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Introduction 
This guide provides step-by-step instructions for the implementation of a one dimensional model for 
a heterojunction solar cell under illumination, and how to calculate the current-voltage (I-V) curve. 
This is done using the Semiconductor module of the finite element simulation software COMSOL 
Multiphysics (version 5.4). The model output agrees with that calculated for the same case using the 
well-established SCAPS-1D software (version 3.3.07).1,2 It should provide a good basis for more 
refined modeling and extensions to two- or three-dimensional geometries. 
 
The modeling here does not include simulation of the electron-hole pair generation profile, which is 

thus required input data. In simple cases, the Beer-Lambert law may give a sufficient approximation 

after taking reflectance from the front surface into account. More accurate results, especially in 

multilayered stacks, can be obtained using the transfer matrix method3 or the Wave Optics module in 

COMSOL Multiphysics. 

  



Description of the model 
 

 
 
 

 

 

 

 

 

 

 
Figure 1. Scheme of the model. 
 
The solar cell that we are going to model has an ultrathin absorber layer, with thickness much below 
the wavelengths of sunlight. The absorber is a 35 nm-thick layer of cubic tin sulfide (π-SnS) forming a 
heterojunction with a 30 nm-thick layer of zinc oxide (ZnO) deposited by atomic layer deposition 
(ALD). The top contact is completed by a 50 nm-thick layer of intrinsic zinc oxide (i-ZnO) and a 200 
nm-thick layer of aluminum-doped zinc oxide (AZO). Doping enables the tin sulfide to be p-type and 
the zinc oxide to be n-type. The top contact (upon the AZO) and the back contact (underneath the π-
SnS) are supposed to be Schottky contacts. The cell can be studied in the dark or under illumination. 
The light absorption profile is affected by the 4 layers mentioned but also by the presence of 
molybdenum underneath the π-SnS layer and silicon underneath molybdenum. Light absorption 
generates electron-hole pairs which are responsible for the creation of an electric current. Electrons 
and holes can recombine in the cell. Interface recombination between the absorber and the zinc 
oxide layer is very important but it also occurs at the Schottky junctions. Bulk recombination occurs 
in the four layers. By varying Va, which is the difference of voltage applied to the cell via these two 
metal contacts, we will be able to plot the I-V curve of such a cell. The rest of the document is a guide 
to model this particular cell with COMSOL Multiphysics® and to plot the I-V curve. 

Definition of the study 
First, you have to choose the right COMSOL® module to study a solar cell, which is the 

Semiconductor module. The type of study is Stationary, that is to say that the solver will find 

solutions for a stationary state, under illumination. However, it is possible to use a Semiconductor 

Equilibrium study before the Stationary one to find good initial conditions. It is required in some 

cases, because the physics that we are studying is not linear, and the solver sometimes does not 

converge or requires a lot of time to converge. But for the precise problem that we are studying, it is 

unnecessary to use an initial Semiconductor Equilibrium study and we will not do it. 

 

Open COMSOL Multiphysics® and, under New, click model wizard. 

Click 1D. 

Under Semiconductor, click Semiconductor (semi) and click Add. 

Then click Study. 

Double click Stationary. 

ALD ZnO 

n-type 

π-SnS 

p-type 
 

absorber 
Sunlight 

Schottky 

contact 
Schottky 

contact i-ZnO 

n-type 

AZO 

n-type 

Bulk recombination and photogeneration 

Interface recombination 

V = Va V = 0 



After a short time, you can see the Model Builder, the Settings and the Graphics windows. 

Definition of the geometry 
We will use parameters to define the geometry, so that it is easy to switch from a geometry to 
another one. As the model is in 1D, our cell is just a succession of segments. 
 
In the Model Builder window (we will refer to it as MBw), under Global Definitions, click 
Parameters. 
In the Settings window (we will refer to it as Sw), type the following values for the thicknesses of 
the layers (you can copy-paste the four ones at a time). 
 
L_AZO 300[nm] 
L_iZnO 50[nm] 
L_ZnO 30[nm] 
L_SnS 35[nm] 
These parameters are global, they can be used everywhere in the model. 
 
In the MBw, under component 1, click Geometry 1. 
In the Sw, under Units choose nm for the length unit. 
 
In the MBw, under component 1, right-click Geometry 1 and choose interval. 
In the Sw corresponding to the new interval you have created, type the coordinates 0 and L_AZO. 
 
Repeat these 2 steps for each layer: in the MBw right-click Geometry 1 and choose interval. Then in 
the Sw, types the coordinates 
L_AZO and L_AZO+L_iZnO 
then L_AZO+L_iZnO and L_AZO+L_iZnO+L_ZnO 
then L_AZO+L_iZnO+L_ZnO and L_AZO+L_iZnO+L_ZnO+L_SnS. 
 
In the Sw, click Build All Objects. 
You can see the geometry that you have just built in the Graphics window (that we will refer to as 
Gw). 
 
In the MBw, under Component 1, click Semiconductor (semi). 
In the Sw, under Cross-Section Area, type 1[cm^2]. 

Definition of the materials 
A material is defined by a certain number of characteristics that we are going to type in the software. 
First, we define local variables corresponding to the characteristics of each layer. They will only be 
defined in their corresponding layer and it is impossible to access them from another layer. Then, we 
will create a material whose characteristics are these local variables. In the end, we will also set the 
temperature. 
 
In the MBw, under Component 1, right-click Definitions and click Variables. 
In the Sw, in the Label field, type: AZO. 
In the Geometric Entity Selection, choose Domain for the Geometric entity level. 
In the Gw, select domain 1 (the one on the left, corresponding to the AZO layer). 
In the Sw, under Variables, type or copy-paste these values: 
 
Eg 3.3 [V] 
chi 4.55 [V] 



er 9 
Nc0 3e18 [cm^-3] 
Nv0 1.8e19 [cm^-3] 
mun0 100 [cm^2/(V*s)] 
mup0 3 [cm^2/(V*s)] 
taun0 4.2e-9 [s] 
taup0 1.5e-11 [s] 
n_doping 5e19 [1/cm^3] 
 
Repeat these steps with the three other layers, using the following values. 
 
For iZno (domain 2) 
Eg 3.3 [V] 
chi 4.55 [V] 
er 9 
Nc0 3.1e18 [cm^-3] 
Nv0 1.8e19 [cm^-3] 
mun0 100 [cm^2/(V*s)] 
mup0 31 [cm^2/(V*s)] 
taun0 4.2e-9 [s] 
taup0 1.5e-11 [s] 
n_doping 1e17 [1/cm^3] 
 
For ZnO (domain 3) 
Eg 3.26 [V] 
chi 4.5 [V] 
er 9 
Nc0 2e18 [cm^-3] 
Nv0 7e19 [cm^-3] 
mun0 30 [cm^2/(V*s)] 
mup0 4 [cm^2/(V*s)] 
taun0 1e-11 [s] 
taup0 1e-11 [s] 
n_doping 2e18 [1/cm^3] 
 
 
And for cubic SnS (domain 4) 
Eg 1.64 [V] 
chi 3.36 [V] 
er 40 
Nc0 3.6e18 [cm^-3] 
Nv0 1.4e19 [cm^-3] 
mun0 1 [cm^2/(V*s)] 
mup0 1 [cm^2/(V*s)] 
taun0 1.4e-11 [s] 
taup0 1.4e-11 [s] 
p_doping 2e12 [1/cm^3] 
 
Just for information, here are the values for the orthorhombic SnS (domain 4) that we do not use in 
this model. 
Eg 1.3 [V] 
chi 3.9 [V] 



er 40 
Nc0 3.6e18 [cm^-3] 
Nv0 1.4e19 [cm^-3] 
mun0 74 [cm^2/(V*s)] 
mup0 30 [cm^2/(V*s)] 
taun0 1.4e-11 [s] 
taup0 1.4e-11 [s] 
p_doping 1e16 [1/cm^3] 
n_doping 5e5 [1/cm^3] 
 
All these variables are now defined in our model, but we still have to let the software know that it 
should consider them as the characteristics of the materials. 
In the MBw, under Component 1, right-click Materials and choose blank material. 
In the Sw, you can see that the material is defined for the 4 layers. Do not change this! 
Under Material Contents, just type the names of the local variables previously defined 
mun0, mup0, er, Eg, chi, Nc0 and Nv0. 
 
We now set the temperature of the cell to 300K. 
Choose to show advanced physics options in the menu opened by clicking the eye above the MBw. 
In the MBw, under Component 1, click Semiconductor (semi). 
In the Sw, under Reference Temperature, type 300 [K]. 
In the MBw, under Semiconductor (semi), click Semiconductor Material Model 1. 
In the Sw, under Model Inputs, in the Temperature field, type 300 [K]. 

Implementation of the photogeneration 
As this model does not use an optical module, we have two main choices to set the generation 

profile: using an analytic formula or a separately computed profile of photogeneration. In this guide, 

we will choose the second option. 

 
First, we have to import the profile, which is in a .txt document. 

In the MBw, right-click Global Definitions and choose Functions, Interpolation. 

In the Sw, in the label field, type Generation rate. 

Under Definition, for Data source, choose File. 

Click Browse and open the .txt file containing the profile of photogeneration. 

Click import. 

 

In the function name field, type G_tot. 

Under Units, in the Arguments field, type um. 

In the function field, type m^-3*s^-1. 

You can click Plot on top of the Sw to see the profile you imported. 

 

We now define a local variable having different values according to the position in the cell, equal to 

the photogeneration rate. 

In the MBw, right-click Definitions and choose Variables. 
In the Sw, type Photogeneration in the Label field. 
Under Variables, type 
G_ph G_tot(L_AZO+L_iZnO+L_ZnO+L_SnS-x) 
Or 
G_ph G_tot(x) 



According to the fact that your profile begins with the SnS layer or with the AZO layer. 
 
Now, we use the Semiconductor module to set photogeneration in the whole cell. 
In the MBw, under Component 1, right-click Semiconductor (semi) and choose Generation-
Recombination, User-Defined Generation. 
In the Sw, under Domain Selection, choose All domains for the Selection. 
Under User-Defined Generation, in both fields, type G_ph. 
 

Implementation of the metal contacts, of the doping and of the bulk 

recombination 
These phenomena are implemented in the Semiconductor module, it is easy to add them to the 

model. 

First, we implement the metal contacts and the potential that we impose. 
In the MBw, under Global Definitions, click Parameters 1. 
Add the following parameter. 
Va 0[V] 
 
During the study, we will vary this parameter to plot the I-V curve of the solar cell. 
 
We add the left contact. 
In the MBw, under Component 1, right-click Semiconductor (semi) and choose Metal Contact. 
In the Gw, select the left boundary (boundary 1). 
In the Sw, under Contact Type, choose the Ideal Schottky type. 
Under Contact Properties, for the Barrier height, choose User defined. 
Type 0 [V] for the Barrier height. 
Under Thermionic Currents, choose Surface recombination velocities. 
Type the value 1e7[cm/s] for both electrons and holes. 
 
We add the right contact 
In the MBw, under Component 1, Semiconductor (semi), right-click Metal Contact 1. 
Choose Duplicate. 
In the Gw, unselect the left boundary and select the right one (boundary 5). 
In the Sw, under Terminal, in the Voltage field, type Va. 
Under Contact Properties, for Barrier height, choose Ideal. 
In the Metal work function field, type 4.6 [V]. 
 
We now implement the two types of doping. 
In the MBw, under Component 1, right-click Semiconductor (semi) and choose Doping, Analytic 
Doping Model. 
In the Gw, select domains 1 to 3. 
In the Sw, under Impurity, choose the Impurity type Donor doping (n-type). 
Type in the Donor concentration field n_doping 
 
Note that the variable n_doping is defined locally and takes different values in different layers. 
 
Repeat these steps for domain 4 only, using Acceptor doping (p-type) and the variable p_doping. 
 
Finally, we implement Shockley-Read-Hall bulk recombination. 



In the MBw, under Component 1, right-click Semiconductor (semi) and choose Generation-
Recombination, Trap-Assisted Recombination. 
In the Sw, under Domain Selection, choose All domains. 
In the MBw, under Component 1, Materials, click Material 1 (mat 1) 
The material icon now has a cross because recombination requires to set the lifetimes of the carriers 
in the material characteristics. We are going to use the local variables that we have already defined. 
In the Sw, under Material Contents, type taun0 and taup0 in the right fields. 

Implementation of the interface recombination 
Interface recombination is crucial to reproduce the behavior of the cell. Without it, the I-V curve does 
not have the same shape at all. Unfortunately, the Semiconductor module does not enable to 
implement it at a heterojunction. I have tried to use a thin layer with a high bulk recombination rate 
but it has not yielded accurate results. Therefore, we are going to add our own equation to the 
model. It is done using a weak contribution. At each step of computation, the software tries to make 
an expression equal to zero by changing the values of many parameters, like the concentrations of 
electrons and holes at every point of the mesh. The use of a weak contribution consists in 
introducing a new term in this expression. It enables you to add your own equations in the model. 
 
The expressions we are going to use are based on a paragraph of the thesis Niemegeers, A. (1998). 

Fysische modellen voor polykristallijne heterojunctiezonnecellen. Gent, Universiteit Gent., graciously 

translated in English and sent by Marc Burgelman. They are based upon Pauwels and Vanhoutte’s 

theory of interface recombination, which is itself based upon the Shockley-Read-Hall theory of 

recombination. 

The values characterizing an interface state are its surface density 𝑁𝑠𝑡, its energy level 𝐸𝑡 and its 
capture cross-section 𝜎 (which can differ according to the type of carriers and the side of the 
interface but it is not the case here). The thermal velocity 𝑣𝑡ℎ of the carriers is supposed to be the 
same for electrons and holes all in the SnS layer and in the ZnO layer. 
 
We therefore have these expressions for the capture constants: 𝑐 = 𝜎 𝑣𝑡ℎ and for the thermal 
emission rates (e, with index n or p indicating if the carriers considered are electrons or holes, and 
the exponent (i) with i = 1,2 indicating if the value of the emission rate is considered on the left or on 
the right of the boundary, respectively):  
 

𝑒𝑛
(𝑖)

= 𝑐 𝑁𝑐
(𝑖)

exp (
𝐸𝑡

(𝑖)
−𝐸𝑐

𝑘𝑇
) and  

𝑒𝑝
(𝑖)

= 𝑐 𝑁𝑉
(𝑖)

exp (
𝐸

𝑉(𝑖)−𝐸𝑡

𝑘𝑇
). 

 
Then, according to Niemegeers and Burgelman, the interface recombination currents are written as: 
 

𝑗𝑆,𝑛 = (𝑐 𝑛(𝑖) (1 − 𝑓𝑡)− 𝑒𝑛
(𝑖)

 𝑓𝑡) 𝑁𝑠𝑡  

𝑗𝑆,𝑝 = (𝑐 𝑝(𝑖) 𝑓𝑡− 𝑒𝑝
(𝑖)(1 − 𝑓𝑡) ) 𝑁𝑠𝑡 

 
where 𝑓𝑡 is the occupation fraction of electrons of interface states. In steady-state regime  
 

𝑗𝑆,𝑛
(1)

+ 𝑗𝑆,𝑛
(2)

= 𝑗𝑆,𝑝
(1)

+ 𝑗𝑆,𝑝
(2)

,  

 
and it is therefore possible to express 𝑓𝑡 as a rational fraction. 
 



All these expressions are encoded in COMSOL as explained below. The operators up() and down() 
enable to take the left-limit or the right-limit value of the variables. First, we define all the variables 
that will be required. 
In the MBw, under Component 1, right-click Definitions and choose variables. 
In the Sw, type in the label field: Interface. 
Under Geometric Entity Selection, choose Boundary. 
In the Gw, click on the boundary corresponding to the SnS/ZnO interface (boundary 4). 
In the Sw, under Variables, type or copy-paste these values 
 
sigma 1E-16 [cm^2] 
vth 1E7 [cm/s] 
DeltaEt 0.6 [V] 
Et up(semi.Ev) + DeltaEt 
Nst 1.5E13 [cm^-2] 
c sigma*vth 
en1 c*down(semi.Nc)*exp((Et-down(semi.Ec))/semi.Vth) 
en2 c*up(semi.Nc)*exp((Et-up(semi.Ec))/semi.Vth) 
ep1 c*down(semi.Nv)*exp((down(semi.Ev)-Et)/semi.Vth) 
ep2 c*up(semi.Nv)*exp((up(semi.Ev)-Et)/semi.Vth) 
ft (c*down(semi.N)+c*up(semi.N)+ep1+ep2) / 
(c*down(semi.N)+c*up(semi.N)+ep1+ep2+c*down(semi.P)+c*up(semi.P)+en1+en2) 
ft1 (c*down(semi.P)+c*up(semi.P)+en1+en2) / 
(c*down(semi.N)+c*up(semi.N)+ep1+ep2+c*down(semi.P)+c*up(semi.P)+en1+en2) 
jsn1 c*down(semi.N)*ft1*Nst-en1*ft*Nst 
jsn2 c*up(semi.N)*ft1*Nst-en2*ft*Nst 
jsp1 c*down(semi.P)*ft*Nst-ep1*ft1*Nst 
jsp2 c*up(semi.P)*ft*Nst-ep2*ft1*Nst 
 
Now, we add our own equation. 
In the MBw, under Component 1, right-click Semiconductor (semi) and choose More (the second 
one of the list, which is a boundary item and not a domain one), Weak Contribution. 
In the Gw, select only boundary 4. 
In the Sw, under Weak Contribution, in the field, type: 
e_const*(jsn1*test(down(Ne))+jsn2*test(up(Ne))-jsp1*test(down(Ph))-jsp2*test(up(Ph))) 

Setting of the mesh 
The software uses a mesh to discretize the problem and solve it numerically. If the mesh is well 

chosen, refining it has almost no effect on the results. To be sure that the mesh is well chosen, after a 

first computation, always try to refine it a bit and to make a second computation. If the results are 

identical, the mesh was well chosen. In the other case, your results are not reliable because of the 

mesh and you should try to refine it again. For this problem, we don’t need to generate our own 

mesh: the physics-controlled mesh automatically generated by the software yields accurate results. 

However, we can refine it. 

In the MBw, under Component 1, click Mesh 1. 
In the Sw, under Physics-Controlled Mesh, choose Extra fine for the Element size. 

Setting of the study and computation 
The model in itself is entirely implemented. We still have to set its study. It will consist in a sweep of 

the applied voltage Va in order to plot the I-V curve. For each value of Va, the software will compute 



a solution. At the n+1th value of Va, the computation will start by using the solution found for the nth 

value of Va. 

In the MBw, under Study 1, click Step 1: Stationary. 
In the Sw, under Study Extensions, enable Auxiliary sweep. 
Under the empty table, click the + sign to add a parameter, L_AZO appears in the table. 
Instead of L_AZO, choose Va. 
In the parameter value list corresponding to Va, type range(-0.1,0.01,0.2). 
It means that Va will take the values -0.1, -0.09, -0.08, …, 0.19, 0.2 in this order. 
 
At top of the Sw, click Compute. 
It will take some time for the software to compute a solution for each value of Va. 

Plotting of the I-V curve 
The results of computation are in the software and three automatically generated plots enable you 

to visualize them. You can display them in the Gw, by simply clicking their name in the MBw, under 

Results. You can also take a snapshot or save the values by using the icons in the Gw. We now 

generate another plot to display the I-V curve. 

In the MBw, right-click Results and click 1D Plot Group. 
In the Sw, in the Label field, type I-V curve. 
 
In the MBw, under Results, right-click I-V curve and click Global. 
In the Sw, on the right of y-Axis Data, click on the cross. 
Under Model, Component 1, Semiconductor, Terminals, choose (double click) semi.I0_2. You could 
also have typed it in the expression field. 
In the unit field, type mA instead of A. 
 
In the MBw, under Results, click I-V curve. 
In the Sw, under Legends, for the Position, choose Upper left. 
On top of the Sw, click Plot. 
 
You have plotted the I-V curve corresponding to the solar cell that you have modelled. Do not forget 
to make a mesh study, that is to say to refine the mesh and check it does not change the results. You 
should get a curve looking like the following one. 
 



 
I-V curve plotted 
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