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30 CHAPTER1. PHYSICS AND PROPERTIES OF SEMICONDUCTORS—A REVIEW
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Fig. 16 Mobility of electrons and holes in Si as a function of temperature. (After Ref. 41.)

the mobility varies as 7->42 and T-22° for n-

pure materials, near room temperature,
and p-type GaAs (not shown),

and p-type Si, respectively; and as 710 and 72! for n-

respectively.
The mobilities discussed above are the conductivity mobilities, which have been

shown to be equal to the drift mobilities.3* They are, however, different from but
related to the Hall mobilities considered in the next section.

1.5.2 Resistivity and Hall Effect
For semiconductors with both electrons and holes as carriers, the drift current under

an applied field is given by

J = o0&
= q(uyn + Up) & (56)
where o is the conductance
1
- q(u,n + 1) (57
and p is the resistivity. If n > p, as in n-type semiconductors,
]
p= 58
qHun =
and
O = qu,n. (59)
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L5 CARRIER-TRANSPORT PHENOMENA 31

The most-common method for measuring resistivity is the four-point probe
method (insert, Fig. 17),4243 A small constant current is passed through the outer two
probes and the voltage is measured between the inner two probes. For a thin wafer
with thickness # much smaller than either a or d, the sheet resistance R, is given by

|4
R, = A CF Q/o (60)
where CF is the correction factor shown in Fig. 17. The resistivity is then
P=RW Q-cm. (61)

In the limit when d > S, where S is the probe spacing, the correction factor becomes
2n 2 (= 4.54).

Figure .1 8a shows the measured resistivity (at 300 K) as a function of the impurity
concentration (n-type phosphorus and p-type boron) for silicon. Resistivity is not a
linear function of concentration because mobility is not constant and usually
decreases with increasing concentration. Figure 18b shows the measured resistivities
for GaAs. We can obtain the impurity concentration of a semiconductor if its resis-
tivity is known and vice versa. Note that the impurity concentration may be different
from the carrier concentration because of incomplete ionization. For example, in a
p-type silicon with 10! cm gallium acceptor impurities, unionized acceptors at
room temperature make up about 23% (from Eq. 35, Figs. 10 and 14); in other words,
the carrier concentration is only 7.7x10'6 cm=3,
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Fig. 17 Correction factor for measurement of resistivity using a four-point probe. (After
Ref. 42.)
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L5 CARRIER-TRANSPORT PHENOMENA 33

Hall Effect. Measurement of the resistivity only gives the product of the mobility
and carrier concentration. To measure each parameter directly, the most-common
method uses the Hall effect. The Hall effect is named after the scientist who made the
discovery in 1879.4 Even today it remains one of the most fascinating phenomena
and is both fundamentally interesting and practical. Examples include the recent
study of the fractional quantum Hall effect and the applications as magnetic-field sen-
sors. The Hall effect is used in common practice to measure certain properties of
semiconductors: namely, the carrier concentration (even down to a low level of
10'2cm?), the mobility, and the type (n or p). It is an important analytical tool since
a simple conductance measurement can only give the product of concentration and
mobility, and the type remains unknown.

Figure 19 shows the basic setup where an electric field is applied along the x-axis
and a magnetic field is applied along the z-axis.45 Consider a p-type sample. The
Lorentz force exerts an average downward force on the holes

Lorentz force = qu, x %,, (62)

and the downward-directed current causes a piling up of holes at the bottom side of
the sample, which in turn gives rise to an electric field &, Since there is no net current
along the y-direction in the steady state, the electric field along the y-axis (Hall field)
balances exactly the Lorentz force such that the carriers travel in a path parallel to the
applied field &,. (For n-type material, electrons also pile up at the bottom surface,
setting up a voltage of opposite polarity.)

The carrier velocity v is related to the current density by

J. = qup. (63)

Since for each carrier the Lorentz force must be equal to the force exerted by the Hall
field,

9¢, = qv, %, (64)

gu AR
Y oz, 120
N
7
+ — ]
=i
v,

Fig. 19 Basic setup to measure carrier concentration using the Hall effect.
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34 CHAPTER1. PHYSICS AND PROPERTIES OF SEMICONDUCTORS—A REVIEy

this Hall voltage can be measured externally and is given by

J B,V
= &
When scattering is taken into account, the Hall voltage becomes
Vy = Ry B, W (66)
where Ry, is the Hall coefficient and is given by
RH = r—H p))n, (67a)
qp
gn
with a Hall factor
72

Thus, the carrier concentration and carrier type (electrons or holes from the polarity
of the Hall voltage) can be obtained directly from the Hall measurement, provideg
that one type of carrier dominates and ry is known.

Equation 67a or b also assumes conduction by a single type of carrier. A more.
general solution is described by’

ry M2p-— pin
Ry = B M"_z . (69)
9 (4P + p,n)
It can be seen in Eq. 69 that the si
the semiconductor sample.

The Hall mobility My 1s defined as the product of the Hall coefficient and conduc-
tivity:

gn of Ry and thus ¥y, reveals the majority type of

Hy = |Rylo.

istinguished from the drift m
tain the Hall factor Ty

(70

obility 4, (or Hy) as given
Their relationship is given by

The Hall mobility should be d
in Eq. 59 which does not con

ionized impurity scattering, [n general,

) (72)

ann distribution for nondegenerate sem'-
value of the nth power of 7, is

where C, and s are cong
conductors, the average
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LS CARRIER-TRANSPORT PHENOMENA 35

{4 = f " t;,’,E3’2exp(— f—T)dE / f °°Eafzexp(- ]%,)dE, (73)
0 0

so that using the general form of z,,, we obtain

CHAT) T (3 - 29)

(13) = : (74)
I')
and
C (kT)~T'(2 -
e 1(kT) 5 (5-9) 75)
r'Q)
where I'(n) is the gamma function defined as
I"(n)Ef x"=le=xdx, (76)
0

[T(172) = J;t.] From the expression above we obtain 7, = 37/8 = 1.18 for phonon
scattering and r,; = 3152/512 = 1.93 for ionized-impurity scattering. In general 7 lies
in the range of 1-2. At very high magnetic fields, it approaches a value slightly below
unity.

In the preceding discussion the applied magnetic field is assumed to be small
enough that there is no change in the resistivity of the sample. However, under strong
magnetic fields, a significant increase in the resistivity is observed, the so-called mag-
netoresistance effect, resulting from carriers travelling in a path that deviates from the
applied electric field. For spherical-energy surfaces the ratio of the incremental resis-
tivity to the bulk resistivity at zero magnetic field is given by?

Ap _
Po r3(§ - 5)

S S S\S 2
r*()rG-3s) (#3” * ﬂ,%p)_ FGIrG-2s) (uﬁn—#,ii)z 2
Fat+ P’ | T3 -s) | MM+ H :
. (1)
The ratio is proportional to the square of the magnetic field component perpendicular

to the direction of the current flow. For n » p, (Ap/py) < u2 2. A similar result can
be obtained for the case p » n.

1.5.3 High-Field Properties

In the preceding sections we considered the effect of low electric field on the trans-
port of carriers in semiconductors. In this section we briefly consider some special
effects and properties of semiconductors when the electric field is increased to mod-

erate and high levels.
As discussed in Section 1.5.1, at low electric fields the drift velocity in a semicon-

ductor is proportional to the field and the proportionality constant is the mobility that
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