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* @ quantity relating the drift velocity of electrons to the applied electric field across a material
vy = E } A
+ Two factors ) = 1
+ acceleration due to the electric field o
+ deceleration due to collisions and lattice scattering events (phonans, crystal defects,impurities)
+ over the mean free path between scattering events results in the electrons
+ Random Thermal motion
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Hello, welcome to lecture on mobility. So, in this lecture we will discuss the concept of mobility. Now
mobility is basically a quantity, which relates the drift velocity V d to the applied electric field.
So, the drift velocity is directly proportional to the electric field and that constant of
proportionality is called mobility. Now, there are 2 factors that are affecting the motion of the

electrons, these electrons are in random thermal motion at a given temperature.

So, if you consider room temperature, let us T = 300 kelvin, then the energy of these electrons is
3 by 2 kT based on the degrees of freedom and we can compare that with half mv square that
tells us the thermal velocity = 10 is to power 7 centimeter per second. Here case the Boltzmann
constant T is 300 kelvin, m is the mass of free electron and from this thermal velocity and if we
estimate that mean free path is around 10 is to power -5 centimeter so that is a distance traveled

by the electron between 2 successive collisions.

And because this well distance is travel with the velocity with thermal, so we can say the mean

collision time is around 10 is to power -12 second, so this is a typical scenario for electron which



is under random thermal motion inside a crystal at room temperature. So, now when we apply
the electric field then there are 2 things that are happening this electron is accelerated by the

electric field. So, let as have forces minus e times E and this electron get accelerated.

So, if this electron is accelerated, its velocity will keep on increasing v is equal to letasator V
naught + a t whatever. So, this velocity will keep on increasing but there is another opposing
force because electron does not have an infinite velocity. So, there is a collision with other lattice
atoms surrounding it, that hinders the acceleration of the electron or rather we put it provides a
deceleration, so deceleration due to collisions and the lattice scattering event. Now, this lattice
scattering can we do 2 phonons which is basically the lattice vibrations or the defects or from the
impurities.
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So, visually if you can see it like this, if an object is falling, so, gravity is applying a force and
there is a drag. So, which can we compare to the scattering and the gravity can we compare to
the electric field induced force and then overall it basically achieves certain terminal velocity.
Now, let us compare let us say -q is a charge on the electron and E is electric field so that is equal

to dp by dt the change in the momentum.

The n electrons then the force on this group of electrons will n times qE and the drag basically
proportional to the scattering. So, if the mean collision and time is tau, then during that time dt

the probability of scattering will be dt by tau.
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So, if we write the momentum equation in terms of these 2 parameters, so dt by tau is the
scattering and so that means, dt by tau tells you the probability of scattering that means number
of electrons that are scattered. So, 1 - dt by tau is the number of electrons that are not scattered.
So, those are not scattered they will achieve the acceleration due to electric field. So -e times dkt.
So, their momentum will change by this. So, P minus force times dt for those that are scattered

the scattering is such that it randomizes the momentum.

So, that means electron moving in certain direction when it is scattered there is it has equal
probability of getting scattered in all the directions. So, that is if you take the average momentum
after scattering that will be 0. So, this is what is written here. So, momentum after scattering now
this is the average momentum not the individual momentum. So, average momentum of electron

1s 0.

So, change in momentum is 1 minus probability of a scattering times the change in momentum
due to the electric field plus probability of a scattering times average momentum which is 0. So,
if you rearrange these terms, what you get dp by dt that is an actual force is equal to -e times E
and —P times tau. So, -e times E is the force on the electron due to the electric field and -P times

tau is the decelerating force due to the random collisions.



Suppose a steady state they will be this dp by dt will be 0. So, what we can say we can write P =
e tau times E and P = mv. So, V can say e tau E by m. So, this factor will be representing mu. So,
that is e tau by m so that means the drift velocity will be more or the mobility will be more if
mass is less and the mean collision time is more that is there is a greater difference between the 2
successive collisions and the mass is less. So, depending on these 2 parameters the saturation
velocity or the drift velocity can be different in different materials.
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So, overall we can say the mobility for electron is q tau by m effective mass of electron and
mobility for holes is q tau times effective mass for holes.
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And once we know the mobility we can write the corresponding drift current, so that J is the
current density which is sigma times E and that is basically qn times v and v is a drift velocities
so it is mu times e. So, qn times mu times E. Similarly, the current density for hole is gp times
mu times E we are n and p is the carrier density for electrons and hole respectively. And if you
compare J = sigma E you can find out the conductivity sigma which is conductivity is nq times

mu n and use substrate the expression for mu n which is q tau by m.

So, you get nq square tau by n and sigma p is pq square tau by m. So, the conductivity increases
if you increase the carrier concentration, if you decrease the effective mass and if you increase
this time between 2 successive collisions and of course, overall conductivity will be sigma n +
sigma p and the resistance you know is expression sigma rho times L by A or 1 by sigma times L

by A. This is a general expression that I think you should be familiar with.

Now, the question is here this mass is appear in the denominator, so, which mass we should be
use, we have already discussed that DOS effective mass that is basically calculated by comparing
the number of states that the corresponding ellipsoid with n number of such valleys as the same
number of states in a equivalent spherical constant energy surface that is the DOS effective mass
here what we will use that mass we call it conductivity effective mass.
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Now, if you notice in case of in silicon there are 6 such valleys. So there is m 1 longitude

effective mass there is m t there is a transverse effective mass. So, if it is moving in one direction



its mass is m 1, if it is moving in another direction the effective mass is m t, if it is moving
another direction the effective mass is m t. So, similarly you can write for all these 6 such

valleys, here the mass will be m 1 mass will be m t here mass will be m t.

So, the corresponding mobility will be q tau by m 1, q tau by m t, g tau by m t. So, if you take the
average of these 3 because these electrons are equal probability whether they can move in x
direction y direction or z direction. So, if you add them that will be q tau by m effective. So, 1 by
m effective is basically 1 by m 1 + 1 by m t+ 1 by m t. Now, what we have done we have added

3 terms here so we have to divide by 3 also. So, this is the average of 1 by m in all the direction.

So, because we are m t are equal because this is ellipsoid for general case we can write 1 by 3 1

bym 1+ 1bym?2+1bym 3. So, that will be the general explanation for conductivity effective
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Now, here is a picture showing the actual values of electron and hole mobility in silicon. So, this
curve is for the electron mobility that is mu n this is for the hole mobility that is mu p you notice
here at the doping is smaller than 10 is power 16 order is 14. The conductivity is high and as you
increase the doping, the mobility decreases. So, mobility is decreasing as you increase that
doping borrow the conductivity. Conductivity will increase because it is n times mu or p times

mu p.



So, although the mobility is decreasing, but the number of carriers increases significantly see, it
is from 10 is power 14 to 10 is power 20. So, there is an increase of 10 power of 6 order here and
your mobility is decreasing from less than 1400 to 100. So, this is 1 by 14 and for the hole again
500 so 1 by 5 power 10. So, the conductivity increases significantly although mobility decreases

slightly.

So, this is basically these values are actually measured and tabulated and based on the measured
values, some fitting is done to relate this mobility with the doping concentration in the unit of
mobility centimeters square per volt second, this mobility also depends on temperature as you
increase the temperature there will be more scattering. So, due to the lattice scattering, the
mobility will decrease in case of impurity scattering interestingly, the mobility slightly increases

that is because at high temperature their thermal velocity is high.

And when the thermal velocity is high, they spend less time in the vicinity of these impurities
that is they get a smaller time to get deflected. So, there is scattering is reduced so that is when
due to the impurity. The mobility actually due to impurity scattering, mobility tends to increase
with temperature, but overall effect is basically is that as temperature increases, mobility

decreases and if you increase a doping concentration, then also mobility will decrease.

But if you see the curve versus temperature, so, you may see something like this. And for high
doping, you may see some curve like this. So, high doping of course, the mobility is less but in
low temperature region. It is slightly in cases for certain temperature then of course at high
temperature it again follows a letter scattering. So, there is temperature dependence for this
mobility, mobility also depends on other scattering mechanism and let us say there are 2

materials side by side so material 1 and material 2.

So, even though electron is moving in this region, you can compare this thing with a MOSFET
channel. So, this wave function has finite probability of entering into the nearby layer, let us say
silicon dioxide also. So, then what happens although classically electron is moving here, but the

wave function can penetrate to the upper other layer where the mobility is less. So, what happens



the overall mobility is basically reduced because it is the average of these 2 mobility and in the

neighboring material silicon dioxide mobility is small. So, overall mobility is basically small.

So, in MOSFET universal layer it is 3 times lower mobility is there because in the neighbouring
layer silicon dioxide which is MFRS the mobility is much smaller than in the silicon then there
may be some charges tapes also here and they may induce the ionized impurity scattering so that
further reduces the mobility. So, these are the values for the bulk silicon, you may not achieve
these moblities in case of inversion layer or any other 2d or 1d structure. So, this mobility is
basically varies widely with respect to that temperature doping and other considerations such as
surface or the interface.

(Refer Slide Time: 16:47)

) oo om0

Scattering Mechanisms

*  Lattice Scattering, 1, & T-3/2

*  Impurity Scattering, T, T/2/N,

Tempe_rature dependence

Surface and interface dependence

MOSFET inversion layer has three times lower mobility
* | (amorphous silicon dioxide) << i (silicon)

¢ charged surface states = ionized impurity scattering
* wave function extend over 1-10 nm

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

So, these are factors that affect the mobility a scattering mechanism broadly you know we have
considered to the other scattering mechanisms also. So, lattice scattering and impurity scattering
temperature dependence we have discussed surface interface dependence we have discussed and
the wave function extend up to 1 to 10 nanometer in that neighboring layer.

(Refer Slide Time: 17:14)



) aocmsaanoy —————4g)

= Velocity saturation ~ 107em/s for n-Si (hot electrons)
LU ok HHTH - Velocity reduction in GaAs (peaks at 3x10° V/em
Saturation velocities decrease as temperature increase

| S — |+ NEGATLVE MOBILITY
H - il o\
- Rl
P i1 W a0 o7 At

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

Then this V d = mu times e is it always valid it is only validate lower fields. So, when the small
electric field is small and you can also notice this velocity is much smaller than the thermal
velocity as you reach higher fields this velocity does not increase linearly rather it saturates. So,
for higher field we have concept of saturation velocity that is around 10 is power 7 centimeter

per second for n type silicon which is comparable to the thermal velocity.

And so, first silicon you see this curve here it is saturating basically, but in case of gallium
arsenide, you will see some peculiar curve before saturating it goes through a peak and then it
saturates basically and the peak is around 3 kilo volt per centimeter. Now, that region can be
understood if we look at the band structure of gallium arsenide and this gallium arsenide has
application in the Gunn diode it is also called transfer electron effect.
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So, if you see recall the band structure of gallium arsenide there is a gamma valley here there is a
satellite valley here and the gap is quite small around 0.3 electron volt. So, at high field these
electrons tend to go this valley, go to the satellite valley, where mass is less m 2 here mass is m 1
so m 2 is more than m 1. So, as they move here, the mass is more. So, the mobility actually
decreases and not only the mass the electrons in the satellite valley, they encounter a greater

amount of scattering.

So, mass is more scattering is also more so that is also causes a mobility to reduce. So, because
of this high field, they move to the satellite valley, they are mobility actually reduces. So, once
you cross this peak field, they transfer to the satellite valley where the mobility is reduced. So,
this reason is called negative differential resistance. Now, why negative differential assistance?
Because if you see the; velocity dv by dE is negative in this region. So, that means as we
increase electric field the velocity is reducing that is the resistance is basically more and this has
application in Gunn diode.
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So, broadly we have discussed about electron and hole mobility concepts in this lecture. Thank

you very much.



