
SUPPLEMENTARY MATERIALS 

S1. SOLAR CELL FABRICATION 
The details of cell fabrication have been reported in earlier publications (see respective references). We have 

provided a brief summary of the processes below, for quick reference. 

AMORPHOUS SILICON P-I-N CELLS [1] 

The cells were prepared using plasma enhanced chemical vapor deposition (PECVD) of a-Si:H, on Fluorinated Tin 

Oxide (FTO) coated glass, which acts as the p-contact. The p/i/n layer thicknesses are 10nm/250nm/20nm 

respectively. Finally, Aluminum doped ZnO (AZO) and Ag were deposited as the n-contact. The cell area was 

      . A schematic of the cell structure is shown in the inset of Fig. 3a. 

BULK HETEROJUNCTION (BHJ) ORGANIC SOLAR CELLS [2] 

For the BHJ OPV cells first the hole conducting poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 

(PEDOT:PSS) layer was spin-casted on Indium doped Tin Oxide (ITO) coated glass substrate. This was followed by 

spin-casting of a dicholorobenzene (DCB) solution of poly(3-hexylthiophene) (P3HT) and the fullerene derivative 

[6,6]-phenyl-C61 butyric acid methyl ester (PCBM), and thermal annealing. Finally LiF and Al were evaporated  to 

form the cathode layers. The cell area was        . A schematic of the cell structure is given in the inset of  Fig. 

3b. 

CIGS CELLS [3] 

For CIGS cells, first Cu2(In0.7,Ga0.3)S2 were synthesized in a solution of metal-acetylacetoacetate precursors. After 

dispersing the particles in hexanethiol, they were cast into thin films using doctor blade technique, on Mo coated 

glass. This was followed by KCN etch, and dip into NaCl solution. The films were then annealed in Se vapor, 

resulting in formation of polycrystalline Cu2(In0.7,Ga0.3)(S1-y,Sey) films. Finally, the CdS emitter was deposited using 

chemical bath deposition, and the device was finished by sputtering of ZnO and ITO layers. The device area was 

       . The schematic of cell structure is given in the inset of Fig. 3c. 

CDTE CELLS [4] 

The CdTe cells were prepared on fluorinated tin oxide coated soda lime glass. First, the n-CdS layer was deposited 

using chemical bath deposition, followed by closed space sublimation of CdTe thin film. The device was completed 

by sputtering the Ni/C back contact layer. The device area was       . The schematic of cell structure is given in 

inset of Fig. 3d. 

S2. SPACE-CHARGE-LIMITED SHUNT CURRENT 
In our earlier publications [1], [5],  we had developed and validated a space-charge-limited (SCL) model for shunt 

current in TFPV cells. Here, we provide a brief summary of this work, and reproduce some figures, to provide 

context to the shunt statistics work. Shunt current in TFPV cells (a-Si:H, BHJ OPV, and CIGS), exhibits certain 

universal voltage and temperature dependencies, which differentiate it from exponential diode current. These 

observed features can be summarized as – 
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 Symmetric with respect to voltage about     point i.e.     (  )      ( ). 

 Non-ohmic power-law voltage dependence i.e.      
 , where      . 

 Weak temperature dependence i.e.      
   . 

These observed features were consistent across the three thin film solar cells considered in the work. We were 

able to explain these characteristics of the shunt current using a phenomenological SCL model of shunt conduction, 

which explained the dark IV of TFPV cells using a parallel combination of an intrinsic exponential diode current in 

parallel with a parasitic SCL shunt current. As discussed in the paper, the SCL model is able to account for all the 

above observed terminal characteristics of     and reproduce the voltage and temperature dependencies of dark 

IV. This can also be seen from the generalized expression of SCL current for materials with shallow traps 

         ( )
    

     
  

Here,   is the material permittivity,    is the effective carrier mobility,   is a material parameter determined by the 

trap distribution inside the material, A is the cross sectional area, and   is the layer thickness. From eq. (S1) we can 

readily see the symmetric power-law voltage dependence, and the carrier mobility being the only temperature 

dependent term, explains the weak temperature dependence. Note that this is a phenomenological model, which 

does not require any assumptions regarding the nature of shunt paths. 

The insights from the model, however, have helped us in exploring the physical origin of shunt paths. We know 

from the SCL model of shunt conduction that an SCL shunt path requires a symmetric Metal/Semiconductor/Metal 

type structure for ensuring single carrier transport [6] (see Fig. S1). Moreover, parasitic shunt current had been 

linked to localized defects on the solar cell surface. A variety of studies, using various techniques [7–10], on very 

different technologies have confirmed this local nature of shunt defects [11–14]. Combining these two insights, we 

proposed that parasitic shunts are formed due to local non-uniformities, which can lead to destruction of the 

junction locally and formation of a symmetric MSM type path. These non-uniformities can arise from a variety of 

sources, including but not limited to metal incorporation from contact layers [15], non-uniform deposition of thin 

emitter layers [16], surface roughness in absorbers or substrates [17], and pinholes in the inter-layers [18].  

 
Figure S1. Schematic and band diagram of a MSM structure, showing SCL transport. The metal 

work functions       ensure that holes are injected preferentially into the semiconductor. 

In case of amorphous silicon p-i-n cells, we identified metal incorporation from the top contact as the most likely 

cause, which leads to the formation of a localized p-i-p shunt path (only hole transport) in parallel to the p-i-n 

diode structure of the solar cell, shown schematically in Fig. S2a. The metal incorporation hypothesis for a-Si:H is 

supported by high Al mobility in a-Si:H [19], and metastable switching if shunt paths with applied bias [20], 

amongst other evidences. We then used full 2D TCAD simulations to demonstrate that this structure can actually 
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reproduce the observed features of shunt current in a-Si:H cells, as shown in Fig. S2b. Using this simulation 

approach, we were able to reproduce the voltage and temperature dependencies of dark current in a-Si:H, BHJ 

OPV, and CIGS cells, using physical parameters, and full TCAD device simulations (see Fig. S3).  

 
Figure S2. (a) Schematics showing the top view of a solar cell surface with localized shunts. A 

cylinder is drawn around the shunt region (shown for an a-Si:H p-i-n solar cell) with the shunt 

formed due to Al incursion. A 2D simulation structure (formed by taking a vertical cut), simulated 

using cylindrical coordinates, with the p-i-p region in the middle forming the shunt. (b) The dark IV 

obtained from the 2D simulation of the structure in part (a), reproduces the features of shunt 

conduction. The quiver (current density) and contour plots (potential), corresponding to the shunt 

dominated regime (green vertical line denoted by (i)), and the diode dominated regime (blue 

vertical line denoted by (ii)), showing the localization of dark current at low biases, resulting in a 

shunt-dominated region. 

 
Figure S3. Simulations of the 1D ideal solar cell structures (solid lines) at three different 

temperatures along with the corresponding shunt structures (dashed lines), showing good 

agreement with experiment for all PV technologies (symbols). The combination of these two 

current components explains the entire dark IV response at the indicated temperatures. 
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S3. SPICE SIMULATION OF TFPV MODULES 
In order to illustrate the importance of shunt statistics on module performance and variability, we use 2D 

equivalent circuit network simulations with SPICE. The approach allows us to simulate typical TFPV modules 

(                  
 , with             cells in series), by dividing each thin rectangular cell into           

number of sub-cells. These sub-cells are connected in series and parallel using appropriate contact sheet 

resistances to form the 2D network circuit representation of the module. This process is shown schematically in 

Fig. S4a, and has been used in the past for module level simulations in various monolithic TFPV technologies [21–

23].  

Note that this framework simulates the more common monolithically manufactured modules for these four 

technologies. In some cases, however, a roll-to-roll manufacturing on flexible substrates is used; which allows 

individual cells to be cut from the larger role [24], [25]. These cells can then be tested and sorted, and the modules 

are then formed separately by taking cells from a particular bin. While this may help in reducing the cell mismatch 

at module level, we must remember that the number of cells in each bin will still be determined by the log-normal 

shunt statistics, and will in turn determine the process yield of these technologies. Also, just like multi-crystalline Si 

cells, these roll-to-roll process cells will have certain amount of mismatch even after binning. These residual 

mismatches, although smaller than monolithic case, will lead to certain module efficiency loss. This can be 

analyzed using established 1D simulation method for crystalline modules[26]. In this work, we focus on the more 

common monolithic TFPV modules, which require a full 2D circuit simulation for analysis of variability effects.  

 
Figure S4. (a) Schematic showing the circuit representation of a TFPV module with rectangular 

series connected cells, by subdividing each cell into sub-cells, connected in series and parallel to 

form a 2D network circuit shown on the right. (b) Sub-cell equivalent circuit used in this simulation 

showing the photo and dark current fluxes with relevant voltage dependencies.  
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S3.1 SUB-CELL EQUIVALENT CIRCUIT 

For typical module dimensions, the sub-cells are       in size, and we use physics based equivalent circuit for 

TFPV cells to model the device characteristics (see Fig. S4b). The equivalent circuit takes into account the intrinsic 

current fluxes, namely voltage dependent photocurrent (      ) [27], generation enhanced recombination (      ) 

[28], and the dark diode current        [29]; as well as parasitic non-Ohmic shunt current     [5]. The sheet 

resistance values are used to calculate the    values for series and parallel connections. Note that the equivalent 

circuit in Fig. S4b can be derived analytically for a-Si:H cells [30], but it can also be used effectively as a semi-

empirical equivalent circuit for other TFPV technologies [31].  

We use the equivalent circuit shown in Fig. S4b to assess the effect of      on sub-cell efficiency. We first fit the 

reported record cell efficiency      [32] by tweaking the intrinsic parameters (i.e.,        ,       , and       ) of the 

equivalent circuit shown in Fig. S4b. Table S1 shows the record (or near record) efficiencies, and performance 

parameters, reported for different technologies along with sources. We fit the equivalent circuit in Fig. S4b to 

these parameters for each technology to obtain the respective     . We then simulate this sub-cell circuit in SPICE 

with      values varying over many orders of magnitude to obtain the relation between sub-cell efficiency   and 

    , as shown in Fig. 5a for a-Si:H. The relation between shunt dependent sub-cell efficiency ( (    )) with the 

statistics of shunt formation in a particular technology, determines the overall module efficiency for that 

technology. 

Table S1. Highest reported cell performance numbers for different technologies from different 

manufacturers. The exact record efficiencies for each might be slightly different. 

Sub-cell parameters 

     
(      )  

    
( ) 

   
( ) 

     
( ) 

a-Si:H (Moserbaer)[33] 15.87 0.89 68.3 9.6 
OPV (Konarka) [34] 16.4 0.82 70 8.3 
CIGS (Solar Frontier)[35] 33.0 0.688 76.7 17.4 
CdTe (First Solar) [32] 27.1 0.827 76.6 17.2 

S3.2 EFFECT OF SHUNTED SUB-CELLS 

In order to illustrate the effect of log-normal shunt statistics on module efficiency, we simulate a          

TFPV sub-module, with 10 cells in series. Each series connected cell is         (horizontal rectangles in Fig. S5) 

is subdivided into        sub-cells as shown in Fig. S4a. We use typical a-Si:H solar cell, with highest efficiency 

of 9.8% [36], as an example to demonstrate the principle. We assign each sub-cell a different      value, obtained 

from the measured log-normal distribution (see Fig. S5a), keeping all other parameters identical. In order to 

understand the effect of shunt variability in this series connected module let us focus on cell number 9 in the sub-

module shown in Fig. S5a. We can see that this cell has one shunted sub-cell in the middle (circled) and the rest of 

them would be near     . This is expected from the efficiency vs.      curve in Fig. 5a, which predicts only few 

shunted low efficiency cells, while rest are close to     . 

We can evaluate the impact of these distributed shunt defects by simulating this 2D circuit, and analyzing the sub-

cell behavior at the maximum power point (MPP) of the sub-module. Fig. S5b shows the operating voltage of each 

sub-cell, when the module is operating at its MPP voltage. Note that for cells with small or no shunting (cell no. 2 

e.g.), all sub-cells operate at their respective MPP of      . In cell no. 9 with one shunted sub-cell, however, the 

bias of the entire row of sub-cells is modified to           range (highlighted). Thus, we can see that a single 
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heavily shunted sub-cell disturbs the operation of up to 10 of its neighbors, and biases them significantly away 

from their MPP voltage. 

In addition, when we plot the power output of each sub-cell (Fig. S5c), we can see that the shunted sub-cell is 

actually consuming power (negative sign), when the good cells are producing power (      per sub-cell). This is 

power being dissipated in the shunted sub-cell is supplied by the power output of its neighboring sub-cells (circled 

in Fig. S5c). This situation arises from the requirement of current continuity enforced by series connection of cells, 

and the influence of contact sheet resistance connecting these different sub-cells. Thus, we can see that the 

shunted sub-cells have a twofold effect on the module output power, arising from the interconnection related 

issues. As a result, while these heavily shunted cells from the tail of this distribution are few in number, they have 

a disproportionately large impact on the overall sub-module efficiency. This discussion highlights the consequences 

this ‘heavy tailed’ shunt distribution with regards to module efficiency and variability. 

 
Figure S5. (a) Color plot of      values (color bar in a.u.) across a series connected sub-module 

(arrow shows direction of current flow), with each sub-cell (squares) assigned different      value 

obtained from log-normal distribution. (b) Color plot of sub-cell operating voltage (color bar in V), 

when the sub-modules is biased at its MPP voltage, showing that the shunted sub-cells distort the 

operating voltage of its good neighboring sub-cells. (c) Color plot of power output (positive sign) 

across the sub-module (color bar in mW), showing the shunted sub-cells consuming (negative 

sign) the power output of its neighboring regions. 

S3.3 MONTE-CARLO SIMULATION OF MODULE EFFICIENCY 

We can also use the module simulation technique to assess the impact of shunt statistics on module performance 

and variability. For each technology, we use the equivalent circuit in Fig. S4b fitted to the respective     , as the 

sub-cell equivalent circuit. We then simulate the module IV curve multiple times, assigning different      values to 

the sub-cells according to the measured log-normal distribution (from Fig. 3). We assume all other parameters to 

be identical across the sub-cells. The module dimensions and structures are obtained from manufacturer data 

sheets, and the sheet resistance values for TCO and metal contacts are assumed to be        and         [33], 

respectively. A summary of module dimensions and parameters, along with sources, is provided in table S2. 

In this way, we can obtain the distribution of module efficiency for a given distribution of     , for all four 

technologies. The result from this simulation for a-Si:H cells is shown in Fig. 6a, comparing the record cell 

efficiency, with the best module efficiency (without any shunts), and the distribution of module efficiency in 
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presence of log-normal shunt distribution [37]. By repeating this analysis for all four TFPV technologies, we can 

reproduce the gap between cell and module efficiencies, to a reasonably reasonable degree, as shown in Fig. 6b.  

Table S2. Module parameters used for the Monte-Carlo simulation of module efficiency, using the 

measured log-normal      distribution for the four technologies. 

Module parameters 

         
(  )  

        
(  ) 

        
 

   
   
    

    

(        ) 

〈       〉 
( ) 

a-Si:H (Moserbaer) [36] 110 130 104 10, 0.5 7.6 
OPV (Konarka)* [38] 40 20 40 10, 10 # 3.4 
CIGS (Solar Frontier) [39] 150 115 90 10, 0.5 12.2 
CdTe (First Solar) [40] 116 56 116 10, 0.5 12.5 

* sub-module dimensions (modules consist of 5 or more sub-modules connected externally) 
# both contacts are TCO 

Note that this is only a sample simulation, and the sub-cell efficiency data, module parameters, and shunt statistics 

data are collected from different sources. Therefore, the gap between cell and module efficiency obtained from 

this simulation is only indicative. A precise assessment of impact of shunt statistics will require a controlled and 

calibrated data on physical parameters, as well as statistical distribution, from the same process. The purpose of 

this simulation is to demonstrate that it is possible to incorporate statistical variability into module simulations, 

and obtain useful results from the analysis. The calculation also reinforces the importance of the universality in 

shunt statistics, by showing that although the simulation is not exactly calibrated to the data; we are still able to 

obtain reasonable results just by accounting for the log-normal nature of shunt distribution. 
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