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Quantum Interference Control
of Electrical Currents in GaAs

A. Hachg, J. E. Sipe, and H. M. van Diriel

Abstract—In an earlier publication, preliminary observations
of the generation of electrical currents were reported in GaAs and
low-temperature-grown GaAs (LT-GaAs) at 295 K using quan-
tum interference control of single- and two-photon band—band
absorption of 1.55- and 0.775+m ultrashort optical pulses. Time-
integrated currents were measured via charge collection in a
metal-semiconductor—metal (MSM) electrode structure. Here we
present detailed characteristics of this novel effect in terms of
a simple circuit model for the MSM device and show how
the injected current depends on MSM parameters as well as
optical coherence, power, and polarization. For picosecond pulse
excitation with peak irradiance of only 30 MW/cm~2 (1.55 zm)
and 9 kw/cm~2 (0.775 um), peak current densities of ~10
Alcm™? at peak carrier densities of 10° cm™? are inferred from
the steady-state signals. This compares with 50 A/cnt predicted
theoretically; the discrepancy mainly reflects inefficient charge
collection at the MSM electrodes.

conduction band

Index Terms—interference, photoconductivity, quantum effect
semiconductor devices, ultrafast electronics.

|. INTRODUCTION valence band

(b)

HE FREQUENCY and intensity properties of lasers have

| b d b d | . Fig. 1. (a) Interference effects in a Young’s double slit experiment. (b)
ong been used to probe an e\{en alter properties nceptual diagram of interference between single- and two-photon processes
matter. However, the most characteristic property of lasesnnecting the same valence and conduction bands in a direct bandgap semi-

light, namely its well-defined phase, is rarely regarded §enductor leading to asymmetrical distributions of electrons (hole distribution
a control parameter. The possibility of so employing laser " shown).
phase was first proposed by Manykin and Alfanas’ev [1], who

considered the interference of quantum mechanical transitignantum wells (QW’s) at 5 K [11], [12]. Branching ratios in
amplitudes for two pathways coupling the same initial anelementary photochemical reactions [13]-[16] have also been
final states of an atom. In particular, they suggested thaintrolled.

simultaneous single- and three-photon absorption could controlThe conventional wisdom is that ultrafast decoherence pro-
state populations and hence the transmission of the mediwssses would make QUIC processes difficult to observe in
This is analogous to the interference of two beams in a Youngsmplex systems such as polyatomic molecules and solids. For
double slit experiment, as shown in Fig. 1(a), except thefrge molecules, this is still apparently the case, but for solids
now one has an effective “matter interferometer,” since it ©@UIC mechanisms have been theoretically proposed to gen-
electrons that are being controlled. Both passive and actéte and induce current flow in semiconductors via multiple-
quantum interference control (QUIC), or as it is sometim@feam free-carrier absorption [17], photoionization of doublet
called, coherence control, of electron populations have n@nor states [18], or, more generally, using band—band transi-
been considered and demonstrated in atomic and diatofighs in bulk semiconductors [19]—[23]. Directional ionization
gases [2]-{7], in impurity atoms assisting second harmoni§fects have been demonstrated experimentally in various
generation in optical fibers [8]-{10], and in semiconductafysiems using phase- and harmonically related optical beams.
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on our theoretical proposal of QUIC photocurrents in a bulk TABLE |

solid [19]_[22]’ the present authors and co-workers demonELECTRICAL AND OPTICAL PARAMETERS FORGaASAND LT-GaAs AT 295 K
strated [28] QUIC currents in GaAs and low-temperature-
grown GaAs (LT-GaAs) using a metal-semiconductor—metal : —
(MSM) device illuminated by 1.55- and 0.775n picosecond * (inear absorption coefficient) - 1.5x10" em™" (at 775 nm) [29),

Parameter Value

[30]

and femtosecond pulses. One of the reason that QUIC effegtgy,o-photon absorption 5 cm/GW (L.55um [32]
can involve continuum states in bulk crystalline media isoefficient) 25 cm/GW [22]
related to translational symmetry. The restrictive selection (refractive index) 3.70 (775 nm);
rules require conservation of momentum in electron-holg 3.37 (1.55¢m) [30]

. . . . . 4 (bandgap energy) 1.43 eV [29]
scattering processes, limiting the typical scattering time 19" eflectivity) 0.33 (775 nm);
values of 100 fs or longer, rather than the much shorter time 0.29 (1.55:m) [30]
for amorphous media or even large molecules. Indeed, it #sxxx (element of current injection 20 s=2.mcv—? (775 nm);
this “high” value of the carrier momentum relaxation timetens(orl) on effect | 0%90;1-?5’5’]”1 pulses) [22]

. . - . me (€electron ernective mass iy
that gives rise to the large mobility observed in, e.g., GaA%h (heavy hole effective mass) B [29]
an(_JI allows conventlonal_curre_nt to be generated in crystalling (ejectron mobility) 8000 crf-v—.s~! (GaAs);
solids under dc-electric field bias. The other reason why QUIC 1000 cn? V—1.s=! (LT-GaAs) [40],
effects may be observed in bulk semiconductors is that all o4
the conduction and valence band states which are coupluéang'e“m” momentum relazation 180 fs [38], [340
by the excitation pulses can contribute to current flow. These carier recombination time) See text.

two aspects makes QUIC current generation in solids moe, (ambipolar diffusion coefficient)20 cn.s—! [29]

amenable than other forms of QUIC phenomena, such &as

photoreactions in large molecules, where the goal is to target

a particular quantum state and/or breakparticular bond in illustrates the band—band absorption processes that can lead
the presence of rapid decoherence phenomena. to polar distributions of electrons in momenturk) (space.

In this paper, we characterize the QUIC photocurrent effedter the experiments discussed here the optical pulses have
in GaAs and LT-GaAs at 295 K in a steady-state regime genter wavelengths of 1.556m and 775 nm, respectively,
terms of the MSM device characteristics and the optical pulse chosen since 1.5bm pulses are the foundation of much
polarization, power, and coherence properties. In the following communications technology. Unless otherwise stated we
section, we offer the basic phenomenology for our experimenkgrefore identify such pulses as theand 2w pulses.
while Section Il discusses the experimental apparatus. Sectiorin (1) it is assumed that the current relaxation time is long
IV gives experimental results for QUIC currents as a functiocompared to the period of the optical beams so that decay
of MSM and beam parameters and, finally, Section V providesfects can be treated separately. We do so phenomenologically

some conclusions and possibilities for future work. by writing a dynamical equation for the evolution of the
current densityJ. 3, as
[I. QUIC PHENOMENOLOGY je, L= J'i = Te b/ Ten )

We consider QUIC of electron—hole pairs via simultaneous . ) .
single- and two-photon absorption of coherently related beat8€re 7e,u. is the current relaxation time. For both beams
of frequencyw and 2w, for the case wheréw < E, < 2hw polarized along the crystalling axis, the rate of change of
with E, being the semiconductor bandgap (see Table | fGHTENt can be expressed explicitly as
the value of this and other material parameters for GaAs [29], (,j@ )k = 2|(7e, Wi EXEEZ2 sin(2¢., — do.,)
[30])%. It was shown [22] that the interference of quantum — (o) /7 3)
mechanical pathways leads to an electron and hele)( @ h/x/ e,
currentinjection process whose raté£7 u is related to the two where ¢, and ¢, are the phases of the two optical beams;

optical electric fields, E*, E** by henceforth we usé\¢ = 2¢,, — ¢2.. Equation (3) directly
- - s 2 shows how the phase paramet&yp can be used to control
Jon = Nen  EAEE™" fcc. (1) the current direction and magnitude. Because the effective

mass of holes is typically much greater than that of electrons,

P . . .
where eulsSa fourth-_rank_ purely imaginary tensor, Whlc.l}he kinetic energy and speed of holes is much less than
for a semiconductor with zinc-blend symmetry has four |r{—

dependent components, the largest beﬁg Oseeen. (QUIC hat (_)f the electrons; hples therefore make a much s_maller
S , contribution to the electrical current than electrons and indeed
current injection has also been observed for three pha

I . ) < . We therefore neglect the hole current in what
re_lated beams with different frequencies, ws, and“.dl w2 Eoll(])\|/\7/7§|as Il?g| 1(b) suggests angd drop ther subscripts.
\(I)vflt?hizwtld waQUtjreEg uzliiéﬁg:[gi%’)vﬁ delf(ir) icc:::?:t?g;ﬂ The 2w andw pulses also give rise to linear and two-photon

P ) 9. yoptical absorption respectively, injecting an electron—hole den-
INote: The optical parameters of LT-GaAs and GaAs do not diffesity /N such that
significantly for photons with energy 100 meV above the bandgap.

. ' - 1
2We use the convention that for a monochromatic belr) = N = —Jad? 4+ B(I)? - D, 2NN - 4
E“ exp(—iwt) + c.C. 2hw [Oc +/( ) ] v /7— ( )
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where « is the (single-photon) absorption coefficient fap E® =0

photons and3 is the two-photon absorption coefficient @t ‘ E* 20 Epe=0
(see Table 1);/>~:« are the (depth-dependent) irradiances of ™

the (2w, w) beams whose incident irradiances @& “; D, \ ; / - ﬁ -
is the amipolar diffusion coefficient and. is the (possibly

density-dependent) carrier recombination time. The charac-
teristic depth of carrier generation is the lesseraoft and
(BI5)™

Fig. 2 shows how a QUIC current differs from a conven- E” =0
tional current that occurs in a semiconductor wkeisting E*=0
carriers move in response to a dc electric field. In the case / ‘ \
of a QUIC current, electrons amgptically injectedinto band \ ‘ /_k\ —

states consistent with conservation of energy with a speed
[2(2hw — E,)/m.(1 + m./mp)]*> which in GaAs is 850

—1
km'_s for a ;SO'meV exc_ess energy. When electrons aﬁ% 2. Schematic of the current distribution in momentum spagefdgr
excited by a single pulse (either theor the 2w pulse acting QUIC and conventional current generation. The solid curves in the QUIC
alone), although there may be anisotropic state-filling [33F|c?se i_ndicate_(bythei_r d(_ensity) the‘selective pop_ulati_dnslfatesimmediately
341 the elect distribution isot polari t llowing optical excitation by optical pulses with fields* and E%* and
[ ]’ ee e.C ron distri u 10N 18O polarin momentum spa_ce, the shaded areas in the conventional current case illustrate the population of
i.e., there is no electrical current. However, when singl&-states up to the Fermi level in the presence of a dc electric field.

and two-photon absorption processes both couple the same

states, their parity-sensitive quantum mechanical transitionThe current production in the QUIC and conventional cases
amplitudes can interfere. This leads to enhanced generatigo differ with respect to their dynamics. For a QUIC current
of carriers with certain crystal momentukand a decreased generated via band—band transitions, the carriers obtain their
generation rate of carriers with momentunk. Electron and speed in femtoseconds, although of course with the current
hole electrical currents are created in a direction governfide time dictated by the optical pulse rise time. In the case
by the beams’ polarization. Theacroscopicspeed of the of normal current production, existing carriers are accelerated
injected electron (corresponding to the drift speed of th/ an electric field and the momentum distribution is never
electrons in the conventional current case) is simply givgar from isotropic, as Fig. 2 illustrates. For a carrier density
by v = J/eN. This of course will drop due to relaxationpf 105 cm—3, a dc field~8 kV/cm is required to produce
effects. From (1)—(4) it is straightforward to show that thig — 1 kA-cm=2. In GaAs, with an electron mobility of 8000
macroscopic speed approaches zero as either beam irradigigeyv—1.s—1, this current would occu300 fs after the field
approaches zero and that the maximum speed is obtained wiefinstantaneously” turned on. This illustrates that the QUIC
al*” = B(I“)*. The maximum speed is observed when thghenomenon more efficiently and quickly produces a large

quantum mechanical amplitudes for generating e-h pairs dgrrent than can be achieved with the “herding” of statistically
single- and two-photon absorption processes are identical gfiétributed electrons.

the two “arms” of the matter interferometer are balanced. This|t should be emphasized that the QUIC currents do not
corresponds to a situation of maximum fringe visibility in @ccur as a result of optically generated “dc” electric fields,

Young's double slit experiment. . e.g., through optical rectification acting on preexisting or
~The maximum macrosocopic speed of injected electronsdftically generated carriers. Rectification effects occur via a
given by polarization term of the fornP = eoxP E“E“E~* + c.c.

b 1 Such a pplarization field is also governed by a 'fogrth—rar}k

57 |(77)XXXX|—1/2 (5) tensor which has symmetry and phase characteristics similar
V2eey "3 (now)/? (af3) to 7. Aversa and Sipe [35] have shown that thetensor
_ - is related to adivergentpiece of x®(—¢; w, w, —2w + ¢),
where n,; 2, are the appropriate refractive indices. Fo;rle” n o €2 lime_o x¥(—¢; w, w, —2w + ¢). For GaAs,
|(7)xs00x| ~ 20 s72-mCV =2 and the value_slof the parametergements of the nondivergent part of thé) tensor which

|nd|cated_|1n the tablepumax is 500 kms™, closé to the |oaqs to the production of a polarization field have a value
850 kms~! speed of eaghndmdual electron._ As_sumlng <10~ m2/V-2 [36], implying that for the irradiancey =
I§ = 90 MW/cm? and I5~ = 15 kW/cnT? [satisfying the o4 Mw/en2 and I2* = 15 kWfcnT? a current of <1

irradiance condition leading to (5)] with Gaussian pulsewidth§ o jcm—2 occurs for the optically generated electrons. This is

Tw = T2w = Te = 1_020 fs, one obtains a surprisingly largfgpeak)rders of magnitude below the QUIC current value determined
current~1 kA/cm~—2 for a carrier density of only X6 cm=2. by the nondivergent piece of®. More importantly, the

QUIC process is fundamentally different in nature than a

1From thecalculatedvalue of nexxx and g (this is based on scaling rules 1d-ind d lerati This latt . it .
as outlined in, e.g., [32]) as given in Table I, the maximum macroscopﬂce -Induced acceleration. IS latter process, since It requires

speed exceeds that of the individual electrons Iy Blowever, if one self- Separate processes to generate both carriers and the rectifi-
consistently uses the valuesmpfcxx and3 calculated in [22] using the same cation field, will also have a higher power law dependence
band-structurepmax is ~75% of an individual electron’s initial speed. For . . .

the remainder of the text we base all theoretical current calcuations on #@ the optlcal beam irradiance. Overall, the QuIC process
self-consistent approach. therefore may offer advantages for physical effects involving

VUmax =
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rapid current generation, such as more efficient techniques for
terahertz generation.

The 7. 1, time constants strongly influence the peak pho-
tocurrent and the rise and fall time of the photocurrent. The
current decay time, in addition, may be related to the carrier
lifetime sinceinter alia, carrier accumulation or lattice heating
can alter dephasing processes. In genetal, depends on
details of theelasticandinelasticinteraction of carriers with
phonons, impurities, and defects, and these interactions differ
for electrons, heavy holes (hh), and light holes (Ih). At 300
K, the e—e scattering rate in GaAs is calculated [37] to
range from 0.4 to 60 pg for 10 < N < 10 cm™3
and the e-lh scattering rate varies from 0.05 to 20'pfor t/Te
_1017 < _N < 10 cm®. The corresponding rates for e'hh:ig. 3. Theoretical evolution of the current density inducedchyrped w
interaction are 0.1-2 ps for 10" < N < 10" cm™3. The and2w pulses for delay: (a) 0, (b) 04,, and (c)r., for both pulses of equal
rate of bare LO-phonon interactions with electrons is 4.5'ps \t’ivriﬁéh ggﬁdmgt ﬁUfrfggfégl(%égi?gr gr“?]é:mtaﬁ?r tgdbs/éévyh”f théz bputlge
and is independent of density up to!3@m 3. Experimental nos poen set mf;z He=s y chirped puls&ioota + 2buty
measurements [38], [39] of e—e and e-LO-phonon scattering

times were found to be in agreement with these calculations.

In high-purity GaAs, interactions between carriers of differetf{¢"® to have an irradiance100 GW/CTW? Vs determm_ed I_oy
mass dominate current relaxation f§r> 1017 cm—3. whereas the value ofa and the peak current is reduced from its ideal

in the low-density regimes relaxation should be dominated ¥@ue Py a factor oi~4. _
LO-phonon scattering. In LT-GaAs at 300 K, Prabéiual. Another |mporFant phase effect is related to the use of
[40] measured the electron momentum relaxation rate to be §@transform-limited pulses. For example, let us consider the
psL for N ~ 10 cm™2. It is therefore expected that Lo_effect of a linear frequency chirp in the pulse._ Such a chirp
phonon and impurity scattering will dominate the relaxatiof@" be expressed as [43]@)_ = wo + 2b,t with w, the
process in this material for carrier densities upb0t? cm—3,  Center frequency andl, the chirp parameter. If théw pulse
The principle difference between normal GaAs ni§ denvgd from guch a pu_lse with a Ggussmn envelope profile,
LT-GaAs is the carrier trapping or recombination lifetime here will be a time-varying phase difference betweenche
Whereas in GaAs this lifetime is>1 ns [29] for N < 107 and 2w pulses as a func_:t_lon of delayy. From Appendix A,
cm—2, in LT-GaAs the excess arsenic reduces the electrdff find that (3) is modified so that
and hole lifetimes to<1 ps [41], [42]. Hence, although the j (5 ¢,) =25/277xxxx(uo/60)3/4nwnéi21w(t)féf(t — 14)
electrical transport properties of the two material do not 7
differ dramatically, the long carrier lifetime in GaAs can -sin (A¢(2)) — T—T (7
lead to carrier accumulation for long or high repetition rate ] ¢ .
pulsed excitation. For this reason our initial experiments whi¢g- 3 shows the time dependence of the current density
focused on the steady-state regime for detecting currents h@fe@ function of time delay for moderately chirped pulses
preferentially employed LT—-GaAs. With this material, one caff«2w/2r = 0.66) where Aw is the bandwidth of theu
also neglect carrier diffusion effects. pulse. The curves do not peak at zero delay because of the
Besides practical considerations to be noted below, thdl@nzero relaxation time. As the delay increases, the current
are several fundamental reasons why the theoretical curr@igillates and approaches zero. Indeed, as shown in Fig. 4,
density might not be attained experimentally. The most irf?€ integrated current for chirped and delayed pulses drops
portant ones are related to phase effects. For examme’cggsmerably faster than for transform-limited pulses.
the optical pulses enter the semiconductor, linear dispersion
can lead to a spatial variation of the optical phase due to a lll. EXPERIMENTAL DETAILS
refractive index mismatch for the two beams. As the beamSExperiments to observe QUIC currents were carried out
propagate into the semiconductor, the injected current cgsing the basic experimental configuration described in [28]
change direction since the phase parametgrwill vary as and illustrated schematically in Fig. 5(a). Two different optical
Ad(z) = (2w/c)(na, — nw)z Wherez is the depth into the sources ofv pulses were used. One is an 82-MHz 1-ps-pulse
semiconductor. The averaged current injection is therefasgtical parametric oscillator (OPO) [44] with average power,
given by P“ = 100 mW and pumped by a Kerr-lens mode-locked
) 00 Ti: sapphire laser. The system is tunable from 1.4 to;in®
J' / Iw(Z)IQIf(z) sin[A¢(z) + A¢o]dz  (6) and is similar to a femtosecond unit described elsewhere [45].
0 The output pulses have a time bandwidth product of 0.48,
whereAg, is the phase parameter of the beams at 0. One close to the bandwidth limit. The other source is an optical
can show that the ratio between the current injection efficienparametric amplifier (OPA) producing pulses withl50 fs
for the dispersive versus the ideal case i¢y?+62)'/2 where  full-width- half-maximum (FWHM) at 250 kHz, withP~ ~
v =Bl +3aand§ = (2w/c)(na, —n.). Unless thes beam 50 mW in the 1.1-1.8sm range; the time—bandwidth product
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Optlca.l Parametric ® and 2o beams CMSM
Source ) }
o Au electrode Dl (5}
\ R(Omsm
Lock-in beam
Amplifier | ™| ™ chopper \ W

<> f=5cm

\ /
Zam a7/ AN
Ry

g

A2waveplate (®)

@) (b) ©

Fig. 5. (a) Diagram of the experimental setup for the coherent control of photocurrent using a parametric source; M1 and M2 are curved mirrors with
focal lengths of 10 and 2.5 cm, respectively. (b) Schematic diagram of the illumination geometry and the MSM charge collection device used to monitor a
steady-state voltag¥. (c) Equivalent circuit diagram of the MSM device and load (voltmeter). Both capacitaGegsy andC7,) and the load resistance

R;, are assumed to remain constant, while the resistance of the MSMR@aARIsM varies due to carrier injection.

1 mm. The internal angle of propagation of the be@ms.. is
related tod by sin 6,, 2., = sin 8/n,_ ., 2.. The relative polar-

2

2 r ]
5 0.75 J ization of the exiting pulses is controlled using a birefringent
'§ - ] plate which acts like &/2 plate for thew beam but (nearly) a
050 a ] full-wave plate for the2w beam. Both pulses are then incident
G - ] on the gap area of a metal-semiconductor—-metal (MSM)
£ C b ] o A .
é’ 0251 B structure, as indicated in Fig. 5(b), and the steady-state signal
= o ¢ . voltageV associated with charge accumulation through current
£ of = generation is monitored. Although future work will concentrate
3 - L ] on detecting time-resolved current, the present configuration
0 1 2 allows several effects to be demonstrated in a simple config-

ta/Tw uration. The present scheme, which effectively monitors the
. . . _ _ charging of a capacitor, is also much easier to use than an ear-
Fig. 4. Calculated integrated current density as a function of time de‘ljl')é . . .
for time—bandwidth products of (a) 0.44, (b) 0.66, and (c) 0.88. The curr rt_eChmque Where'n_ c_harg_es were CO_”eCted n quantl_Jm wells
relaxation time is as in Fig. 3. of different widths, giving rise to luminescence at different
wavelengths [19]-[21]. For the MSM device one can relate the

of the pulses is~0.75-0.9, twice the bandwidth IimitedSteady'State voltag&], to the peak current density using a sim-

value; this is not unusual for OPA systems. Phase-relatf M0del of the circuit as indicated in Fig. 5(c). The MSM is
2 pulses (near 0.8:m) are produced in an angle-tuned?ss'gned a capacitance and a (time-varying) resistance and the

0.6-mm-thick Beta barium borate (BBO) crystal; for botEXxternal c.ircuit (Iopk-in amplifier) is modgled asa capacitor in
systems the average pow@t? is <2 mW. The relative para]lel with a resistor. Appendix B provides the detglls of the
phase between the and 2w pulses is varied by passing bothelation betweert” _an_d_ the peak QUIC current density. Both
through a 1-mm-thick BK7 glass plate for various angles §empensated (resistivity10° ©- cm) normally grown GaAs
incidenced and taking advantage of the different optical patind annealed LT-GaAs (resistivity10" - cm) [28] were
lengths because of the frequency-dependent refractive indéged in the experiments. The LT-GaAs samples were used for
Double passing is used to avoid lateral walkoff between tieost of the experiments reported here since its rapid carrier

above. This significantly reduces internal discharge of the

— sin(tan 6, — tan 65,,) MSM device between current injection pulses. Gold electrodes
¢ |cosf, cos b, of 170-nm thickness were deposited to produce MSM gaps
(8) between 5 and 5pm; the gaps were oriented along the crystal
(100) direction to optimize current injection according to (3).
No attempt to produce ohmic contacts using ion-implantation
or other techniques were used since these tend to alter sample
2Schott Optical Glass, Schott Manufacturing, Duryea, PA USA. characteristics significantly in the vicinity of the electrodes.

:4w£p Np,w  Tp, 20w

A

wheren,, ., = 1.5013 andh,, »,, = 1.5118 are the appropriate
refractive indice$of the glass plate which has thicknegs=
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crystal (BBO in our case) and then mixing the and 2w
beams in a KTP (potassium titanyl phosphate) crystal. This
technique was used by Chudinet al. [46] to measure the
relative phase of two harmonically related beams. The overall
conversion efficiency of the into 2w beams depends on the
value of A¢ when the waves enter the second crystal. Hence,
any relative phase nonuniformity will become apparent in the
spatial pattern of the far field of th&, beam. For instance,

if A¢ = —n/2, second harmonic light is converted back into
the fundamental beam, whereas fw) = « /2 conversion is

) ] increased.
Fig. 6. Apparatus used to control the relative phasevadnd 2w beams,

the latter generated in the BBO crystal. Th¢2 plate is designed for the

1.55um beam and behaves as a full-wave plate for the OjimSbeam;

the lens has a focal length of 3.8 mm. The right-hand side shows a simple IV. RESULTS AND DISCUSSION

Michelson interferometer used to control the relative phases of beams via a .

PZ stage before they are incident on an MSM device. When a beam splitterQUIC currents have been observed in both LT-GaAs

is inserted before the MSM as indicated, the beam profile of2thbeam and GaAs. However, although the MSM detectors based
generated from incident and 2. beams in the KTP crystals can be used t)h | T_GaAs could be used with either the high repetition
monitor beam phase quality. .
rate OPO or lower repetition rate OPA, the GaAs MSM
structures only gave evidence for coherence control effects

For many of the experiments, and certainly all those iwvith the OPA. A simple argument illustrates why the lower
volving the OPA source, a second method for phase contrebetition rate system with approximately the same average
was utilized, based on a Michelson interferometer as showbwer as the OPO is more effective for GaAs in which the
in Fig. 6. A dichroic mirror (D) splits the beams and aarrier lifetime is dominated by bimolecular recombination
piezoelectric transducer (PZT) is used to control the phase[29]. Since the2w beam is derived from thew beam by
the beams by adjusting the length of one arm. This technigs€cond harmonic generation, as (1) indicates the current or
allows for background-free measurements of QUIC curresharge injection rate per pulse varies @§)? or 72(P*)
with rapid phase scan. Lock-in amplification and measurememlere is the repetition time. However, per pulse, the ability
is made by modulating the phase with the PZT. A squatd an MSM gap to contribute to discharge is related to the
wave voltage is applied to the piezo controller using a functiggroduct of the gap conductivity and carrier recombination
generator to give a displacement amplitude\pf (or a total of time. Since the conductivity is proportional ty and the
A/2 path change for the 1.58m beam). Such a displacementiominant radiative recombination time varies &s ™, the
makes the phasé\¢ vary by half a cycle and allows thedischarge is effectively independent of peak irradiance or
signal extrema to be measured in a single sweep. A modulati@petition rate. The generation process will therefore dominate
frequency of 85 Hz was found to be optimum for this purposeternal discharge as the repetition rate drops. Nonetheless,
Although the PZT displacement may not be perfectly linear aven for the 250-kHz system, which produces peak carrier
85 Hz, the signal periodicity is preserved. Another advantagensities of 18° cm~3, the recombination time is still near 1
of using an interferometer for controlling the phase is that thes and the charge integration process is not very effective as
time delay between the pulses can be adjusted, eliminatithgg noise in [28, Fig. 3] indicates. We therefore concentrate
the need for reflective optics, which were used to prevehére on measurements taken with LT-GaAs. Our purpose
pulse temporal walk-off caused by group velocity dispersids to show how QUIC current experiments using the MSM
in lenses. structure can be understood in terms of the simple circuit

Since the current injected into the semiconductor depenei®del, and to illustrate the dependence of the steady-state
on Ag, it is important to preserve the beam phase frowbltagel on beam polarization, power, and phase-parameter
quality. The experimental configuration of Fig. 6 includea¢. Additional detailed studies can be found elsewhere [47].
an apparatus to monitor the phase front quality. If phaseFig. 7 shows raw data for the dependencelobn 6 for
matching is satisfied, the value ak¢ inside and at the MSM'’s with different electrode gag. Pulses from the OPO
exit of the BBO crystal ist/2 across the whole beam. Thesource were used witly = 5 MW/cm—2 and I3* = 9
phase is fixed because the second harmonic beam is initigt®d/cm—2 in the configuration of Fig. 3(a) with ar-100-
in a doubling crystal with zero intensity and its phase igsm spot size. Variations in signal and background amplitudes
determined by the initial phase of the beam. Therefore, and modulation depth (as high as 50%) reflect details of the
phase distortions in a spatially nonideal beam are not particular MSM and the exact positioning of the beam relative
of great concern. However, after the beam interacts witb the MSM gap. The background level is perhaps related
various optical elements, the phase front could experieniethe injection of optically generated carriers by the space-
some distortion. High-flatness optica/6 surface flatness or charge field in the vicinity of the contacts. Under optimum
better) are generally used in our coherent control experimeotnditions we have recorded a modulation amplitude as large
to prevent this. Cascaded frequency doubling constitutesas 200,V (see [28, Fig. 2]) forls = 30 MW/cm~2 and
good diagnostic tool to determine the relative phase of tHg~ = 9 kW/cm2. Using the circuit model, we infer a peak
beams. It consists of generating second harmonic light in ooerrent injection of 10 A/cm? as compared to a theoretical
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Fig. 7. QUIC current signals as a function #ffrom MSM detectors with

various pairs of electrodes on a LT-GaAs sample; MSM gap sizes Are 5 rig 8. Coherent control signal from a 261 MSM detector with LT-GaAs

(crosses), 2:m (circles), and 5Q:m (squares). for polarizations across (dots) and parallel (squares) to the gap for illumination
conditions similar to Fig. 5. A common background signal has been subtracted
in each case.

prediction [including correction for effects related to (6)] of
50 A/cm2. Besides uncertainties in the theoretical values
of n and 3, the major source of the discrepancy is the
poor collection efficiency of surface-mounted electrodes when
currents are injected over a depth of nearly a micrometer and
into nonohmic contacts. The nonsinusoidal variation of the
modulated component of each signal in Fig. 7 is expected,
since A¢ is not directly proportional ta?. The figure also
illustrates how the experiments are not sensitive simply to
a phase difference between beams but to a global phase
difference A¢. In particular, the initial phase of the curves
[70°, —11°, and—45° for the 5-, 25-, and 5@:m gap samples,
respectively, when the raw data are considered in terms of (3)]
are different for each gap size. This is due to the fact that
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the signal amplitude reflects the value &f at the electrode

edges since onIy carriers within a mean free pai&llC(O nm) Fig. 9. QUIC current signal e_lmpli_tude from_MSM d_evic_es \_Nith va_lrious
electrode spacings but under identical conditions of illumination using the

of the electrodes contribute to e_leCtrOde charging. ThelvaléQA source. The dashed line is the response expected for uniform irradiance of
of A¢ cannot be controlled precisely as each MSM device fise gap while the solid curve is that obtained with Gaussian beam illumination,
iti as discussed in the text.

positioned.

Orientation of the MSM gap along the LT-GaAs (001) di-
rection makes QUIC current generation polarization-sensitigith four different gap spacings but under identical illumina-
Fig. 8 shows the QUIC currenf¢ dependence o from tjon conditions £~ ~ 4.5 mW, P2 ~ 375 uW) using the
a 25um gap MSM detector fow and 2w beams from the OPA optical source. The voltagé is expected to vary with
OPO polarized across and parallel to the gap. For data takga irradiance at the electrodes and with gap size, since the
with beam polarizations across the gap, a sinusoidal curygitage is proportional to the charge separation. For Gaussian
gives a good fit to the data and has the appropriate periodigif¥am profiles, with the beam centered at the middle of the gap,

expected forA¢ values deduced fromd and (8). The data the average voltage should vary with the gap sizecording
clearly reveal no modulated signal for light fields polarizegh

along the gap consistent withy,, = 0 [22]. This also

directly illustrates that other possible sources of a phase-

varying injected current such as nonlinear/cascaded optical

carrier generation in a space-charge field are negligible. Otlveneres is the spot diameter of the 1.56n beam, assumed to

tests of polarization effects reveal that approximately an ordee approximately/2 larger than that of the 0.775m beam.

of magnitude weaker signals than the “across gap” case dtee solid curve, in reasonable agreement with the four data

observed if one of the beams has its polarization along the gagints, is obtained with a beam spot diameter ofurg, close

and the other’s is across the gap; this is consistent with tteethe measured value of 8am.

relative magnitudes of th@uce, Txyyx, Mxyy tENSOr elements  We now consider the scaling 6f with the average power

[22]. In what follows, all data is obtained with both beamg>* of the fundamental beam. With all other parameters of

polarized across the MSM gap, taking advantage of the larie beams remaining the same, the conversion ofutheam

Thoooe tENSOr element. into the 2w beam varies aéP~)?, neglecting pump depletion
Fig. 9 shows how the voltag¥’ varies for MSM devices effects. From (1) one then expects(B~)? dependence for

2
(V(d)) ~d exp <—4 In 2%) (9)



HACHE et al. QUANTUM INTERFERENCE CONTROL OF ELECTRICAL CURRENTS IN GaAs 1151

LN DL L L B B B 800||l||‘llll[lll"llll

101|111111L||||1|||111 ’-llllllllllllllllllil
50 75 100 125 0 500 1000 1500 2000
0] 2w
P“ (mW) PT (uW)
Fig. 10. Steady-state voltage modulation amplitude on a@5gap MSM  Fig. 11. Signal amplitude from a 1@m gap LT-GaAs MSM device versus
versus OPO fundamental beam average pairer P?¥; the OPA fundamental beam power is maintained at a constant level of

9.5 mW. The solid curve is obtained from the current integration model of
the circuit after scaling.

J. Fig. 10, however, indicates that the signal amplitude varies
as (P)+%02 for a 25pm gap MSM illuminated by pulses ¢ rrent drawn by the lock-in amplifier is 7 pA. Even if
from the OPO. The signal, however, is a steady-state VO“?&%charge took place only through the external circuit, the
V obtained from integrating over not only the temporal profilg,qst conservative estimate of the peak current density is
of each pulse but also many pulses. The space-charge field g8 A/cnr2 for N = 7x 107 cm—2. If internal dissipation
involves additional effects such as carrier recombination aﬂqough the MSM is taken into account, the peak current is
displacement in an electric field. With increasing conductivity 10 ka/cm2. This should be compared with a theoretical
of the sample, the MSM is also capable of discharging fast¢h|ue of 200 kA/cnT? based on the theoretical value .
making the MSM a less efficient integrator. Nonetheless, (8] and the model for current integration. Although this
detailed model for the circuit neglecting space charge eﬁe%y seem large, the current burst only lasts for HE80-fs
as outlined in Appendix B gives a power law dependence cloggise duration. It should be noted that time-dependent space-
to (P~)?. It may be that various density-dependent effects sugharge effects may significantly reduce charge collection at the
as carrier screening cause a deviation from quadratic behavig{srier densities developed by the OPA pulses, explaining the
Clearly, however, the dependence is not cubic or quartic ggparently larger discrepancy between theory and experiment
might occur for rectification fields driving optically generateghan for the currents generated by OPO pulses.
carriers as outlined in Section 1. We now consider how deviations from transform-limited
The variation of the modulation signal amplitude is alspulses are reflected in the QUIC current characteristics. To
considered as a function d??*, with P~ constant, and is do so we consider a linear frequency chirp in thepulse,
shown in Fig. 11. TheP*~ variation was achieved by smallas discussed in Section Il. Demonstration of the influence of
misorientation of the BBO crystal depicted in Fig. 6. The OPRhirp on the current integration was carried out using the OPA
source was used with the beams focused 200+:m spot size system. Chirped pulses at 1.53 and 0.766 were generated
on an MSM gap with (constant}y = 10 GW/cnT?(P“ = using the OPA with an average power of about 5 mW and 500
9.5mW) for the 1.55um beam and irradiancé up to 2 W, respectively. First, the pulses’ duration were determined
GW/cm2(P* = 1.8mW) for the 775-nm beam. The fastby measuring their cross-correlation trace via sum-frequency
rise and slower fall of the curve d3®« increases agrees qual-generation in the KTP crystal since sum-frequency generation
itatively with the simple circuit model, represented by the solig not sensitive to the relative phase of the input pulses or
curve. (As noted earlier, theoretical estimates of the currahgir chirp. The correlation function of two Gaussian pulses
exceed that measured. Therefore, the theoretical curve depidgediven by
gas been scaled to match the peak egperlmental_amplltude.) o @ g bE—ta)® _, o/ (a4l (10)
ne can understand the current integration mechanism in terms
of two competing processes. In the low power regime thgherea andb are related to the pulse durations apds the
increase reflectg’! ~ (P2~)°>. However, since the material correlation symbol. Consequently2. = 72 + 72, where ..
conductivity increases according f§ ~ > at high power is the FWHM of the cross-correlation trace. Fig. 12 shows a
levels, the MSM device resistance is lowered allowing mokgoss-correlation FWHM of 140 fs, giving values of =
internal discharge to take place. As a result, there is an optimals fs andrm, = 90 fs assuming the pulses are related
level of irradiance beyond which internal discharge dominatey 7., = 7./v/2 when they leave the doubling crystal.
and the current integration efficiency decreases. It is clear ti@Hdlculation of 7»,, takes into account a spectral bandwidth
the circuit model correctly gives the functional dependena# 16 nm producing 11 fs of pulse broadening through the
observed in Fig. 11. guartz waveplate and the 3.8-mm-thick focusing lens shown
With Iy = 10 GW/cnT? and I3¥ = 200 MW/cnT?2, in Fig. 6. Pulse broadening for the beam (bandwidth= 32
the maximum signal amplitude is 700V and the average nm) is negligible due to the low dispersion of glass and quartz
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each curve are 170, 140, and 65 fs, respectively.
Fig. 13. Gaussian functions representing the measured cross-correlation

traces between 1.53- and 0.765% pulses (a) after and (b) before chirping of
the 0.765x#m pulses and the corresponding coherent control signal amplitude

at 1.53um. From the values of,, andrs., the width of the as a function of time delay [curve c (dots) and d (squares)].

coherent control signal amplitude is expected to~E70 fs,
assuming bandwidth-limited pulses (curve a); however, this o ) )
value is about three times larger than the measured widthGglection in our nonohmic electrodes/semiconductor struc-
65 fs (curve c). This result is consistent with a time—bandwidfHreS- In future we will concentrate on time-resolving the
product of about 0.9, according to calculations related Qptically generated current and also attempt to observe similar
(7) and Fig. 4. Such a large time—bandwidth product is nff€Cts in indirect bandgap materials such as silicon.
inconsistent with the characteristics of the OPA. In principle, the quantum interference scheme offers inter-

Fig. 13 shows the result of stretching/chirping one of thesting opportuqities for generating and controlling electrical
optical pulses on the QUIC current. Pulses with widthof= currents in semiconductors. Because the current can be turned

97 fs andr., = 80 fs were first used and their cross-correlatiofi" in times dictated by the pulse rise time one can inject high-
trace with width of 125 fs is shown as curve b of Fig. 1density currents rapidly, avoiding capacitance and inductance

The corresponding coherent control signal curve width is gfects associated with controlling currents in conventional
fs (curve c). When a 9.5-mm-thick KZF-2 (Schott glass) fiiircuits. Since the current is controlled only by optical beams,

window was inserted in the path of the beam (in one arm ©N€ can also imagin_e _applications _in which the temporal
of the interferometer), the width of the cross-correlation tra@d spatial characteristics of the optical pulses can be used
increased to 155 fs (curve a) suggesting a new pulse duratfoh@ te_mplate to induce currents with similar charact_enstlcs
of 7., = 120 fs. As a result of the increased chirp, the widtll Semiconductors. These advantages have been achieved by
of the coherent control signal amplitude was reduced to 804§iN9 nonlinear optical mixing processes which are normally

(curve d). If one ignored pulse chirping, a larger width woul@Ssociated with poor conversion efficiency. However, since
be evident since one of the pulses is now much longer. ifyis envisioned that one would use the techniques discussed

contrast, a reduction by 15 fs is observed. These experimelfs€ 10 generate currents on, e.g., picosecond time scales in
clearly show the negative impact of the combination of Ch“.?u;formatlon technologies, the irradiances of the pulses used

and time delay on the current-integration efficiency, as Fig.[@ iniect currents would naturally be sufficiently high that
also showed. the normal limitations of conversion efficiency would be

somewhat mitigated.
V. CONCLUSIONS
. . ] APPENDIX A
We have characterized the QUIC currents in LT-GaAs using |NpLUENCE OF PULSE CHIRP ON CURRENT GENERATION

current collection MSM devices and a simple circuit model. his appendix provides the basic formalism to describe the

We have also shown the dependence of these currents 1y Ofpp lse cE'r on_coherentlv controlled currents. We

semiconductor electrode characteristics and pulse intensi . pu P : y : u '
(513|der anv pulse with a linear chirp given by

polarization, and coherence properties. Our results are in goco

agreement with the circuit model and the theoretical predic- w(t) = w, + 2b,t (A1)
tions of the coherence and polarization properties expecteq[h th ter the chi N
from the optically generated current. For picosecond pul w, the center frequency anll, the chirp parameter.

peak irradiances of only 30 MW/ (1.55 zm) and 9 e relationship ot,, to the pulse duratiom,, and frequency
KW/cm~2 (775 nm), peak current densities 610 Alc2 bandwidthAw in the case of a Gaussian pulse is given by

at peak carrier densities of f0cm~2 are inferred from the om 2l /7 Au\? 1/2

steady-state signals as compared~60 A/cm~? predicted o = ——5— l( d ) — ] (A2)
, . . T2 41In2

theoretically; the discrepancy most likely reflects poor charge w
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Hence, ifb, and by, are the chirp parameters for taeand width at the electrode and the optical absorption depth.

2w pulses and the pulses are delayed relative to each otherTine resistanc&ysn(t) is related to the time-varying carrier

a timety, the phase parametéxy as a function of time is  density and is a function of the electrode spacihguch that
AP(t) =2hu,(t +tq) — pau(t) = 20,(t +t4)? — ba,t? d

Rysm(t)

== B2
+ 2woty- (A3) SCNGN(t) (62

When pulse-broadening effects are small in harmonic genevehere N (t) is obtained from (4) with the condition that, fol-
tion, one can assume thiat, ~ 20, since thev and2w pulses lowing excitation, the carrier density approaches its quiescent

are phase-related. In this case, value of <10'* cm~2. The rate equation for the charge on an
5 MSM electrode can therefore be written in the form
AP(t) =2b,,(2tqt + t3) + 2woty. (A4)
. 1 1 1
Therefore, a general criterion for chirping to be an important 4(t) = —q(?) Rysm () + Riad | C +1(t) (B3)

factor in the current injection rate is that

with the steady-state condition
4b tqr, > . (A5)

. . - t)y=qt+1). B4
This corresponds to a phase variation greater than 1 rad within a(t) =l ) (B4)

a pulse duration. Note that¢ remains constant #; = 0. The |n general, the average chargg on the MSM capacitor is
rate equation for the current generation (3) can be then writtgBtained by numerically solving (B2)—(B4), giving an average

Tl 1) =2 n(no o) nony 2L OB (¢ — 1) VO129€ S9N
, Jo @ 1 7
-sin (Ag(t)) — — A6 _\ L

(Ad(®) — (A6) V="5=7 i q(t) dt. (B5)
where is the appropriate currgnt injection tensor e_le.me.r]rf. .. < 7, and diffusion effects are negligible (as is the case
Any delay between the pulses will reduce the current injectigg, LT-GaAs, where the diffusion length for a 1 ps lifetime
rate because of smaller pulse envelope overlap and reduceighg_oe um < o' = 0.7 um) one can assume that the
integrated current because of variationAw. carrier density decays exponentially with time constanfThe

square-pulse approximation can then also be used to calculate

APPENDIX B the amount of charge, deposited on the electrodes by each
CIRCUIT MODEL FOR CURRENT INTEGRATION current burst

The equivalent circuit diagram for the MSM device is ) i
illustrated in Fig. 5(c). A voltmeter (commercial lock-in am- qo = J1 577 <—L° +e /T 1)- (B6)
plifier) is used in parallel with the MSM device, and has a ¢
characteristic resistancB; = 100 M2 and a capacitance This derivation ignores Schottky barrier effects and a space-
Cr = 25 pF, for anRC time constant of 2.5 ms. If all the charge field [17] in the vicinity of the electrodes which can
generated QUIC currenf were dissipated through the loadnhibit carrier flow onto the electrode. The space-charge field
resistanceR, one could directly extract the time-averagedan also vary with time as the electrodes charge. For QUIC
current (I = (V(¢)/R;) = V/R; and the peak current current generation by the OPO the steady-state voltages across
~(I)-T/7., whereT is the pulse period. However, high carriethe MSM gap are sufficiently small that carrier flow is not
densities after illumination of the semiconductor reduce thikely altered during MSM charging. However, in the OPA
gap resistance significantly producing internal discharge sase, time-dependent space-charge effects may significantly
that only a small fraction of the current flows through theeduce charge collection, explaining the apparently larger
external circuit. In this model, current integration is describafiscrepancy between theory and experiment.
in terms of a charge accumulated on a capacitor comprised
of the MSM and voltmeter. The MSM capacitan€g;sy; and ACKNOWLEDGMENT
load capacitance”; in parallel provide a total capacitance
C. The resistorsRvgv(t) and R; in parallel provide two
discharge channels for the current and a total resistati¢e
We consider a source of currehft) charging the capacitors
during illumination with a periodicity such thdt(z) = (¢t +
T). Between and during pulse excitation, discharge occurs

with a time constant given byi(¢)C; the rate equation for [1] E. A Manykin and A. M. Afanas'ev, “On the possibility of making
q is therefore a medium transparent by multiquantum resonan&ay. Phys. JETP,
vol. 25, pp. 828-830, 19673, Exptl. Theor. Phys(USSR), vol. 52, pp.
s — —q/R(OC + I(1). B1 1246-1249, 1967.
4 q/ ( ) + ( ) ( ) [2] D. J. Jackson and J. J. Wynne, “Interference effects between different
ffino] 3 . optical harmonics,’Phys. Rev. Lettyol. 49, pp. 543-546, 1972.
From (3) the current(¢) satisfies/ (¢) = J(¢)S whereS is the [3] C. Chen, Y.-Y. Yin, and D. S. Elliott, “Interference between optical

current cross-sectional area (taken as the product of the beam transitions,”Phys. Rev. Lettyol. 64, pp. 507-510, 1990.

The authors would like to acknowledge the benefit of
numerous illuminating discussions with J. Fraser, Dt&C
and R. Atanasov.
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