2.11. Semiconductor ther modynamics &

Thermodynamics can be used to explan some characteristics of semiconductors and
semiconductor devices, which can not reedily be explaned based on the transport of single
paticles One example is the fact that the Fermi energy is located within the energy gap where
there are no energy levels and therefore dso no dectrons or holes. This is because the Fermi
energy describes the energy of the particdes in the didribution and the properties of the
digribution can be markedly different from that of an individud paticde Thermodynamics can
adso be used to gan a completely different perspective. This section is therefore a worthwhile
one to study as one can gan further indght into the fidd of semiconductors. However, it & not
required to understand the following chapters.

211.1. Thermal equilibrium

A sygem is in themd equilibrium if detailed baance is obtained. Detailed baance implies that
every process in the system is exactly balanced by its inverse process. As a result, there is no net
effect on the system.

This definition implies that in therma equilibrium no energy (heat, work or paticle energy) is
exchanged between the parts within the sysem and between the system and the environment.
Themd equilibrium is obtaned by isolaing a sysem from its environment, removing any
interna sources of energy, and waiting for a long enough time until the sysem does not change
any more.

The concept of themd equilibrium is of interet dnce a vaiety of thermodynamic results
assume that the sysem under condderation is in thermd equilibrium. Few sysems of interest
rigoroudy saisfy this condition so that we often apply the thermodynamicad results to systems,
which are "dosg' to thermd equilibrium. Agreement between theories based on this assumption
and experiments judtifies this approach.

2.11.2. Thermodynamic identity

The thermodynamic identity smply states that adding heat, work or particles can cause a change
in energy. Mahematically thisis expressed by:

dU =dQ+dw + ndN (2.11.2)

where U is the energy, Q isthe heat and W is the work. mis the energy added to a system when
adding one particle without adding either heat or work. The amount of exchanged heat depends
on the temperature, T, and the entropy, S while the amount of work ddivered to a system
depends on the pressure, p, and the volume, V, or:

dQ =TdS (2.11.2)
and

dW = - pdV (2.11.3)

yidding



dU =TdS- pdV + mdN (2.11.4)

2.11.3. The Fermi energy

The Fermi energy, Ef, is the enargy associated with a particle, which is in therma equilibrium
with the sysem of interest. The energy is srictly associated with the particle and does not consst
even in pat of heat or work. This same quantity is caled the eectro-chemicd potentid, m in
most thermodynamics texts.

2.11.4. Example: an ideal electron gas

To illudrate the difference between the average energy of paticles in a sysem and the Fermi
energy, we now consder an ided dectron gas. The term ided refers to the fact that the gas obeys
the idedl gas law. To be "ided" the gas must condst of particles, which do not interact with each
other.

Thetotdl energy of the non-degenerate dectron gas containing N particles equals.

U= g NKT + NE, (211.9)

as each nonreatividic eectron has a thema energy of kT/2 for each degree of freedom in
addition to its minimum energy, E.. The product of the pressure and volume is given by the ided
gaslaw:

pV = NKT (2.11.6)

While the Fermi energy is given by equation (2.6.14):

E. =E, +kTih-- (2.11.7)
NC
The thermodynamic identity can now be used to find the entropy from:
S= U-nN+pV (2.11.8)
T
yidding:
(2.11.9)

Ss=2NK- NkIn -
2 N

C

This relaion can be visudized on an energy band diagran when one consders the energy, work
and entropy per eectron and compares it to the eectro-chemicd potentid as shown in Fgure
2111
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Figure2.11.1 Energy, work and heet per eectron in an ided €ectron gas visudized on an
energy band diagram.

The digtinction between the energy and the dectro-chemicd potentid aso leads to the following
observations: Adding more eectrons to an ided eectron gas with an energy which equas the
average energy of the dectrons in the gas increases both the particle energy and the entropy as
heat is added in addition to particles. On the other hand, when bringing in dectrons through an
electricad contact whose voltage equas the Fermi energy (in eectron volts) one does not add hest
and the energy increase equas the Fermi energy times the number of eectrons added.

Therefore, when analyzing the behavior of dectrons and holes on an energy band diagram, one
should be aware of the fact tha the totd energy of an dectron is given by its podtion on the
diagram, but that the particle energy is given by the Fermi energy. The difference is the heat
minus the work per eectron or dQ - dW=TdS+ pdV.

2.115. Quasi-Fermi energies

Quas-Fermi energies are introduced when the dectrons and holes are clearly not in thermd
equilibrium with each other. This occurs when an externd voltage is applied to the device of
interest. The quas-Fermi energies are introduced based on the notion that even though the
eectrons and holes are not in thermd equilibrium with each other, they 4ill ae in themd
equilibrium with themsdves ad can ill be described by a Fermi energy which is now different
for the eectrons and the holes. These Fermi energies are referred to as the eectron and hole
quas-Fermi energies, F, and Fp. For non-degenerate densties one can il relate the eectron and
hole densities to the two quas- Fermi energies by the following equations:



F - E F. - E (2.11.10)
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2.11.6. Energy lossin recombination processes

The energy loss in a recombination process equas the difference between the eectron and hole
quasi-Fermi energies as the energy lossis only due to the energy of the particles, which are lost:

DU =F, - F, (211.12)

No heat or work is removed from the system, just the energy associated with the particles. The
energy logt in the recombination process can be converted in heat or light depending on the
details of the process.

2.11.7. Thermo-electric effects in semiconductors

The temperature dependence of the current in a semiconductor can be included by generdizing
the drift-diffuson current equation. The proportionality congtant between the current dendty and

the temperature gradient is the product of the conductivity, s, and the thermo- el ectric power, P.

The derivation gats by generdizing the diffuson current to include a possble varidaion of the
diffusion congtant with position, yielding:

2.11.13
5, ~amoe + 200 e
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If the semiconductor is non-degenerate the electron dengity can be related to the effective density
of dates and the difference between the Fermi energy and the conduction band edge (equation
2.6.12):

- 211.14
n=N, exp S ( )
KT
yidding:

® o(Ee - )0 (2.11.15)

Jn=ﬁ11n9dE°+kd—T+£dm“+kT dn, +KT KT+

¢ dx dx m, dx N, dx dx N
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For the case where the materid properties do not change with pogtion, dl the spatid variations
except for te gradient of the Fermi energy are caused by a temperature variaion. We postulate



that the current can be written in the following form:

oo E L dTo (2.11.16)
" mhgdx a dx g

and P is the thermo-éectric power in Volt/Kdvin. From both equations one then obtains the
thermo-electric power:

3 2.11.17
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If the temperature dependence of the mohility can be expressed as a smple power law:
muT:s (2.11.18)
the thermo-€el ectric power becomes:
k ab N; O (2.11.19)
Pn=-—¢=-s+In—=+
qe2 ng
for n-type materid and amilarly for p-type materid:
" 2.11.20
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The Pdltier coefficient, P, isrelated to the thermo-€electric power by:
P=PT (2.11.21)

If dectrons and holes are present in the semiconductor one has to include the effect of both when
caculating the Pdtier coefficient:

_s,P,+s P, (2.11.22)

total

S, +s,

The resaulting Pdtier coefficdent as a function of temperature for dlicon is shown in the figure
below:
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Figure2.11.2 Pdtier coefficient for p-type (top curve) and n-type (bottom curve) slicon as a
function of temperature. The doping density equals 10 cni®. %1

The Pdtier coefficent is podtive for p-type dlicon and negative for n-type gdlicon a low
temperature. The semiconductor becomes intrindc a high temperature. Given that the mobility
of eectronsis higher than that of holes, the Pdltier coefficient of intringc slicon is negative.

2.11.8. The Thermo-electric cooler

Thermo-dectric effects in semiconductors cause carriers to flow due to temperature gradients but
adso cause temperature gradients when an dectrical current is applied. The thermo-éectric cooler
is a practica device in which a current is applied to a semiconductor causng a temperature
reduction and cooling.

Such thermo-édectric cooler conssts of multiple semiconductor dements, which are connected in
series as shown in Fgure 2.11.3. The doping dendty in the semiconductor eements is graded
with the highest density at the high temperature end and the low dendty a the low temperature
end. An dectricd current is gpplied to the series connection of these dements. Alternating n-type
and p-type dements are used to ensure that the cariers flow in the same direction. While in
principle a single piece of semiconducting material could have been used, the series connection
istypicaly chosen to avoid the high current requirement of the single e ement.
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Figure2.11.3 Cross-s=ction of a thermo-dectric cooler showing the dternaing n-type and p-
type sections described in the text.

The operation of the thermo-dectric cooler is Smilar to that of a Joule-Thomson refrigerator in
that an expanson of a gas is used to cool it down. While hegting of a gas can be obtained by
compressing it as is the case in a bicyde pump (where some of the heeting is due to friction), a
gas can aso be cooled by expanding it into a larger volume. This process is mogt efficient if no
heat is exchanged with the environment. This is ds0 referred to as an isentropic expanson since
the entropy remains congtant if no heet is exchanged.

The gas in a thermo-dectric cooler is the dectron or hole gas. As a current is gpplied such that
cariers flow from the high densty (high T) region to the low-densty (low T) region, one can
imagine that the volume around a fixed number of carriers must incresse as the carriers move
towards the lower doped region. A possible energy band diagram is shown below:
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Figure2.11.4 Energy band diagram of an n-type dement of the thermo eectric cooler of Fgure
2.11.3

At congant temperature and in thermd equilibrium there is no current as the diffuson current is
badanced by the drift current associated with the built-in dectric fidd caused by the graded
doping dendty. As a current is gpplied to the semiconductor the built-in field is reduced so that
the cariers diffuse from the high to low doping density. This causes a temperaure reduction on
the low-doped side, which continues until the entropy is congtant throughout the semiconductor.
Since the entropy per éectron equas the distance between the conduction band edge and the
Fermi energy plus 5/2 kT one finds that the conduction band edge is dmost parale to the Fermi
energy.

An ided isentropic expansion is typicdly not obtained due to the Joule hesating caused by the
goplied current and the therma losses due to the thermd conductivity of the materid. The need
to remove heat a the low temperature further increases the lowest achievable temperature.

2.11.9. The " hot-probe" experiment

The "hot-probe’ experiment provides a very smple way to distinguish between n-type and p-
type semiconductors using a soldering iron and a sandard multi-meter.

The experiment is performed by contacting a semiconductor wafer with a "hot" probe such as a
heated soldering iron and a "cold" probe. Both probes are wired to a sendtive current meter. The
hot probe is connected to the podtive termind of the meter while the cold probe is connected to
the negative termind. The experimental st-up isshown in Figure 2.11.5:



Figure2.11.5 Experimenta set-up of the "hot-probe”’ experiment.

When applying the probes to n-type materid one obtains a postive current reading on the meter,
while p-type materid yields a negative current.

A dmple explanation for this experiment is tha the cariers move within the semiconductor from
the hot probe to the cold probe. While diffuson seems to be a plausible mechanism to cause the
carier flow it is actudly not the most important mechanism dnce the materid is uniformly
doped. However, as will be discussed beow there is a subgantid dectric fidd in the
semiconductor o that the drift current dominates the total current.

Sating from the assumption that the current meter has zero resstance, and ignoring the (small)
thermodectric effect in the metd wires one can judify that the Fermi energy does not vay
throughout the materid. A possible corresponding energy band diagram is shown below:
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Figure2.11.6 Energy band diagram corresponding to the "hot-probe’ experiment illustrated by
Figure2.11.5.

This energy band diagram illudrates the specific case in which the temperature variation causes a
linear change of the conduction band energy as measured relaive to the Fermi energy, and dso
illusrates the trend in the generd case. As the effective dendty of dates decreases with
decreasing temperature, one finds that the conduction band energy decresses with decreasing
temperaure yidding an dectric fidd, which causes the dectrons to flow from the high to the low
temperaiure. The same reasoning reveds tha holes in a p-type semiconductor will aso flow
from the higher to the lower temperature.

The current can be cdculated from the genera expression:

aalE, dT o (211.23)
J, =mng¢ - gP—~=
e dx dX g
where
6 (2.11.24)
aP, =-k85+ld—m"+ln Nci
2 m dx n g

The current will therefore increase with doping and with the goplied temperature gradient as long
as the semiconductor does not become degenerate or intrindc within the applied temperature
range.



