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HW#5 Solutions, Chapter 10, Problems 1-4

Problem 1. Semiclassical correction to kinetic theory
(a) N-type phosphorous doped Si 1x10*/cm?®, § =0.02Q—cm

We know o =neu so, p=1/c0 =1/(neu) = p=1/(nep). In practical units,
p=(10")(1.6e°)(0.02) =312 cm?/(V-s) or in MKS units 3.12x10? m’/(V-s)

(b) u=er/m*=z=m™*ule. The correct effective mass to use for the scattering time is
the conductivity mass m_/m_ = (1/6)(2/0.98+4/0.19) = m_ = 0.26m_since scattering
involves dynamic mechanical effects. Substitution of MKSA values yields 7 =46 fs.

() Einstein relation D =k,T zz/e =8.06x10"*m?/s.

Problem 2. Cyclotron resonance in spheroidal band

dk eoUu -
We start with the semiclassical dynamic equation, h ot T ook xB . From the given

au  nk, ou Ik, oU Rk,
spheroidal form for U(k), 5 = m ' ok = m ’WzmiL' So if we confine B to the

y Z

X,y plane B = BX)A( + Byy the semi-classical equation becomes

dk, —ek,B, dk, ek,B, dk, [k¢B, KBy
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We seek oscillatory solutions in k space (would be oscillatory in real space too, but do not

need that for the present problem). Hence,

dk, . dk,
X = Ja)kox; W

Z _

O —jot - -
k = koeJ ; W = Ja)koy, W jkaZ

and (1) becomes
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We can write this in elegant matrix form as
. eB
me My
. eB 0x
0=| O —-jo im: Koy
EB kOZ
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+—t = —jo
Mr My

From linear algebra we know this matrix equation has non-trivial solutions for the column
vector k if and only if the matrix is singular, i.e., the determinant vanishes. So
2p2 2 2 2p2
: e’B eB,( . eB : e’By  €B
Det | ]=—Ja)(—a)2+xj$y£ija)y = —jo|-0"+——2+—Y | =0
mrmg ) My My Mrmg Mrmg

The non-trivial solution comes from inside the parenthesis.

2Rp2 2|gl?
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or W—W"B‘— Bx+By

Problem 3. Semiclassical transport in germanium

(a) For any energy band v, = ()~*VU (IZ) =V, X+v, §+v,2 and dr /dt =V, where T

defines the location of the wave-packet center. For the specific energy band

U = (n*12)(ak; +ak; +ak? +2pkk, +28kk, +28kk,) we get
Vy =h(ak, + Bk, +K,)); Vo =h(ak, + Bk, +k,)); ¥, =h(ak,+ Bk +k,)), and
thus dx/dt =7i(ak, + Bk, +k,)); dy/dt=n(ak, + Bk +k,));

dz/dt=1(ak, + Bk, +k,)),
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(b) The vector semiclassical equation of motion is zdk /dt = q ( E+n'V U x E) —nk/z.

For E= E,X and B= B,Z, the component equations become

x:hdk, /dt = q| E, + By[ak, + B(k, +k,)] |- 7k, /7
y:ndk, /dt=B[ak, + Bk, +k,)]-7k, /7 and  z:hdk,/dt=-#hk, /7.
In the steady state, dk,/dt = 0, so if By = 0, the x component has obvious solution
k, =0QE,z/"h
(c) From (a), the motion of the wavepacket along x is dx/dt = h(akx + Bk, + kz)).
Assuming B = 0, the only nonzero ballistic terms from (b) are for ky (ballistic means
collisionless, so 7 is set to infinity): k, = qE,t/ %+ C where C is a constant that must be
zero if particle starts at rest (rest means zero velocity and hence ky = 0) . Substitution yields
dx/dt = aa(qE,t/ h) or x = ha(qE,t® / 2h) + D, where D is a second constant. The
distance traveled in real space betweent=0andt=rtis just AXx =x(t=1) - x(t=0) =
ha(QE,z* / 2h)
Problem 4. Hall Effect with two carrier types and spherical bands

Semi-classical equations:

dlze 1 L \v B hEe = ke — hlze
Electrons: " gt - _e(E’LthUe(k)XB)‘ = —e[E+h *xBJ—

~ ~ A

I L
K, x B = [Ky K, k| = %k, B, — 9k, By; K, x B =%k, B, — 9k B,

0 0B,

In a steady state all time derivatives go to zero, so semi-classical equations become:
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enk. B ek B, fk
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T T
(1) ) ¢ ¢ (2) " " "
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These is just six equations in six unknowns, kex’key’ keZ , khx’ khy’ khz . To solve, multiply

the first of set (1) by €B,z, / m: and add to the second of set (1). Then multiply the first of

_EBOTh/mh and add to the second of set (2). We get

set (2) by
—e’B,r,E, €7k, 1k,

0 = * - 2 - y
m, (m;) (A

0 —eZEX*BOrh ~ —ezhkiy?jrh ek, - nk,
m;, (mh) Ty

These can be rewritten as:

2202
ﬂ_ﬁ =eE +% k %_h = —eE +%
and hy y

ey (m;)Z T, Ty m;‘ (m:)z 7, ;
. . B?
Ignoring terms in ~° , we get
—7, e’B,r.E T, e’B,7,E,
CA S S

Recall that the electron current in a given band is defined in the semiclassical model as

3, = —¢E, I eyfdk:efire[eEyeBrEJIfdk
& m, 7
band

n
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Similarly, the hole electrical current is

ik - eh ?
) =eE j "fdk = T eE—eBO?EXjdek
y y mh h h mh h y mh h

band T
p
Since the net current along y axis is zero, we can write J,, +J, =0 or
e’r e’r
0=—2=¢ Ey+% n+—"|E, eB,7,E, D
m, m, h m,
3. (_ 3
(neu, +peu, ) E, = Ne7,[ =By, | PE [ BTy E,
. Y m, \ m, m, | m,
Solving for Ey we get
er, er,
HeZim A Ty
where ¢ has in kinetic theory. Hence, we can write
(n:ue+p:uh) Ey = B()Ex (_n:uez+p/u§)
E, _ _nlueerpﬂr?
or EXBO n/ue+p/uh
R _ Ey Ey
and H = ‘]XBO - e(o_e+o-h)ExBO where o, = ne/’le1 o, = peﬂh
2
, uﬁ(p—nﬂij
_ TN +pl, Hi p—nb2 b=F&
Finally H o e(nu+pum,) .Y = e(pinb), where  #h
’ e o eu’ p+ny—e (p+nb) -
h

Important point: This result is valid for any orientation of B in x-y plane and independent
of the particle charge polarity. But the given form of spheroidal constant energy surface is
only precise for the electrons in the conduction band of indirect band-gap semiconductors,

such as Si and Ge.



