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Electric Field Switching in a Resonant Tunneling
Diode Electroabsorption Modulator

José M. Longras Figueiredo, Charles N. Ironside, and Colin R. Stanley

Abstract—The basic mechanism underlying electric field
switching produced by a resonant tunneling diode (RTD) is
analyzed and the theory compared with experimental results;
agreement to within 12% is achieved. The electroabsorption
modulator (EAM) device potential of this effect is explored in an
optical waveguide configuration. It is shown that a RTD-EAM can
provide significant absorption coefficient change, via the Franz–
Keldysh effect, at appropriate optical communication wavelengths
around 1550 nm and can achieve up to 28-dB optical modulation
in a 200- m active length device. The advantage of the RTD-EAM
over the conventional reverse-biased p–n junction EAM, is that
the RTD-EAM has, in essence, an integrated electronic amplifier
and, therefore, requires considerably less switching power.

Index Terms—Electric field switching, electroabsorption modu-
lation, InGaAlAs waveguide, resonant tunneling diode.

I. INTRODUCTION

W ITH the steady improvement of high-precision growth
techniques for semiconductor layers, in particular

molecular beam epitaxy (MBE), there has been a renaissance
in tunneling devices for electronic applications. Compared to
previous attempts to produce tunneling devices, high-precision
growth now gives much more control over device charac-
teristics which are crucially dependent on layer thickness.
Consequently, tunneling devices are now being considered
as memory devices [1] and a new logic family has been
proposed [2]. Furthermore, it has been demonstrated that III–V
semiconductor tunneling devices can be integrated with silicon
CMOS technology and that tunneling devices can be driven by
CMOS logic levels [3]. The physics and progress in electronic
applications of resonant tunneling diodes (RTDs) have recently
been reviewed in [4].

Optoelectronics has provided perhaps the most impressive
example of high-precision growth for a tunneling device with
the invention of the quantum-cascade laser [5] in which popula-
tion inversion between subbands in quantum wells is produced
by carefully engineered tunneling. Simpler optoelectronic de-
vice structures essentially based on double-barrier resonant tun-
neling diodes (DBRTD) have also been used in various applica-
tions. These include photodetectors at optical communication
wavelengths [6], mid-infrared wavelengths [7] and, closely re-
lated to the work presented here, optical modulators [8]–[10].
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Fig. 1. I–V characteristic of 2�m� 100�m active area RTD-EAM.

In this paper, we report on the application of a double-bar-
rier RTD to electroabsorption modulator (EAM) devices and, in
particular, the electric field switching which is the basis of the
operation of the device. We have been investigating this as an al-
ternative to conventional EAM devices which are currently em-
ployed in optical communication systems and where the electric
field is applied and switched by employing a reversed-biased pin
diode. The key advantage of the RTD-EAM over the conven-
tional pin-EAM (for a recent review of conventional pin-EAMs,
see [11]) is that the RTD-EAM can provide electrical gain over
a wide bandwidth, and thereby achieve a low-drive voltage and
high-speed operation.

II. PRINCIPLE OFOPERATION OF THERTD-EAM

Essentially, the RTD-EAM is a unipolar device which
consists of a DBRTD embedded in an optical waveguide. The
presence of the DBRTD within the waveguide core introduces
high nonlinearities in the current–voltage (– ) characteristic
of the unipolar waveguide. A typical– characteristic of a
RTD-EAM is shown in Fig. 1 (the physics which gives rise to
this type of – has been previously explained [4]).

The operation of the RTD-EAM is based on a nonuniform
electric field distribution across the waveguide induced by the
DBRTD which becomes strongly dependent on the bias voltage.
When the current decreases from the peak to the valley, there is
an increase of the electric field across the waveguide core. The
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Fig. 2. RTD-EAM and QWITT schematic structures.

electric field enhancement in the depleted spacer layer causes
the Franz–Keldysh absorption band-edge to shift to lower en-
ergy which is responsible for the electroabsorption effect.

In a conventional EAM, the electric field is applied by reverse
biasing a p-n diode that shifts the absorption band-edge of the
depleted region to lower energy. The key difference with the
RTD-EAM is that the tunneling characteristics of the double-
barrier RTD are employed to switch the electric field across the
waveguide collector-depleted region. Therefore, a small high-
frequency ac signal (1 V) can induce high-speed switching,
producing substantial modulation of light at a photon energy
slightly lower than the waveguide band-gap energy.

The RTD-EAM is implemented in a ridged channel unipolar
waveguide configuration lying on top of the substrate, Fig. 2(a),
and its structure resembles the quantum-well injection transit
time (QWITT) diode proposed by Kesan,et al. [12], as illus-
trated in Fig. 2(b). In fact, the RTD-EAM has many similarities
to transit-time devices as the tunneling current acts as an injec-
tion source to the collector-depleted region [13].

In essence, the RTD-EAM is a DBRTD current switch in se-
ries with a resistor, except that the speed of response is limited
by the electron transit time across the collector-depleted spacer
layer. If one assumes an electron saturation velocity () of 10
cm/s and a depletion region width 500 nm (see Fig. 4), the
electron transit time is 5 ps.

The physical mechanism by which the current drop is
converted into an electric field enhancement is as follows.
When the bound state of the DBRTD quantum well is above
or aligned with the emitter conduction band-energy minimum
(see diagram of Fig. 3), the electron transmission is high and
the carriers can easily tunnel through the bound state with
little free-carrier depletion in the collector region. The applied
voltage is dropped mainly across the DBRTD and the electric
field gradient in the collector spacer layer is small because
the spacer layer is not strongly depleted. This corresponds
to the transmissive state (on-state) of the modulator (during
operation, the RTD-EAM is dc biased slightly below the peak
voltage). Once the applied voltage is increased from the peak to
the valley, the DBRTD bound state is pulled below the emitter
conduction-band energy minimum, as depicted in Fig. 3, and
the electrons can no longer tunnel through using the bound
state. The current through the device drops, giving rise to an
increase of positive space charge in the collector region. A
substantial part of the terminal voltage is now dropped across

Fig. 3. Schematic diagram of the energy bands in a RTD-EAM at the valley
voltage as a function of distance. Upper curve: the lowest conduction band
energy. Lower curve: the highest valence band energy.

the collector spacer layer. As a consequence, the magnitude
of the electric field in the collector spacer layer increases: this
is the nontransmissive state of the modulator. To summarize,
the peak-to-valley current drop produces an increase in the
magnitude of the electric field across the waveguide core
collector region. This causes the broadening of the waveguide
absorption band-edge through the Franz–Keldysh effect to
longer wavelengths, which in turn leads to an increase of the
optical absorption coefficient of photons possessing energy
slightly lower the waveguide band-edge energy.

In Fig. 3, we show the energy-band diagram in the RTD-EAM
at the valley voltage where the applied voltage is dropped mainly
across the depleted region of the waveguide core. To determine
the magnitude of the electric field change in the depleted core
induced by peak-to-valley switching, the injection region (the
emitter and the DBRTD, Fig. 3) is decoupled from the depletion
region since its characteristics should not depend strongly on
the collector spacer layer [13]. Our analysis follows the QWITT
model (see also [14]).

In the analysis, the electric field across the depleted spacer
layer (or drift region) is assumed to be high enough to cause the
injected electrons to traverse the drift region at a constant satura-
tion velocity, . Quantitatively, the magnitude of the electric
field in the drift region as function of position at a constant
current density can be obtained from the 1-D Poisson’s equa-
tion as follows:

(1)

where
distance;
electronic charge;
core permittivity;
background doping density in the depleted spacer layer.

Integrating, the electric field across the depletion region be-
comes

(2)

where represents the electric field at the injection plane
, the boundary between the DBRTD and the depleted
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spacer layer (see Fig. 3). The change in voltage across the drift
region due to peak-to-valley switching is given by

(3)

where is the change in the electric field
at between the valley and peak points. The width of
the depleted spacer layer is assumed to remain constant be-
fore and after current switching, as is . ( is defined by the
thickness of the low doped layer in the collector region of the
RTD-EAM.) We can rearrange the above equation to obtain the
peak-to-valley electric field enhancement at the injection plane

(4)

The changes in voltage and current are
found from the – characteristic of the RTD-EAM.

The analysis of (2) points out an important consideration
limiting electric field switching: the background doping of the
depleted spacer layer (drift region) must be greater than

. If this condition is not observed, then the electric
field increases with the distance and can exceed the breakdown
value. ( is essentially determined by the DBRTD structure.)
Experimentally, we observed in the InP based RTD-EAM
that cm gave unreliable devices subject
to catastrophic breakdown whereas cm
produced reliable devices. Also, doping across the structure,
especially in the cladding layers, has to be kept as high as
possible to minimize the device series resistance. However, to
minimize optical loss due to free carrier losses, it is desirable
to keep as small as possible. A compromise between the
required electrical and optical properties is needed.

III. W AFER DESIGN AND GROWTH, FABRICATION, AND

PACKAGING

The RTD-EAM is a unipolar optical waveguide containing a
DBRTD; the DBRTD is employed to switch the electric field
developed across the waveguide collector region as described
above. The optical waveguide configuration ensures a larger in-
teraction volume between the active region of the device (RTD
depletion region) and the optical mode, thereby ensuring a larger
modulation depth for a given applied field. The wavelength of
operation is set by the band-gap of the material employed in
the active region (waveguide core) of the device. Our initial de-
vices used GaAs in the active region (see [8], [9]) and operated
at 900 nm, subsequently In Ga Al As was employed
to shift the wavelength of operation to 1550 nm (InGaAlAs was
used because it is a convenient semiconductor alloy for MBE
growth).

The layer design for the InGaAlAs RTD-EAM device is
shown in Fig. 4. The RTD-EAM wafers were grown by MBE
in a Varian Gen II system on a InP substrate. The waveguide
core was formed by two moderately doped (Si: 510 cm )
In Ga Al As layers 500-nm thick (absorption band
edge around 1520 nm and refractive index of 3.56) each side

Fig. 4. InGaAlAs–InP wafer structure,�-valley, and refractive index profiles.

Fig. 5. Schematic of the RTD-EAM.

Fig. 6. Top view of a RTD-EAM die (430�m� 500�m withL = 100 �m),
showing the CPW contact-pad/transmission line.

of the DBRTD (2–nm-thick AlAs barriers and 6–nm-thick
In Ga As quantum well). The upper cladding layer of the
optical waveguide consisted of a 300-nm InAl As layer
heavily doped (Si: 2 10 cm ). The contact layer was a
In Ga As layer -doped for the formation of nonalloyed
Au–Ge–Ni ohmic contacts.

Ridge waveguides (2–6-m wide) and large-area mesas on
each side of the ridges were fabricated by wet-etching. Ohmic
contacts (100–400-m long) were deposited on top of the ridges
and mesas. The waveguide width and the ohmic contact length
define the device active area. A SiOlayer was deposited, and ac-
cess contact windows were etched on the silica over the ridge and
the mesa electrodes (Fig. 5), allowing contact to be made through
high-frequency bonding pads (coplanar waveguide transmission
line, CPW). Fig. 5 shows the layout of the RTD-EAM chip and
Fig. 6 is an annotated photograph showing the top view of a
finished RTD-EAM die.
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Fig. 7. RTD-EAM I–V characteristics with: (a) active length 100, 150, and
200�m and 4-�m wide and (b) width 2, 4, and 6�m and 150-�m long, as
parameter.

After cleaving, the devices were die bonded on packages al-
lowing light to be coupled into the waveguide by a microscope
objective end-fire arrangement. The details of the fabrication
procedure and device packaging can be found in [14].

IV. RESULTS

Here we report on the electrical and the optical characteriza-
tion of the InGaAlAs–InP RTD-EAM. The electrical character-
ization was concerned with dc measurements of the– curve
and the optical characterization was concerned with low-fre-
quency modulation and background loss measurements.

The dc electrical characteristics of the packaged devices were
measured using a HP 4145 parametric analyzer. Fig. 7 shows
two typical – curves for devices of different active lengths
and widths. The peak voltage rises as the active area increases.
Typical 4 200 m active area RTD-EAMs show peak current
densities up to 18 kAcm and peak-to-valley current ratios
of around 4, with valley-to-peak voltage difference ( ) of
0.8 V and peak-to-valley current density change up to

kA cm . Some devices showed larger peak-to-valley cur-
rent ratios and up to 7 could be achieved (see Fig. 1).

An interesting feature of the– curves is that they are not
completely anti-symmetric, the peak voltage in the reverse re-
gion is smaller in magnitude compared to the positive voltage
side and, indeed, it was frequently the case that devices oper-
ated in the forward voltage showed catastrophic electrical break-
down. This behavior may be related to the unsymmetric nature
of the layer structure and the different electrical characteristics
of the InAlAs alloy, forming the upper cladding, compared to

(a)

(b)

(c)

Fig. 8. Typical RTD-EAM absorption spectra characterization. (a) Absorp-
tion, � at zero, at the peak and at the valley voltages. (b) Absorption change,
�� = � � � , where� and� represent the absorption at the valley
and peak points, respectively. (c) Change in the absorption coefficient over the
absorption coefficient at peak voltage��=� .

the InP substrate which acts as the lower cladding. In the op-
tical experiments described below, devices were operated in the
negative voltage side of the– curve, i.e., electrons flowing
toward the substrate.

Optical characterization of the InGaAlAs RTD-EAMs em-
ployed a diode laser, tunable in the wavelength range of 1480–
1580 nm. End-fire and fiber coupling into the semiconductor
waveguide were employed. The waveguide was not single mode
but it was possible to excite individual modes with a single
mode fiber. By tuning the laser and measuring the throughput,
the waveguide transmission spectra was obtained. The Fabry–
Perot etalon method was employed to calibrate the spectra by
measuring the loss at a particular wavelength. For zero applied
field, the absorption coefficient at 1565 nm was found to be
8.2 cm . The change in the absorption spectrum was measured
at various points in the– curve of the RTD-EAM, as shown
in Fig. 8(a). The absorption change induced by peak-to-valley
switching is presented in Fig. 8(b). Fig. 8(c)
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summarizes the results of these experiments, showing the de-
gree of electroabsorption characterized by the change in optical
absorption coefficient induced by the peak-to-valley transition

, over the absorption coefficient at the peak bias, .
Preliminary electroabsorption modulation results have been

previously reported [10]; in summary, devices with a 4200
m active area showing the highest peak-to-valley current ratio

and largest , when dc biased to the optimum operating
point, had a maximum modulation depth of 28 dB at around
1565 nm [10]. Typical 4 200 m active area devices showed
a modulation depth of around 20 dB in the wavelength range
1560–1567 nm, with propagation loss in the transmissive state
estimated to be 5 dB [14]. The quiescent power required to
bias the device in the on-state (near the switching point), is
around 30 mW. Furthermore, in collaboration with other groups
[15], we have shown that with these devices, it is possible to
achieve a modulation of 5 dB for a voltage change of 1 mV. We
estimate that 10 dB of modulation can be achieved for a power
of a few milliwatts.

V. COMPARISONWITH THEORY

Considering the 4 200 m active area InGaAlAs RTD-
EAM devices with measured values of around 0.8 V and

kAcm , taking , cm/s
[16], we find an electric field enhancement kV/cm,
as in (4) (where corresponds to the width of the low doped
layer on the collector side of the RTD; in this present structure,
500 nm).

In the calculation of the absorption band-edge shift, a uniform
electric field across the depleted region is assumed, and any
shift due to thermal effects as a consequence of the current flow
and the peak voltage is neglected. Assuming ,

, the shift in the InGaAlAs waveguide transmis-
sion spectrum due to electric field enhancement as a result of
the Franz–Keldysh effect is given approximately by [8]

(5)

where
electron-hole system reduced effective mass;
Planck’s constant;
light velocity;
electron charge;
wavelength corresponding to the waveguide transmis-
sion edge at zero bias.

To calculate the band-edge shift, we use the band-gap
wavelength of In Ga Al As, nm, and
the following effective masses values (appropriate for the
In Ga Al As alloy), and

(only the lowest electron-to-heavy-hole transitions
are considered). From the above equation, we obtain

nm compared to the observed value nm, in-
dicating an actual electric field of 38 kV/cm. This provides
evidence that (4) predicts, as a first approximation, the magni-
tude of the electric field enhancement to 12% accuracy. We,

therefore, conclude that our model gives a good estimate of the
switched electric field , and thereby the band-edge shift
can be approximately calculated.

The RTD has been described as the fastest purely electronic
device and oscillation at up to 712 GHz has been reported
from an RTD device [17]. Streak camera studies of our GaAs
RTD-EAM demonstrated 30-ps pulses of light and self-oscilla-
tion at up to 16 GHz, which analysis of the design suggested
was limited by the electronic packaging [9], [14]. A similar
streak camera investigation of the InAlGaAs RTD-EAM
high-speed characteristics could not be undertaken because of
the low radiant sensitivity of the streak tube at 1550 nm. The
next stage in the development of the InAlGaAs RTD-EAM
will be to employ other types of detectors for an investigation
of its high-speed operation. These studies will be undertaken
after further optimization of the design of the device and the
package.

VI. CONCLUSION

We have presented a study of the basic mechanism of elec-
tric field switching with a RTD and have demonstrated how this
electric field switching can be employed in an electroabsorp-
tion modulator device configuration to obtain optical modula-
tion at 1550 nm. The analysis of the electric field switching is
based on the QWITT model [12], [13] which explicitly takes ac-
count of the electric field across the depleted spacer layer. In the
RTD-EAM, it is the band-edge shift in the depleted spacer layer,
via the Franz–Keldysh effect, which gives rise to the observed
optical modulation; the optical waveguide configuration is em-
ployed to confine light in the depleted spacer layer. The value
of the switched electric field was deduced from the absorption
band-edge shift and the model was shown to give an estimate to
within 12% of this switched electric field. The model assumes
a uniform electric field across the depleted region but it could
be further refined by taking account of the graded electric field
across the depleted spacer layer.

The change in the optical absorption coefficient induced by
the peak-to-valley transition over the absorption coefficient at
the peak current associated with the switch in electric
field shows a maximum value of 4 at a wavelength of 1565 nm.
This effect was employed (combined with an applied voltage
swing slightly larger than ) to obtain a maximum mod-
ulation of 28 dB at 1565 nm in a device with an active region
length of 200 m. The magnitude of the switched electric field
in the RTD-EAM was found to be around kV/cm
which compared with 100 kV/cm obtainable with a pin-EAM
[11].

The insertion loss due to the absorption coefficient in the
transmissive state is a material property which depends on
the electric field value at the on-state operating voltage [11]. The
insertion loss caused by the waveguide-fiber mode mismatch
and the reflections at the facets have the same magnitude as con-
ventional EAMs. The reduction in the on-state voltage and the
improvement of the guiding characteristics of the waveguide,
which we believe can be achieved in an optimized device, will
lead to a smaller , decreasing the insertion loss to levels sim-
ilar to those for conventional EAMs.
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The expected quiescent power dissipation of 30 mW in
the on-state in typical applications can be regarded as a dc
power supply. The conventional EAM chip requires less
quiescent drive power (it depends on the transmissive state
bias electric field). However, it needs a RF amplifier to drive
it. The RTD-EAM provides on-chip electrical amplification
which can be employed to substantially reduce the power
required from the high-frequency (RF) applied data signal and
thereby remove the requirement of an external rf amplifier.
In addition, the electrical characteristics of the RTD are well
suited for digital modulation and can be combined with recent
developments in RTDs for purely electronic applications to
develop a new high-speed digital technology. Driving many of
these developments is the intrinsic high speed of the tunneling
process which has already been demonstrated to operate
at over 700 GHz and could be harnessed in a combination
optoelectronic and electronic device to provide the high-speed
communication, memory, and processing required by the next
generation of information technology. However, it should also
be noted that the operating parameters of tunneling devices are
sensitive to device dimensions on a nanometer scale and even
with the steady improvement in epitaxial growth techniques
there are still significant challenges ahead in making this a
manufacturable technology [18].
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