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Hello, welcome to the course on Physics of Renewable Energy Systems. Till previous lecture,

we have been talking to you about the basics of solar cells and how do we use solar radiations

for our use and to fabricate a very useful device that is called a solar cell.

(Refer Slide Time: 00:52)

And in today's lecture, let us start to understand slightly more in detail the construction of

solar cells, how can you fabricate solar cells, how do you use various processes to make

different types of solar cells and then you can take those solar cells to real world applications.



(Refer Slide Time: 01:17)

So, in today's class, I would like to give you some details about the fabrication procedure to

obtain silicon solar cells. We will also start with certain mathematical formulations to

characterize these solar cells. And we will see that, it is important to understand the different

kinds of materials those are used to make these solar cells because based on them, the

classification of solar cells are made.

And before I end today's lecture, will also start giving you some future prospects about this

field, if you want to carry out research in this field, or you want to understand more about the

next generation solar cells, then what is the future direction this field is moving towards.

(Refer Slide Time: 02:20)



So, the key points which would be the take home message would be you will understand

what is screen printing and how that is used to fabricate solar cells. And if I start screen

printing of solar cells, then what are the various steps involved in fabricating a conventional

solar cell using this screen-printing process. We will also start with some calculation of solar

cell parameters. And you would also be able to understand the uses of the solar cells and also

the associated limitations with different kinds of solar cells.

(Refer Slide Time: 03:10)

In the previous lectures, what have we seen? We have talked to you about the classification of

solid materials into metals, insulators and semiconductors and because we would be using

semiconductors to fabricate solar based devices, we started with our focus on

semiconductors. And we have given you the details about the semiconductors. What are

semiconductors? What do we mean by intrinsic and extrinsic semiconductors?

And what are the majority carriers if I talk to you about p-type semiconductor or an n-type

semiconductor, please note that majority carriers and minority carriers are two concepts

which go hand in hand in p-type and n-type semiconductors. So, if I am talking about an

n-type semiconductor, it does not mean that there are no contribution coming in from the

conduction of holes.

But the contribution is less and the number of holes which are contributing in the overall

conduction process are much less than the majority carriers which in this case are the

electrons in n-type semiconductors. So, you can take two types of semiconductors and when



you make the junction using different kinds of processes, which we discussed in the previous

class, you will find that you will obtain a junction and this kind of a device is called a p-n

junction diode or a p-n junction device. This is what we discussed in the previous lecture. Let

us build further knowledge, so as to make a silicon based solar cell.

(Refer Slide Time: 05:28)

Now, we know that in a p-n junction what is happening? You have two regions. You have the

p-type and the n-type. And then there are two concepts which take place, one is the drift

current and the other is the diffusion current. And one you will see that in terms of when you

bias this junction. You will have two types of biasing. One is forward bias and the second is

the reverse bias.

(Refer Slide Time: 06:06)



Now, what did we do in the previous class, we had a p-n junction and what we will be

focusing on that we would focus the light in such a way that it illuminates the depletion layer

and the whole system was in the reverse bias, so that the depletion layer was having a width

which is much more than what we get in the forward bias.

And if you have photons, which are of low energy, no transfer or excitation of electrons from

lower energy level to a higher energy level takes place and the energy level which I am

talking about is the valence band and the conduction band not the two consecutive bands or

levels in a valence band or conduction band.

We are talking about a transformation from valence band to conduction band. So, once that

happens, you have electrons in n-type, which can flow from the outer circuit and then they go

through a lot and then combined with holes in the p-type. So, as to ensure the condition of

charge neutrality of the overall system.

(Refer Slide Time: 07:43)



And this is a typical design of a complete silicon solar cell, how does it look like you will see

that you have a p-type substrate. On top of it, you have grown an n-layer and on top of it, you

have the texturing or anti reflecting coatings and you have the fingers. So, these are the

conducting materials which are used to collect the electrons which are taking part in the

conduction and will flow through the external load.

So, this is a typical solar cell and the metal contact grid at the front of these solar cell you can

take a cross section and the cross section looks something like the finger which is drawn in

the middle of the two extremes. So, if you take the finger, if you take a particular finger, then

that finger has a width and a height and the resistance which you then will get will be equal to

rho L W into H.

And the number of charge carriers which are generated or can be collected strongly depends

on the thickness of the layers and that is clearly visible from a plot which is showing the

generation of carriers as a function of layer in micrometres. And the typical dimensions what

you get in a solar cell, the n-type layer thickness is approximately 100 micrometres. p-type is

300 to 500 micrometres.

And on top of it depending upon the requirement, you choose the thickness of the

anti-reflective coatings and the height and the width of the fingers. What is the requirement of

this busbar will become clear to you, after we have finished our discussion on the fabrication

of solar cells, and then I will show you this slide once again and you will be able to



understand why this busbar is used, which I am not explaining at this moment. So, this is a

typical silicon solar cell which is available to you in the market. Let us see how to fabricate it.

(Refer Slide Time: 10:53)

So, the steps involved during the fabrication of this solar cell are going to be discussed in

next 3 to 4 slides. So, let us start and to start you should realize that the construction is carried

out on a thin single crystal of silicon. So, you take a thin single crystalline silicon, then you

form a p-n junction. I hope you can list 3 to 4 methods by which you can make a p-type layer

in an n-type substrate or vice versa.

I hope you remember about the process of diffusion using lithography or you can discuss

about ion implantation, what are the advantages of ion implantation over lithography, which

of the techniques work at lower temperatures. If you do not remember, please refer to the

lecture which was given earlier and then you will be able to understand the way to form a p-n

junction and depending upon the requirement, you will choose which method to apply.

Then, once I have formed the p-n junction, I ensure that the thickness is approximately 1

micrometre for n-type region and for a p-type region because I am growing an n-type layer on

top of a p-type substrate in this example, which I have chosen. The thickness of the p-type

region is approximately 300 micrometres, the n-type is more heavily doped. So, you have the

concentration of majority carriers is higher.

And typically, right from beginning or up till standardization you can talk about a cell which

can be in an area of 10 cross 10 centimetre length and breadth and in terms of complete area



that is approximately 100 centimetre square. And then you need a grid of wires, and the

semiconductors surface to provide the electrical contact to the cell. So, what are you doing?

You have a grid, suppose, I take if you see the finger and if this is the substrate, I am pasting

the finger on top of this substrate. So, these are going to act as the grid of wires which will be

used to collect the charges. And then because you have made a grid use make sure that

certain light passed through these current collectors. If I would have closed the network, then

what would have happened, then no light would have passed from the top of this electron.

But now that I opened this grid the light can pass through and it can fall on the substrate. That

is what I mean that light collection can be enhanced by ensuring certain level of distance

between the fingers and by texturing the front surface of the solar cell by chemical etching

process.

So, what you do, you can change the texturing of the surface face, so that there are reflecting

surfaces, which makes sure that the light which falls have multiple reflections and ensure

higher order of absorption at the surface. So, you can change the texturing of the substrate

layer itself.



(Refer Slide Time: 15:21)

But you may have seen that silicon cells are still not very cheap, there are a lot of the cost

which is significantly high, if you want to use it on a regular basis and for large number of

applications. The reason is that there are many steps which have to be performed before a cell

is ready for delivery to an end user. To start, let us discuss just about this substrate.

So, suppose, I take a silicon which was exposed to air and then whenever there is oxygen

flowing on top of silicon what happens, you form a layer of silicon dioxide. But this is an

insulating layer. So, how do I use this substrate? So, I have to remove this top insulating

silicon dioxide layer, so as to get access to the semi conducting layer, which is at the bottom

of silicon dioxide layer.

So, silicon dioxide is reduced through a reaction with carbon which can be in a form of coal

or charcoal and that is heated to very high temperatures, we are talking about temperatures in

the range of 1500 to 2000 degrees and they are not going to be heated in normal furnaces,

they are heated in arc furnaces. So, what reaction takes place? Silicon dioxide reacts with

carbon and gives you silicon and carbon dioxide.

The result is that by this process, you obtain 98 percent pure silicon. But still, you still have

impurities which include iron, aluminium, boron. So, these kinds of impurities are still

present in the semiconductor vapour are the substrate on which you want to fabricate your

cell or the you want to use that substrate to fabricate a junction-based diode. So, what next,

what should we do?



So, the next step involves the treatment of this, so called of 98 percent silicon substrate with

an acid. In this case, let us say HCl and you get halides of iron, aluminium, boron forming

along with silica. Now, what happens? The advantage comes with the fact that SiHCl3 has

low boiling point of 38 point 8 degrees. What is the boiling point of water? I guess you

remember it is 100 degrees.

Now, this is going to boil just at 38 point 8 degrees. So, immediately for purification of water,

what process do you use? You use the process of distillation that we have been learning from

our school days. So, can we use a similar distillation process to separate the impurities in the

vapour which we are using and that is exactly what is done. So, distillation process is then

used to separate the impurities from SiHCl3.

And finally, this pure SiHCl3 is reacted with hydrogen at around 1100 degrees and look at the

time we are talking about, approximately 200 to 300 hours to produce pure silicon. So, if I

just talk to you and ask you that please draw a rough estimate on the timescale we are talking

to obtain silicon, which is pure and can be used to make a p-n junction diode.

You will find it involves a significant amount of time and it also involves trained manpower,

people who are trained and they have a lot of knowledge about these processes and train

manpower is also very expensive. And if you add the total cost, you will find the cost of

obtaining pure silicon substrate becomes quite significantly high. And therefore, the device

which we fabricate using this silicon will also be quite high.

(Refer Slide Time: 20:52)



So, now, I have got a pure substrate. Then we use a screen-printing process to obtain the

silicon-based p-n junction diode which can be used in solar cell fabrication. So, if you have

seen in recent years in festivals like Diwali, you get this mesh using which you make

rangolis. So, you have this mesh on top of it, you have the flour or any kind of powder which

you then sprinkle or spread and then using another pressure applying or a substrate which can

be used to apply pressure on that mesh, you pass through this powder through the openings in

the mesh and the structure is printed on the floor and then you lift the mesh and take it away.

What happens? The open areas in the mesh which are open allow the powders to go through

and the opaque area or the solid areas do not allow the powders to go through. This is a crude

way to start our discussion on screen printing. Just an elementary idea we are giving you to

think along that direction. Scientifically, we will go one by one and understand each and

every step.

You will find that screen printing method to obtain silicon solar cell is a relatively simple

process where a mesh is used. A mesh is used to transfer ink on to a substrate. So, you have a

mesh, you have a mesh which is placed on the substrate and using this structure which is on

the mesh you transfer the ink on the substrate. This mesh structure prevents the transfer of ink

into the areas made impermeable by the blocking stencil.

Let me take the example of this hand once again. So, if this is a substrate, and I put another

hand and then you want to pass an ink through the top layer, what do we expect? There is no

ink which will pass through the top hand. Why, because it is m permeable. But if I open the

structure, and then I want to flow some of the fluids which I am going to use to fabricate let

us say a structure on these substrates, then with the areas where there are openings, you will

have the fluid or the ink in this case to flow through.

So, this is what I mean that the mesh structure prevents the transfer of the ink in those area

which are impermeable. Now once I have the mesh, I use a blade and on top of this substrate

I move it with slight pressure. What happens with because of that pressure, the ink is

compressed in the mesh and then it is pressed downwards onto the substrate and it gets

imprinted on the substrate.

So, this was in the forward movement. And then you during the reverse stroke also some of

the interesting things happen, what are those, because of this during the reverse stroke, this



substrate momentarily along a line of contact touch the substrate. So, while you are moving

back, you also make these lines to press further on to the substrate. So, you can make these

inks to separate from each other.

So, you ensure that there is no contacts which are being made. So, it is like during the

backflow this line, the substrates with because of the mesh, impermeable lines they separate

the inks. Ink once again wets the substrate. So, if there are some ink which had not gone into

the substrate, it again goes into the, through the area which was allowing its flow downwards

and then gets imprinted.

And finally, if you had some extra ink on the top of the mesh, then they are removed. And

once that those are removed, you can pick up the mesh remove it and what you will get is a

printed structure which you require. So, this is the typical process which is used to fabricate a

silicon based solar cell using screen printing.

(Refer Slide Time: 26:47)

So, as I told you, earlier, the reactions take place inside large vacuum chambers. Why

because these vacuum chambers ensure that the reactions are taking place in absence of air,

because if there are gases present, then one amongst them that is oxygen may react with

silicon and form an insulating layer of silicon dioxide on top of the silicon substrate. There

are various forms of silicon which can be used to fabricate the solar cells, which we have just

discussed.



You can take single crystalline silicon, you can take multi crystalline silicon, you can take

polycrystalline silicon or more recently, people are also working extensively on the

development of amorphous silicon based solar cells. Again, the whole idea lies in improving

the efficiencies of these solar cells.

(Refer Slide Time: 28:05)

So, once again, let us quickly see the real process I have explained to you the screen printing

and now let us see how do we, now do the same thing on top of a p-type substrate. So,

junction formation is performed at temperatures between 800 to 1000 degree C, you take a

p-type substrate and by phosphorus doping, you grow an n-type layer.

Now, when I have to if you remember the silicon based solar cell which I was talking, you

had two contacts, current collectors on the top and an electrode at the bottom also. So, during

the screen-printing process of the solar cells, the rear is printed first before the top surface.

So, what does it mean that? In the first step you print the rear of the solar cell and what do

you print?

You print a metallic contact on the surface which is going to be on the rear side that is the

bottom side of the solar cells. The screen-printed rear contact is dried in an oven which

ensures the removal of the volatile components and the binders. So, that now you have a

metallic surface on the rear side.



(Refer Slide Time: 29:53)

Then you fire the rear contact, at higher temperatures, so as to have the physical binding

between the electrode current collector layer and the bottom of the p-type substrate. The

firing process destroys the rear end layer and it ensures that metal makes contact with the

p-type bulk. Now, you have got the rear sight and then you flip the whole set. Now, it is in the

actual way you want it to be.

So, metal content, p-type layer you have the n-type and now, I have to grow these contacts at

the top from which I will take out the electrons which are generated when the photons are

incident on the solar cell. The front contact is also printed in the similar manner to that of the

rear contact. So, you use a typical structure which you can use a mesh by which you are

allowing the growth of these fingers. A pattern of line is used to prevent shading of the cell.

So, you use this lined pattern, so that the whole surface is not covered because if that happens

and no light goes through. So, you use lines, so that light can also go through them. Then

again, a furnace heats the cell to high temperature which ensures physical binding of the

metal layer with the n-type layer and also removal of the volatile components. And the

finished cell is now ready for encapsulations onto a module. So, now you can encapsulate

these ready cells.



(Refer Slide Time: 32:15)

So, till now, I have talked to you about the formation of these fingers. So, if you have seen

the cross-sectional area, we have talked to you about the height, the width of these fingers.

And nowhere, I have talked to you about the formation of this busbar and what is the

requirement? Now, let me ask you a very simple question. If you have to collect the electron,

which is going to flow through the external circuit, what will you do? You will have to

connect each of these fingers with a wire.

So, you will have to connect each of these fingers with wires and then you will have to

connect all these wires and then you will have to take it to the load and from the load they

will go back again to the rear contact and then enter p-type, that will lead to serious problem

of formation of contacts, you will have losses. And so, what was the way out? The way out is

the fabrication of the busbar.

So, what happens all these fingers then go and get connected at the busbar and when you

need to connect the wire which is going to allow the flow of the electron, you just need to

make a connection right at one place and not at each and every finger. And that is why the

requirement of busbar becomes extremely critical and to an extent essential.

Depending upon the, once I have the solar cells, depending upon the requirement whether I

want constant current or I want constant voltage from each of the individual cell, I will

choose whether I want to have a series connection of these cells or I want to talk about

parallel connections.



In parallel connections, you have the output voltage is the sum of the voltages coming out

from the cells we are considering. So, if you are considering three cells, V output is V1 plus

V2 plus V3. In comparison, in parallel connection, what you will get V is equal to V1 is

equal to V2 is equal to V3. But current in parallel connection will become equal to I equal to

I1 plus I2 plus I3. So, depending upon the requirement, I will choose the configuration in

which I will connect the solar cells which we have fabricated.

(Refer Slide Time: 35:47)

The major drawbacks in the conventional solar technology continues to be low efficiency.

And over the last few decades, nanotechnology has come into the picture and has improved

the performance of these silicon based but conventional solar cells, but the cost still remains

high because the use of nanotechnology adds certain of its own intrinsic cost factors. So, the

cost still remains a major issue in making these solar cells a reality.



(Refer Slide Time: 36:34)

So, although nanomaterials have come into picture and they have allowed to improve the

efficiency, they have given flexibility in manufacturing and you can use various types of

materials to absorb different types of photons. That means, you can work in different

wavelength of frequency region of the solar spectrum. But still there are certain limitations

which I just mentioned.

(Refer Slide Time: 37:07)



There are different types of nanomaterials now being used. These are the pictures which we

have taken from literature, these are the doi’s of the publications from which these pictures

have been used for teaching purpose. And you can download the full article, if your institute

allows and read the full article, which are mentioned here.

So, you can get nano wires, you can get nano tube, so you have tubular morphologies, you

can get patterned nano cone structures, they allow improve performance by controlling

absorption as well as ensuring controlled reflection of the light, you can have nanopillar

arrays, you can have any other kind of structures, which we are talking about, which are

slightly more complicated.

But the point I am making is that these structures allow improvement in the efficiencies and

the absorption. So, what, where, and why they are leading to improvement? Please remember,

the free electron module. So, what are you doing, is you are changing the unit cell which are

leading to the formation of these kinds of structures.

And once I change the lattice diameter a, the band gap can be tuned and along with the

bandgap tuning, you can also tune the temperature range in which you want to work because

the activation barrier and an activation energy in these kinds of materials also change as a

function of lattice. This sentence which I just made if you want to understand more about it,

please refer to any of the NPTEL course on physics of functional materials.
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Let us also because we are moving towards next generation devices, the most recent ones

which we are talking about are on perovskite solar cells. I will talk to you more in detail

about these cells in the next lecture. But today's lecture is based on fabrication techniques.

So, let us see how these cells can be fabricated. The basic idea which you should remember

for today's lecture is that you are going to use a perovskite-based material as the active

material for performing the photo chemical or photo electrochemical based process.

(Refer Slide Time: 40:01)

So, to make a perovskite device, there are various fabrication techniques which are being

used, most of them are very simple and straightforward to use, they include spin coating,



spray coating, screen printing, which we have just discussed, or slightly more involved

techniques like thermal evaporation, sputtering, or gas phase deposition. And at the

laboratory scale, the most studied method is spin coating, which is also one step process.

(Refer Slide Time: 40:38)

So, what do you do in spin coating? Let us say I talked to you about the formation of a typical

perovskite-based solar cell. So, you take a substrate and that substrate is spinning at certain

speed, then you drop the precursors, which you want to deposit on these substrates which are

spinning. Let us say I deposit TBI on TIO2 layer and then I deposit CH3. So, methyl

ammonium iodide which is you have a solution methyl ammonium iodide in isopropanol

alcohol and then you make a solution and then you drop cast.

So, you drop on top of PbI2 then you can grow another layer of CH3NH3I, and these two react

and what you get is methyl ammonium lead iodide which is a perovskite material. And this is

the process of spin coating you can take this now device out and heat it and then you can get

a compact device and then you can make the absorption layer on top of it or you can have a

current collector at the base and some reflecting surfaces on the top.
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Similarly, you can have two step processes which involve formation in the first step and then

again before the device is ready, you have to repeat the heating processes once again. So,

these are two step processes, but these are the ones which are routinely being used to

fabricate the perovskite cells in laboratory.

(Refer Slide Time: 43:02)

And the detail reactions which take place are mentioned in this slide. So, if any one of you

want to work in a lab and want to understand the growth process, then these are the reactions

which take place and each and every step. You can use other cations or you can use other

anions to replace iodine and then you will get various kinds of perovskite materials which are



deposited on a substrate and then you can use the obtained cell for the application in the

overall solar cell technology development.

(Refer Slide Time: 43:55)

There are various reasons by which you can have losses, you can have losses due to shadow

you can have losses due to resistive contacts. And so, depending upon the finger spacing and

finger width you can plot the power losses and generally the size of the finger spacing and the

size of the finger width is chosen, so that you can minimize the losses. So, that is the way you

design the mesh, so that you can minimize the losses.

(Refer Slide Time: 44:44)



And the typical processes by which you characterize these solar cells can be either continuous

mode, where you are eliminating this cell continuously or pulsed simulator. Solar simulator

from Newport, which is available in the institute and this photo has been taken from the

website is the one which is shown in the figure.

(Refer Slide Time: 45:15)

And you will now be able to understand the classification of photovoltaic cells. So, it depends

on the type of materials because they have different efficiencies and the processes used to

fabricate them are also slightly different.

(Refer Slide Time: 45:40)



So, in today's lecture, what did we study, we studied the fabrication processes to obtain

different types of solar cells. And we also discussed the importance of materials development

for obtaining different types of solar cells.
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So, these are the references which were used to obtain the data and details which were

presented in today's lecture. So, in the next lecture, we will give you the details of

mathematical formulations. Those are used to understand the functioning of solar cells. I

thank you for attending today's lecture.


