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Coherent Control of Photocurrent Generation in Bulk Semiconductors
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We show theoretically that interband transitions in a bulk semiconductor via coherent one- and two-
photon absorption leads to the formation of an electrical current whose direction is controlled by the
relative phase of the beams. The phenomenon can occur in centrosymmetric and noncentrosymmetric
materials; easily measurable currents are predicted for GaAs under realistic experimental conditions.

PACS numbers: 72.40.+w, 42.50.Ar, 42.65.-k

The understanding and control of electrical current in aand find that it should be observable under reasonable ex-
semiconductor is of obvious fundamental and technologiperimental conditions [11]. While a complete calculation
cal importance. In this Letter we argue that it should bewould treat both the injection and subsequent transport at a
possible to inject current in a bulk, undoped semiconducfully quantum mechanical level, in a preliminary treatment
tor and control its direction by simply adjusting the relative here we calculate the injection rate using Fermi’'s golden
phase of two beams that are optically generating carriemile and model the subsequent transport with a hydrody-
across the gap. namic model of the electron-hole plasma.

Phenomena responsible for the optical injection of To calculate the injection, in an independent particle
current have been studied for many years. Photovoltaiapproximation the important states are the ground (ini-

effects rely on a lack of inversion symmetry to allow tial) state|0) and states of the forfrv, k) = ajkbjkl(»'

injected carriers to form a current [1]. More recently, whereq!, (b1,) creates an electron (hole) at wave vector
work in atomic physics [2,3] has shown that currenty iy conduction (valence) band(v). In the presence of
injection is possible even for materials with a centery cjassical electromagnetic field, we look for a ket of the
of inversion symmetry, without the aid of asymmetric form [P (1)) = co(1)|0) + copk(t)lcv, k), Where a sum-
;catterjng an'd interaction effects. The simplest examplghation overe, v, andk is imp]ied. The coefficients,(r)

is the ionization of an atom by coher_enF op_tlcal beams afq cevx(?) are determined from perturbation theory; we
frequencyw (leading to two-photon ionization) antlo  yse the usual minimal coupling Hamiltonian in the long
(leading to one-photon ionization) [2]. Since the one-ywayelength limit. For intrinsic semiconductors the injec-
and two-photon processes connect the initial state to finalon rates for electron and hotiensities i, (1) and (),

states that are degenerate but of different parity, adJ:USti_nﬂaspectively, are equal. Considering the interaction to be

the relative phase of the two beams alters the combinatiogp, for a timeAs,

of such final states selected; in general the selected state .

will not be of definite parity, and a current can appear. i =, = pl = (A7 al A 1WA 1

In a Fermi’s golden rule calculation, this results from an " ¢ var Y )Ig ekde[V(AD), (1)

;nwtgf:)irstr;%ei oc;:iztgtei) Oﬁr&?abmty amplitudes for one- andwherev is the normalization volume of the sample. The
! V\}Jsual Fermi’s golden rule approximations then yield’a

In solids, phenomenological arguments clearly sho :
that such an injected current is also allowed [5,6]; a twonat can be .\(/\I/)rltter? (gs the sum of one- and two-photon

kA . . . - , i
beam photoionization experiment has been interpreted iff"Ms,»" = n;~ + n;", wherei refers to either electrons
terms of such injected currents [7]; it has been suggeste®f holes. We find

that second-harmonic generation in optical fibers is due to () .
such currents injected from defects [8]; the injection of cur- ni” = §1(20)  E(-20)EQo), (2)
rents from midgap impurities in semiconductors has been ,-152) — Ez(w) E(-0)E(—0)E(0)E(w), (3)

calculated [9]; and “atomiclike” coherent current genera-

tion from quantum wells has been observed [10]. But itwhere E(w) and E(2w) are the electric field amplitudes
does not seem to be appreciated that substantial, cohet the indicated frequencies; we have neglected a set of
ently controlled current injection should be possible in acorrection terms that arise in the absence of a center of
bulk, undoped semiconductor—even one with a center dhversion. The tensorg; and¢, are given by

inversion symmetry—by exciting it across the band gap. . 2ol dk

In this Letter we consider subjecting a semiconductor to £1Qw) = — Z — d(wen(k) — 20)

two coherent beams with frequenciesand2w satisfy- h= ) 4w

ing E,/2 < hw < E4, whereE, is the fundamental band 5 Yoel)ve, (k) 4
gap; we calculate the size of the injected current for GaAs, we(K) ()
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~ _ 32met dk tally determined effective masses should be a better es-
§2(w) = Cvzw,f 473 d(wey (k) = 20) timate there; further from the gap, on the other hand,
{",’ ik) Ve (K)HVary (K)Vear (K)} the full band structure calculation should be more reli-

able. To aid in the comparison of these two we also
4 — _ — _ b
0y (K[@ey(K) — 0u(K)][@cy(K) — war(K)] present in Fig. 1 the results of a PBA calculatiosing

(5) the LDA effective massespmparing with the LDA cal-
culation yields a sense of where the PBA assumptions

locity operator between the indicated bands at wav rg_ak down. The PBA curves 'n.F'g' 1 eXh'.b't the fa-
vector k, and the curly bracketd} denote a sym- miliar dependence .on the a_pproxmate density of states
metrized form with respect to Cartesian componentsD(w) ~ yho = E ; for the Z|nc-b[ende structurg, has
Greek indices such ast and o' range over both only a diagonal component. In Fig. 2 we present results
conduction and valence bands [dispersion relationfor the independent Qomeggents ¢f. The parabolic
w(k) and w,(K)], w.(k) = wc(k) - w,(k) and band approximation giveg, ~ = & /2, proportional
@ep(K) = [we(K) + w,(k)]/2. The tensor &(2w) O D3(w), and & = 0; note that this holds approxi-
is related to the linear absorption coefficient 2p;  Mately inthe LDA calculation. Nevertheless, we see from
£Qw) = 2e)lm[e(2w)]/ A, whereé(2w) is the relative Fig. 2 that there is a significant discrfepgncy betvyeen_ the
dielectric tensor at frequen@w. A similar relation holds ~results of the PBA and the LDA. This is due primarily
betweené,(w) and the imaginary part of the nonlinear t0 the incorrect PBA assumption kfindependent matrix
susceptibilityy® describing two-photon absorption. elementsyc,. o o _
Figures 1 and 2 show the calculated tensor components The distribution of injected carriers ik space is
for bulk GaAs. We employ a parabolic band approx-@symmetric, with |c., k| # lccy,—k[*.  This follows
imation (PBA), considering the momentum matrix ele-from the form of |c, x|?, which is the sum of terms
ments to bek independent [12]. We also use a band4 : ECw)E(-2w), B: E(w)E(w)E(-w)E(-w), and
structure from a self-consistent calculation using the full-CVec(k) : E(~20)E(w)E(w), where tensorsi, B, and
potential linear augmented plane wave method within th& are even irk. It is the last of these terms that is odd
local density approximation (LDA) [13]; self-energy cor- in k and leads to the asymmetry ¢f.,k|*, resulting
rections are included at the level of the “scissors” apin a net current density injection rate To calculate
proximation, which corrects for the LDA band gap andthis rate we need only use Eq. (1) with the electron
necessitates a corresponding modification of the velocitglensity operator replaced by the current density operator;
matrix elements [14], and spin-orbit effects are includedhowever, we calculate the injected electron current density
Since LDA calculations give inaccurate effective masse€J!) and the hole current density; separately. The
near the gap, the PBA calculation based on experimertotal current density injection rate is thdgh = J/ + 1,

where J!) = f.w(2w) : E(—0)E(-0)EQw) + c.c.,

where v, (k) denote the matrix elements of the ve-
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FIG. 1. Plot of the one-photon injection coefficieﬁt as a
function of 2iw). The solid line represents the results from ho [eV]
the LDA and the other two curves refer to those of the PBA'rj 5 epgor components of the two-photon injection coef-
dotted line—experimental effective masses, and dash-dotted | A~ )

line—LDA effective masses. The jaggedness in the LDAficient & as a function of the fundamental beam enefby ).
results is in part due to numerical artifacts; a bin size of 0.1For comparison, PBA results faf>™™ using experimental ef-
eV was used in all LDA calculations in this Letter. fective masses are represented by the dotted line.
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L I B L pacitor plates which bound the materialy,) and D,
denote the electron (hole) scattering time and diffusion
coefficient. The solution of these equations depends on
the initial and boundary conditions, which reflect the ex-
perimental situation. For simplicity we assume zero bias
(Eo = 0) so that any current injection is due to the coher-
ent interaction, which we consider to be homogeneously
distributed along the active region. Under these condi-
tions we consider a capacitor filled with bulk GaAs and
illuminated laterally by laser pulses of frequenciesand
2w and duration 2 ns. As boundary conditions we con-
sider the time derivative of the surface charge on the
plates to be equal to the current density accumulated there.
In this geometry we obtain a homogeneous current and
1 1.5 2 electric field inside the capacitor, and a voltage accumulat-
hw [eV] ing across the capacitor. In Fig. 4 we plot the calculated
current within a capacitor assuming typical experimental
'barameters; we have takérw = 1 eV and assume the
GaAs sample is sufficiently thin that the relative phase of

[n] [10% s™*mCV~2]

FIG. 3. Tensor components of the total current generatio
tensoryn as a function of the fundamental beam enetly).
PBA results forp™* using experimental effective masses are

given by the dotted line. the two beams can be considered uniform. Although the
calculation is admittedly simplistic, the results indicate an
and the tensor,, are given by effect that should be easily observable; other experimen-

R Qret dk tal geometries also lead to the prediction of observable
NemyRw) = + (—)i P > f sy 8(wey(k) — 20)  signals. For pulses in the fs regime, where higher beam
ev.a intensities can be achieved, it is necessary to consider loss
Vee(wv) (K) {Vo o (K)Vae (K)}Vey (K) of plasma energy due to electromagnetic radiation.
w3, (K)[w,(K) — @y (k)] Although we have used GaAs for our sample calcula-
(6) tions, we stress that the effect does not vanish if a center
where we have again neglected correction terms that ca@f inversion is present in the crystal; indeed, there are
arise in the absence of a center of inversion. Sinc&et further terms that arise in the absence of a center of
E(—w) = E*(w) andE(2w) are complex amplitudes, the
resultingJﬁ(h) are clearly sensitive to the relative phase of t [ps]
the two beams. Numerical results for the tofak= 7, +

( Num ) ] 0 0.5 1 1.5 2
n, are plotted in Fig. 3. Parabolic band calculations S B o o s . .
give an approximated energy dependence similar to those — 3 B
of &: 9™ = »p™¥x/2  proportional to D*(w), and = 5 E A
nxyyx = 0. ; E E

To describe the formation of a directional current in the 3 1F -
presence of the inevitable scattering and recombination - o :
processes, we now use the calculatethnd Jﬁ,h as R N N S B
source terms in the hydrodynamic equations governing P L L L B e e e e
the evolution of the electrorm] and hole ) densities, —_ 3F E
the electron J.) and hole §,) current densities, and the i o[ E
electric fieldE inside the sample. Denoting lay, po, and N E ]
E, the indicated dark values, we introduce dark electron E 1E -
and hole conductivitiesr, and o, and obtain linearized - E 3
equations for the deviations of the fields (denoted by U T T e—
“tildes”) from their dark values, 0 1 2 3 4

dy_liy il w @ t[ns]
ot e 9z T FIG. 4. Plot of the output current densifyinduced in a metal

ij _ eMe Eoy + L; _eD, i% _ ﬁg + Jl capacitor by a 2 ns laser pulse. Very early time behavior
ot ¢ Teo 0 T, ¢ T, 0z T, e’ is resolved in the upper curve; the lower curve shows the

ith similar e i fors d}' toaether with the current variation on the time scale of the laser pulse. We
with similar equations forp and J;, together wi adopt the following values:r, = 100 fs, 7, =50 fs, 7 =

Poisson equation. Here we have assumed that the CUf-ns, laser beam intensitidéw) = 10’ W/cn?, and 12w) =
rent injection is in the? direction, perpendicular to ca- 10° W/cn?.
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inversion symmetry, alluded to above, to which we plan [6] E.M. Baskin and M.V. Entin, JETP Lett48, 601

to return in a future communication. We note that sili- (1988). These authors, and others, refer to this as the
con may not be a viable candidate for observing such co-  “coherent photovoltaic effect” to distinguish it from the
herently controlled current injection, for ¥/iw is above photovoltaic effect” discussed in, e.g., [1].

the direct band gap in silicon theliw is above the in- 7] g'p?'goar;ar;‘sx%p‘ii\‘é gggg')”ov' and B.Ya. Zel'dovich,
direct gap, and one-photon indirect absorption may flood : SR meE AT .
the sample with carriers. But Ge does not suffer from (8] ?ég'(fggf)rsgga\r/éfgﬂr'g;acgls’ ?I?grgi.nE. Sipe, Opt. Let®,
this problem, and LDA pand structure calculations indi- 9] G. Kurizki, M. Shapiro, and P. Brurlner, Phys. Rev.38,
cate that, at the appropriate frequencies, the effect should * 3435 (1989).
be observable there as well. Thus we can reasonably ext0] E. Dupont, P.B. Corkum, H.C. Liu, M. Buchanan, and
pect that it should be possible to coherently control the — z.R. Wasilewski, Phys. Rev. Letf4, 3596 (1995).
current optically injected in a variety of bulk semiconduc-[11] In a susceptibility calculation by Khurgin [15] an induced
tors; this is of interest from both fundamental and techno-  current is also predicted, but at the very least the physics
logical points of view. _cqnsidered here and there are quite Qiﬁere_nt._While the
We thank Dr. Claudio Aversa, of the Quantum Insti- injected current we calculate _here vanl_shezﬁfu is less
tute of the University of California at Santa Barbara, for ~ than the band gap, as one might physically expect, Khur-
helpful discussions; we are indebted to Professor Henry 9" [15] found, even when including various relaxation
Krakauer of the College of William and Mary for provid- times in h|s quantum mechanical calculat|or.1,_an |nduc_ed
ing us with the FLAPW program. This work was sup- culrrelnt V\gchEw fadr_less than the_bgnd %ap,hmd.eelda.hls
. : . . calculated current diverges as vanishes. Unphysical di-
ported_by the Natural Sciences an_d Engmeermg_Research vergences often plague velocity gauge susceptibility cal-
Council of Canada, and the Ontario Laser and Lightwave  cylations in the zero frequency limit [16]. The presence of
Research Center. such difficulties must be considered a possibility in [15];
indeed, we believe this is the case, for one can show that
a careful perturbation treatment of the nonlinear suscepti-
bility shows there is no such current or current injection

[1] See, e.g., Boris I. Sturman and Vladimir M. Fridkin, asw vanishes [17].
The Photovoltaic and Photorefractive Effects in Noncen-[12] In particular, we use a PBA to calculatg,, and w, (k)
trosymmetric MaterialfGordon and Breach Science Pub- in bulk GaAs as in R. Atanasov, F. Bassani, and V.M.
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