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ABSTRACT: The in-situ series connection of 10 amorphous silicon based solar cells on a flexible polymer foil yields a 

photovoltaic module with an efficiency η = 3 %. Masking wires pattern all constituting layers of the thin film solar cells 

during their subsequent deposition steps. Appropriate wire shifts provide electrical isolation and monolithic series 

connection of the single solar cells into a photovoltaic module with an open circuit voltage Voc = 9 V. The wire set 

initially patterns the back contact, a first wire shift masks the back contact during the cell deposition and a second one 

opens the back contact to provide series connection during deposition of the transparent front contact. The present work 

discusses three different configurations of the in-situ series connection resulting in interconnection losses F < 15 %. 
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1 INTRODUCTION 

 

 Thin film solar cell fabrication enables integrated 

series connection [1]. On glass substrates, laser 

patterning isolates single cells and creates an integrated 

series connection to form photovoltaic modules. On 

flexible substrates such as plastic foil the integrated series 

connection is more difficult to control and to optimize.  

 This paper evaluates three possibilities for our novel 

in-situ series connection (ISS) [2]. The ISS allows for 

monolithic series connection of thin film solar cells on 

flexible foils like polyethylene-naphthalate (PEN). Thin 

wires mask the substrate for patterning the layers during 

deposition. To provide monolithic series connection, the 

position of the wires shifts twice between depositions. 

Several possibilities for repositioning of the wires and the 

corresponding calculation of losses are presented. An 

experimental ISS module yields an efficiency of 

ηISS = 3 % 

 

2 IN-SITU SERIES CONNECTION 

 

Here, the ISS uses amorphous silicon (a-Si) solar 

cells in n-i-p configuration. Masking the substrate with 

wires of diameter dw = 200 µm during the deposition of 

the layers allows for series connection of adjacent cells.  

Figure 1 illustrates the monolithic series connection 

of an ISS module. The preparation of n-i-p cells starts 

with the deposition of silver as back contact. The 

masking wire set separates the back contact into stripes  

 

 

Figure 1: Cross section of monolithic series connection 

by wire masking. Wires of distance wwire mask substrate 

during deposition. Two wire shifts between subsequent 

layer depositions provide series connection gap wG, 

depending on wire diameter dw and shift wS. 

 

 

with the distance dw, the wire diameter. A shift wS = 0.5  

mm of the wire masks the back contact during the 

deposition of the amorphous and microcrystalline silicon 

(µcSi) layers. A phosphorous doped n-type (n) layer of 

thickness dn, an intrinsic (i) film of thickness di, and a 

boron doped p-type (p) layer of thickness dp form the 

solar cell. 

A second wire shift isolates the front contacts of the 

cells and creates a series connection between back and 

front contacts of neighboring cells. This study examines 

three different configurations of the integrated series 

connection.  

 

2.1 Wire shifts 

Figure 2 depicts the possibility ISS-A of the layer 

configuration for the ISS. The wire set initially masks the 

PEN substrate during the evaporation of the silver back 

contact. After deposition of the back contact, a wire shift 

repositions the masking wires to the left. Deposition of 

the n-type layer of resistivity ρn = 0.02 Ωcm results in a 

shunt resistance RP,BC between the back contacts of 

neighboring cells. The resistance RP,BC
 = ρndW/dnL 

decreases with decreasing wire diameter dW and with 

increasing length L of the module which is not shown in 

the 2-dimensional sketch of Fig. 2. The subsequent 

deposition of the i- and p-layers completes the thin film 

diode. The last wire shift exposes the back contacts of the 

cells, and deposition of Al-doped zinc oxide (ZnO) 

connects the front contact of one cell to the back contact 

of the adjacent one. To prevent short circuits, the wires 

also separate the front contacts of the cells. The p-type 

layer of thickness dp and resistivity ρP = 0.3 Ωcm forms a  

 

 

Figure 2: Configuration ISS-A with wire shifts after 

back and front contact depositions. This configuration 

introduces two resistances RP,BC and RP,FC in parallel to 

the single cells. 
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shunt resistance RP,FC
 = ρpdW/dpL between the front 

contacts of adjacent  cells. 

Figure 3 presents the configuration ISS-B with wire 

shifts after the depositions of the back contact and the 

intrinsic layer. A similar first wire shift as in ISS-A yields 

the shunt resistance RP,BC
 = ρndW/dnL. The second wire 

shift after i-layer deposition prevents the parasitic front 

side resistance RP,FC between adjacent cells. 

 

 

Figure 3: Configuration ISS-B with wire shifts after Ag 

and i-layer depositions yields a series resistance RS,p at 

the p-layer/back contact interface, but avoids RP,FC.  

 

The wire shift after i-layer deposition prevents the 

parasitic resistance between adjacent front contacts, but 

the p-layer covering the back contact leads to a series 

resistance RS,p = ρpdp/dwL.  

Figure 4 illustrates configuration ISS-C with wire 

shifts before and after i-layer deposition. The resistance 

RS,pn = ρpdp/dwL+ρndn/dwL represents the ohmic losses of 

the doped layers which form a parasitic p-n layer stack 

between the ZnO front contact and the back contact 

within the gap between adjacent cell stripes.  

 

 

Figure 4: Cross section of ISS-C prepared by wire shifts 

before and after i-layer deposition. RS,pn represents the 

ohmic losses due to the p-n layer stack in the cell gaps.  

 

2.2 Discussion 

To maximize the module efficiency, our module 

optimization recalculates a measured current density J vs. 

voltage V characteristics of single cells with the parasitic 

ohmic losses of the different ISS configurations A, B and 

C. The cells deposited on PEN consist of a micro-

crystalline n-layer (n-µcSi) of thickness dn = 50 nm and 

resistivity ρn = 0.03 Ωcm, an i-layer of thickness di = 400 

nm and a microcrystalline p-layer (p-µcSi) of dp = 45 nm 

and resistivity ρp = 0.3 Ωcm. 

Figure 5 compares the J/V-characteristics of a 

reference cell with a fill factor FFref = 47.0 % with 

recalculated curves taking parasitic resistances of the 

configurations ISS-A, -B and -C into consideration. The 

parasitic losses RP,BC and RP,FC of ISS-A decrease the 

current density to JA = Jref + Vref /LwC(RP,BC+RP,FC) and the 

fill factor to FFA = 27.1 %.  

The parasitic series resistance RS,FC of ISS-B reduces 

the output voltage of a single cell to VB = Vcell–(JcellRS,FC/( 

LwC), the current density to JB = Jref +VB/RP,BC and the fill 

factor to FFB = 27.9 %. In ISS-C, the output  
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Figure 5: Recalculated JV-characteristics of ISS config-

urations with different wire shifts. ISS-A exhibits 

parasitic shunt resistances RP,BC and RP,FC, ISS-B shunt 

and series losses RP,BC and RS,FC, and ISS-C only minor 

series losses RS,pn at the interconnection interfaces. 

 

voltage VC = Vref -(JrefRS,pn)/(LwC) only slightly decreases, 

but yielding the best fill factor FFC = 47.0 %.  

Recalculating the configurations with a typical higher 

resistivity ρn-aSi = 100 Ωcm of n-type aSi enhances the 

FFA,n-aSi = 43.8 % and FFB,n-aSi = 47.0 %, but does not 

effect FFC,n-aSi = 47.0 %. 

 

3 EXPERIMENTAL RESULTS 

 

3.1 Single cells 

Comparing the performance of single test cells, de-

posited on PEN with the same substrate clamping tool 

and deposition conditions as for the ISS modules, but 

with no wire shifts, with the J/V characteristics of an ISS-

C module, validates the considerations of Sect. 2 and the 

results of Fig. 5. 

Figure 6 depicts the clamping tool for the ISS. Some 

springs and a wire guide force the wire onto the substrate. 

The bending of the substrate guarantees an accurate 

contact between the wire and the surface of the substrate 

material.  

 

substratespring wire guidance
wire

 

Figure 6: Springs and wire guides of the clamping tool 

force the wires onto the bended substrates. Accurate 

wire contact masks surface for layer patterning.    

 

Figure 7 shows the J/V characteristics of nine test 

cells distributed over the whole area of the clamping tool. 

The cell with the best fill factor FFMAX = 50.5 % yields 

an efficiency ηMAX = 3.6 %, the one with the worst FFMIN 

= 38 % an efficiency ηΜΙΝ = 2.6 %. The average open 

circuit voltage VOC,av = 870 mV, short circuit current 

density JSC,av = 8.0 mA/cm² and fill factor FFav  = 47.0 % 

result in an average efficiency ηav =  3.3 %.  
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Figure 7: Cell performance on PEN deposited with the 

clamping tool of the ISS. An average open circuit voltage 

VOC,av = 860 mV, current density JSC,av = 8.0 mA/cm² and 

average fill factor FFav = 47.0 % results  ηav =  3.3 %. 

 

3.2 Module Performance 

In addition to the resistive power losses 

Ppn = (JMPP)²RS,pnL of ISS-C, there are power losses PG = 

VMPPJMPPwGL caused by the interconnection gap, and 

resistive ZnO losses PTCO = ρZnOdZnO(JMPP)²(wC³L/3) with 

a ZnO thickness dZnO = 400nm and a ZnO resistivity ρZnO 

= 6.8x10-6 Ω [3]. Calculating the resistive losses PG, PTCO 

and Ppn for the cells operating at their maximum power 

point voltage VMPP = 630 mV and current density JMPP = 

5.17 mA/cm² results an optimum wire distance wwire = wC 

+ wG ≈ 1 cm for the interconnection gap wG = 2wS + dw 

= 1.2 mm. 

Figure 8 represents the fractional losses F = 

(PG+PTCO+Ppn) / Pmax of the ISS depending on the wire 

shift ws for three different wire diameters dw. The 

theoretical maximum power Pmax = JMPPVMPP wwireL of the 

cells discounts any losses. The used wire diameter dw = 

200 µm and wire shift ws = 0.5 mm leads to power losses 

F = 15%. Decreasing the wire shift ws and diameter dw 

will enhance the performance of the module. The average 

values of the actual cell performance and the fractional 

power losses F predict an open circuit voltage  
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Figure 8: Fractional losses F for different wire diameters 

dwire for ISS. Decreasing wire shifts ws reduce the losses 

of the module at fixed wire distance wd. Used ws = 0.5 

mm with a wire diameter wd = 200 µm results F = 15 %. 
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Figure 9: Module consisting of 10 cells in series with a 

total area A = 40 cm² and an output power PMPP,mod = 120 

mW. Measured VOC,mod = 9 V, ISC,mod = -29 mA and FFmod 

= 46.2 % verify low losses of the ISS-C configuration. 

 

VOC,predict = 8.72 V and a short circuit current ISC,predict  = 

(A/n-wG) JSC = 28.08 mA  for a module of n = 10 cells 

and an area A = nwwire L = 40 cm². 

For comparison, Fig. 9 presents the I/V-character-

istics of an experimental ISS-C module. The measured 

short circuit current ISC,mod = 29.0 mA is even higher than 

the predicted one. The measured open circuit voltage 

VOC,mod = 9 V is also substantially higher than the 

predicted one, and the fill factor FFmod = 46.2 is close to 

the value FFref = 47.0 %. The measured output power 

PMPP,mod = 120 mW for the module with an area A = 40 

cm² underlines the potential of the ISS technology. 

 

4 CONCLUSIONS 

 

We have examined different configurations of the in-

situ series connection of thin film solar modules and 

compare their performance in respect to single cells 

prepared under similar conditions. The optimum 

configuration requires wire shifts directly before and after 

i-layer deposition. A flexible module with an area A = 40 

cm² and ten cells connected in series provides an output 

power PMPP,mod = 120 mW at an efficiency ηmod = 3.0 % 

on a flexible PEN foil.   
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