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Terahertz electro-optic wavelength conversion in GaAs quantum wells:
Improved efficiency and room-temperature operation
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A 4-um-thick sample containing 50 GaAs/AlGaAs asymmetric coupled quantum wells was driven
with a strong terahert{THz) electric field of frequencw, and probed with a near-infraréNIR)

laser of frequencywyr. The THz beam modulated the probe to generate sidebandsat
+NwTy,, Wheren is an integer. Up to 0.2% of the NIR laser power was converted into the
n=+1 sideband at 20 K, and sidebands were observed up to room temperature. The strong THz
fields also induced changes in the NIR absorption of the sample20@ American Institute of
Physics. [DOI: 10.1063/1.1645662

In an efficient wavelength division multiplexe¢tVDM) ment of sidebands for a wide range of temperat(2€s-295
optical communication network, it is necessary to switchK).
data from one near-infrare(NIR) wavelength to anothér. The sample consists of 50 periods of double GaAs quan-
Wavelength conversion has been performed all-optically irfum wells, nominally 100 and 120 A wide and separated by
semiconductor optical amplifiet€ semiconductor lasefs, @ 25 A Aly,Ga gAs tunnel barrie(see inset of Fig. 1 Each
optical fibers LiNbO3,% and in bulk GaA$ In previous Pair of wells is separated by a 200 A AlGa, As barrier.
work, we have demonstrated all-optical wavelength convert he difference between the widths of the GaAs wells breaks

sion by THz electro-opti¢€EO) modulation in GaAs quantum inversion symmetry in the growth direction, thus allowing
wells7=12 This method is not limited in speed by gain and the generation of sidebands with odd Furthermore, the

carrier dynamics, as are SOAs and lasers, and has the adv tH[meI .spllttlng produces a spacing between electron sub-
o . . ands in the range of our THz sourcthe UCSB Free Elec-
tage of occurring in a system with strong nonlinearitiesd

) | tron Laser. The semi-insulating GaAs substrate absorbs NIR
(raensgc:rr:zgzi; that can be tuned by electric ff band-gap radiation resonant with excitonic transitions. In previous ex-

. periments on similar coupled quantum wells, NIR and side-
The THz EO modulation involves a NIR beam of fre-

guencywyr that mixes with a THz beam of frequenay,,

in a GaAs/AIGaAs heterostructure. Sidebands are emitted at > ' ! ! ' !
Ogigeband WNIRT N@THz, Where n==1,2.3, etc. For low 3.0 IR Prabe Sapphire |
THz fields the resonant structure of sideband conversion can / -
be weIIl deS(.:nbegI by a resonant nonlinear sgsceptlbll|ty o o __t_, Al | |-| | % 50|
model, in which sidebands are strongest whgy is reso- % THz field _ 0 |-
nant with interband transitions anely, is resonant with = I’ch‘g; 1204 1004
intersubband transitiorfsThe resonances can be modified by - 2:0 = Spectrometer N
changing the sample structure or by applying a dc volfage. §
For stronger THz fields, the sideband resonances change as & 15— 7
the THz field “dresses” the exciton stat&s* g =

This letter reports sideband conversion efficiencies more § 1.0 — § 7
than 10 times higher than the best previous results using THz & n=—1 = T n=+2
EO modulatior’. Sidebands are also observed at room tem- % 05— = < —
perature. Finally, the strong THz field influences the exciton n=—2 l n=+3
states and the resonant structure of the sideband generation 0.0 — 4 . A
The key to the improvements over previous work is sample o xio +180 XIg X0
design. The sample studied here has a much larger interac- -0.5 ' ‘ ' ' ' ' ‘
tion length, and it was designed to transmit the NIR beam 1.525 1.635 1.545 1.555
and sidebands instead of reflecting them from a distributed NIR Energy (eV)

Bragg reﬂeCtor.(DBR)' Smcg the frequencies of e).<C|.t0n|F: . 1. Transmitted sideband spectrum taken at 20 K with a FEL frequency
resonances shift strongly with temperature, the eliminationy 1 5 THz (6.4 meV. The transmitted beam alyr is divided by 100 and

of the fixed-bandwidth DBR greatly simplified the measure-then=+3, +2, —1, —2 sidebands are multiplied by 10 for clarity. The THz
power was~1 kW and the NIR power was 0.2 mW. The experimental
geometry and the conduction band diagram of a sample well are inset in the
¥Electronic mail: scarter@physics.ucsb.edu figure.
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bands have been reflected off a DBR placed between the QW 0.8 , | . .

and the substrate. To allow transmission of the NIR probe c 0.7-A == No THz power |
through the present sample, the sample was glued to a piece 2 0.6 4 ====Fr=== THz power ~ 400W _|
of sapphire and the semi-insulating GaAs substrate was g 0.5
etched away. This left a gm-thick epitaxial layer glued to 204
sapphire, which included a 22m-active region, 0.7um of |‘_£ 0.3
buffer layers, two doped gate QWanused, and a 1am- 0.2
etch stop layer. The sample was then glued to another piece 0.1
of sapphire so that the active region was in the middle of a 0.0
dielectric waveguide, maximizing the THz field. <

The experimental geometry is shown in the inset of Fig. = ' ' S '
1. The sample was placed in a closed-cycle He cryostat, '51-0 [emmnEmann m:gm::lggw 2| T 1
where its temperature could be varied from room tempera- So08l y g | H
ture down to 18 K. The THz beam was coupled into the edge g i 81 1
of the sample with its polarization perpendicular to the plane 3 061 %-F I'ﬂm!?qgn. ° i |
of the QW. The THz beam was on for abouju4 at a rep- §0-4— ] R
etition rate of 1.5 Hz with a_peak powerlefl KW. It' was @0_2 L oTszlggwercth(\)l) i
focused onto the sample with an off-axis parabolic mirror &5 (b)I sl 7 .,
(f/4) to a spot measured to be about 1.2 mm in diameter, §0'0 1525 1530 1535 1540 1.545

+ Incident NIR Energy (eV)

yielding a maximum intensity of-90 kW/cn? (~2 kV/cm in

the samplé y . FIG. 2. (a) Sample transmission spectrum at 20 K taken when the FEL is off
The NIR beam came from a cw tunable Ti:sapphire lase{open dots and solid lingsand at high powefopen squares and dashed

which was chopped by an acousto-optic modulator intdines), indicating the effect of the strong THz field on the linear absorption.

~200 us pulses that overlapped each THz pulse. The bearhhe absorption lines are I_abeled by thedsge Ref. _1}5 The arrow illus-
incident dicular to the sample and tvoicall fc)_trates that the THz field is close to resonance with the EIHH2-E2HH1
was Inciaent perpendicu p yp y transition.(b) Two n= +1 sideband resonance spectra at 20 K taken at low

cused to an intensity of roughly 5 W/@nyielding an exciton  THz power(open dots and solid lingsind high THz powefopen squares
density of about 1Dcm™2 when tuned in resonance with the and dashed lingsindicating the change in resonant structure at high THz
exciton transition. It then passed through the sample and wd§e's: Each point of the resonance spectra represents-thiel. sideband

. signal when the NIR laser frequency is tuned to the value on the horizontal
sent to a 0.85 m double monochromator, where it was dezxis. The inset shows the=+1 sideband peak intensity dependence on
tected by a photomultiplier tub@PMT). For measurements THz power. For each graph the FEL was at 1.3 TH5 meV).

of the change in transmission by the THz field, the transmit-

ted laser beam was sent directly to a silicon photodiode.  {ransition, a double resonancd@ more detailed discussion
Figure 1 shows a typical sideband spectrum. The transpf thjs resonance can be found in Ref) The splitting was
mitted laser line at 1.54 eVattenuated by 100had side-  actually due to the strong absorption of both the incident
bands at multiples of 6.4 me\..5 TH2), the THz frequency. NIR beam and the sideband when on resonance. This was
The n=+1 sideband was far stronger than the others withconfirmed by a coupled amplitude equation md8ehat
an intensity of about 0.2% of the incident NIR beam. Thispropagated the sideband and incident laser through the
sideband spectrum was measured with an incident NIR insample as a function of wavelength and thickness. The model
tensity of about 2.5 W/cfy so the sideband intensity was includes the nonlinear susceptibility and absorption loss. The
about 5 mWi/cr For higher incident intensity of about 40 significant increase in sideband conversion compared to
Wi/cn, the sideband intensity saturated near 25 mW/cm samples 5 times shorter is consistent with this model.
The conversion efficiency of 0.2% was an order of magni-  Changes in the absorption, due to the strong THz field,
tude higher than in previous wofkThe increase is attributed modified the sideband resonances. Figuf@ Zlisplays the
to the five-fold increase in the interaction length of theNIR transmission with and without a strong THz field. The
sample, which is still only 2um. excitonic absorption features redshifted, broadened, and ab-
The THz EO effect that gives rise to sidebands in oursorbed less strongly when the THz field was on. The effects
sample is different from the conventional EO effect in thatdecreased as the THz field decreased but were qualitatively
both the THz and NIR frequencies are close to resonances @fmilar. Driving with 1.5 THz produced similar results as
the sample. This resonant structure is shown in a sidebangell. These changes were also manifest in the sideband reso-
resonance spectrum in Fig(k}, taken by changing the inci- nance spectra shown in Figl®. The resonance spectrum at
dent NIR frequency while always moving the spectrometethigh THz field was redshifted, broadened, and the dip due to
to measure then=+1 sideband. Figure (8) displays the absorption was essentially gone. This could be due to the
exciton absorption lines in the transmission spectra for compeak broadening and the decrease in absorption when the
parison. The lines have been assigned by comparison withiHz field was on. The inset graph shows the peak sideband
theory™ The exciton formed by an electron in ti¢h con-  signal as a function of THz power, illustrating the saturation
duction subband and a hole in theh heavy hole subband is that occurred at high powers. Some of these effects were
called ENHHmM. The strongest sideband resonance at 1.538lirectly due to strong THz field$:* However, some
eV (which appears to be split for lower THz powdrad the changes in the transmission persisted after the FEL pulse was
incident NIR frequency resonant with EIHH2 and the 1.3turned off, indicating that the sample was heated during the

THz frequency(5.5 me\j resonant with the ELHH2—E2HH1 FEL pulse. The heating effects could not be separated from
Downloaded 29 Oct 2004 to 128.111.239.174. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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0.5 e T In summary, we performed terahertz EO experiments in
o ozl T T T T a GaAs multi-quantum well sample that generated sidebands
T osl sideband | with an efficiency up to 0.2%. The sample also exhibited an
:0-4 B ng-i- 17 interesting change in absorption that was partially due to
=] Soal i strong THz field effects. The sideband conversion efficiency
g 02| 1 is not close to any fundamental limits of which we are aware,
z 03~ g-;- 1] but is sufficient to be regenerated to full power by optical
8 1.4485 1.4500 1.4515 amplifiers. It is also comparable to efficiencies achieved in
202 NIR Energy (eV) | wavelength converters based on S&As semiconductor
T lasers® By comparison, a 4sm-thick LiNbO; sample in the
9 same experimental conditions should have a conversion effi-
E% 01L ] ciency of ~3x10°8, assuming an EO coefficient of 9.6

3 pm/V.*® Our device operated from 20 K up to room tempera-
¥ ture, but had significantly decreased conversion efficiency at

0.0 | | | higher temperatures. This could be overcome by coupling the

1440 1.445 1450 1.455 1.460 1.465 NIR light into the quantum well plane, further increasing the

Incident NIR Energy (eV) interaction length. A device like the one measured could be
FIG. 3. Transmitted sideband spectriinse) and then=+1 sideband .made VOItage. tunable as in Refs. 7 and 12 a.nd could be
resonance spectrum taken at 295 K with FEL frequency 0.66 [z implemented in InGaAs Wel_ls on InP for operation at 1.55
meV). Each point of the resonance spectrum represents+he 1 sideband ~ um. The extremely small thickness of our wavelength con-
signal when the NIR laser frequency is tuned to the value on the horizontajerter makes it suitable for insertion into microphotonic cir-
axis. The THz power was-6 kW and the NIR power was 3.2 mW. cuits. Recently developed THz quantum cascade Ysers
_ ) ) ) have, inside their cavities, THz electric fields comparable to
the strong field effects, making a detailed understanding ofhe ~kv/cm fields used in this stud. Thus, all-
changes in transmission impossible. The persistent heatingsmiconductor THz EO wavelength converters with inte-

effect did not come from photogenerated carrier heating agrated THz sources may be achieved in the future.
the effect has very little dependence on NIR power. Heating

of carriers from residual extrinsic doping, or of the GaAs or ~ The authors thank David Citrin and Alex Maslov for
sapphire lattice directly by the THz field could be the causehelpful discussions. This research was funded by NSF-DMR
This persistent effect was strong in samples with substrate@070083 and SUN Microsystems. V.C. thanks the Swiss NSF
removed, like the one studied here. A sample from the saméor additional support.
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