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Optical modulation in a resonant tunneling relaxation oscillator
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We report high-speed optical modulation in a resonant tunneling relaxation oscillator consisting of
a resonant tunneling diod®TD) integrated with a unipolar optical waveguide and incorporated in

a package with a coplanar waveguide transmission line. When appropriately biased, the RTD can
provide wide-bandwidth electrical gain. For wavelengths near the material band edge, small changes
of the applied voltage give rise to large, high-speed electroabsorption modulation of the light. We
have observed optical modulation at frequencies up to 14 GHz, associated with subharmonic
injection locking of the RTD oscillation at the fundamental mode of the coplanar transmission line,
as well as generation of 33 ps optical pulses due to relaxation oscillationl9%® American
Institute of Physicg.S0003-695(99)01809-4

Resonant tunneling diodeRTDs) have been widely lecular beam epitaxy in a Varian Gen Il system, on a semi-
studied because of their potential application in high fre-insulating GaAs substra{é=ig. 1(a)]. It consists of two 1.4
quency signal generatidnhigh speed signal processing at nm thick AlAs barriers separatedyba 7 nmwide GaAs
microwave frequencies,and in optoelectronic:® Recent quantum well, and two 500 nm thick moderately doped
studies on resonant tunneling relaxation oscilldtbrisave  (Si:2x 10'°cm™3) GaAs spacer layers each side of the
shown generation of 30 ps electrical pulses at a repetitioglouble barrier, which are surrounded by heavily doped
rate of 1.1 GHz, and harmonic and subharmonic locking. In(Si:2x 10"¥cm™%) AlGaAs cladding layers, allowing light
an optical waveguide containing a double-barrier RTDconfinement in the direction parallel to the double barrier
implemented in the AlGaAs material system, our group preplane. An+ GaAs cap layer was provided for formation of
viously reported electroabsorption modulation at 900 MHzAU—-Ge—Ni ohmic contacts. The ridge waveguid2s6 um
with a modulation depth of 7 dBThe modulation relies on Wide) and the large-area mesas each side of the ridges were
a depletion region that is formed in the waveguide core; de-

pending on the bias condition, a substantial part of the ter- @ ®)
minal voltage may be dropped across this region. From the .
.. . n+GaAs Light
current—voltage I(-V) characteristic of the RTD optical . .
- - nt+ AlGaAs etched window / AuGeNi  Ssilica
waveguide modulator, it can be seen that small changes of [nGaaAs AR
bias voltage close to the peak-to-valley transition region can } RTD
cause large changes in the electric field distribution across | GaAs
the depleted part of the waveguide core. The electric field n+AlGaAs

shifts the absorption band edge to longer wavelengths via the | S1Gaas f
Franz—Keldysh effet? and therefore changes the transmis-
sion characteristics of the waveguide. Compared to the con-
ventional pn electroabsorption modulator, the advantage of
the RTD modulator is that when dc biased close to the NDR
region, the device behaves as an optical waveguide electro-
absorption modulator integrated with a wide bandwidth elec-
trical amplifier. This letter reports results of high speed light
modulation in a resonant tunneling relaxation oscillator con-
figuration, consisting of a RTD optical waveguide modulator

©

SMA
integrated with a coplanar waveguide transmission line. streak power

The RTD optical waveguide structure was grown by mo- E§ streak camera trigger | divider |_<—

H~ streak camera trace RF

3Also with the Centro de Bica do Porto—ADFCUP, Universidade do FIG. 1. (a) Schematic diagram of the wafer structufe). The RTD optical
Porto, Rua do Campo Alegre 687, 4169-007 PORTO, Portugal. Electronienodulator(RTD-OM) configuration.(c) Diagram of a packaged device and
mail: jlfiguei@fc.up.pt measurement setup.
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fabricated by dry etching. Ohmic contact$00—400 um (a)
long) were deposited on top of the ridges and mesas. A SiO Light Transmission (a.u.)
layer was deposited, and access contact windows were
etched on the ridge and the mesa electrddfég. 1(b)], al-
lowing contact to be made to high frequency bonding pads.
After cleaving, the devices were die bonded on packages
containing 50} coplanar waveguidéCPW) transmission
lines of different lengths. The device pads were connected to
the package CPW pads via gold wires; a SMA connector was
then soldered to the package CPW liriég. 1(c)]. The dc

and rf signals were applied through a 40 GHz bandwidth bias
tee. The dcl-V characteristics of the packaged devices
show typical RTD behavior, with the peak current density

being approximately 13 kA cif (800 um? active arepand Light Transmission (a.u.) ®)
a peak-to-valley current ratio around 1.5. Peak voltages were 60
in the range 2.1-2.5 V and the valley voltage varied from 2.6 50

to 3.2 V. 40
The optical characterization employed light from a ;g
Ti:sapphire laser, tunable in the wavelength region around 10
the absorption edge of the GaAs wavegu{@80—950 nm 04 ; ,
Light was coupled into the waveguide by a microscope ob- 0 0.6 1.2
jective end-fire arrangement. To measure the change in the Time (ns)
Optlc_al_ absorptlo-n spectrum _Induced by ,the peak-to-va'k_:‘)f:IG. 2. Streak camera traces of the modulator optical response associated
transition, a rf signal was injected to switch the RTD be-yith locking of the RTD oscillation to the fundamental mode of a package
tween the extremes of the NDR region, and a photodetectorith two different transmission linega) Trace corresponding to 14 GHz
was used to measure the transmitted light. The band ed#tical modulation for a packaged device with a CPW transmission line 5
hift f d b . lv 12 The high m long.(b) Trace of the 8 GHz modulator optical response for a packaged
shift was foun to be approximately 12 nm. The hig -speeqjlevi
optical response of the modulator was measured with a
streak camerdHamamatsu C5680with a minimum time
resolution of around 2 ps. A part of the injected rf signal

power was required to trigger the streak camera. Figire 1

schematically presents the experimental setup. amplitude in the range 0.8-1.4 V, it was found that the pack-

Due to the highly nonlineai—V characteristic in the . .
NDR region, the RTD is able to generate many high-order‘?‘ged RTD optical modulator connected through a coaxial

! L . . _line 30 cm long, produced optical pulses with a full width at
qdd harmom_cs O.f the |njected_ sigriave hgve StUd'eq P half maximum(FWHM) of approximately 33 ps, at frequen-
tical modulation in a RTD optical waveguide relaxation os-

cillator due to injection locking of the RTD to the fundamen-
tal mode of a cavity formed by a transmission line. Optical (@)
modulation at 14 GHz was observed in a packaged device
with a 5 mmlong transmission line, dc biased in the NDR
region (2.25 V), when a rf signal of 0.4 V amplitude and
frequency around 1 GHz was injected. A packaged device
with a 7 mmlong transmission line, again dc biased in the
NDR region(2.4 V) showed optical modulation at 8 GHz for

an injected signal of 0.6 V amplitude and frequency around 2
GHz. The streak camera traces for the 14 and 8 GHz optical
responses are presented in Fig. 2. In both cases, switching

ce with a CPW transmission line 7 mm long.

tion bandwidth to the operating voltage for the 10 dB modu-
lation depth, is higher than 33 GHz/V.
When scanning the frequency of the injected signal with

occurs between the extremes of the NDR region, producing Licht T . ®

sinusoidallike oscillating wave forms. At this stage the cavity ight Transmission (a.u.) S

comprised only the modulator CPW and the package CPW A 11 A Y

terminated with the SMA connector. The left side of the 120 B |}

modulator CPW is unterminatg@pen circui}, as indicated 80 neTA
33ps 10dB

in Fig. 1(c). The SMA connector limits the apparatus band-

width to 18 GHz. By inserting coaxial transmission lines 40

between the packaged device and the bias tee, we also ob- 0 ' '
served modulation at the coaxial transmission lines funda- 0 1.0 2.0
mental mode frequency. Figuréa shows a diagram of the Time (ns)

equwalem electrical circuit. The m.OdUIatlon effICIenCy. of the FIG. 3. () Schematic diagram of the electrical circuih) Streak camera
RTD optlcal mO(_jUIatc_)r’ qharac_:tenzed by the_ bandW'dth'to'measurement of the 33 ps pulse optical response, showing modulation up to
drive-voltage ratio which is defined as the ratio of the opera48 dB.
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cies also associated with the device operation as a relaxatiomidth electrical amplifier with an electroabsorption modula-

oscillator’ Figure 3b) displays the streak camera trace of antor, opening up the possibility of a variety of modes of

optical pulse with 33 ps FWHM. According to Ref. 7, the operation. A RTD optical waveguide modulator in a relax-

pulses are caused by the discharge of the RTD capacitanegion oscillator configuration has been demonstrated, provid-

when the RTD switches from the second positive differentialing optical modulation up to 14 GHz when a 0.4 V amplitude

resistancéPDR) region to the first PDR region. On a longer rf signal around 1 GHz is injected. Relaxation oscillator op-

time scale other streak camera results indicate a pulse repeération of the RTD produces optical pulses as short as 33 ps

tion rate around 166 MHz, further confirmed by analysis ofand with a modulation depth up to 18 dB, for a range of

the optical signal wh a 2 GHz bandwidth photodetector. amplitudes and frequencies of the injected signal. At this

The oscillation wave forms were square wavelike. For a 15tage, development of the device concept appears to be a

cm long coaxial line the pulse repetition rate was around 34@romising route toward a high-speed, low power, optoelec-

MHz. The trace in Fig. @) shows a maximum modulation tronic modulator, with operation extended to 1550 nm pos-

depth of 18 dB, which suggests that the RTD now switchesible by using the InAIGaAs quaternary system.

between two astable points well into the PDR regions. If we ) ]
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