purified copper, and the cathode can be any metallic or conductive material. 

The activation energy required is supplied by the external power supply, and the Cu2+ 

cations become bound as adatoms to the cathode surface, where they migrate to 

energetically favorable sites and permanently bind to the crystal structure. Sulfate ions 

move the opposite direction in solution and bond with the bulk copper of the anode where 

they form CuSO4 in solution, which then dissociates into an electrolyte, beginning the cycle 

again. The copper formed on the cathode is very pure and dense, meaning the conductivity 

of the deposited copper rivals that of bulk copper. In fact, the conductivity of as-deposited 

electroplated copper can be as much as 3x higher than the best Ag pastes on the market 

[37]. The density is dependent on several factors that are discussed in this work, but there 
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are very few limiting factors for the upper limit on electroplated copper density. Since the 

electroplated copper forms by electric field driven adatom bonding, there is a possibility 

for very high density and very few gaps, or pores in the resulting plated structure. Previous 

work by Lennon et al. in Fig. 1-9 shows the cross section of a plated Cu line compared 

with a cross section of in-house screen-printed Ag line [22]. The Cu resembles that of a 

bulk semicrystalline material, as the grain lines are clearly visible and no obvious holes in 

the plated line are present, whereas the screen-printed Ag line resembles a formation of 

droplets with a close-up image showing vast number of micropores in the structure. 

 

Fig. 1-9. SEM images of a (a) cross section view of an electroplated Cu line on a Ni seed 

layer and (b) a silver screen-printed line viewed adjacent to the line. Images are from (a) 

Lennon et al [22] and (b)-(c) an ASU DJ solar cell.  
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Deposition temperature as well as thermal and mechanical stress also becomes a factor 

as cell manufacturing progresses. It has already been shown that the high heat involved 

with soldering ribbons to the front grid of solar cells causes microcracks in the cell near 

the ribbon [38]. Even processes that undergo “low temperature” bonding such as ultrasonic 

welding for front ribbons still require temperatures around 200C to bond to the Ag front 

grid [39]. The Ag screen-printed front grid is no different in this regard. The expansion and 

contraction of the front grid Ag at 200C places enormous stress on the solar cell. This 

internal stress is a result of the coefficient of thermal expansion of the different materials 

being bonded. The Ag honeycomb has a 10x larger thermal expansion coefficient than bulk 

silicon, so when the wafer is cooled after firing, the Ag front metal will shrink much more 

than the wafer, leading to internal stresses which can cause solar cell breakage in extreme 

cases. According to the ITRPV, the price of silicon and the push for lower cost per cell will 

continuously drive solar cells thinner [6]. Thermal stress will only worsen with thinner cell 

design, as there is less silicon bulk to resist the bowing of the metal grid when firing [40]. 

It is important then, to adopt metallization techniques to reduce this damage as cell yield 

may become affected. Electroplated copper offers a solution to this problem: since copper 

is electrodeposited at room temperature, the main stress that is applied to the solar cell is 

mechanical. Even though the thermal expansion coefficient of Cu is approximately the 

same as Ag, the deposition ideally occurs the same temperature the cell will be operating 

in, so little thermal stress is applied over the life of the cell. Fig. 1-10 shows how deposition 

stress is affected by each metallization technique. Stress occurs when the Cu is deposited 

and as it grows during electroplating, as well as after electroplating. Electroplated Cu self-

anneals at room temperature and changes crystallinity in a period of hours to days, with 
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grain size typically increasing with time [41]. The annealing rates and crystal sizes are 

mostly determined by the electroplating parameters of the bath and substrate during 

deposition [42]. While no quantitative measure of bow was taken for this work, Cu and Ag 

140um thick solar cells were compared on a polished granite stone with a precision flatness 

and surface roughness. The cell with the Ag front grid had a noticeable bow whereas the 

Cu cell did not. However, a cell that was 20um thick with Cu electroplated front contacts 

was created during this work as an extracurricular, and it was found to create a noticeable 

bow on the cell. As predicted, there is a lower limit on cell thickness for Cu front contact 

solar cells.  How much bow is acceptable to maintain high yields during mass production 

is beyond the scope of this work. Bow and stress are used as a simple metric of comparison 

between front metallization technologies and applications for SHJ and TOPCon solar cells.  

 

Fig. 1-10. Deposition stress of Cu and screen-printed Ag. Cu stress is minimal and not 

shown but is still present on the wafer. Just as with Ag, Cu stress would be more visible as 

wafers become thinner. Cu stress is also a function of electroplating parameters. Different 

plating rates, bath temperatures, etc. affect post-deposition annealing of Cu and thus have 

varying bow intensities. When cooling the Ag front grid after firing, bow is at a maximum 

due to the now bonded Ag and silicon wafer. Cooling begins on the outer edges and moves 

inward leading to slight relaxation of the wafer and front grid. 

Copper electroplating front grids has been proposed as an economically and sustainable 

alternative to the silver screen printed paste for the front grids of solar cells displayed in 
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Section 1.4. Copper is more abundant and cheaper than silver, and the near-pure metal 

deposition of electroplating translates to a higher conductivity than the Ag paste. These 

advantages, coupled with room temperature deposition, provide a desirable metallization 

scheme for SHJ and TOPCon solar cells. 

1.5.1 COPPER ELECTROPLATING IN SOLAR RESEARCH 

There are several key barriers to integrating copper electroplating into solar pilot lines. 

Arguably, the most important is the isolation of copper from the silicon bulk. Copper is a 

deep-level trap in silicon and is extremely mobile in the crystalline bulk, even at room 

temperature [43], [44], [45]. Copper deposited on the front of a bare silicon solar wafer 

could interstitially diffuse to the rear of the cell in a matter of minutes, and if present in the 

space charge region, would short the p-n junction of the solar cell. At best this would reduce 

the efficiency of the cell and at worst it would lead to complete cell failure in a module. 

Thus, it is critical that copper be deposited on a layer that copper cannot migrate through, 

termed a “diffusion barrier” to protect the silicon bulk. This layer would need to be 

compatible with the solar cell structure so that gains from using copper are not offset by 

losses incurred by the diffusion barrier layer. The second issue is the necessity of a mask 

layer for the front grid. Electroplating is a non-selective deposition process, and thus 

plating would occur anywhere a ground potential exists on the solar cell. A mask can take 

many forms such as a physical barrier placed on the solar cell to prevent the electrolyte 

from flowing onto areas of the wafer not formed by the front grid, or a preferential chemical 

grow point placed on the cell, such as in electroless plating [46], [47]. These and all 

subcategories are considered masked methods because they are either masks themselves, 

they need to be placed on the solar cell using a mask, or some patterning step is involved 
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with the formation of these masks [48], [49], [50], [51]. A review of masking methods and 

dielectric masks can be found elsewhere [52], [53]. Some of the more pursued masking 

methods are photolithography and oxide/nitride chemical vapor deposited (CVD) layers 

[54], [55]. Both methods are shown in Fig. 1-11. 

 

Fig. 1-11. (a) Photolithographic mask and a (b) nitride/oxide mask deposited on a solar cell 

to guide electroplating. Mask scales in (a) and (b) are relative to each other. Random 

pyramid structure on the silicon is not shown for simplicity. 

Dielectric masks are deposited via some form of CVD, followed by laser ablation of a front 

grid pattern. The underlying cell is exposed to the copper electrolyte, so copper will 

preferentially plate to the charged, exposed regions of the solar cell rather than the top 

insulating dielectric layer. However, the dielectric layer is very thin, typically around 

100nm. Such a thin layer is difficult to conformally deposit, so pinholes are present which 

can lead to “ghost plating,” or spots where copper is deposited, but doesn’t contribute to 

current extraction from the cell. Additionally, in Fig. 1-12(b), there is no guide for plating, 

i.e., copper will plate isotropically outward, which limits the extent of plating on the cell, 

as lateral growth leads to shading and reduction of solar cell current. Photoresist, a much 

thicker mask on the scale of 20μm is more physically suited to the front grid construction 

of solar cells. The rectangular profiles exhibited with high quality photoresist lead to higher 

aspect ratio copper structures than that of an oxide/nitride layer. As seen in Fig. 1-12(a), 
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parasitic shading would not occur with photoresist plated structures since plating is only 

conducted vertically within the walls of the photoresist. 

 

Fig. 1-12. Arrows show copper growth directions in (a) photolithographic mask channel 

and out of a (b) dielectric mask. (b) Dielectric masks are thin enough to develop pinholes 

that lead to ghost plating. 

There are several methods of electroplating copper to solar cells. The two main methods 

discussed in this work will be contact electroplating and light-induced plating (LIP). Either 

can be used to create a full front grid, but this work focuses on contact electroplating to 

make the full front grid, while LIP is used to create a test seed layer. Another method of 

electroplating known as localized electro-chemical deposition (LECD) has previously been 

used to create complex 3D microstructures on copper substrates but has not been used in 

solar applications [56]. This work also explores a novel variant of LECD, developed and 

named in this work wire-LECD (WLECD), as a future application of LECD to solar cell 

metallization schemes. 

Table 1-1 summarizes plating technologies reported in literature for Cu-SHJ solar cells 

with a front grid in the last several years. The best results were achieved by Kaneka and 

Silevo, which use EP on a physical vapor deposited (PVD) metal seed patterned by 

photoresist with the subsequent etching of the seed. This method requires making a direct 

contact to the sputtered seed to supply current with a corresponding wafer holder and 
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plating tool design. In the alternative method being developed by for example, Meyer 

Burger, CSEM and UNSW, a Ni/Cu stack is deposited on a patterned ITO using LIP. 

Table 1-1. A review of the best Cu electroplated SHJ cells reported in literature. 

Lab Plating Method 
Patterning 

Method 

Minimum 

finger width 

(µm) 

Area (cm2) 

Reported 

Efficiency 

(%) 

Kaneka 

[7] 

Electroplating 

on PVD seed  
n/a  30-40 

152 
25.1 

Silevo 

[10] 

Electroplating 

on PVD seed 

Dry 

photoresist 

film 

32 

239 

23.1 

CSEM [9] 
Ni/Cu light 

induced plating  

Inkjet of 

hot-melt 

resist 

15 

4 

22.4 

Meyer 

Burger [8] 

Ni/Cu light 

induced plating 

Inkjet of 

hot-melt 

resist 

35 152 22.3 

SIMIT 

[11] 
Cu on IWO Photoresist 53 n/a 22 

SERIS 

[51] 

Ni/Cu light 

induced plating 

Screen 

print resist 

mask 

80 4 19.1 

UNSW 

[57] 

Cu light 

induced plating 

with adhesion 

promoter 

Inkjet 

lithography   
20 239 18.8 

Typical industrial screen-printed Ag SHJ cell  153/239 20-22 

ASU screen printed Ag SHJ cell  100 21.5 
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CHAPTER 2 

2 DIRECT CONTACT ELECTROPLATING FOR SHJ SOLAR CELLS 

In the simplest form, contact electroplating for solar cells follows most closely a standard 

integrated circuit (IC) electroplating process as seen in Fig. 2-1. However, challenges arise 

when a solar cell, instead of a metal, is used as the cathode in the electrochemical cell. 

Electrical contact, proper adhesion layers, and proper materials compatibility are some of 

the issues that are discussed in this work and arise from the integration of copper. The solar 

cells used in this work do not exceed 160μm in thickness, meaning electrical contact is 

limited to the front or back of the cells and not the sides. Since metallization is one of the 

final steps in cell production, the p-n junction has already been formed on the wafer. 

Electrical contact on the back of the wafer would provide the benefit of isolating the rear

 

Fig. 2-1. Simplified electrochemical diagram of a solar cell with a p-type bulk and rear-

contacted where RElectrolyte includes bath and electrode capacitances and resistances. The 

circuit diagram shows the diode configuration of solar cell when the positive potential is 

applied to the anode. An n-type wafer would reverse the diode and prevent current from 

flowing in the electrochemical system. An infinite shunt resistance for the solar cells is 

assumed here since shunts are considered imperfections and not intentionally implemented 

in solar cell processing. 
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 of the cell and the electrical contacts from the solution. This is a simple method to avoid 

parasitic plating to the electrical contacts. But, depending on the cell design, being n-type 

or p-type, it is possible that electrochemical current entering from the rear of the cell will 

be halted altogether from the wrong facing junction if the cell is back contacted as in Fig. 

2-1. Even if the cell junction were oriented correctly to allow current to flow, the 1-10 

Ohm-cm internal wafer resistivity of PV silicon may still be too high to drive a suitable 

plating current. Additionally, wafer resistivity variations along the ingot and processing 

conditions will lead to different solar cell internal resistances which would widely affect 

plating parameters across samples. Alternatively, electrical contact on the front is more 

technically challenging to implement but would omit the internal resistances of the solar 

cell from the electrochemical circuit.  

The goal is to plate to a wide area on the front of the solar cell in the shape of a front 

grid, so electrical contact should be made close to the edges of the cell to avoid interference 

with the plating area. Since the top layer of ITO for SHJ cells or silicon for TOPCon are 

poor conductors across the large cell areas, a conductive seed layer is necessary to 

maximize current distribution across the wafer as shown in Fig. 2-2 and minimize current 

crowding near the electrical contacts.  



  25 

 

Fig. 2-2. Diagram showing the alternative front contact method for SHJ solar cells. The 

seed layer is electrically contacted from the edges of the wafer in multiple locations to 

maximize current uniformity across the seed layer. Contacting the seed layer makes for a 

more difficult physical setup, but the internal equivalent circuit of the solar cell is 

circumvented. As with Fig. 2-1, the RElectrolyte includes all bath and electrode capacitances 

and resistances. 

2.1 LIGHT INDUCED PLATING (LIP) 

LIP is a solar cell front metallization technique first introduced as a patent by Späth in 

1973 [58] and reviewed by Mette [59]. This plating technique utilizes bright lights to 

generate excess electrons on the surface of the solar cell to provide activated sites for 

positive metal ions in the plating electrolyte. Fig. 2-3 describes the LIP process. For this 

process to work, the n-doped region must be on the front of the solar cell. LEDs are present 

in the plating bath and shine onto the front surface of the solar cell. A metal brush contact 

is placed on the rear of the solar cell at ground potential. This method of plating is 

technically known as bias assisted LIP, but since it is the only LIP method used in this 

work, will be referred to only as LIP. The incident light on the solar cell from the LEDs 

generates electron-hole pairs in the emitter. Positively charged holes in the emitter are 
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drawn to the ground electrode on the rear of the cell while negatively charged electrons 

diffuse to the surface. An excess carrier concentration of electrons at the surface of the 

emitter gives the surface a negative charge. A mask whether dielectric or photolithographic 

is present on the emitter that defines the front grid pattern. Positively charged metal ions 

in the bath are drawn to the entire emitter but can only bond where the electrons are exposed 

on the surface of the silicon, and not where the insulating mask is present. The metal ions 

near the exposed regions of the emitter are reduced and form a solid metal on the emitter. 

When performing LIP on DJ solar cells, the front grid would normally be deposited 

directly onto bare silicon once the dielectric mask is exposed. Thus, an intermediate buffer 

is usually plated first to prevent diffusion of plated copper into the silicon bulk. Thus, a 

thin ~1um LIP nickel (Ni) layer is first deposited on the silicon surface, since Ni silicides 

have been shown to act as a diffusion barrier to copper [60], [61], [62]. After the nickel is 

deposited, copper plating can then commence onto the nickel layer. LIP is not used to create 

copper front grids in this work, but LIP nickel is one of the seed layers tested in this work 

for SHJ solar cells. 



  27 

 

 

Fig. 2-3. (a) Diagram of LIP Cu plating and (b) custom created equipment by Technic Inc. 

(a) Positive potential on the submerged Cu anodes provides a corrosion source and a 

potential bias to increase plating rate due to the solar cell operating near short circuit 

conditions. Light bias on the solar cell splits the quasi-Fermi levels on the solar cell and 

creates a large excess of electrons on the surface which provides activation sites for the Cu 

to bond. Electroplating mask can be photoresist, or an ablation patterned dielectric film. In 

(b), a wafer was place in a custom plating holder and would be moved (reciprocated) left 

and right over the anodes to provide uniform plating. 
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2.2 SHJ SOLAR CELL FABRICATION 

Unless noted otherwise, Cu-plated SHJ solar cells were made on 120-μm-thick n-type 

CZ wafers with 3-4 Ω-cm resistivity. The wafers were textured in KOH and cleaned using 

RCA-B, Piranha and BOE, to remove metal, organic and surface oxides respectively. 

Deposition of intrinsic α-Si followed by doped α-Si occurred on both sides of the wafer. 

The front received p-type α-Si and the rear received n-type α-Si.  In this work, two types 

of TCO were used on the front of the cell: 1) ITO with a high free carrier density (ne) and 

50 Ω/□ sheet resistance (Rsheet) and 2) ITO/SiOx stack with 100 Ω/□ Rsheet. ITO/Ag was 

sputtered at the back side of the solar cell to form a rear contact. Next, a variety of seed 

layers: silver (Ag), nickel (Ni), chromium (Cr), and titanium (Ti), approximately 100 nm 

thick, were either sputtered, evaporated, or plated on the front side of the solar cells. Two 

separate Ni seed layers are utilized and are distinguished by the deposition method. A 

vacuum sputtered physical vapor deposition (PVD) Ni layer and an LIP deposited Ni were 

tested and referred to as PVD Ni and LIP Ni respectively. The fronts of the cells were 

covered in a photoresist mask to define the front grid pattern on the solar cell. The resist 

mask was formed on the front side of the cell using three different methods: commercially 

available screen-printed photoresist, industrial dry film photoresist and spin-on photoresist. 

For the LIP seed layer, only the dry film photoresist was used, and it was rolled directly on 

the ITO without a seed layer. The process flows are shown in Fig. 2-4. Once the masks 

were in place, the wafers underwent contact electroplating to plate the fingers and busbars 

on the front of the solar cell. Plating was followed by a photoresist etch in a heated, dilute 

sodium hydroxide bath. For most of the seed layers, excluding the LIP nickel, the seed 

metals needed to be deposited prior to the photolithography step. This means the entire 
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front of the wafer is coated with the seed metal which needs to be etched. Etchants for Ag, 

Ni, Cr and Ti were individually composed and used to clear the surface of any remaining 

seed metal. What remains is the blanket ITO on the surface with the plated copper front 

grid. 

 

Fig. 2-4. General process flow for the SHJ seed layer and photolithography applications as 

well as removal.  

2.2.1 Seed Layer Processing 

The Ag and PVD Ni seed layers were deposited via vacuum sputtering, the chromium 

and titanium were deposited via evaporation, and the LIP Ni layer was deposited using 

LIP. Since the ITO could only be processed in the vacuum sputtering tool, the only seed 

layers that could be deposited without breaking vacuum were Ag and PVD Ni. Thus, the 
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ITO was exposed to ambient air prior to depositing PVD Cr, Ti, and LIP Ni. After 

photolithography, the wafers were plated with copper. In the case of LIP Ni, the native 

oxide which forms provided such poor adhesion to the plated Cu that the Cu portion of the 

front grid simply fell off after plating. No such issue occurred with the other seed layers, 

so the LIP Ni seed layer cells were placed in a dilute etchant immediately prior to 

immersion in the electrolyte bath for plating, the goal of the Ni etchant being the removal 

of the native Ni oxide layer. 

 

Fig. 2-5. Summarized processing steps for each seed layer type. (a), (b) Seed layers 

deposited in vacuum, e.g., sputtering and evaporation, such as Cr, Ti, Ag, and PVD Ni, 

needed to be deposited prior to photolithography due to the organic nature of photoresist. 

(c), (d) The LIP Ni seed layer was deposited in electrolyte at room temperature, so the seed 

layer did not need to be etched away after photolithography. 

2.2.2 Photolithography 

Each of the three negative photoresist types used in this work conformed to the same 

basic steps of photolithography used in the IC industry shown in Fig. 2-6. A negative resist 

type was chosen due to the lower cost and different varieties, among other advantages, for 
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Fig. 2-6. General photolithographic processing with all three negative photoresists. (a) 

Photoresist is deposited and cured, followed by (b) UV exposure with a mask of the front 

grid design, (c) developing the unexposed photoresist, and finally (d) plating in the 

developed regions. 

this work [63]. Despite the resolution typically being poorer for negative compared to 

positive resist, the smallest desired feature size of 40μm for finger widths far exceeds the 

limitations of industrial negative photoresists. The resist was deposited in a manner 

depending on the type of resist used e.g., spin-on, screen-printed or laminated and the 

actual cells are seen in Fig. 2-7(a), (b), and (c) respectively with measured profiles. Liquid 

spin-on resist was applied via a spin coater and cured on a hot plate. Sheets the size of the 

wafer were cut from the solid dry film photoresist roll and applied to both sides of the 

wafer. The wafer and cut photoresist were covered on both sides with silicone sheets and 

cured in a vacuum laminator system used for solar cell module fabrication. The laminator 

pressed the photoresist onto the solar cell to heat each side and the vacuum removed air 

trapped under the photoresist. The screen-printed photoresist composed a thick paste and 

was applied in the same method as an Ag screen-printed front grid. A squeegee passed over 
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a screen mesh and squeezed the photoresist emulsion onto the wafer, which was later cured 

in a muffle furnace. The mask used for the screen-printed photoresist was completely open, 

so photoresist was placed over the entire cell. A mask covering the front grid pattern was 

attempted, but the screen-printed photoresist used was not viscous enough to achieve 

maintain the front grid pattern i.e., paste seeped under the mask into the channels. 

 

Fig. 2-7. Pictures showing the three photolithography methods used in this work to pattern 

the front grid. Images of the (a) spin-on resist, (b) screen-printed photoresist, and (c) the 

roll-on dry film photoresist. The corresponding (d) optical microscope image of spin-on 

resist, and optical profilometry images of (e) screen-printed and (f) dry film resist exposed 

finger profiles below. 

After deposition, the screen-printed and spin-coated resists were cured to solidify and 

bond to the solar cell and although the dry-film was not liquid, it still required the curing 

step to bond to the solar cell. Once cured, a UV mask in the shape of the front grid was 

placed over the solar cell and the photoresist was exposed in a UV exposure tool. Each 

photoresist underwent development in their respective chemical developer bath, to remove 

the non-exposed resist and reveal the front grid pattern for plating (see Fig. 2-7(a)-(c)). 
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Each photoresist was iteratively tested through available photolithography equipment 

to produce the finest resolution and optimal exposed front grid. Each photoresist had 

different resolution due to the composition, so the produced finger widths and heights, as 

well as individual photoresist capabilities are reported in Table 2-1. In addition to the 

resolution, quality of each resist was also examined in this work since each photoresist is 

targeted for different markets and price points.  AZ spin-on photoresist used in this work 

could achieve the highest resolution, while the screen-printed resist displayed the poorest 

resolution. The heights of the spin-coated photoresist and the screen-printed photoresist 

could be altered depending on spin speed and screen mesh and gap parameters 

respectively, but the spin-coated photoresist was limited to 10 µm for this work, and the 

screen-printed photoresist could not exceed 15 µm due to the rheological properties of the 

photoresist. Printing, curing, and then printing a second layer of photoresist was 

attempted similar to the methods performed for double screen-printed Ag front grids [64], 

but exposure became difficult due to the thickness causing unopened lines or largely 

overexposed regions. Finally, a special dry film photoresist, which could achieve 20μm 

resolution while having 20-30μm thicknesses, was used. 
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Table 2-1. Measured physical characteristics of each photolithography method used in this 

work. 

Photoresist Resolution 
Full Size1 

Resolution 

Height 

(um) 

Relative 

Cost 
Throughput Description 

Screen-

Printed 
45µm 60-70µm 10-15 $ 

Seamless integration with 

current screen-printer 

technology 

Dry Film 20µm 40µm 20 $$2 Mass Production Ready3 

Spin 

Coated 
10µm 30µm 5-10 $$$ 

Research tool – very low 

throughput 

1Full size cell resolution is considered consistent coverage with no finger breaks in a 

10cm x 10cm cell 
2Cost is considered at current state and not in mass production setting. With scale, costs 

decrease. 
3Dry film photoresist is sold on large rolls meant for existing PCB production lines, so 

integration for solar would be a technical and not resource task. 

2.2.3 Experimental Setup of Contact Electroplating for SHJ Solar Cells 

The contact electroplating was performed by making electrical contact to each end of 

the busbars on the cell for a total of 6 contacted points as in Fig. 2-8. In some experiments, 

metal oxides were stripped using their respective wet etchants immediately prior to Cu 

plating. Similarly, prior to electroplating the LIP Ni, the ITO surface was prepared using a 

dilute ITO etchant. All cells were capped with a contact electroplated, 200 nm layer of tin 

(Sn) for soldering. After electroplating, photoresist masks were stripped, and seed layers 

were etched. Finally, the cells were annealed at 200оС for 30 min in a muffle furnace. For 

ITO/SiOx stacks the cells were finished by the deposition of the SiOx layer above the 

electroplated metallization. 
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Fig. 2-8. Custom contact electroplating apparatus made for solar cells with a solar cell 

harnessed in. Highlighted are the (a) ground probes to charge the metal seed layers on the 

front of the solar cell to complete the electrochemical circuit, (b) busbar and finger front 

grid pattern exposed in the photoresist, and (c) face of solar cell with purple screen-

printed photoresist. 

2.3 MEASURED RESULTS OF SHJ CELLS 

Characteristic measurements for the electroplated samples were performed using the 

following equipment: IV curves were measured using an FCT-400 tester from Sinton 

Instruments, specific contact resistivity was measured using the transfer length method 

(TLM) on dedicated wafers with TLM test structures, electroluminescence (EL) and 

photoluminescence (PL) images were captured using an in-house tool with a camera and 

appropriate IR and visible light filter, line resistance was measured using a four-point 

probe, and adhesion was measured using a 180 degree pull test on an Instron.  
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2.3.1 Front Grid Optimization 

Prior to measuring the final results of a solar cell, there are many factors to consider 

when applying a front grid pattern. The novel level of control and application of 

electroplated Cu to SHJ cells in this work requires a grid parameter optimization so that 

gains made with electroplated Cu on the front grid are not concealed in offsets by poor grid 

modifications. For example, when the metal used for the front grid is screen-printed Ag, 

maximum heights are limited by the screen-printer and paste properties, so maximum 

finger widths are thus also limited. When electroplating a more conductive front grid such 

as Cu, heights are limited to each individual photolithography process, as well as 

resolution, so finger spacing needs to be optimized for each process. To better understand 

the tradeoffs involved when optimizing the electroplated Cu front grid in SHJ cells, an 

analytical model was built to provide reference data. For simplicity, a 3BB solar cell is 

consistently used across all photolithography methods since soldered ribbons and stringing 

are beyond the scope of this work. The model considered a standard industrial SHJ cell 

with 80-μm-wide screen-printed fingers as a baseline. The results of modeling suggest that 

replacing Ag fingers with Cu fingers of the same width can reduce line resistance two times 

and overall series resistance of the solar cell by 0.3 Ω-cm2 leading to 0.4% absolute 

efficiency increase. If Cu fingers can be made 30-μm-wide, both series resistance and front 

grid shading can be reduced leading to 1% absolute efficiency increase. Finally, if an 

ITO/SiOx double layer antireflection coating is used, the generation current of the cell will 

be increased by 1 mA/cm2 giving a total 1.5% absolute efficiency increase. This structure 

is allowed because the 30-μm-wide fingers can be spaced closer, so that the cell can tolerate 

the higher sheet resistance of the ITO/SiOx stack. Bulk and front optical improvements 



  37 

would of course increase efficiency, but this work only examined the Cu metallization 

compatibility with the existing SHJ structure, and the closer spaced fingers that thinner, 

higher conductive fingers would allow on the front of the SHJ solar cell. Overall, the model 

expects 1-1.5% efficiency gain by switching from printed Ag to plated Cu. In the model 

several assumptions were made, which imply the requirements to copper metallization. 

These are idealities to be used as a “best case scenario” to achieve the 1.5% efficiency 

increase and are noted in the corresponding data plots in Section 2. These modelled values 

include: an electrical contact to the metal seed layer and ITO with < 0.5 mΩ-cm2 specific 

contact resistivity and a tall enough finger height to produce < 0.5 Ω/cm line resistance. 

Physical adhesion has little to do with cell electrical results but is still an important metric 

for industrial applications. Thus, passing a tape test and/or achieving >1N/mm pull strength 

of a soldered busbar was considered an acceptable adhesion result for this work. 

2.3.2 Electroplated Fingers and Electroluminescence (EL) 

The quality of the plated fingers in this work was examined by a mixture of visual 

inspection and electroluminescence (EL). EL is an important tool for qualifying front grid 

series resistance of the solar cell. The concept of EL is to externally bias the solar cell, so 

the cell functions in reverse. By applying a current to the busbars of the solar cell, electron 

hole pairs are electrically generated near the electrical contacts and the cell emits light. The 

solar cell is rear contacted on a conductive chuck so current flows in through the top of the 

cell and out of the bottom. The bias current during EL is very large and so a great excess 

of electron-hole pairs are generated near the contacts. Some make it to the contacts, but 

most recombine and emit a photon. Fig. 2-9 demonstrates the EL process.  
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Fig. 2-9. Diagram showing the process of electroluminescence. Photons are generated 

anywhere close to the current source. Relative light intensity is used as a tool to determine 

if the current is not reaching the cell i.e., there are areas of high electrical resistance. Also 

shown is a broken finger due to some processing error, which would show up as a black 

spot in EL, since there is no way for the current to reach the broken end from the current 

source, labelled probe in this figure. 

Due to the internal resistance of solar cells, areas on the front of the solar cell that are far 

away from a contact point appear darker, since fewer electron-hole pairs are generated due 

to potential losses away from the contacts, as shown in Fig. 2-10(a), (b). Similarly, broken 

fingers can be spotted in Fig. 2-10(c) where they begin with normal EL intensity near the 

busbar and drop off in a single step at some point along the finger. A finger that is broken 
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either receives no electrical connection or is contacted by a busbar that is farther away 

resulting in shading.   

 

Fig. 2-10. EL images of two solar cells with different front grid integrities. The right solar 

cell has a (c) large number of broken fingers and a more resistive front grid. Areas of note 

are (a) regions of high brightness near the busbars where most of the current flows and (b) 

areas of much lower brightness where resistance of the cell contributes to current losses 

that generate less electron-hole pairs that recombine and generate photons. Also noted are 

the (c) shaded regions that are reminiscent of broken fingers and (d) the busbars that are 

electrically connected to the EL power supply. 

There is a trade-off for finger width between increasing conductivity of the front grid 

and decreasing incident light absorption area for the solar cell. Increasing the conductivity 

by increasing finger width reduces the series resistance but decreases the total current of 

the solar cell due to increased shading since the front grid is opaque. Conductivity of the 

fingers remaining constant, optimal power gains can be realized with thinner fingers and 

smaller spacing between the fingers. However, due to the many novel parameters tested 

here e.g., seed layer compatibility, photoresist quality, etc., this optimal point was not 

reached. For example, while a photolithography process may allow for 10μm wide fingers 
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with 100μm spacing, the different contact resistances of the seed layers introduce a third 

variable of optimization that may become too high with 10μm fingers. Since the goal of 

this study was to compare the compatibilities of each method with SHJ solar cells, 40μm 

was set at an arbitrary limit for the thinnest fingers, and further optimizations for efficiency 

did not take place.  

Before front grid fabrication occurred, each photoresist was tested using in-house 

photolithography equipment. One of the main issues that arose with photolithography was 

finger non-uniformity and breakage, or when one or more parts of a front grid finger are 

not physically or electrically connected to a busbar. Such fingers on the front surface 

contribute to cell shading, but do not contribute to current extraction. While all photoresists 

had a 40um feature limit or better, the screen-printed resist was found to be more 

susceptible to partially or fully exposed finger regions, leading to less uniform fingers and 

breakages. For all photoresists, this is caused by over or underexposure of fingers, due to 

a non-optimized time in the UV exposure tool and/or chemical developer. These times were 

critical to create uniform finger openings when the fingers approached the resolution limits 

of the photoresist. As an example, the dry film photoresist could easily achieve 20um finger 

channels as shown in Fig. 2-7(f), but broken fingers became more prevalent as the limits 

of the resists were reached, so it was safer to increase the finger width to reduce losses in 

the front grid. 

The breakages were easily visualized with EL. Disconnects caused by finger breakages 

were shown in EL as dark channels that run parallel to the fingers. Similarly, highly 

resistive fingers that may be too narrow for the optimized finger spacing will show a 

decrease in the brightness as the finger moves away from the busbar, i.e. photolithography 
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finger slots that are overdeveloped or underexposed lead to narrower channels for plating 

fingers. Fig. 2-11 shows a plated copper finger with the screen-printed photoresist still 

present on the solar cell. It can be clearly seen that photoresist is jutting from the sidewalls 

on the scale of 10um into channel space meant for the growth of copper. This leads to 

varying, and in the case of the cell in Fig. 2-11, larger resistance along length of the finger.  

 

Fig. 2-11. Optical microscope image of (a) a plated copper finger on an SHJ solar cell with 

screen-printed photoresist. The photoresist is still present on the cell outside of the finger. 

The screen-printed photoresist was more susceptible to problems such as (b) overexposure 

of certain regions leading to inconsistent finger cross section. Not shown is possible resist 

stuck under the electroplated copper due to difficulties in removing all photoresist during 

development. 

What is not shown in Fig. 2-11 is the possibility of photoresist particles left in the finger 

channels, a clear indication of underdevelopment. This can also lead to finger breakages, 

or more likely increased contact resistance between the copper, the trapped photoresist 

particle, and the front of the solar cell. This forces electron hole pairs near the photoresist 

particulate to travel farther to get to the finger. While no picture was captured of this 

phenomenon, it did occur and was seen under the optical microscope and appeared in EL 

as a dim region near the particulate.  
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When photoresist recipes and front grid structures are optimized to achieve desired finger 

widths with no breakages, the actual plating event could still lead to finger breakage. The 

issue lies with the composition of the photoresist and the width of the channels formed for 

the fingers. The photoresist is extremely hydrophobic and the surface tension of water, 

which composes most of the plating solution, is very high. Dry solar cells with photoresist, 

when placed into plating solution, have a difficult time removing the oxygen between the 

channel walls of the photoresist. Even with pumps, which cycle solution in the bath by 

spraying solution onto the face of the solar cell, oxygen isn’t always removed from the 

channels of the fingers. Trapped oxygen in the channels prevent plating solution from 

entering the channels, which then prevents plating from occurring in the affected area. This 

can be observed in Fig. 2-12, where a bubble was present in the photoresist channel walls, 

leading to a broken finger. Evidence of the bubble quickly disappears after the metal seed 

layer is stripped, since the metal etchants for the seed layers typically also etched copper. 

Thus, this effect needed to be observed after stripping the resist but before etching off the 

seed layer. The bubble problem ended up being resolved by pre-wetting the silicon wafer 

prior to entry into the plating bath. A high-volume deionized water sprayer could wet the 

surface of the entire exposed front grid, even with the thinnest finger channels tested. By 

pre-wetting the channels, electroplating solution was able to wick to the already wetted 

surface and flow through the channels. Once this method was initiated, no further finger 

breaks were measured from EL or observation, supporting the hypothesis that trapped 

oxygen was leading to incompletely plated fingers during the plating event.  

One other issue observed in this work was a phenomenon coined “mushrooming” of 

fingers. When a metallization process arises such as electroplating where one can guarantee 
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Fig. 2-12. SEM image of a broken copper finger after stripping of photoresist. The 

conductive seed layer was left on for the image. The smooth round profiles constantly 

found on the edges of all bubble sites on the finger support the hypothesis that a bubble 

was present. Contrast this with a random edge pattern from an over-exposed region on the 

finger. 

lower front grid resistance by leaving the power supply on in the plating bath to increase 

the finger height, it is tempting to do so. However, once the plated regions of the front grid 

exceed the height of the photoresist, this mushrooming can be observed. Since the walls of 

the photoresist confine the plating to between the channels of the fingers and busbars, the 

surface area to be plated remains approximately constant for the duration of the plating 

event. Once the height exceeds the photoresist thickness, plating occurs simultaneously 

from all directions, meaning the finger will grow outwards in all directions, instead of just 

vertically. This can be visualized in Fig. 2-13 by looking at the cross section of a 
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mushroomed finger and the issues can be seen when viewed from an angle as in Fig. 

2-13(b). Two events occur as a result of electroplating beyond the mask height: 1) the larger 

 

Fig. 2-13. Visualization of Cu mushrooming effect. Cross section diagram explains (a) Cu 

growth over the photoresist and a diagonal view SEM image of the effect. The (b) shadow 

in the SEM image shows the Cu extension shading the silicon surface. 

exposed surface area of the top of the mushroomed finger will lead to faster plating rates, 

which further exacerbate the problem and 2) the optical width of the finger will increase. 

Mushroomed fingers begin to shade more solar cell surface which reduces the current and 

lowers efficiency, offsetting the gains made from plating more and reducing finger 

resistance.  

The final finger profiles for using photolithography varied with the photolithographic 

material used and can be observed in Fig. 2-14. The spin-on photoresist could reliably 

achieve 30um wide finger profiles with an optimized finger spacing, but the thickness of 

the photoresist was limited to 5um tall. The screen-printed and dry film resists were limited 
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to 60um and 40um finger widths respectively due to the higher prevalence of 

photolithography induced finger breakages thinner than this value. However, the 

thicknesses of the screen-printed and dry film resists were notably higher than that of the 

spin-on resist, 12um and 20um respectively. This allowed for taller profiles, reducing 

resistance of the fingers. The spin-on and dry film resist were of integrated circuit quality 

and were much easier to optimize given the tools used in this work to expose and cure the 

resists. The SEM images in Fig. 2-14(d), (f) show that despite the finger size limitations, 

the copper plated fingers were extremely uniform along the length of the fingers. 

Conversely, Fig. 2-14(e) shows that the resulting plated finger uniformity was much lower 

for the larger screen-printed finger. This was expected given the consistently poor removal 

of screen-printed photoresist during development and characterized in Fig. 2-11. 

 

Fig. 2-14. (a)–(c) The photos of the resulting plated profiles of cells patterned by spin-on, 

screen printed and dry film photoresist respectively. (d)-(f) SEM and optical profilometry 

of a finger from (a)-(c) respectively. 
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2.3.3 Plated Copper Adhesion 

Adhesion is an important metric for industry to determine front grid and wafer 

processing reliability, but unfortunately is an obscure area of research for solar. Contrary 

to electrical and material parameters for solar, which are empirically and theoretically well-

known, there is no consensus to what sufficient physical adhesion for a solar cell front grid 

is [65]. Thus, this work defined and distinguished three levels of adhesion that could be 

relevant to the solar industry. The first level was when the cell could be successfully probed 

as seen in Fig. 2-15a, after all processing was finished. This test is important because failure 

would mean the cell is making weak physical and electrical contact with the front grid. 

This extends to processing as well, as a front grid that couldn’t be probed would also 

become dislodged during the many stressful processing steps following metallization 

including thermal stresses in soldering and lamination, and the physical stresses of 

handling. Thus, probing the front grid implies the cell could survive some form of 

production. The second level of adhesion was when the cell passed a tape test, which was 

done using a 401 film, similar to scotch tape. This is the first real test of the front grid 

adhesion, as it places a large stress on the very small fingers. As seen in Fig. 2-15b, a solar 

cell is placed on a vacuum chuck so that there is a uniform holding force on the back of the 

cell. A piece of tape wider than the busbar is applied along the busbar and the tape is pulled 

at a 90-degree angle or normal to the solar cell surface for the entire strip of tape. The tape 

may or may not rip the busbar and/or fingers off the cell or each other determining the pass 

or fail of the tape test respectively. This more vigorous test provides a more complete 

picture on how a cell could survive the remaining production steps and possible longevity 

in a module. In addition to the solar cell stresses listed previously, solar cells tend to be 
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stacked and consistently rub against other cells in production. Stacking is useful for pick 

and place machines for modules or soldering stages and the stresses imposed from cell 

friction during stacking can be simulated this way, with a forceful pulling of the front grid 

using the tape. The third and final level of adhesion was when the cell passed a 180 degree 

pull test with a soldered ribbon with more than1 N/mm pull strength, using an Instron [66]. 

1N/mm was arbitrarily chosen considering 2.5 N/mm is the force required for silicon wafer  

 

Fig. 2-15. (a)-(c) Description of 3 levels of adhesion followed by (d)-(h) passing and failing 

of subsequent tests. (a) The first level of adhesion was probing the sample and is shown 

successfully in (d). (b) The second level of adhesion is the 90-degree tape test on a vacuum 

chuck with a wafer that (e) passed and (g) failed. The final level of adhesion was the 

measured Instron 180-degree pull test with a soldered ribbon and wafers that (f) passed and 

(h) failed. 
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breakage [67]. If a front grid passes the first two levels of adhesion, it is assumed the front 

grid can survive a soldering event onto a busbar. For those front grids, a standard solar cell 

production line tinned copper ribbon was soldered to the middle busbars as shown Fig. 

2-15c. A custom vacuum chuck holder was designed for use in an Instron, which is a well-

known and standardized calibrated force meter used for mechanical stress and strain tests. 

The vacuum chuck and holder were each inserted vertically in the same plane as the pull 

force would be applied, placing more stress on the cell than in an equivalent 90 degree pull 

test. Once the wafer is placed on the vacuum chuck, the soldered ribbon is inserted into the 

pull gauge of the Instron, and the force is measured continuously as the ribbon is pulled. 

The ribbon will be pulled off the solar cell in one form or another, but it is also important 

to note the location of the ribbon tear. This is observed visually and under SEM, and bond 

strength between films can be qualitatively discerned. Failure of this test is deemed as 

<1N/mm pull force required to remove the ribbon from the solar cell. 1N/mm is defined as 

the instantaneous force measured, divided by the width of the soldered ribbon, which in 

this work is 1mm wide. Consistent measured pull force >1N/mm would be considered 

passing this test. 

Each tested seed layer only continued to the next adhesion test if it passed the current 

test i.e., a solar cell with a certain seed layer that failed the initial probe test did not undergo 

the tape test. All Cu-SHJ cells produced in this work achieved adhesion sufficient for 

probing after all processing was finished. The results are recorded in Table 2-2. However, 

not all the seed layers passed the tape test. It was observed that the light induced plating 

nickel cell failed at the Ni/ITO interface and the PVD Ni, Cr and Ti cells failed at the seed 

layer/Cu interface. 
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Table 2-2. Results of the adhesion tests for each seed layer and corresponding failure point 

(if applicable).  

Test LIP Ni/Cu PVD Ag PVD Ni PVD Cr PVD Ti 
PVD Ni + 

NH4OH etch 

1 Probing Pass Pass Pass Pass Pass Pass 

2 90° Tape 
Fail 

(Ni/ITO) 
Pass 

Fail 

(Ni/Cu) 

Fail 

(Cr/Cu) 

Fail 

(Ti/Cu) 
Pass 

3 180° Pull n/s Pass n/s n/s n/s Fail (Ni/Cu) 

Adhesion improvement of Cu plated on PVD Ni was attempted by etching nickel oxide 

immediately prior to Cu plating using a dilute NH4OH solution. The cell with the etched 

nickel oxide passed the tape test but failed the pull test. Thus, it was shown that stripping 

metal oxide is critical for adhesion of the plated Cu. The only seed layer to pass all adhesion 

tests was Ag, and the resulting pull test data was recorded in Fig. 2-16. 

 

Fig. 2-16. Pull force sampled as a soldered ribbon was pulled off the busbar of a Cu-SHJ 

cell with a PVD Ag seed layer. The ribbon was pulled across the entire 156mm wafer, 

180 degrees from the ribbon origin. 

The Ag seed being the most adhered seed layer was investigated further to see the eventual 

failure mechanism. The image of the soldered ribbon pull for Ag is shown in Fig. 2-17 and 

the SEM images of several pulled fingers were imaged. The busbars where the ribbon was 
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pulled were too large to image in the SEM, so several fingers on the same samples were 

pulled instead, the fingers being only 40um wide. The SEM image in Fig. 2-17(b), (c) show 

different fingers with similar results. In some cases, the bond between the plated copper  

 

Fig. 2-17. (a)-(b) Qualitative results of the adhesion pull tests for the Ag seed layer. A full 

ribbon was pulled from (a) with no front grid failure and (b) with full cell failure. (c)-(d) 

SEM images of a Cu finger pulled from an Ag seed layer sample.  

and PVD Ag is stronger than the Si-Si bonds in the wafer. The Cu-Ag bond, the Ag-ITO 

bond and the Si-Si bond all failed at different locations along the observed fingers. This is 
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an ideal scenario for adhesion, showing there isn’t a limiting bond strength for the tested 

seed layer to the electroplated copper. The results of the Ag-Cu bond would be a standard 

to measure all other seed layers, but this result was not seen in any of the other seed layers 

in this work. Most failures for the other seed layers occurred between the seed 

layer/electroplated Cu interface. This was true for the seed layers that formed native oxides 

quickly, such as Ti and Ni. These seed layers may require a buffer layer that should be 

deposited in vacuum to limit the role of the native oxide growth and further improve 

adhesion. 

2.3.4 Contact Resistance 

Contact resistance is defined as the specific resistance of the interface between two 

different materials. The contact resistance was measured using two recipes of ITO: a higher 

carrier concentration ne ITO and an ITO in a SiOx stack configuration. The oxide stack 

structure is predicted to have a higher contact resistance due to the presence of the 

insulating SiOx below the contacts, but the presence of this layer improves optical trapping 

in the solar cell structure. As such, a comparison was made for this work to see if the 

resistance increase from the presence of the oxide offsets optical gains.  

Contact resistance was measured using the transfer length method (TLM) on an 

equivalent SHJ structure. The TLM structures were patterned using photolithography and 

outer edge isolation was attempted by abrading the surface on the edges. TLM 

implementation in this work is conceptualized in Fig. 2-18. By applying bias between metal 

bars of known dimensions and spacing, it is possible to obtain the resistance between the 

metal and the material to which the metal is bonded. By measuring different gaps, one can 

neglect the sheet resistance of any material that lies underneath the metal. If multiple 
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materials are stacked below the metal, the contact resistances of all these materials are 

combined into one measurement. It is necessary to build independent TLM structures 

which isolate 2 layers at a time if contact resistance is needed between each individual 

layer. Furthermore, parasitic resistances are present that can draw measurement current 

away from the interfaces which are summarized in Fig. 2-18(a). Lateral currents can flow 

around the contact pads, which mitigates the effects of current crowding at the contacts but 

gives a lower estimate of the contact resistance than if the contacts were laterally isolated. 

Abrading the topmost layer at the edges of the contacts, like was performed in this work is 

one way to force the measurement current to flow straight from contact to contact. Another 

measurement inaccuracy can arise when the bottommost measurement layer is not adhered 

to an insulating substrate. Non-zero resistance in the bulk material on which the measured 

films are bonded allows current to flow into the bulk instead of solely in the films. This 

introduces both the contact resistance and the bulk resistance of the bulk material into the 

measurement. Since the contact resistance between the two ITO variants may be different, 

it will add a different resistance value to each measurement, further complicating the 

measurement. The films in this work were deposited on an undoped amorphous silicon 

layer with a high sheet resistance on a c-Si wafer. As stated previously, only the combined 

contact resistance was measured in this work, so contact resistance is measured between 

ITO:Seed Layer:Electroplated Cu. However, since each seed layer was tested on identical 

structures a valid comparison can be made here.  

When the contact resistance is multiplied by the area of the contact pads used in the 

TLM measurements, the value given is known as the specific contact resistivity ρc. The 

value of ρc allows for contact resistance comparisons independent of the TLM structure  
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Fig. 2-18. (a) Diagram showing the TLM approach to measuring contact resistance and the 

possible areas of non-idealities in this work, namely the parasitic currents from outside the 

TLM pattern and into the silicon bulk. (b) The contact resistance was measured 

simultaneously for both the electroplated Cu to the seed layer and the seed layer to the ITO. 

(c) Image of a photoresist TLM pattern on a test wafer prior to electroplating.  

pad sizes used in literature. The TLM pads remained constant in this work, so the 

calculation for ρc is redundant, but is used for consistency. Fig. 2-19. Specific contact 

resistivity of various metal seed layers on two different TCO layers. The specific contact 
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resistivity was measured using TLM patterns of the metal seed and ITO on an undoped 

amorphous silicon substrate. shows the specific contact resistivity of various metal seed 

layers on the two ITO variants. Contact resistance of 0.4 mΩ-cm2 was achieved on the high 

electron density ITO and 2 mΩ-cm2 on the ITO/SiOx stack when using a PVD Ag. It was 

also found that contact resistance for Ni could be reduced 5-10 times by etching metal 

oxide prior to plating.  

 

Fig. 2-19. Specific contact resistivity of various metal seed layers on two different TCO 

layers. The specific contact resistivity was measured using TLM patterns of the metal seed 

and ITO on an undoped amorphous silicon substrate. The ideal specific contact resistivity 

calculated in the model in Section 2.3.1 is shown here as 0.5mΩ-cm2. 

2.3.5 Line Resistance and Four Point Probe 

Line resistance is a specific resistance used in solar to describe the resistance along the 

length of a finger on the front grid. The line resistance is a partial resistivity independent 

of the length of the finger, but dependent on the cross-sectional area i.e., changing the 
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length of the finger will not affect the line resistance value, but changing the finger width, 

length or material will change the line resistance value. Calculated line resistance is input 

into front grid geometric calculations to determine the total resistance of the front grid 

followed by the total series resistance of the solar cell as shown the following equation: 

RS[Ωcm2] = RBulk ∗ tWafer + REmitter + RContact + RFinger 

Besides its necessity for series resistance calculations, line resistance can disclose much 

more information regarding the geometry of the fingers. Geometrically, line resistance 

gives insight to how square the fingers are, the aspect ratio of the fingers, and the cross-

sectional density of the fingers. The effects are visually summarized in Fig. 2-20.  

For identical material and aspect ratio parameters, two different line resistance values 

can signify a different squareness between two sets of fingers. Squareness is defined here 

as the ratio/percentage of the cross-sectional area of the finger profile to the area of a 

rectangle of similar width and height: 

Squareness =
Cross Sectional Area of Finger

Area of Rectangle with Height and Width of Finger
   

A higher percentage of squareness is desirable for a finger, due to a higher density of 

material being located on the finger. For a finger of a particular width and height, the extra 

conductive material from a highly square finger will lead to a lower line resistance than a 

finger with low squareness. Fig. 2-20a demonstrates this phenomenon. Screen-printed 

fingers tend toward a bell-curve shaped cross section due to the paste nature of the metal 

during placement on the solar cell. Mesh and squeegee pressure parameters during screen 

printing, in addition to drying, make it difficult to achieve square profiles. Contrast this 

with the electroplated copper fingers with photoresist masks in Fig. 2-20b. The rectangular 

channels allow for near perfect squareness of the profile, assuming growth ceases before 
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the top of the channel is reached. In this instance, assuming the materials were identical, 

the electroplated copper in the rectangular walls of the photoresist would have a lower front 

grid resistance than a front grid with a screen-printed deposition. For calculating aspect 

ratio, line resistance is typically used to derive the height of the deposition. For screen 

printing and photoresist patterning, the width of the desired fingers is typically well-

defined. A certain screen mesh is used with specific openings for the fingers, just as a 

specific chrome mask is used for certain finger channel widths. In these cases, measured 

line resistance can be used to derive averaged height of the fingers. Since plating and 

screen-printing recipes can vary the height of the fingers, it is useful as a general inference 

to the height and aspect ratio.  

 

Fig. 2-20. Visual explanations and comparisons of (a) squareness, (b) plated finger height 

and (c) plated finger density or porosity.  

For a solar cell front grid, a line resistance measurement can also give an insight into 

the porosity of the deposited metal of the front grid of a solar cell. Fig. 2-20c shows two 

fingers with identical widths and heights composed of the same material but with different 

line resistances. When examining the screen-printed silver of traditional solar cell front 

grids the organic compounds that evaporate during the firing step leave gaps in the structure 

of the front grid. A honeycomb like structure which was seen previously in Fig. 1-9 is what 
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remains. Similarly for electroplating different plating recipes can yield different porosities 

in the final product. High plating currents lead to large localized electric fields near the 

openings of the photoresist, which deplete electrolyte ions in those regions. Carrier 

depletion leads to a drift dominated deposition process which accelerate electrolyte ions to 

the depleted regions in the openings of the photoresist electrolyte ions bond to the nearest 

plated growth. A porous structure is what remains. Conversely, low plating currents retain 

the more desirable diffusion dominated plating process in which adatom growth of 

electrolyte metal occurs. A solid, non-porous structure is what remains from this method, 

resembling more of a bulk material when cross examined.  Given identical cross section 

geometries, the same deposition process can yield different line resistance values, giving 

insight to the quality of the deposited structure.  

The tool used in this work to measure line resistance is the four-point probe. A four-

point probe is composed of four conductive pins in a line. A current is applied through the 

outer probes and the voltage is measured with the inner probes. In this way, the resistance 

of the line can be measured using the four-point probe by multiplying the applied current 

with the measured voltage. A four-point probe is typically used to measure the sheet 

resistance of a film or bulk resistance of a wafer, but if the probes are carefully applied to 

the top of a finger, the line resistance of that finger can be calculated as seen in Fig. 2-21. 

Since the spacing between the probes need to be carefully controlled in the four-point probe 

for accurate sheet resistance measurements, the measuring distance along the finger is quite 

well known. The calculated resistance is divided by the probe measuring distance to obtain 

the line resistance.  
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Fig. 2-21. Diagram of a four-point probe. The outer two probes supply a known current 

through the through each other and the inner two probes measure the voltage generated by 

the supplied current. Thus, a resistance can be measured. By placing the probes on the Cu 

finger, a resistance could be calculated. 

By changing the width of the finger channels and height of the photoresist during 

photolithography, line resistances measured using the four-point probe can be plotted and 

compared. Additionally, by taking an ideal rectangular cross section of a particular height 

and width with the resistivity of bulk copper, one can compare the quality of the 

electrodeposited finger on this plot. This was performed in Fig. 2-22, which shows the 

measured and simulated line resistances as a function of finger width for different finger 

heights. For the ideal copper fingers, a 15-μm-thick Cu finger with the width of 20μm 

would have a line resistance equal to 0.6 Ω/cm. In addition to the measurements made in 

this work and the ideal copper fingers, line resistance measurements were also used from 

the Swiss Center for Electronics and Microtechnology (CSEM) for their copper plated 
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fingers and the screen-printed Ag fingers [9]. It is notable that the line resistance of the 

screen-printed Ag fingers was much higher at all linewidths than the electroplated copper. 

While the copper plated fingers of any height in this work exceeded the line conductance 

of a high-quality finger recorded from CSEM, the target of 0.5Ω/cm predicted by the model 

was only reached with the 20-35µm tall fingers. Thus, to fully exploit the benefits of the 

copper plated front grid, the tallest fingers the photoresist allows should be plated. As 

shown earlier, only the dry film photoresist could achieve 20um tall features, so this 

photoresist was used for the final cell development. 

 

Fig. 2-22. Line resistance of plated copper and screen-printed silver fingers of various 

heights. Dotted curves are ideal copper plated lines with a perfect rectangular profile 

throughout the line. Dotted curves represent the minimum line resistance possible for a 

plated line. CSEM and ASU data points represent the plated fingers of the Swiss Center 

for Electronics and Microtechnology and the author respectively. 
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2.3.6 Full Cell Results 

Table 2-3 shows the results of the optimized 100 cm2 cells plated using the different 

methods studied in this work. All different plating and patterning methods produced the 

cells that can achieve more than 20% efficiency. The record cell patterned by the spin-on  

Table 2-3. Parameters of the best Cu electroplated SHJ cells produced in this work. 

Plating Type Mask 
VOC JSC FF Eff 

(mV) (mA/cm2) (%) (%) 

EP Printable photoresist 728 37.9 76.2 21.0 

EP Spin-on photoresist 729 38.5 78.0 21.9 

EP Dry film photoresist 731 37.7 76.5 21.1 

EP Dry film photoresist** - - - 21.7 

LIP Screen printable photoresist 728 35.6 76.0 19.6 

LIP SiOx mask 729 36.1 76.1 20.0 

** NREL certified 156mm solar cell     

photoresist achieved 21.9% efficiency. It should be noted that this cell was made on a 180-

μm-thick wafer in order to get a higher pseudo FF (which allowed to increase FF) and JSC, 

whereas the other cells were made on 120-μm-thick wafers. The record cell also had 30-

μm-wide fingers leading to lower grid shading, which contributed to 0.5 mA/cm2 higher 

JSC. Thus, the efficiency of ASU’s record Ag screen printed cell was increased by 0.4% 

absolute.  

Also, cells on 5” wafers with full wafer Cu grids having 2 busbars and 60-μm-wide 

fingers were produced. The best cell made on 180-μm-thick wafer achieved 21.9% 

efficiency. Figure Fig. 2-23 shows the photo of the record cell as well as PL and EL images 

highlighting overall uniform plating and various edge losses limiting cell performance. The 

parameters of the best 5” cell were VOC=732mV, JSC=38.4mA/cm2, FF=77.9%.  
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Fig. 2-23. (a) Photograph of highest efficiency 5” Cu-SHJ solar cell produced, with 

corresponding (b) photoluminescence and (c) electroluminescence images of the cell in (a). 
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CHAPTER 3 

3 LOCALIZED ELECTROPLATING METHODS 

Since its inception, Localized Electrochemical Deposition (LECD) has proven to be an 

effective method of plating high aspect-ratio and complex three-dimensional 

microstructures without the need for expensive masks [68]. These structures are created 

using a micro-anode, typically made of platinum (Pt) wire, coated with a dielectric that has 

been polished to expose the Pt tip. The potential at the micro-anode draws the metal ions 

in the electrolyte to the region under the tip, forming a metal pillar on the substrate beneath 

the tip [69], [56]. Variations in setup complexity allow for creating anything from metal 

pillars grown normal to the substrate, to three-dimensional growth patterns such as coils 

and bridges [70], [71]. Alternatively, plated lines have a more immediate and widespread 

use in the electronics and semiconductor industries as busbars and contacts. Therefore, 

creation of certain line configurations displayed in this work could lead to more cost-

effective plating solutions for these industries. However, direct translation of this 

technology to fabricate large area patterns on substrates is challenging since the plating 

area is defined by the size of the anode, which in these cases is on the scale of tens of 

microns [68]. Plated lines have been created using different variants of the LECD method 

[72], [73], but plating setups for high aspect ratio plated lines may be difficult to scale due 

to the head positional accuracy and plating time. Additionally, to create the high aspect 

ratio and complex geometric structures for which LECD is known, stepper motor and 

feedback systems are required to move the micro-anode and dampening systems are used 

to mitigate shifts in the anode movement [68]. LECD differs from traditional plating by 

means of the electrochemical parameters. As stated previously, inert anodes such as Pt are 
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used instead of anodes composed of the metals found in the plating electrolyte, which in 

this work is copper (Cu) [68]. The inert anode, being insoluble in the bath, induces a 

different reaction than what is seen using a Cu anode [74]. The decision to use an inert 

anode for previous LECD research is necessary, as the anodes seen in all LECD work are 

significantly smaller than the cathode. The high dissolution rate caused by the low 

anode/cathode exposed surface ratio would dissolve or disfigure a Cu anode before an 

LECD structure forms. The consistent shape and location of the anode are critical in LECD 

to create consistent plated structures. It is theorized that a larger exposed surface area on 

the anode, such as the anodes used in this work, would lead to a more controlled dissolution 

of the Cu anode, hence the decision to use both inert anodes and Cu anodes in this work. 

This novel variant of LECD is presented and named in this work wire LECD (WLECD) 

and uses anode wires run parallel to the substrate. 

The LECD performed in this work diverges from all previous variants by the orientation 

and application of the anode wires. Instead of a coated anode wire with an exposed tip 

perpendicular to the substrate, as in Fig. 3-1a, the anode wires are strung parallel to the 

substrate, as in Fig. 3-1b. In this configuration, plating occurs locally under the entire 

length of the wire, and not just the tip, creating an LECD line on the cathode. Consequently, 

electroplated wires, or rows of electroplated wires of arbitrary lengths could be plated 

simultaneously to create custom grid patterns. The continuous plating along the anode wire 

negates the need for a complex micro positioning system seen in other LECD work to 

create the same plated lines. However, there are some challenges, including but not limited 

to wire uniformity and cathode surface flatness/parallel with wire, which are discussed in 

this work.  
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Fig. 3-1. Diagrams showing cross section views of (a) a typical LECD application and (b) 

WLECD used in this work. For this work, (b) depicts how the WLECD anode wire is fully 

exposed and flush with the surface of the polished substrate to maximize parallel with the 

cathode. Typical LECD processes in (a) sheathe the anode with an insulator and expose 

the tip normal to the cathode. 

There are several advantages and disadvantages of this method over traditional LECD 

for depositing fingers. The first advantage, a lack of moving parts, means complex 

machinery is eliminated. Second, plating time for a finger or line is significantly reduced 

compared to traditional LECD due to continuous plating along the anode wire. There is no 

need to plate individual spots to create the line with the LECD microtip as shown by some 

in literature [72]. Some disadvantages of the technology include the complexity of wire 

stringing, cathode surface flatness/parallel with wire, and anode materials. Stringing the 

anode wire requires enough tension to keep the wire taut during plating without deforming 

or snapping the wire. Depending on the material and the forming process, different 

materials may be more difficult to accomplish this with due to changes in tensile strength. 

Cathode surface alignment was performed in this work with spacers and substrates of 

known flatness (silicon wafers). While this introduced a known flatness, it did not give a 

known parallel. As such, alignment for this technique is extremely difficult, and an 
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important consideration moving forward. Finally, this process is limited to the available 

materials capable of being forged into wires. Limitations on rolling and other production 

techniques translate to minimum wire diameters of tens of microns (with varying diameter 

tolerances along the wire). The scale of the tensioning devices used in this work further 

limited the minimum wire diameters to 70μm to minimize wire breakages during 

tensioning.  

Due to the high-aspect ratio capabilities of LECD without the use of any sort of masking 

mechanism, it seems to be an appealing process to integrate into SHJ front grid plating 

technologies. Current masking methods (shown in this work), when used with plating, 

create a “mushroom” phenomenon that forces the front grid pattern height to be limited to 

the height of the mask. This would not occur in LECD due to the mask-free nature of the 

process. Also, despite Cu plated SHJ cells achieving lower utility and residential LCOE 

than traditional Al-BSF cells, photolithography represents 40% of the costs of an SHJ 

production line [13]. With no limitations on grid height and the possibility of complete 

elimination of precious metals, a mask-free process such as LECD seems the next logical 

step for Cu plating technology on SHJ solar cells. 

3.1 OPTIMIZATION OF COPPER-PLATED FRONT GRID PATTERNS 

Currently, the predicted trends of Ag-Screen printed fingers push the resolution of such 

lines to well below the 40um mark. The ITRPV predicts the resolution of such lines to be 

less than 20um in 2030, with current industry linewidths rivalling 40um [6]. Linewidth is 

an important parameter to control, as it defines the conductiveness of the front grid as well 

as the optical shading of the cell. Ideally, the linewidth of the finger should be as small as 

possible while also being as conductive as possible. Since metals are opaque, they absorb 
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and reflect photons. Photons that interact with the front grid can either be absorbed by the 

metal (loss), reflected by the metal and transmit out through the glass (loss), or reflected 

by the metal and glass and absorbed in the solar cell (gain). Thus, any area covered by 

metal on the front of the cell is a dead zone for carrier generation. Modern cells have 

reduced shading of front grids from 15% of first- and second-generation solar cells to about 

<7% with advances in paste and screen technologies [75]. While this reduction is 

noteworthy, since incoming light directly translates into module power, every percent lost 

to shading is significant. Making the front grid more conductive can be achieved several 

ways. This first is to simply widen the fingers. Wider fingers create a less resistive pathway 

for carriers to travel, but also increases the shading losses. 2) Make the fingers taller. Taller 

fingers give the same conduction increase as widening, but since the expansion is normal 

to the cell surface, it incurs no additional shading losses. However, the height is usually 

fixed due to technology and process limitations. 3) Change the conducting medium. This 

is more difficult to implement, but electroplated copper is 3-4x more conductive than the 

screen-printed Ag paste used in industrial screen-printing pilot lines [37]. 4) Decrease the 

finger length. The total resistance the carrier experiences increases proportionally with 

distance. Industrial solar cell manufacturers heavily utilized this method to reduce finger 

series resistance by adding more busbars that are thinner, so shading remains constant. Fig. 

3-2 shows the change from 2 busbars to 5 busbars, with state-of-the-art industrial cells 

boasting 12 busbar patterns. However, this increases the complexity of the stringing 

process and can only be optimized so far as cells increase in size. Therefore, the goal of 

the modelling should be to minimize the front grid coverage while also maximizing 

conductivity of the front grid using the four methods stated above. 
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Fig. 3-2. Solar Cell busbar patterns from a (a) first generation 2 busbar cell and a (b) more 

modern 5 busbar cell. 

Another point to consider is the future of solar cell geometry and cell design. Cell 

dimensions and busbar technology are changing quickly in industry to reduce efficiency 

losses and offset costs. The ITRPV predictions in Fig. 3-3 show half cells and 6 

busbar/busbar-less technologies to have a dominant market share within the decade. This 

creates new avenues for cell design. Due to the high conductivity and differing process 

parameters of electroplated copper vs screen-printed Ag, a more unique and robust front 

grid can be modelled. For example, electroplated copper can have much longer fingers than 

that of screen-printed Ag, meaning the same or better efficiency could be achieved with a 

shingled front design. This would reduce processing costs associated with stringing cells 

in modules. Therefore, rather than compete with classic industry standard H-Bar pattern, 

in this work we will examine future standard designs. In addition to the contact method, 

the dominant market cell size is predicted to be half and quarter cells by 2030. The reason 
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for this move from full size cells is the cell-to-module (CTM) power ratio. Reducing the 

cell size reduces current losses in the module when keeping cell efficiency identical. 

 

Fig. 3-3. Predicted trends of solar cell development to 2030 for (a) number of busbars per 

cell and (b) solar cell sizes used in modules. The trends show increasing the number of 

busbars and the elimination of busbars for future cell designs, as well as an industrial 

preference to dice solar cells in half rather than stringing full cells in a module [6]. 

As screen-printed Ag finger width decreases to 20um, busbar quantity and finger height 

must increase to maintain conductivity, else resistivity losses will offset optical gains. The 

number of busbars present on first generation solar cells was 2, and today that number 

ranges anywhere from 6-12, depending on the manufacturer. While it is possible to increase 

busbar quantity beyond this, challenges and costs associated with stringing large number 

of ribbons per cell in modules will eventually reach a tipping point. This is where it 

becomes advantageous to adopt a multiwire or shingled design, both of which hold 

conductivity challenges for 20um screen-printed Ag in a full or half-cell format. 

Conversely, electroplated copper would adapt well to these technologies for current and 

future cell sizes. This adaptation would also have other benefits, such as increasing CTM 

efficiency (shingled cells have no gaps between wafers), but only individual cell efficiency 

is explored in this work. 
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For this work, a 156mm silicon heterojunction half-cell was modelled using a PV cell 

simulator called Griddler, with a 6BB Ag screen-printed front grid as well as a 1BB 

shingled copper electroplated front grid as can be seen in Fig. 3-4 [76]. Current was  

 

Fig. 3-4. Model graphic for a (a) 6BB Ag screen-printed half-cell and a (b) copper-plated 

single BB shingled cell. Model color variations from (a) and (b) are due to program 

inconsistencies with imported CAD files in Griddler. The fingers run shorter and are 

horizontal on (a) while they run across the entire cell vertically on (b). Finger spacings for 

(a) and (b) were optimized for highest efficiency in the respective model. 

extracted at individual points along the busbars for the 6BB cell and along the edge for the 

shingled busbar. Finger spacings were not identical for each; they were optimized based 

on the finger width limits of each technology and the location for current extraction (busbar 

location and count). The optimizations were performed using PVeducation’s front grid 

series resistance/shading modeler when total efficiency losses were minimized. The front 

grid heights were fixed to 20um tall, which is the standard height of the screen-printed 
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front grid. Despite there being no limit to the height of an LECD front grid, plating heights 

did not exceed this value for this work. Besides the front grid, all other parameters such as 

cell geometry, SHJ structure, voltage, and series resistances (contact, emitter, bulk, etc.) 

were identical. Table 3-1 shows the values for the front grid and emitter. 

Table 3-1. Parameters of each solar cell design to be calculated in Griddler. 

Cell Type 
Emitter Sheet ρ 

(Ω/sq) 

Finger Sheet ρ 

(mΩ /sq) 

Line Height 

(µm) 

Screen Printed Ag (Half-Cell) 100 2.51 20 

Cu Plated (Half Cell) 100 0.85 20 

Cu Plated (Quarter Cell) 100 0.85 20 

1Data used from [37]. 

The modelled data shows it is possible to have balance of front grid series resistance and 

optical losses that result in a next-generation copper plated shingled half-cell having higher 

efficiency than the screen-printed counterpart as shown in Fig. 3-5. For the parameters 

listed, Cu-plated quarter cells have negligible efficiency differences up to 75um line widths 

and exceed the efficiency of screen-printed cells at 55um. Considering the half-cells, 40um 

fingers would also be within a 0.2% efficiency difference with the screen-printed Ag half-

cells. The efficiency values shown here in the modelling section highlight the feasibility of 

these cu-plated front grid designs that are better suited for LECD plating. 
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Fig. 3-5. Plot comparing the simulated efficiencies of the copper-plated half and quarter-

cell with the simulated Ag screen printed solar cell. Efficiency accounts for series 

resistance losses and optical losses from shading of the front grid. Normalized efficiency 

is the fractional percentage gains/losses of each technology compared to the Ag screen-

printed solar cell while the delta translates this to actual gains/losses.  

3.2 EXPERIMENTAL SETUP 

3.2.1 WLECD 

A commercial Cu sulfate bath with brightener is used here, along with a custom 3D 

printed bath housing for experiment set up. The bath contains a center tank, wire tensioners, 

and busbars to make contact to the anodes. Pt and Cu anode wires were each suspended on 

the polished substrate surface and tensioned to maximize flatness across the substrate. For 

this work, the active plating wire length shown in Fig. 3-6 was 1cm along the substrate, 

where active length refers to the length of wire lying over the gap where solution is 

circulated. The substrates are longer than this active length, and thus plating occurs out of 

this active length, but the only well-defined anode-cathode distance is in the center and on 
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the polished substrate. For experiments requiring circulation, a peristaltic pump was used 

to push solution through the center gap and to the cathode face. 

 

Fig. 3-6. Cross section view of WLECD. Active area is defined as the region where the 

anode-cathode spacing is set by the spacers and where reliable measurements were taken 

in this work. The wire is tensioned laterally over the polished substrate by a custom 

tensioning system extending out of the diagram at each end of the anode wire (not shown). 

Diagram is not to scale. 

The Cu wires were polished and had a diameter of 78µm +/- 2.5μm, and were made of 

110 grade Cu. The platinum wires had a diameter of 76µm and had a purity of >99.99%. 

Two types of cathodes were used in this work. The first were brushed brass substrates of 

hull cell quality. These substrates were used for most plating experiments and analysis due 

to ease of electrically contacting the rear side of the substrate, which was necessary for the 

WLECD setup used in this work. The second cathode types were single side polished, 

highly doped (0.001-0.005Ωcm) silicon wafers with a physical vapor deposited (PVD) 

sputtered silver (Ag) seed layer. These substrates were used for scanning electron 

microscope (SEM) imaging to distinguish Cu seed deposits from the background. The brass 

cathodes underwent an acetone wash after the manufacturer protective coating was 

removed, followed by drying with nitrogen. The silicon samples were cleaned in the order 

of RCA-B, Piranha, and a buffered oxide etch to remove the silicon oxide prior to PVD Ag 

sputtering. The spacers used in this work are made of solar grade silicon that had undergone 

a wet-etch in an 80C potassium hydroxide (KOH) bath. Wafers were processed with 
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different times to achieve desired thicknesses. Wafers were then cleaved to small pieces 

and thicknesses were measured on a polished stone surface with a digital micrometer in 

several places on each spacer.  

Prior to plating, the anode wire was strung through the bath, over the polished surface 

and externally contacted to a busbar on the opposite end of bath (see Fig. 3-7). Each anode 

wire was then individually tensioned using a dedicated compression spring. The spacers 

were placed on the polished substrate and the tank was subsequently filled with solution. 

The cathodes were adhered with silicone to a holder containing a spring probe contacting 

the rear of the cathodes. Plating current and voltage were controlled and monitored by 

programmed Keithley 2400 power supplies at a computer terminal. Since the 

anode/cathode gap is static for this work, plating would commence for a specified time or 

when a short occurred, whichever the experiment dictated. 

 

Fig. 3-7. (a) The physical plating setup, without electrolyte and (b) a close-up of the center 

plating active area. (a) Center of tank is filled with solution and cathode wafers are placed 

face down on the spacers. Labels in (b) are shown as (1) anode wire, (2) polished flat 

surface, and (3) spacer. 
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3.2.2 LECD with Large Area Anode 

The OFC Cu anode underwent photolithography for H-bar front grid designs and lines 

of widths ranging from 20um to 100um. The cathodes used were sheets of polished brass 

as well as a solar cell with an ITO layer and 200nm of sputtered Ag on the surface. Fig. 

1-7 shows this setup. The anode and cathode were spaced 30um apart in solution and 

plated. Cu ions sourced from the anode would plate locally underneath the openings of the 

cathode. At a larger anode/cathode spacing, plating would be more uniform on the surface, 

but since the openings are much closer to the cathode than an adjacent opening, localized 

plating can occur. Due to the nature of the setup, any oxygen trapped between the openings 

of the mask would remain and would interfere with plating. Thus, this wasn’t be performed 

with the inert Pt anode. 

 

Fig. 3-8. (a) Concept of LECD using a large area patterned anode and (b) the H-Bar 

photolithography patterned OFC large area anode. The anode source is masked so copper 

is selectively corroded from the anode in areas defined by the mask. Minimization of the 

anode gap leads to concentrated electric fields where the pattern is exposed, making 

preferential copper deposits under the exposed sites. 
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3.3 MODELLING OF LECD AND WLECD TECHNIQUES AND MECHANISMS 

OF ELECTROPLATING 

The WLECD method of electrodeposition has been presented for the first time in this 

work. WLECD is a derivative of the LECD technique but differs in application. Modelling 

has been performed extensively with LECD techniques, and simulations of various anodes 

and growth structures are abundant in literature [77], [78], [70]. Of note, electric field 

growth simulations are particularly useful for determining plated profile shapes using 

LECD. The electric field growth models in literature typically use a finite element method 

(FEM) to calculate the electric field in an environment with a shaped anode and cathode. 

The simulation is iteratively solved based on the electric field value found near cathode. 

For the first iteration, the cathode is selected to be a flat ground plane while the anode is a 

rectangle with the dimension of the anode wire being used in the experiment. The electric 

field is analyzed after the FEM potential analysis is completed, and a simulated profile is 

generated from the electric field curve. As stated previously, this profile resembles quite 

closely the shape of the actual LECD plated structure in literature. The reason for this is 

that electric potential and geometry play critical roles in electroplating. With a constant 

electric potential value, system geometry will drive the plating deposit formations i.e., 

cathodes closer to the anode will plate more and sharp points will lead to higher plating 

density. A sharp point on a cathode will plate thicker deposits of copper, just as a sharp 

point on an anode will produce stronger electric fields that drive more ions towards the 

cathode regions closest to it. This localized phenomenon is what defines the LECD 

deposition environment. In LECD, a very small anode relative to the cathode is used to 

guide localized deposition on the cathode in the region directly under the anode. Overall, 
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the modelled deposition resembles what is plated in LECD. A comparison is also made 

between simulated and actual plated WLECD structures in this work. A low plating 

potential was used with the WLECD setup in this work and the results are compared with 

an FEM simulation with similar properties to display the efficacy of the model in these 

scenarios. Due to the generalized accuracy of these models in literature, this method was 

performed in this work; an FEM model was created here to compare possible geometries 

for future WLECD work and to compare modelled WLECD structures with similar 

structures using an LECD equivalent scenario.  

To fully understand the model, it is important to review the different mechanisms 

driving electroplating in an electrolyte, namely diffusion, migration, and convection [79]. 

They are each governed by different electroplating parameters and can all be present at 

once in a plating bath, but the presence of all three complicates the bath to a degree that 

may not be possible to simulate. For simulations, it is best to limit the presence of each 

mechanism in the electroplating bath, although this is not always desirable or possible.  

Convection is an example of difficult to simulate but a desirable plating bath 

mechanism. During plating, electrolyte ions can deplete near the cathode as they are 

deposited. Electroplating potentials that are too high will lead to this depletion, as the 

carriers cannot migrate through the electrolyte as fast as they are being deposited. It is 

therefore desirable to have a convection current, in the form of bath agitation to physically 

mix the solution. High agitation can replenish ions quickly near the cathode which can 

allow for higher plating rates in industrial applications. However, simulating convection 

mechanisms in an electrolyte is extremely complex, and many bath parameters must be 

calculated beforehand, including additive concentrations, temperature, ion mobilities, 
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plating current densities, and liquid flow dynamics, including laminarity of flow to name a 

few. These parameters are unique to each bath and must be calculated individually, making 

simulating a very difficult process. Due to the type of modelling desired in this work with 

electric field growth, optimized plating rates are not required. As such, convection driven 

current in the bath is assumed to be zero, and bath agitation is not performed in the WLECD 

work for the simulation comparisons.  

Despite the critical importance of the electric field on plating, diffusion is the more 

desirable driving force behind plating. There is a maximum velocity that ions can diffuse 

through the electrolyte, depending on, but not limited to the temperature, concentration of 

copper sulfate in the bath, and the presence of specific additives in the bath. If too high of 

an electric potential is applied to the anode, ions may increase in velocity and 

dissolution/plating of the anode/cathode will become more non-uniform. Larger potentials 

intensify the difference between high electric field points and low electric field points e.g., 

sharp peaks or flat surfaces on the cathode respectively. In literature simulations, the 

electric field could be several orders of magnitude greater on a sharp point than on a flat 

surface in larger potential simulations [80], [74].  The stronger electric fields from the 

higher potentials draw a larger concentration of copper ions to electric field-sensitive points 

on the cathode. The migration of copper ions to these regions depletes the copper ions 

elsewhere near the cathode where the field is much weaker. The velocity limitations of the 

bath severely limit the diffusion mechanisms by preventing proliferation of the copper ions 

elsewhere on the cathode. The large fields continuously draw ions to the growing peaks on 

the cathode in a positive feedback loop.  This regime of plating is known as migration, due 

to the electric field driving the dissolution/deposition locations. Migration deposition 
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produces porous deposits, rough finishes which is known colloquially as “burning” and 

uncontrolled deposition, all of which lead to worse deposit properties and are considered 

“undesirable” [81], [82]. In Section 2.3.5, of this work, the line resistance of the fingers 

was worse than that of the measured fingers from CSEM, most likely due to the plating 

recipe differences and the likelihood of more porous deposits. Despite the apparent 

similarities with LECD and a drift based electroplating deposit, LECD as with all plating, 

produces more desirable deposits when operating in a diffusion-based plating regime. One 

of the notable aspects of localized plating processes such as LECD and WLECD is that the 

anode is orders of magnitude smaller in scale than the cathode. It is by this method that the 

localized electric fields are produced which drive plating to the region under the anode. 

The goal of LECD is to guide copper ions directly under the anode and nowhere else on 

the large cathode. By making the anode very small and moving it very close to the cathode, 

the anode/cathode surface area ratio becomes very small, meaning the effective deposition 

area of the anode decreases to a very small area on the cathode. It is not by electric potential 

that the copper ions are drawn to the select region of the cathode but by the geometry of 

the system. If the electric potential is low, copper ions may diffuse evenly, but remain 

localized under the anode, whereas if the potential was high, the migration-based 

mechanisms would quickly guide copper to bond near the edges of the anode and the center 

would become porous. For the applications in this work i.e., solar cell front grid plating, 

full infill and not a porous structure is desired. In summary, low plating rates via lower 

applied potentials in electroplating and in guided localized deposition methods such as 

LECD and WLECD, lead to desirable front grid structures in solar.  
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The Nernst equation provides the means to calculate ion flow through the bath, but 

finding bath parameters is difficult, unreliable, and unique to each bath. Work has been 

done on solving the Nernst equation for LECD purposes, but the baths used were composed 

of CuSO4 baths with different additive levels and composition [82]. These parameters 

would not translate to the bath used in this work, nor was the methods of finding these 

parameters achievable in the scope of this work. Thus, diffusion and migration transport 

equations for the bath could not be simplified and solved for in a model that would translate 

to an effective representation of the WLECD plating. Instead, an empirical method using 

electric fields to simulate deposit growth was utilized in this work.  

Electric field models are useful for determining the approximate growth profiles of 

localized plated structures as seen in this work and in literature. However, there are also 

limitations to their use. The first advantage is that electric field models are simple to 

establish. They can be run without any parameters of the electroplating medium. However, 

this only holds true when executed in a specific electroplating regimes and situations. 

Additionally, several assumptions must be made about the plating process for the model to 

work. First, it is assumed the geometry and thus the electric field is the guiding force behind 

preferential copper deposition. This is the case for shaped anodes or high electric field 

electroplating such as in an LECD configuration and would be undesirable in a setup meant 

for producing conformal electroplated films. Migration current density has been 

empirically found to be proportional to electric field strength and inversely proportional to 

the distance from the anode to the cathode, so this holds true [83]. Second, it is assumed 

there are always enough copper ions present in the solution where plating occurs. Apart 

from the final growth phases in the model where the electric field magnitude becomes 
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extremely large, the ideal bath scenario of ever replenishing copper ions in solution is a 

reasonable assumption when operating with lower electric potentials. Lower plating 

voltages equates to lower plating rates, which means the plating rate can ideally be less 

than the ion diffusivity in the bath. Finally, electroplated copper layers occur in 5μm sheets 

on the cathode instead of adatom deposition. Due to the limitations of numerical modelling, 

infinitesimal growth of copper on a cathode is not viable. Simulations were performed to 

compare a 20μm growth with 1μm, 2μm, 5μm, and 10μm growth increments, and a 

negligible difference was found between the 1, 2, and 5μm simulations. Thus, 5μm was 

found to be a sufficiently small building block for growth in the simulations. 

As explained in Section 3.6, many non-idealities occurred with the wire process. Thus, 

a new method was proposed which involved encasing the wire anode in epoxy and 

exposing the wire in electroplating solution. This method would theoretically mitigate the 

stray electric fields as well as inconsistent plating events seen in the previous section. While 

not physically demonstrated in this work, it was modelled along with the bare WLECD and 

LECD method to compare plated geometries.  

3.3.3 Geometry and Electric Field Growth 

The three geometries modelled in this work are shown in Fig. 3-9. A 15μm LECD anode, 

50μm bare wire anode, and a 50μm coated epoxy wire anode are shown in Fig. 3-9(a)-(c) 

respectively. The geometry was chosen for each technology based on actual representations 

of LECD in literature and WLECD in this work. One of the smallest diameter wires 

reported in LECD experiments is 15μm. In WLECD, the wires needed to be tensioned to 

maintain rigidity, and the thinnest wires that could be tensioned without snapping were 
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50μm in diameter. The WLECD wire coated in epoxy was also set to 50μm and ground 

flat, since tensioning may be necessary while coating with epoxy and the wire needs to be 

exposed to generate the electric field. The geometries examined here are by no means the 

limits of LECD and WLECD technologies. For the 2D FEM simulations, regions of applied 

electric potential needed to be chosen to generate the electric field. These regions are shown 

in red in Fig. 3-9. For LECD, the vertical wire in Fig. 3-9(a) is coated in epoxy many times 

the thickness of the wire so only the exposed surface of the wire is simulated, instead of 

the wire sides. The epoxy thickness in this case so large relative to the anode wire size, the 

electric fields generated from the anode wire sides were calculated to be negligible. For the 

exposed anode wire in Fig. 3-9(b), the entire cross section is engaged in the plating process 

due to the absence of any insulating coated. Finally, the epoxy coated WLECD wire in Fig. 

3-9(c) is coated with a thin layer of epoxy and sanded to expose the surface of the anode 

wire. For this model, it was assumed the sanding would occur halfway through the wire so 

the diameter of both WLECD wires were comparable. Additionally, the epoxy coating was 

much thinner than that of the LECD coating, so modelled electric potential was applied 

 

Fig. 3-9. Structures modelled in this work. Red lines are indicated by electrodes and are 

the anode and cathode. The three structures are (a) a traditional LECD wire with 15μm 

diameter anode, (b) a WLECD 50μm wire anode strung parallel to the cathode, and (c) a 

WLECD 50μm wire anode that is encased in an epoxy block and polished to expose the 

wire. 
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to the entirety of the anode as with the WLECD example in  Fig. 3-9(b). All cathodes in 

Fig. 3-9 are displayed as the red line at the bottom. The cathodes are initially set to flat 

lines to represent a polished surface. Once growth begins, the preceding growth layer 

becomes the new cathode, which continues every 5μm until the desired growth height is 

achieved. Some of the simulations keep the anodes static in a single location above the 

cathode while others move the anode progressively farther away from the anode as 

performed in LECD studies. A mix of all scenarios was performed here to obtain a 

comprehensive analysis of each anode configuration. 

The final aspect of model setup included forming the insulation of the bath. Since the 

focus of the model is on the growth on the cathode, it is important to ensure conservation 

of charge within the system. For these models, the edges of the bath in black of Fig. 3-9 

have properties of zero charge i.e., the walls do not interact with the system. The program 

is set up so that a zero-charge boundary simultaneously acts as 1) an infinitely continuous 

extension of the medium that it borders and 2) a location where charge cannot accumulate 

or pass in or out of the system. This ensures the electric field does not interact with the 

barriers and does not necessarily need to intersect the barrier normally, so field lines do not 

accumulate or become denser on sharp corners of the zero charge regions. The second 

stipulation regards charge loss due to stray current. All motion of charge due to the presence 

of the electric potential at the anode passes through the cathode and remains in the system. 

Since the model only includes electrostatics equations for the electric field analysis, this 

property is less important. The edges of the epoxy coatings on the anodes were also given 

the zero-charge parameter. The reason being the epoxy/electrolyte interface could lead to 
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undesirable simulation effects and add extra variables for troubleshooting e.g., different 

shapes of the epoxy coating for LECD and WLECD making comparisons inconsistent.  

3.3.4 Configuration of the Mesh and Measurements 

FEM analysis requires the use of a mesh to approximate continuous problems. The 

denser the mesh, the higher the accuracy of the continuous solution. However, a denser 

mesh has a longer computation time since there are more nodal points to calculate solutions 

from. Ideally, a mesh grid would have infinite points in the mesh to perfectly represent the 

real system. This is unnecessary here, and dense meshes are typically only required in 

regions of interest e.g., near the anode or growth sites on the cathode. Fig. 3-10 shows a 

general example of how the mesh grids were set up for WLECD during the first growth 

cycle when the cathode is planar, and after some period of growth occurred. It is important 

to set the mesh density in regions of interest so the spacing between mesh points is smaller 

than the observed feature size, otherwise the features will not be rendered in the simulation. 

This approach is iterative, as feature sizes were only observed when the mesh was at the 

highest density, but when simulations were too long to reasonably perform. The result of 

this approach is an optimized mesh pattern for each process that varies in density across 

the simulation. A much larger plating tank could be simulated when mesh densities were 

lower in unimportant regions such as the top extremes of the tank, which were only 

included for observational purposes. The cathode surface and anode regions were set to be 

the highest mesh densities. A set number of mesh points on the surface of the anode and 

cathode was optimized, as well as the density decay rate of the mesh into the simulated 

tank. The result of the latter can be seen in Fig. 3-10(b) when the mesh is less dense above 

the anode than below the anode, due to the lower density decay rate towards the cathode 
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than towards the top of the tank. In this way, the region between the anode and cathode can 

maintain resolution requirements to obtain an accurate representation of the electric field. 

This is much more important when a growth is simulated than during the primary growth 

stage when the cathode is a plane. There was a negligible difference when using a less 

dense mesh for the first stage on the cathode, which explains the differences of the cathode 

mesh densities in Fig. 3-10.  

 

Fig. 3-10. Representations of the mesh for two electroplating simulations involving the 

WLECD wire anode. (a) is the mesh density on the first level of plating, when the cathode 

(orange) is flat and (b) is the much denser cathode mesh during a growth phase.  

The mesh also plays a significant role in the simulation and measurement of the electric 

field. It was found that too dense of a mesh led to noise that became amplified over the 

growth cycles. Because of the limitations of the program, the growth curves were not 

continuous parametric curves, but a series of points spaced 200nm apart. If the mesh 

density ever exceeded the density of the points, issues would arise with growth completion. 

Fig. 3-11 portrays the mesh in clearer detail along with an explanation of a “false peak” 

problem. If the mesh density is set to one point every 200nm on the cathode surface, a 

solution is calculated at the actual point of the previous growth, and a clean continuous 
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solution is approximated to the next point. This next scenario examines when there is a 

single point added in between each actual point from the growth i.e., the mesh density is 

doubled over the entire surface of the cathode. The meshing software places a point on the 

curve between the two points that relate to the slope of the previous points. This is no 

different than doubling the number of points on the growth. However, since the meshing 

software is calculating the instantaneous slope from the previous points instead of using 

actual growth data, the points may lie slightly above or below where the actual value would 

be. This leads to either a slight peak or a valley on the mesh. On one growth cycle, this is 

not noticeable or does not affect the field outcome on a macro-scale. However, on five or 

more cycles, these peaks and valleys lead to high and low electric field points which 

accelerate or inhibit the growth in regions that would otherwise not see peaks and valleys. 

These false peaks become exacerbated with further growth cycles due to the positive 

feedback effect of the growth modelling. Small perturbations in the electric field become 

the next growth, which adds further perturbations to existing growths, etc. The only 

solution to mitigate the perturbations was to allow the mesh software to manipulate the 

geometry as little as possible, by using real data points as mesh points on the cathode. With 

this adjustment, final growths were significantly more uniform until high fields began to 

manipulate regions faster as the growth neared the anode.  

The measurement of the electric field after the simulation was run needed to be in the 

region between the anode and the cathode. According to Gauss’s Law, the net electric field 

does not exist inside the cathode, and due to the nature of the simulation, it does not exist 

on the infinitesimally thin surface. Thus, it must be measured outside of the cathode. Too 

close to the cathode and the measurements will read the field strength as approaching 
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infinite, but too far and an accurate value of the field strength will not be given. The 

measurement distance produced the same “false peak” issue when too close to the cathode, 

so it is important to discern the difference between high field measurements and false field 

spikes due to simulation limitations. The measurement curve, which is defined here as the 

list of points where the electric field was measured was chosen to be 1μm away from the 

surface of the cathode and remained constantly 1μm away as the growth continued towards 

 

Fig. 3-11. (a)-(b) Measured electric field magnitudes for a polygon and software embedded 

interpolation function growth curve. The curves seem identical when first viewed in (a), 

but when the peak is viewed closer in (b), there are artifacts present (labelled sharp peaks) 

that contribute to false electric field growth. (c)-(d) Resulting profiles from a 35μm growth 

curve using the polygon and interpolated curves. The interpolated curves in (d) show 

significant deformations of the growth curve. At the high fields present during LECD, these 

artifacts become quite significant over several growth iterations. 
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the anode. The measurement curve matched the shape of the growth exactly, minus the fact 

that it was 1μm closer to the anode. The 1μm distance was chosen empirically. Erratic field 

lines that were considered noise were quelled at measurement distances exceeding 500nm 

from the cathode, so 1μm would act as an additional buffer from the noise. Also, the 1μm 

measurement curve was much less than the growth increments of 5μm, so it was 

sufficiently close to the cathode for the accuracy of the modelled growth.  Fig. 3-12 shows 

the measurement curve above a growth. 

 

Fig. 3-12. Electroplating simulation showing where the electric field magnitude is 

calculated relative to the cathode. Measurement line is adjusted to 1μm above the cathode 

after every growth period. 
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3.3.5 Electric Field Growth Model using FEM 

The growth process involved several repeating steps to achieve the desired structure 

height. The first step of the growth process involved applying an electric potential to the 

anode under observation and measuring the electric field over the planar cathode at the 

measurement curve, which was 1μm away and parallel to the cathode. Next, the electric 

field magnitude across the measurement curve was converted to units of length by a 

normalization equation shown here: 

{Growth Profile} =
{Electric Field Profile}

|E|Max
∗ 5µm   (1) 

where {Growth Profile} is the list of points making up the curve of the next growth 

curve, {Electric Field Profile} is the list of points of the electric field of the current 

simulation measured on the measurement curve, |EMax| is the maximum electric 

field value found in the list of the {Electric Field Profile}, and 5µm is the growth 

step chosen in this work. 

The normalized growth profile found using the Equation 1 is added to the height of the 

cathode, forming a simulated plated growth 5μm tall. These steps are repeated, but with 

the next 5μm calculated growth profile being added to the previously summed growth 

profiles instead of just the planar cathode height. Fig. 3-13 demonstrates the general steps 

involved.  
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Fig. 3-13. Plot showing the 5μm growth steps for a full 50μm tall growth using the 50μm 

WLECD insulated anode set 50μm away from the cathode. The WLECD anode is to scale 

in the x-direction. 

With the general model established, the parameters need to be set and the model verified 

using empirical data. The electric potential, anode sizes, and electrical permittivity of the 

bath remained constant through the work, but the growth height, anode/cathode spacing, 

and anode movement were varied. The electric potential was set to 2.4V and the anode 

sizes were set according to Fig. 3-9 for each localized plating process. To verify the model, 

a model was created to compare a WLECD structure with the following parameters in 

Table 3-2. As it is shown, the model parameters were set as close to the actual values as 

possible, except for the surface roughness. The model was grown to 5μm, 10μm, and then 

11μm in 3 total stages. Fig. 3-14 shows the growth profile of the simulation with the range 

of profiles collected along the plated WLECD line. Physical profiles were generated by a 
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Table 3-2. WLECD growth model parameters comparison to actual WLECD parameters. 

Parameter 
WLECD 

Simulation 

WLECD Actual 

Growth 

Electric Potential (V) 2.4 2.4 

Anode/Cathode Initial spacing (μm) 50 50 

Anode Movement NO NO 

Final Growth Height (μm) 11 11 

Bath Permittivity (V/m) 1.0 Unknown 

Cathode Surface Roughness (Ra) 0 >8.00 

Dektak profilometer. On the line that was plated using WLECD, the profilometer was 

scanned every 1mm for 5mm and the resulting profile max/min values were recorded and 

displayed with the modelled profile in Fig. 3-14(a). The results matched well with the 

modelled profile, and so work continued with this growth method.  

 

Fig. 3-14. (a) Simulated growth in red and measured value range of profile cross sections 

for WLECD. (b) Simulation physical setup with rainbow coloring representing the electric 

field magnitude. The cathode in (b) has grown to the red curve in (a). 
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3.3.6 Effects of Geometry on Growth 

A large range of anode/cathode spacing values were tested, from 10μm to 50μm to 

showcase the differences between each localized plating technology. The profile shapes 

differed for each technology, so a method of comparison needed to be established. When 

electroplated, the rounded WLECD anode produced profiles with a sharp peak and a wide 

base, while the LECD anodes in literature produce a more columnar, rectangular cross 

section. 

The results from the plated line simulations are shown in Fig. 3-15. Fig. 3-15 shows the 

growth profiles for different initial gaps for each anode. Despite being close to the anode 

on small initial gaps, the rounded WLECD anode in Fig. 3-15(a) still produces a curved 

profile with little to no rectangular features desirable for solar. This profile was seen in all 

measured data when electroplating using the WLECD technique. The LECD anode in Fig. 

3-15(c) also shows this same profile trend, although since the LECD anode is only 15um 

in diameter, the profiles are narrower than the WLECD wire anode in Fig. 3-15(a). The 

insulated 50um WLECD anode in Fig. 3-15(b) displayed very rectangular shaped growths 

until the anode exceed approximately 30um. Past this point, the curved growth profile of 

Fig. 3-15(a), (c) returned. For LECD techniques, it seems the flat profile of the insulated 

and sanded WLECD wires works best to produce a more rectangular profile for solar. 

However, this rectangular profile was not seen in the LECD anode. It is important to note 

that for every anode, the profiles began to resemble each other after some large 

anode/cathode spacing. Past a certain distance, all anodes begin to resemble the same shape 

i.e., points. This is intuitive since this is the basis for many approximations in electrostatics. 

While the insulated WLECD wire and the LECD wire had the same shape, the latter was 
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one-third the size of the former. So, a 10um anode cathode gap is 67% of the LECD anode 

diameter while a 10um gap is only 20% of WLECD wire anode diameter. The smaller 

LECD anode needs to be much closer to create more rectangular profiles. This has an 

interesting application for solar and mass production. The anode/cathode spacings in this 

work are on a very small scale and may be difficult to consistently achieve in a mass-

production environment. But, if solar applications required 70um Cu fingers for a shingled 

cell as was modelled in Section 3.1, or 200um wide Cu busbars, the anode/cathode spacing 

would scale with the size requirement i.e., a 200um busbar would not need to be plated 

10um away from the anode, but maybe 100um, with more room for error as the size 

increases. This is a much more manageable anode/cathode gap to maintain. Regardless, it 

is clear from Fig. 3-15(a), a rounded profile, and thus a point anode, is not good for 

rectangularity. Future work with WLECD for solar should utilize a flatter anode to 

electroplate a desirable rectangular cross section on a finger.  

 

Fig. 3-15. 10-50μm profile growths for the (a) bare 50μm diameter WLECD round anode, 

(b) insulated 50μm diameter WLECD anode, and (c) insulated 15μm diameter LECD 

anode. Each curve represents an entire growth cycle at the specified anode/cathode gap. 

The anode was also static for each growth i.e., the anode was placed in the described 

anode/cathode gap and remained for the entirety of the simulated event.  
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3.4 EFFECTS OF ANODE COMPOSITION ON LOCALIZED PLATING 

LECD anodes have been reported exclusively composed of more noble metals such as 

Pt, which can be used in a variety of plating chemistries as an inert anode [68]. Anode 

composition, whether Pt or Cu, engage different electrochemical processes and are 

summarized in Fig. 3-16. Inert anodes such as Pt are insoluble in Cu sulfate solution, and 

thus, the geometry of the micro-anode remains constant throughout the plating session, 

with the added benefit being it does not need to be replaced. Jansson et al demonstrated the 

epoxy sheathing insulating the Pt anode tip may fray over time, which does affect plating, 

but the Pt anode itself remains intact [71]. Additionally, the electric field remains constant 

under the anode at a particular distance, making deposition rates and other parameters 

consistent and controllable. Since Pt is inert in solution and isn’t reduced, another 

electrochemical reaction must take place for Cu ions in the electrolyte to plate to the 

cathode. The Pt reaction operates at a higher electric potential which hydrolyzes water and 

liberates oxygen at the tip of the micro-anode. The oxygen can “stick” to the micro-anode 

due to the surface tension of water and interfere with LECD plated structures [84]. 

Workarounds have been given in literature, but the phenomenon is ever present when using 

inert anodes [84]. Conversely, the Cu anode depletes in solution as the Cu anode reaction 

with sulfate ions dissolve Cu into the bath. For LECD and WLECD, this can cause 1) 

geometry alterations throughout the course of plating, affecting the localized electric field 

crucial for LECD and 2) disintegration of the anode wires, necessitating anode 

replacement. However, Cu anodes do not generate oxygen near the half-cell potential. 

Additionally, the placement of the Cu anode in the LECD work area may reduce depletion 
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of Cu ions necessary for higher fidelity plating. To assess the effects of each anode type, 

both Pt and Cu wires were used as anodes for WLECD. 

 

Fig. 3-16. Simplified electrochemical process diagrams involving a (a) Cu and (b) Pt anode 

[85]. 

3.5 LOCALIZED ELECTROCHEMICAL DEPOSITION USING LARGE AREA 

CU ANODE 

Several iterations of LECD Cu electroplating were performed with the large area 

anodes. In addition to the full area H-bar pattern, contact pads and different line width 

patterns were implemented. In Fig. 3-17, a TLM and line width structure used in Section 

2.3.4 and 2.3.5 was exposed onto the photoresist on the large area Cu anode. A 125mm  
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Fig. 3-17. One masking method of the large area anode to determine the ability of this 

LECD method to imprint an image onto a brass substrate. The (a) brass substrate with a (c) 

TLM and line width pattern previously used in this work from measuring contact and line 

resistance. (b) A close-up image of one of the square contact pads at the end of one of the 

lines. Besides the photoresist mask on the anode, no other mask was used on the brass 

plate. Wisps at the end of the lines in (a) are due to ghost plating. 

silicon solar cell was also plated with a front grid pattern onto ITO with an Ag seed layer. 

There was some difficulty contacting the wafer, unlike the brass substrate which could be 

back contacted, so results were inconsistent. However, some fingers were well defined and 

are shown in Fig. 3-18. For all electroplated results using the LECD large area anode, 

granular Cu deposits and electroplating cessation in some regions on the cathodes could be 
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attributed carrier depletion, if the delaminated photoresist blocked the channel openings, 

anode polarization or other factors. This is discussed in more detail in Section 3.7. 

 

Fig. 3-18. Optical microscope images of (a) a Cu finger and (b) the end of a Cu finger prior 

etching of the Ag seed layer and (c) an older style perimeter finger set at the angle of the 

solar cell diagonal cut after Ag etching. Cu formed is granular in nature due to the fast 

plating rates, and darker colors such as what is seen in (a) can be seen if granules are large 

creating a rough surface texture. 
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The Cu anode dissolved at a faster rate than anticipated during a single plating cycle, 

leading to greater uncertainties in electric field strength and general shape, which translate 

to uncertainties in Cu structure shape on the cathode. Also, when Cu was removed from 

between the photoresist channels, the anode began to dissolve laterally underneath the 

photoresist, leading to the delamination of the photoresist causing possible obstructions of 

the plating site on the cathode. Fig. 3-19(a) demonstrates this phenomenon. This is 

reinforced by the optical images of the anode taken after the photoresist mask was stripped 

off in Fig. 3-19(b), (c). The pitting seen in Fig. 3-19(b), (c) was much larger than the 

measured photoresist openings prior to electroplating. The red outlines display the  

 

Fig. 3-19. Optical microscope image of depleted Cu anode in different regions. Red lines 

show approximate location of photoresist mask openings. Clear undercutting of the 

photoresist can be seen which led to loss of adhesion and unpredictable plating. 

approximate sized photoresist openings for each pattern. Since the photoresist chemical 

stripper does not etch Cu, the only way the pitting could have formed was during 

electroplating. Due to these factors, LECD on this scale must be performed with a non-
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consumable anode to retain fidelity of the plated surface across the wafer to provide 

repeatable results.  

3.6 WLECD WITH INERT PLATINUM ANODES 

The first WLECD structures to be examined are those plated using Pt as the anode. 

Circulation of solution via pump was required to prevent oxygen buildup near the plating 

regions. When circulation was performed, plated lines such as the ones shown in Fig. 3-20 

provided clear results. The images in Fig. 3-20 were taken from different samples under 

different electric field conditions, illustrating the viability of the tensioned wire process to 

create clearly defined plated lines. The two plated lines occurred with different 

anode/cathode spacings, and a wider and smoother profile is formed in Fig. 3-20(b) by 

moving the anode farther away from the cathode. However, Fig. 3-20 primarily showcases 

the uniformity of the lines plated using WLECD.  

Profiles taken of several plated lines compare the effect of electric field conditions on 

the resulting profiles, as well as uniformity along the line. Changing the electric field via 

voltage and anode/cathode plating gap is similar to cross sectional results from previous 

LECD literature e.g., the increase in voltage in Fig. 3-21(a) narrows the profile of the 

LECD plated cross section. Numerous sources have shown via simulations and empirically, 

this is the effect of ions in solution being drawn to the high electric fields; increasing the 

voltage increases preferential plating in regions of high electric field, such as under the 

anodes [74], [86]. Additionally, the same voltage will have different electric fields at 

different anode gaps, which corresponds to different plating rates near the anode. Fig. 

3-21(b) shows that changing the spacing alters the plated cross-sectional profile. Larger 

gaps lower the electric field and create a smaller but more homogeneous plated structure 
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along the anode wire. The result is a smoother and more rounded profile. Smaller gaps 

create higher electric fields which accentuates imperfections in the anode wire. Traditional 

LECD uses polished anode tips with precision flatness to guide deposition. This flatness 

along the anode wire was difficult to control using a tensioned wire and not achieved in 

this work. Rounded wire cross sections, stretching of and kinks in the wires, and sharp 

corners generate different plating current densities for the same voltages along different 

lengths of the wire. Thus, the average height profile of the plated lines in Fig. 3-21(b) 

become more erratic, with multiple sharp peaks and less line uniformity when the 

anode/cathode gap is decreased. Due to the resolution of physical profilometry which was 

used to measure the peaks in Fig. 3-21, some peaks or heights may not show in the profile 

i.e., the sharp peaks in Fig. 3-21(b) may be taller, or there may be more than what is shown 

in the plot. 

 

Fig. 3-20. Optical microscope images of Cu lines deposited on different brass cathodes at 

2.3V with (a) 40um spacing and (b) 60um spacing between the anode and cathode. Optical 

measurements were taken using a calibrated microscope. Uniformity of these line cross 

sections were maintained around 4mm. 
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Line uniformity of locally plated lines were examined at different points along the 

length of the line. Physical profilometry scans were performed on a sample every 1mm for 

4mm and is shown in Fig. 3-21(c). It is important to note the x-axis is the scan length and 

not the line width. The samples were set by hand, and slight changes in sample orientation 

could lead to slight line width variations, on the order of tens of microns. The profilometry 

scans show for this sample, average line height is consistent along 4mm of the active area 

of the line. While deviations are expected, no major deviation occurred that compromised 

the plated line cross section e.g., breakages.  

 

Fig. 3-21. Physical profilometry scans of plated samples. Plots showing (a) effect of 

voltage on plated cross section, (b) effect of anode/cathode gap, and (c) consistency of line 

cross-sections along 4mm of plated line. (a) and (b) show averaged heights in several 

locations along their respective sample line. 

The samples were examined continuously using an optical microscope along the length 

of the entire line scanned by the profilometer. Over the 1cm active area of plating, it was 

typical to find 4mm of consistent plating profiles for many samples. The flatness and anode 

surface parallel seen in traditional LECD were not as pronounced in this work, due to the 

two-dimensional presence of the anode over the cathode, but uniformity was still achieved. 

However, it is predicted over larger line lengths e.g., >100mm for PV metallization lines, 
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it will be more difficult to achieve line uniformity. For these industrial applications, flatness 

and parallel will become an issue, especially with the possibility of multiple lines being 

plated in parallel. 

In areas outside the consistent line uniformity, line breakages, underplating and 

overplating were some of the issues encountered. These may be predominantly attributed 

to wire resistance and electric field variations along the anode wire. For the former, since 

the anode wires were electrically contacted at the ends, resistance of the Pt wire led to 

lower plating densities near the center of the samples. This is shown as a slight tapering of 

the line width across the sample. The scale of the tapering occurred at millimeter distances 

and the taper itself could change the line width by 100um, so it was difficult to procure an 

image to depict this. For the latter case, anode/cathode gap differences and wire kinks led 

to high- and low-density plated areas, which was imaged in Fig. 3-22. Fig. 3-22 depicts 

non-uniformities possibly caused by kinks, leading to stray electric fields and overplating 

outside the line. Finally, a sharper peak can be seen on the bottom part of the line compared 

to the top in Fig. 3-22. 

As previously indicated, oxygen was liberated during all plating cycles involving the Pt 

anode. When the solution was not circulated, oxygen accumulated near the anode wires. In 

traditional LECD work, the cathode is typically placed in the bottom of the bath and the 

anode is a single point above the surface. For this setup, the cathode lay above the anode 

wire which led to the trapping of oxygen around the anode wire. It was observed that lower 

plating currents produced small bubble sites and higher currents produced large bubble 

sites as those seen in Fig. 3-23. This is expected since the formation of oxygen is directly 

correlated with the amount of Cu being plated. In addition, more anode surface area is  
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Fig. 3-22. Plated line outlined by (1) on a brass cathode. Deviations in the line formation 

occur at (2) and are a result of overplating in those regions. 

exposed on a bare wire compared to an epoxy/glass sheathed anode used in LECD, leading 

to more oxygen formation sites. The experiments in this work that did not circulate solution 

are shown in Fig. 3-23 and resulted in lines difficult to interpret. While this effect does 

occur with traditional LECD, the effect is exaggerated here, where the large channel 

between the spacers traps the oxygen and inhibits plating along the channel. Coating the 

platinum anodes with an epoxy or other insulative coating and exposing the single face of 

the anode toward the cathode could help mitigate the issues with tensioned wire LECD. 

Reducing the exposed surface area of the Pt wire reduces oxygen generation sites and 

therefore reduces the rate at which bubbles form near the anode. Coatings on the back and 

sides of the wires reduces the stray electric fields that can lead to unwanted outward plating. 

The coating could also strengthen the wires and reduce the effects of wire imperfections 
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such as notches or kinks, which may cause the detrimental effect of stray electric fields. 

Merely using a bare Pt anode in this work is effective for producing lines, but tensioned 

anode LECD could be greatly improved with more control over the listed problems above 

using a coating. 

 

Fig. 3-23. Optical microscope image of Cu line deposited on a brass cathode. Evidence of 

bubbles formed during plating manifest as (1) circular regions lacking deposited Cu. The 

(2) plated line is still visible despite inhibited growth due to oxygen buildup. Bubble sizes 

are dependent on plating voltage and location along the anode wire. 

3.7 WLECD WITH CONSUMABLE CU ANODES 

The resulting lines plated using the 76um Cu anode wires were inconsistent and difficult 

to distinguish from background brass due to extremely short plating time. Voltages above 

the half-cell potential resulted in plating currents dissolving the anode in certain regions in 

seconds. The wire anode broke under tension as areas dissolved and the plating session was 

ceased. For these experiments, the only consistent growths were the dark plated regions 

shown in Fig. 3-24. These appear to be dendritic growths, columnar in nature, and were 
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measured to be >50µm in height. Other regions along the line contained little to no plating. 

It is predicted that imperfections in the Cu wire such as bends, led to preferential plating in 

these regions. This is expected, but the high current density at the half-cell potential 

exacerbated these effects, leading to a series of columnar growths in specific regions under 

the Cu anode wire. This is supported by breaking of the wire in a single region, as well as 

the presence of dendrites on the plated columns. Wire breakage, contrasted with complete 

dissolution of the wire, is caused by preferential plating of the anode at a single point. 

Larger electric fields due to kinks or bends drive higher plating current densities in these 

regions, which dissolve points on the anode wire faster than in other locations, whereas a 

uniform anode would dissolve equally in all locations. Dendrites could be formed due to 

depletion of bath additives caused by large ion migration in the bath, or depletion of Cu 

ions near the cathode. Both result from applying higher current densities the bath is capable 

of sustaining.  

Due to the limited supply of Cu in the thin anode wires used for this work, as well as 

the high current densities at the half-cell potential, growth would occur faster in regions 

under anode imperfections. The relatively quick dissolution rate of the anode wire would 

lead to a positive-feedback effect, portrayed in Fig. 3-24(b), where plating rates would 

increase as column grew taller and the anode/cathode spacing decreased. Since the plating 

current is fixed for a particular bath chemistry near the half-cell potential of a Cu anode, 

possible solutions to this problem are to increase the diameter of the anode wire or increase 

the spacing between the anode wire and the cathode, reducing the current density. This 

would provide more Cu ions in solution and increase the localized surface area on the 
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cathode for plating respectively, decreasing overall current density to reduce dendritic 

growth.  

 

Fig. 3-24. (a) Images of Cu deposited above the half-cell potential. Plating occurred quickly 

in certain regions which led to (1) pillared/clumped growth and (2) Cu dendrites on many 

levels of the pillars. (b) Vertical cross-sectional diagram showing 3 stages of growth and 

Cu anode dissolution; initial imperfections such as a bend shown here in a Cu anode under 

high current densities could lead to a localized column-like growth that can break the 

anode. Dendrites (red) would occur in many places where growth began but was outpaced 

elsewhere on the columns. 
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Due to the issues listed above, plating was also performed with Cu anode wires below 

the half-cell potential, with the goal being lower current densities. This did produce clear 

deposits of Cu under the anode, but the deposit was granular and had extremely low surface 

adhesion as seen in Fig. 3-25. In extreme cases, adhesion was so poor the deposits could 

be removed with rinsing. Also, plating ceased after about 1um of deposited height. It may 

be the plated Cu ions did not have enough energy to properly adsorb to the substrate, or the 

anode or cathode was becoming polarized. It might be possible to utilize this deposit as a 

potential seed layer, but the adhesion must be greater, and the Cu deposits electrically 

active with the substrate. This could be achieved in a post-plating step such as sintering. 

Without this post step, plating below the half-cell potential results in deposits that would 

not be classified as a plated structure, regardless of line consistency and other metrics used 

in this work. 

 
Fig. 3-25. Images of Cu deposited below the half-cell potential at 70mV with an 

anode/cathode spacing of 30µm. Plating occurred on a silver seed layer on polished silicon. 

The rough surface of the copper granules on the left gives the appearance of a darker line 

when observed with an optical microscope.  
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CONCLUSION 

In conclusion, all patterning methods attempted in this work could achieve resolution 

close to 60μm, which was sufficient to increase the efficiency of the Ag printed SHJ cell 

by 0.5-1% absolute. All photoresists could produce the required finger thickness, however, 

the fingers plated using shorter resists would “mushroom” to add to shading losses. PVD 

Ag seed achieved the lowest specific contact resistivity and the best adhesion. It was found 

that stripping metal oxides for PVD Ni was critical to improve adhesion and contact 

resistance. It was not possible in this work to optimize light induced plated Ni to achieve a 

good adhesion to the sputtered ITO. Physical and electrical resistance tests were performed 

for each seed layer to compare them. Unfortunately, no seed layer fared similar in 

characteristics to the PVD Ag this work. As such, completely removing Ag was not 

possible from this production process, but at least the SHJ cells produced with a PVD Ag 

seed layer consumed 100x less Ag than a fully Ag screen-printed grid.  

The LECD process showed promising results for mask-less electroplating method. For 

Cu anodes, lines of 180um were achieved with a patterned anode that had an initial mask 

opening of 60-70um and an initial plating distance of 20um. Considering the changing field 

due to dissolution of the anode severely impacts plating quality and lateral plating 

resolution, the author predicts much better plating quality from a compliant and non-

depletable masked anode source in future work. 

Mask-free plating techniques such as LECD contain great potential for the 

semiconductor industry. However, LECD plating scope thus far being limited to high-

aspect ratio pillars fails to provide a feasible application in this industry. The WLECD 

process was developed in this work and presented for the first time as an LECD method of 
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depositing lines. Up to 4mm of continuous lines have been formed in this setup, with little 

deviation in cross sectional geometry, using tensioned anode wires of Pt and Cu to different 

effects. Cu anode wires provided very good control, but only when electroplating below 

the half-cell potential of the reaction. This created very uniform and controllable lines, but 

the lines were of poor quality and did not adhere to the substrate. It is possible for future 

work this layer could be sintered with the substrate to provide a seed layer for further 

plating. The Pt anode wires were effective in producing legitimate lines as deposited with 

no further processing steps compared to the Cu anode wire. However, oxygen formation in 

the setup attempted here remained under the substrate and was difficult to remove without 

high volume pumping of solution. This pumping may have moved the anode wire to a 

degree that would cause stray plating. Issues presented in this work regarding line 

formation are related solely to non-idealities in the setup proposed here, and are not 

limitations in the WLECD process itself. Errors in wire formation and tensioning, length 

of setup, and use of insulating coatings can all be optimized to produce electroplated lines 

of any size and quantity. Additionally, the WLECD setup proposed here can be modified 

to place anode wires in parallel or perpendicular, allowing for simultaneous plating of an 

entire grid, such as ones seen on the front of solar cells. Thus, this work presents a first step 

for true mask-free plating applications requiring lines on a substrate.  

Additionally, modelling showed that a polished rectangular LECD anode provided 

superior squareness of electroplated profiles compared to a round wire. Therefore, it was 

decided that a polished and encased anode would be the next step to providing more control 

over the electroplated lines using Pt anodes.  
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