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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 d¢80463-18209)50840-0

Quantum interference contr@QUIC) of current in semi- whereEg’V(k)=hwc,V(k) is the stationary energy eigenvalue
conductors is a subject of current interest dealing with thesf each band with effective masses andm,, (v=hh or Ih).
manipulation of the magnitude and the direction of aThe total vector potentiah(7) contains two harmonic fields
photo-current™ It is an example of a class of phenomenaat » and 2» specified by their amplitudg;, phases; , and
involving quantum interference between optical transitionspolarization unit vectog; (j=1,2) as follows:
that have been studied in atomic metialn all cases, in-
terference between single-photon absorpti®RA) and two- A=a;A; cod wt+ ¢q) +a,A, cog 2wt + ¢y). 2
photon absorptioTPA) produces directional photoelectrons . . . ,

: . ) L The electron-hole generation rate is calculated using first-
in the continuum of conduction band states. The directional- rder perturbation theor
ity of the photogenerated electrons results from the fact tha? P Y,

the two pairs of initial and final states involved in the single- it

and two-photon transitions are degenerate but contain differ- S= %f dt’f d3r o (K1t ) Hiab (K1t (3)
ent parity. Device applications based on QUIC in semicon- -

ductors have now been proposed, including the generation Qfnere H,,,= — (e/m,c)A-p is the interaction Hamiltonian.

short (sgir;%le cycle bursts of terahertz frequency The momentum distribution of the photogenerated electrons
radiation”™ is obtained by evaluating the transition rate for single and

A calculation of the QUIC current density tensy in - two-photon process as a function of Euler's angfeznd ¢
bulk semiconductors was given by Atanashal’ for GaAs  in the k space:

using a numerical model which uses a full band structure of

GaAs within the local density approximation. Khurgjiem- ) sin(@)k?dk d )

ployed a simple parabolic band structure to show that QUIC W(O,¢)=1im;_ .. f T2 a|5| : 4

and third-order optical rectification are the “real” and “vir-

tual” manifestations of the same nonlinear process. In thid\ote that the absolute magnitude of the electron-hole quasi-
paper, a three-band model will be presented that, in analytimmomentum|k| is determined from the energy conservation
cal form, describes the QUIC scaling as well as its polarizarelation [EQ(k) — E%(k) = 2% w] contained in Eq.(3). As-

tion dependence. Simple theoretical models leading to anauming parabolic bands, we ha@&= Engﬁzk2/2mC and
lytical solutions allow for a generality that is descriptive of a Eg:ﬁzkzlsz’ whereE, is the direct band gap energy. Us-

large class of materials. A simple model also provides a clegjg k- p theory, we make the valid approximations for states
physical picture that is often difficult to extract from numeri- neark=0 thatm,= — My~ MoE4/E, and my~my, where

cal treatments. . . . . mp is the bare electron mass, afij~21eV is the Kane
The system studied here is a zinc-blende semiconductor
characterized by a conduction band and two valence bands in 79

Kane’s theory!? The two valence bands are a heavy-hole
(hh) and a light-hole(lh) band as depicted in Fig. 1. The
starting formalism is described in Refs. 11 and 12 where
initial (valence and final (conduction states are taken as
dressed Bloch functions where the acceleration of the elec-
trons and holes are taken into account by considering the first
order (i.e., time-dependeptStark shift of the energy states
due to the applied fields:

apcvv(k,r,t)zucvv(k,r)ex;{ik- r—iwg, (Kt

+ ; D

ie [t
f k-A(7)dr
Me, Jo FIG. 1. The Kane three-band model.
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TABLE I. The functional form of the photocarrier distribution knispace.

Fe FP Fap
3 5
lh-c ayliz E)sin( 6)cos(6) (E)sin(e)coé‘(e) (;{_1—:) sin(0)cos(6)
a2”Z
3. . 5 . 15
allz (E)swﬁ(e)smz(cb) (E)sm(e)coé‘(e) (g) Sir?(6)cog(6)sin(¢h)
a2||y
hhe  aulz (3) sin'(6) (E) sinf(§)c0(6) (ES) Sirf(6)cog6)
47| 2 4 2 A 2
ayllz
alz (S)Sin(e) (15) sir(6)cos(6) 45\ sir’(0)co(H)sin(¢)
' an| 2 i 2 \an 2
ally X[ co(0)sir(¢)+co(dh)]
energy which is material independent for most semiconduc- 29(3+V2) 7 1 et
tors. In the Kane band structure, the conduction band is = 5 5
type and the valence bands argype. The wave functions of 15 (47e0) \/m_oC

the valence bands can be written as a superposition of théan d
band-edge Bloch wave functionX), |Y), and |Z). Specifi-

cally, the hh valence band is X=iY) form while the Ih 5
band is a superposition ¢K+iY) and|Z) wave functions. — 2+4v2 e \/m_g _
Without loss of generality, takingliz causes ndk-p cou- 3 A4meghcc

pling between the conduction and hh-valence bands. The ab- . - . .
sence ofk-p coupling in the hhe interaction is the reason The absorption coefficients and 8 are identical to those

. 13 .
why the mass of the hh valence band is the same as the bagg'ived for two-band modef$;™ except that numerical pre-

electron mass. For optical transitions, these symmetry arg actors inK and A ‘J?ed here are modified to include the
ments allow us to takklip,, for the Ih-c, andk L p,, for the presence of an additional valence band. The spectral depen-

hh-c, where p,, is the interband momentum matrix dence is contained ip fgnc@ions invqlving=ﬁw/Eg. The
element® The k space symmetry relations thus determineC@lculated angular distribution functiors®, F#, andF*’

the momentum distribution of the electron-hole pairsCOr'esponding to SPA, TPA, and the interference term, re-

. . . o ﬁ .
W(6,¢) and hence the polarization dependence of the phog,pecnvely, are listed in Table E* and F” are normalized

tocurrent. Evaluation of Eq(4), retaining only the lowest such that/[F'déd¢=1, wherej=a,B. We note that
order terms inA; andA, gi\?és) g ony [[F**ded¢=0, indicating the fact that the interference

does not produce additional carriers by itself, but only alters
1 (i.e., destroys the symmetry)othe momentum distribution
W(6,¢)= T[ale“(G,cﬁ)vL,BlfFB(t?,(ﬁ) of the photogenerated electron-hole population. To illustrate
w . . . . . .
this, examples of three-dimensional electron distributions
+2\al,BI5FA(0,$)sin(20,— 0,)], (5)  W(0,4) resulting from Ihc and hhe transitions are plotted
in Fig. 2, assumingl 2=4BI§ and co-polarized beams. Note
where | ;=[n(w)eqw?/2c]A? and 1,=[2n(2w)sw?/c]A3  that there is asymmetry in the momentum distribution only
denote the irradiance of the two beams, andnd 8 are the  along the polarization direction. Furthermore, varying the
SPA and TPA coefficients ate?and o, respectively. These relative phasgA¢) controls the direction of injected-h
coefficients are populations. The transition Ia- gives a much more pro-
nouncedk space anisotropy compared to bhalthough the
\/E—p (2x—1)%? phase dependence is identical. Dramatically different results
n(w)zEg (2x)° are obtained for cross-polarized beams as depicted in Fig. 3
for Ap=(2m+1)7/2 (m=integer). The first feature is that
and the anisotropy in the distribution is obtained only along the
polarization direction of the @ beam. Second, the anisot-
Eq (2x-=1)' ropy introduced by the hle-and |h< transitions almost can-
a=A n(2w)\/E_ 2X ' ©) cel, leading to a nearly symmetric total distribution.
P The instantaneous rate of the current injection produced
with due to the QUIC process along a directiom the presence

@)
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FIG. 4. Band-gap scaling of the macroscopic injected current
density for various direct gap semiconductors.

Evaluating Eq.(8) for electrons and summing the contri-
butions from |h and hh valence bands leads to an instanta-

neous current density rate,
FIG. 2. Momentum distribution of the photocarriers assuming

K

ky

co-polarized beams fa@) Ih-c transitions andb) hh-c transition Be JVE. \2x—1
calculated for various values df¢ at al ,=4pI f j;ek” (t)= B
‘/mo Eg X
of two beams with irradiancels andl, having photon en- :
| e andl, having phot X \aBl,(O1(1) SiN2d1— 62 Yy, (9)
ergiesfiw and Ziw and polarization directions andk, re-
spectively, is whereB~0.6 is a numerical constant. The tensor properties

are contained in the dimensionle¥g,, parameter given in
Table Il. The predicted polarization dependence is in agree-
ment with experimental observations in GaA8s pointed

out by Hacheet al. the macroscopic current density will be
where(W,;) denotes the projected sum \b#( 6, ¢) along the  strongly influenced by the rate at which the injected

T direction and vep= V2(2ho— Eg) mcu/mé,, is photo- distribution is randomized due to phonon scattering. Ignoring
generated electron or hole velocity. It is important to noterecombination and diffusion, the macroscopic current density
that in the simple static lattice model assumed here, the rq7J) evolves according to

coil momentum is absorbed by “infinitely” heavy ions.

Ih =even(W,), ®)

. d
I+ =350, (10
where 7, denotes the momentum relaxation time. The aver-
age current density over a time intervie> 7,,,, and assum-
ing a temporally square pulse of duratigy) is then obtained
from Eq. (10):

-~ t ,
(h=ylalersinAe, (11)

T total with y given by

m, \/2x—1
Y= \/é#e@TYijk|, (12

where u.=er,/m; is the carrierthere electronicmobility.

In an experiment performed with modelocked laser pul§es,
FIG. 3. Momentum distribution of the photocarriers for thech- €an be taken as the pulse train period. The result in(E2).
transition, hhe transition, and the sum of the two distributions indicates that the critical material parameter for obtaining

calculated for cross-polarized beams and the conditioy strong QUIC signals is thwem product. The material
=4p13. scaling can be found by substituting the known band-gap

ky
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TABLE Il. The tensor coefficient of the injected current density makes the strongest contribution, the semiconductors such

rate for both band pairs. InAs and InSb have the best potential for generating large
coherent currents and bursts of terahertz frequency radiation.
lh-c hh-c Total Additional material parameters can play a role in the scal-
ing of the total macroscopic current depending on the experi-
v 3 a%) 1 mental arrangement. In contactless experimérgs in tera-
oo V343 V343 hertz detectioh) the depth of the coherent current will be
v 0 0 0 determined by either the optical absorption degdth
v =a (2w) or coherence length of the two beans
v 1 —v2 ~0.07 =M\[n(2w)—n(w)].® In planar metal-semiconductor-metal
XXYYy . .
2243 2V2+3 structures, however, the effective current depth can be deter-
Yyuyy 0 0 0 mined by the mean free path between momentum randomiz-

ing collisions (= vehTm~10-500 nm) if carriers are gen-
erated within a distandg, of the electrode. Clearly, the latter
effect will make the mobility dependence of the scaling pa-
rameter even stronger than that given by E), although
the relative position of the points in Fig. 4 should remain the

dependence ofy, B, and u.. Incorporating the scaling of
SPA and TPA given in Eq(6), we arrive at the following
scaling relation fory:

same.
In conclusion, a three-band model describes the magni-
He (13) tude, band-gap scaling, and the polarization dependence of

oC
Y n3;2Eg’ coherent current control in semiconductors. Materials with

, , , ) _ high current injection efficiencies are identified using the de-
where we have ignored the dispersion of the linear refractive o scaling law.

index. Using the known electron mobility and refractive
index* we plot in Fig. 4 the parametey for a number of The author gratefully acknowledges support from NSF
[lI-V and II-VI semiconductors. Since electron mobility CAREER (ECS-962553p
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