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Abstract: This work is motivated by the tremendous interest in the semiconductor nanomaterials and
heterostructures and their applications in constructing of various electro-optical devices. Changes in the electro-
optical properties of such materials have been induced under the influence of an external constant electric field,
the so called quantum confined Stark effect (QCSE). The QCSE has found practical application in ultrafast
optoelectronics, electro- absorption modulators and in telecommunications, as well as in such devices as solar
cells, advanced tuneable semiconductor lasers, etc. In this paper we will make a survey of several such devices
based on QCSE in semiconductor quantum-well materials.
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Pe3rome: Tasu paboma e momusupaHa OmM O2POMHUSI UHMepec KbM [10/1ynpo8odHUKo8UME
HaHoMamepuanu U Xxemepocmpykmypu, U mexHume [puioXeHUss 8 KOHCcmpyupaHemo Ha pasfuyHu
eniekmpoonmuyHu ycmpoticmea. [lpomeHu 6 enekmpoonmuyHume ceolicmea Ha me3u Mamepuanu ce
npedu3sukeam no0d 8b30elicmeuemo Ha 8bHWHO MOCMOSIHHO €/IEKMPUYECKO r1osie, M. Hap. KBaHMOo80 PasMepPeH
Uapk ecpbekm (QCSE). QCSE e Hamepurs npakmu4ecko fpurioxeHue 8 ynmpabbp3ama ormoesieKmpoHuKa,
ennekmpo-abcopbuyuoHHu Mmolynamopu u 8 obracmma Ha mefieKoOMyHUKayuume, Kakmo U 8 makuea
ycmpolicmea, Kamo conapHU Krnemku, peaynupyemu rosyrnpo8oOHUKO8U fasepu U m.H. B mo3u kpambk 0630p
Hue we Hanpasum rpeaned Ha HSKOSIKO makugea ycmpolcmea, 6asupaHu Ha QCSE e nonynpogodHukosume
Mamepuarnu ¢ K8aHmoeu sMu.

Introduction

Nowadays, nanostructures are of great fundamental interest and are important for their actual
and potential applications. The evidence is the Nobel prizes in physics for 2000 [1] (“developing
semiconductor heterostructures used in high-speed and opto-electronics”) and for 2010 [2]
(“grapheme nanotechnology”) years. Semiconductor nanostructures (superlattices and quantum wells)
are already employed in electronic and optoelectronic devices [3-18]. Many semiconductor devices
with built-in guantum wells work under application of an electric field. In semiconductor quantum wells
(QWSs), sharp excitonic absorption peaks are clearly observed even at room temperature. When an
electric field is applied perpendicular to the QW layers, the energy of the fundamental absorption edge
shifts by a large amount without severe broadening of the exciton resonance. This is the well-known
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quantum confined Stark effect (QCSE). The QCSE in QW structures is the basis and is now utilized
for realizing many fast electro-optical devices. For achieving high device performances, such as high
on/off ratio and low operation voltage, it is desirable that the decrease in the exciton peak height be
small and that this peak move at a faster rate by using an applied electric field.

Here we will make a brief survey of several device applications based on the QCSE in
semiconductor quantum-well materials. In the next part of this paper we present several examples of
device applications of QCSE.

"Stark ladder" Laser

"Stark ladder" [6] laser of a semiconductor superlattice with a coherent electronic subsystem is
described in [7] and the schematic diagram is shown in Fig.1.
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Fig. 1. Wannier Stark ladder [6,7]

QCSE Modulators

In [8] are described the principles of the QCSE modulators. Reduction in energy of bound
states in a quantum well under an applied electric field leads to the modulation of ‘effective band gap’'.
The input optical signal gives as the output a modulated optical signal. Change in energy levels gives
change in electron — hole overlap (see Fig. 2).
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Fig. 2. Stark shift in QW [8]

Electro-absorption modulator (EAM)

Electro-absorption modulator (EAM) [9] is a semiconductor device which can be used for
modulating the intensity of a laser beam via an electric voltage. A change in the absorption spectrum
caused by an applied electric field, which changes the bandgap energy (thus the photon energy of an
absorption edge) but usually does not involve the excitation of carriers by the electric field. For
modulators in telecommunications small size and modulation voltages are desired. The EAM is
candidate for use in external modulation links in telecommunications. Compared with Electro-optic
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modulator (EOM), EAM can operate with much lower voltages (a few volts instead of ten volts or
more). They can be operated at very high speed; a modulation bandwidth of tens of gigahertz can be
achieved, which makes these devices useful for optical fiber communication. A convenient feature is
that an EAM can be integrated with distributed feedback laser diode on a single chip to form a data
transmitter in the form of a photonic integrated circuit. Compared with direct modulation of the laser
diode, a higher bandwidth and reduced chirp can be obtained.

Semiconductor quantum well EAM is widely used to modulate near-infrared (NIR) radiation at
frequencies below 0.1THz. Here [10], the NIR absorption of undoped quantum well was modulated by
strong electric field with frequencies between 1.5 and 3.9 THz. The THz field coupled two excited
states (excitons) of the quantum wells, as manifested by a new THz frequency-and power- dependent
NIR absorption line. The THz field generated a coherent quantum superposition of an absorbing and a
nonabsorbing exciton. This quantum coherence may yield new applications for quantum well
modulators in optical communications.

Electroabsorption modulators have been widely used in fiber optic communication systems,
because of their small size, low driving voltage, low chirp, high extinction ratio, high modulation
efficiency, and wide modulation bandwidth. Advantages of EA modulators are the possibilities for
integration with DFB (distributed feedback laser) laser (see Fig.3. [10] — utilized by Alcatel).

Alcatel Electro Absorption integrated laser modulator
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Fig. 3. Advantages of EA modulator (Alkatel [10]) - Integration with DFB laser
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Fig. 4. 40GHz Modulator [11]

In Fig. 4. [11] is shown one 40GHz modulator, which is characterized by long device length for
easy packaging; short modulator section to reduce capacitance; low driving voltage of 2.8V and low
insertion loss of 8dB.

QW structures for deep-UV emitters

Utilization of AlGaN-based QW structures is one of most important key issues for the
application of solid-state deep-UV light-emitting devices such as light-emitting diodes (LEDs) and laser
diodes (LDs) operated in the wavelength range between 200 and 350 nm. In [12] have been reported
barrier-height and well-width dependence of room-temperature PL from AlGaN-based QW structures
for deep-UV light emitting device applications. A QW sample consisting of 1.5 nm-Alg 15Gag gsN wells/7
nm-Aly40GageoN barriers showed the largest emission intensity in their samples. QCSE on the
emission energy and intensity in wide-well conditions, carrier penetration into the barrier regions in
narrow well conditions and heterointerface defect formation were comprehensively considered in the
discussion. In [12] the conclusion was: if the heterointerface defect formation is ideally suppressed by

538



optimal growth conditions, QW structures with narrow wells and high barriers will be a better design for
highly efficient deep-UV light emitting devices.

Double quantum wells violet InGaN laser diodes

In [13] the effects of QCSE and QW thickness on the optical properties of violet InGaN LDs
have numerically been investigated. The simulation results indicated that the QCSE greatly affects the
optical properties of LDs, where QCSE relates to the QW thickness and it increases when the QW
thickness is wider which leads to deteriorating of the optical proprieties of the violet InGaN LD. The
polarization in the active region of the InGaN LD has been estimated by the blue shift of the
wavelength and it is found that the blue shift of the wavelength depends on the QW thickness. The
major simulation result has shown that the best properties of violet InGaN LD can be obtained with
smaller QW thickness, where more carriers can be restricted, stayed and overlapped inside the QW
which leads to a larger stimulated recombination rate and optical material gain which in turn increase
the output power of the LD; while decreasing the threshold current of the LD.

QW Photodetector

GaAs/AlGaAs quantum well infrared photodetectors (QWIPs) have attracted much attention
and been demonstrated with a detection cutoff of 19 mm. QWIP detectors with longer wavelengths
would be of interest for space applications such as infrared astronomy and satellite mapping where
high detectivity, low dark current, high uniformity, radiation hardness and low power consumption are
important. For these uses, arrays of QWIPs would provide a useful alternative to the Si and Ge
detectors currently available in this wavelength range with detectivities ranging from 10° to 10
cmVHz/W. In the letter [14] were presented the first far-infrared results based on a bound-to-bound
intersubband transition in a GaAs/AlGaAs QWIP with peak response at 27.2 um (see Fig. 5.).
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Fig. 5. The detector design [14]. Structure designed for the bound-to-bound GaAs/AlGaAs QWIP with a predicted
peak response of 28.8 um. The energy bands were at E;=10.5 meV and E>=53.5 meV

Single quantum well optical modulator

QCSE in a single quantum well [15] is not only of scientific but also of practical interest, since
it is possible to provide an optical modulator laser radiation on the structure of one quantum well (QW
or a small number of QWSs) in multiple passage of radiation through it.

It is a structure (see Fig.6.) on a substrate n-GaAs, a plate with bevelled at an angle of 45
degrees by the lateral edges. Through one of these faces of the laser beam is introduced, which after
multiple reflections from the plane-parallel top and bottom faces and passing through the QW is
discharged through another face. On the upper bound with epitaxial heterostructure QW applied
rectifying contact (for example Al) Schottky diode on the bottom side - ohmic contact. Both contacts
are both deaf reflecting mirrors. With a length of 1 cm and a plate thickness of 0.5 mm can be
obtained about 20 beam passing through the QW. To bring the number up to 50 passages, as in
multiwell modulators, respectively, or you can increase the length of the modulator, or use a structure
with two or three closely spaced QW.

The Quantum Well Self-Electrooptic Effect Devices

Electro-optical effects, such as the quantum confined Stark effect in quantum well structures,
lead to strong optoelectronic nonlinearities which form the basis for optical modulators and optically
bistable devices. They result from a modification of the optical absorption properties by an applied
electric eld and are particularly pronounced in the case of low dimensional semiconductors. In [16]
was done a review of theoretical modelling and computer simulations of such optoelectronic devices in
particular for ZnSe based quantum well structures, where excitonic features dominate even at room
temperature. The field dependent absorption spectra were calculated by a many-body theory including

539



the full electron-electron interaction. The transition from the quantum confined Stark effect, which is
found for well widths smaller than the exciton Bohr diameter, to the Franz-Keldysh effect, which
corresponds to the limit of wide wells, was studied. Optical bistability and switching was found in R-
SEED and D-SEED congurations, and the optimization of the device performance was discussed.

Extended experimental and theoretical results were reported in [17] for the quantum well self-
electrooptic effect devices. Four modes of operation are demonstrated: optical bistability; electrical
bistability; simultaneous optical and electronic self-oscillation; and self-linearized modulation and
optical level shifting. All of these can be observed at room-temperature with a CW laser diode as the
light source. The nature of the optoelectronic feedback underlying the operation of the devices was
discussed, and the ph2y5|cal mechanisms which give rise to the very low optical switching energy
(approximately 4 fJ/um®) were discussed.
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Fig. 6. Optical modulator on a single quantum well [15]

Blue quantum electroabsorption modulators

The authors [18] present the design, growth, fabrication, experimental characterization, and
theoretical analysi of blue quantum electroabsorption modulators that incorporate ~5 nm thick
INg35GagesN/GaN quantum structures for operation between 420 and 430 nm. Growing it on polar c-
plane of sapphire, they obtain quantum structures with zigzag potential profile due to alternating
polarization fields and demonstrate that their optical absorption blueshifts with applied electric field,
unlike the redshift of conventional quantum confined Stark effect.

Conclusions

This brief survey of some QCSE based devices and their main characteristics could enhance
the common understanding of some modern and contemporary knowledge and techniques.

Both experimental and theoretical studies of the QCSE when a longitudinal electric field is
applied to the semiconductor QW structures are quite important for development of device
applications. They could facilitate the search for new materials possessing unique electron and optical
properties. This review will also help and tremendously facilitate the work of the experimenters and
QW crystal growers.

Last but not at least, the Stark shifts of the electronic states and their spatial distributions need
to be studied in order to seek unknown and possible QW properties for new potential QCSE device
applications.
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