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Quantum interference control of current in semiconductors:
Universal scaling and polarization effects
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Quantum interference control of current in bulk semiconductors is analyzed using a simple three-band
model. Universal scaling rules and polarization dependence are analytically derived.@S0163-1829~99!50840-0#
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Quantum interference control~QUIC! of current in semi-
conductors is a subject of current interest dealing with
manipulation of the magnitude and the direction of
photo-current.1–4 It is an example of a class of phenome
involving quantum interference between optical transitio
that have been studied in atomic media.5–7 In all cases, in-
terference between single-photon absorption~SPA! and two-
photon absorption~TPA! produces directional photoelectron
in the continuum of conduction band states. The direction
ity of the photogenerated electrons results from the fact
the two pairs of initial and final states involved in the sing
and two-photon transitions are degenerate but contain di
ent parity. Device applications based on QUIC in semic
ductors have now been proposed, including the generatio
short ~single cycle! bursts of terahertz frequenc
radiation.3,8,9

A calculation of the QUIC current density tensorJi jkl in
bulk semiconductors was given by Atanasovet al.4 for GaAs
using a numerical model which uses a full band structure
GaAs within the local density approximation. Khurgin8 em-
ployed a simple parabolic band structure to show that QU
and third-order optical rectification are the ‘‘real’’ and ‘‘vir
tual’’ manifestations of the same nonlinear process. In t
paper, a three-band model will be presented that, in ana
cal form, describes the QUIC scaling as well as its polari
tion dependence. Simple theoretical models leading to a
lytical solutions allow for a generality that is descriptive of
large class of materials. A simple model also provides a c
physical picture that is often difficult to extract from nume
cal treatments.

The system studied here is a zinc-blende semicondu
characterized by a conduction band and two valence band
Kane’s theory.10 The two valence bands are a heavy-ho
~hh! and a light-hole~lh! band as depicted in Fig. 1. Th
starting formalism is described in Refs. 11 and 12 wh
initial ~valence! and final ~conduction! states are taken a
dressed Bloch functions where the acceleration of the e
trons and holes are taken into account by considering the
order ~i.e., time-dependent! Stark shift of the energy state
due to the applied fields:

cc,n~k,r ,t !5uc,n~k,r !expF ik•r2 ivc,n~k!t
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whereEc,n
0 (k)5\vc,n(k) is the stationary energy eigenvalu

of each band with effective massesmc andmn (n5hh or lh!.
The total vector potentialA(t) contains two harmonic fields
at v and 2v specified by their amplitudeAj , phasef j , and
polarization unit vectoraj ( j 51,2) as follows:

A5a1A1 cos~vt1w1!1a2A2 cos~2vt1f2!. ~2!

The electron-hole generation rate is calculated using fi
order perturbation theory,

S5
i

\ E
2`

t

dt8E d3r cc* ~k,r ,t8!H intcn~k8,r ,t8!, ~3!

where H int52(e/m0c)A•p is the interaction Hamiltonian
The momentum distribution of the photogenerated electr
is obtained by evaluating the transition rate for single a
two-photon process as a function of Euler’s anglesu andf
in the k space:

W~u,f!5 limt→` E sin~u!k2 dk

~2p!3

d

dt
uSu2. ~4!

Note that the absolute magnitude of the electron-hole qu
momentumuku is determined from the energy conservati
relation @Ec

0(k)2En
0(k)52\v# contained in Eq.~3!. As-

suming parabolic bands, we haveEc
05Eg1\2k2/2mc and

En
05\2k2/2mn , whereEg is the direct band gap energy. Us

ing k•p theory, we make the valid approximations for stat
neark50 that mc52mlh'm0Eg /Ep and mhh'm0 , where
m0 is the bare electron mass, andEp'21 eV is the Kane

FIG. 1. The Kane three-band model.
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TABLE I. The functional form of the photocarrier distribution ink space.

Fa Fb Fab

lh-c a1iz S 3

4pDsin~u!cos2~u! S 5

4pDsin~u!cos4~u! SA15

4p
D sin~u!cos3~u!

a2iz

a1iz S 3

4pDsin3~u!sin2~f! S 5

4pDsin~u!cos4~u! SA15

4p
D sin2~u!cos2~u!sin~f!

a2iy

hh-c a1iz S 3

4pD sin3~u!

2 S 15

4p D sin3~u!cos2~u!

2 SA45

4p
D sin3~u!cos~u!

2
a2iz

a1iz S 3

4pD sin~u!

2 S 15

4p D sin3~u!cos2~u!

2
2SA45

4p D sin2~u!cos2~u!sin~f!

2
a2iy 3@cos2(u)sin2(f)1cos2(f)#
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energy which is material independent for most semicond
tors. In the Kane band structure, the conduction bands
type and the valence bands arep type. The wave functions o
the valence bands can be written as a superposition of
band-edge Bloch wave functionsuX&, uY&, and uZ&. Specifi-
cally, the hh valence band is ofuX6 iY& form while the lh
band is a superposition ofuX6 iY& and uZ& wave functions.
Without loss of generality, takingkiz causes nok•p cou-
pling between the conduction and hh-valence bands. The
sence ofk•p coupling in the hh-c interaction is the reason
why the mass of the hh valence band is the same as the
electron mass. For optical transitions, these symmetry a
ments allow us to takekipcn for the lh-c, andk'pcn for the
hh-c, where pcn is the interband momentum matri
element.10 The k space symmetry relations thus determi
the momentum distribution of the electron-hole pa
W(u,f) and hence the polarization dependence of the p
tocurrent. Evaluation of Eq.~4!, retaining only the lowest
order terms inA1 andA2 gives

W~u,f!5
1

2\v
@aI 2Fa~u,f!1bI 1

2Fb~u,f!

12AaI 2bI 1
2Fab~u,f!sin~2u12u2!#, ~5!

where I 15@n(v)«0v2/2c#A1
2 and I 25@2n(2v)«0v2/c#A2

2

denote the irradiance of the two beams, anda andb are the
SPA and TPA coefficients at 2v andv, respectively. These
coefficients are

b5K
AEp

n~v!2Eg
3

~2x21!3/2

~2x!5

and

a5A
Eg

n~2v!AEp

~2x21!1/2

2x
, ~6!

with
c-

he

b-

are
u-

o-

K5
29~31& !p

15

1

~4p«0!2

e4

Am0c2

and

A5
214&

3

e2Am0

4p«0\2c
. ~7!

The absorption coefficientsa and b are identical to those
derived for two-band models,12,13 except that numerical pre
factors in K and A used here are modified to include th
presence of an additional valence band. The spectral de
dence is contained in functions involvingx5\v/Eg . The
calculated angular distribution functionsFa, Fb, and Fab

corresponding to SPA, TPA, and the interference term,
spectively, are listed in Table I.Fa and Fb are normalized
such that **F j du df51, where j 5a,b. We note that
**Fab du df50, indicating the fact that the interferenc
does not produce additional carriers by itself, but only alt
~i.e., destroys the symmetry of! the momentum distribution
of the photogenerated electron-hole population. To illustr
this, examples of three-dimensional electron distributio
W(u,f) resulting from lh-c and hh-c transitions are plotted
in Fig. 2, assumingaI 254bI 1

2 and co-polarized beams. Not
that there is asymmetry in the momentum distribution o
along the polarization direction. Furthermore, varying t
relative phase~Df! controls the direction of injectede-h
populations. The transition lh-c gives a much more pro
nouncedk space anisotropy compared to hh-c although the
phase dependence is identical. Dramatically different res
are obtained for cross-polarized beams as depicted in Fi
for Df5(2m11)p/2 (m5 integer). The first feature is tha
the anisotropy in the distribution is obtained only along t
polarization direction of the 2v beam. Second, the aniso
ropy introduced by the hh-c and lh-c transitions almost can
cel, leading to a nearly symmetric total distribution.

The instantaneous rate of the current injection produ
due to the QUIC process along a directionı̂ in the presence
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of two beams with irradiancesI 1 and I 2 having photon en-
ergies\v and 2\v and polarization directionsl̂ and k̂, re-
spectively, is

J̇ikl l
e,h 5ene,h^Wi&, ~8!

where^Wi& denotes the projected sum ofW(u,f) along the
ı̂ direction and ne,h5A2(2\v2Eg)mcn /mc,n

2 is photo-
generated electron or hole velocity. It is important to no
that in the simple static lattice model assumed here, the
coil momentum is absorbed by ‘‘infinitely’’ heavy ions.

FIG. 2. Momentum distribution of the photocarriers assum
co-polarized beams for~a! lh-c transitions and~b! hh-c transition
calculated for various values ofDf at aI 254bI 1

2.

FIG. 3. Momentum distribution of the photocarriers for the lhc
transition, hh-c transition, and the sum of the two distribution
calculated for cross-polarized beams and the conditionaI 2

54bI 1
2.
e
e-

Evaluating Eq.~8! for electrons and summing the contr
butions from lh and hh valence bands leads to an insta
neous current density rate,

J̇ikl l
e ~ t !5

Be

Am0

AEp

Eg

A2x21

x

3AabI 2~ t !I 1
2~ t ! sin~2f12f2!Yi jkl , ~9!

whereB'0.6 is a numerical constant. The tensor propert
are contained in the dimensionlessYi jkl parameter given in
Table II. The predicted polarization dependence is in agr
ment with experimental observations in GaAs.3 As pointed
out by Hacheet al.,3 the macroscopic current density will b
strongly influenced by the rate at which the injectede-h
distribution is randomized due to phonon scattering. Ignor
recombination and diffusion, the macroscopic current den
( J̃) evolves according to

J81
J̃

tm
5 J̇i jkl

e,h , ~10!

wheretm denotes the momentum relaxation time. The av
age current density over a time intervalT@tm , and assum-
ing a temporally square pulse of durationtp , is then obtained
from Eq. ~10!:

^J̃&'g
tp

T
I 01I 02

1/2sinDf, ~11!

with g given by

g5Am0

Ep
meAab

A2x21

x
Yi jkl , ~12!

whereme5etm /mc is the carrier~here electronic! mobility.
In an experiment performed with modelocked laser pulseT
can be taken as the pulse train period. The result in Eq.~12!
indicates that the critical material parameter for obtain
strong QUIC signals is themeAab product. The material
scaling can be found by substituting the known band-g

FIG. 4. Band-gap scaling of the macroscopic injected curr
density for various direct gap semiconductors.
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dependence ofa, b, and me . Incorporating the scaling of
SPA and TPA given in Eq.~6!, we arrive at the following
scaling relation forg:

g}
me

n3/2Eg
, ~13!

where we have ignored the dispersion of the linear refract
index. Using the known electron mobility and refractiv
index,14 we plot in Fig. 4 the parameterg for a number of
III-V and II-VI semiconductors. Since electron mobility

TABLE II. The tensor coefficient of the injected current densi
rate for both band pairs.

lh-c hh-c Total

Yxxxx
3

2&13

2&

2&13
1

Yyxxx 0 0 0

Yxxyy
1

2&13

2&

2&13
20.07

Yyxyy 0 0 0
p

m

J

.

e

makes the strongest contribution, the semiconductors s
InAs and InSb have the best potential for generating la
coherent currents and bursts of terahertz frequency radia

Additional material parameters can play a role in the sc
ing of the total macroscopic current depending on the exp
mental arrangement. In contactless experiments~i.e., in tera-
hertz detection9! the depth of the coherent current will b
determined by either the optical absorption depthl a
5a21(2v) or coherence length of the two beamsl c
5l/@n(2v)2n(v)#.3 In planar metal-semiconductor-met
structures, however, the effective current depth can be de
mined by the mean free path between momentum random
ing collisions (l m5ne,htm'10– 500 nm) if carriers are gen
erated within a distancel m of the electrode. Clearly, the latte
effect will make the mobility dependence of the scaling p
rameter even stronger than that given by Eq.~13!, although
the relative position of the points in Fig. 4 should remain t
same.

In conclusion, a three-band model describes the ma
tude, band-gap scaling, and the polarization dependenc
coherent current control in semiconductors. Materials w
high current injection efficiencies are identified using the d
rived scaling law.
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