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1. Introduction

Quantum wells separated by potential barrier layers are the
basic structural elements of superlattices (SL). Sometimes, the
thickness of the barrier layers is larger than the extension of
electron and hole wave functions in the barrier semiconductor.
In such a case the charge carriers are confined to individual
quantum wells of the SL structure, thus, they cannot penetrate
throughout the barriers into the neighboring wells. No tun-
neling, and consequently, no coupling between the quantum
wells occurs in this case. The carriers in the quantum wells may
be treated as two-dimensional electron or hole gas (2DEG,
2DHG), whereas the whole layer structure has to be called
a multi quantum well (MQW) structure. This structure rather
exhibits properties of a single quantum well in multiplication
than properties typical of a SL structure. Therefore, MQW
structures should not be considered as superlattices.

In a real SL structure the carrier wave functions penetrate
throughout the potential barriers. Consequently, the charge
carriers behave there as three-dimensional electron or hole gas
(3DEG, 3DHG).

MQW structures have found wide application in dgvice
structures. High mobility transistors, quantum well lasers, and
quantum well photodetectors may serve here as examples [1].
However, in this paper only the device application of SL
structures will be considered.

The characteristic feature of optoelectronics is that, instead of
the electronic channel used in conventional electronics, it
makes use of an optical channel for data transmission and
processing. The basic semiconductor elements of an optical
data transmission channel are: an electrically controlled source
of electromagnetic radiation (i.e., light emitting diode or
junction laser), an element which processes or transmits optical
signals (e.g., waveguide, modulator, deflector, directional cou-
pler, etc.), and an element which converts light into electric
signals (photodetector). So far, SL structures have been applied
mainly in light sources and in photodetectors. Therefore, only
such application of these structures will be considered in this
paper.

Many interesting application possibilities of SL structures in
semiconductor light sources and photodetectors have been
demonstrated in the last few years [2]. The operating principles
of these devices include at least one of the following concepts,
namely: (i) spatial confinement of charge carriers and light,
(ii) spatial separation of electrons from holes or free carriers
from their parent impurities, (iii) rapid transfer of charge carriers
across the boundary between thin heterolayers of the device
structure, with a simultaneous increase in kinetic energy of
carriers, and others. Usually, all of these concepts can be done
more effectively if SLs are used as construction elements in the
structures of the considered optoelectronic devices. The inten-
tion of the paper is to convince the Reader that this statement is
true.
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2. Light emitting diodes

In semiconductor light sources emitting incoherent light, name-
ly, in light emitting diodes (LED), superlattices are used in order
to: (i) gain an extraordinarily large stability of the luminescence
peak energy at high excitation intensities, (ii) obtain genera-
tion of light from I11l-V compounds in the far infrared region,
(iii) intensify the emission of blue light sources, and (iv) get
sources emitting light of anizotropic polarization. The ap-
plications listed above are illustrated by the examples of devices
presented in this Section.

2.1. Sawtooth superlattice LED

The doping concentration and real-space energy band diagram
of the edge-emitting sawtooth superlattice LED [3+5] is
shown in Fig. 1. The structure (Fig. 2) is grown by molecular

A SAW-TOOTH =
a) p-AlL,Gay As SUPERLATTICE n-Al,Gay_,As
Np
z
Nag

GaAs

Fig. 1. Doping concentration and real-space energy band diagram of the
sawtooth SL LED (not to scale): a) Real-space distribution of dopants
concentration in the confinement AlGaAs layers and in the SL structure
of the diode active layer, b) Sawtooth shaped band diagram of the active
layer and the adjacent confinement layers at zero bias, c) at a forward bias
of VaES g=¢,—¢, (from Ref. [5])
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Fig. 2. Layer sequance in the dovice strusturs of the sawtooth 5L LED
{from Ref. [2])

>
Figt. 3. Conduction-band edge profile of the far 1R LED under zero bias
{upper part}, and the biased dovice in operation {loswer part), Heavily
doped cantact layers a1 the ends af the strogiure are hatched 1o shaw the
positions of the Fermi levels there. IR light emizsion ocours in the wide
wells (fram Ref. [7])

beam epitaxy [MEE) on heavily doped nt-Gahs substrate (see
part | of this paper [6]). The epitaxially grown layers are - and
p-wype Al Ga, _ As, for optical confinement of the sawtoaoth 5L
region. The top g~ -GaAs layer facilitates ohmic contact for-
rmation.

The superlattice bandgap energy is stable in this LED
structure even at high excitation intensitics. This stability is very
useful from the point of view of operation charactaristics of the
cansidered LED. The integrated electroluminescence intensity
af tha LED depends linearly on the injection current, as
axpected for diodes emitting monochromatic but incoherent
spontaneous radiation,

Electroluminescence [EL) spectra of the LEDs operating at
300 K exhibited the peaks at wavelengths 4=925 nm and 965
nm {for twa investigated diodes), in good agreement with the
values expected from the SL desion parameters. These wave-
lengths have been inaccessible to bulk GaAs amitting at 300 K,
&t the wavelength corrasponding to the bandgap of the Gads
host material, no luminescence signal is datected from the LED.
This result demonstrates the SL character of the active region of
the LED. The PWHM walue of the electroluminascence spect-
rum is 60 meV, what is most likely to be dos to size fluctuationg
of the V-shaped potential wells in the SL struciura. The
luminescence pesk energy does not depend on Lhe injection
current over four ardars of magnitude [G].

For the described LED structures also lasar action has been
demonsirated, at wavelength of 905 nm, and threshold ¢urrant
density of 2.2 kaAfem? [B].

2.2. Superfattice intersubband fransition
AlGaAs-GaAs far infrared LED

Several rasearch groups have reported recently studies on
intersubband transitions in supetlattices and quantum wells.
Applications ranging from logic devices and light modulators to
infrared detectars have been cansidered [7]. Theoretical studies
of the physical process and device applications have baen
undertaken, too,

In Bef. [7] a special SL structure which gives several
improvements of the photoamission process has been con-
siderad on example of the AlGaAs-Gahs material system.

The device structure shown in Fig, 3 15 a finite superlattice
consisting of alternating narrow and wide wells separated by
barriers. The narrow well is designed to have only one qua-
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si-bound state £, while the wide well has two states {E, and
£,). Under zera bias {upper part of Fig. 3} one has
Ey=(E,++£,3/2 by adjusting the well width, w' and w. When

" biasad to the aperating peint (lower part in Fig. 3}, electrons are

injected into the higher state of the wide well (£,) via rasonant
tunneling through £, and hence, the injaction process is
efficient {i.e., the lunneling probability is close to ong). An
glactron in the higher state {£,) can emit 8 photon {hv}, and
relax (o the lower state (£, ). The relaxed electron continues Lo
tunnel resonantly 1o tha next wide well, and emits another
phaoten, and so on,

The process describad above could result in an amplification
of the IR radiation, and hence, in an IR emitting device. The
barrier widths are adjusted te be thin enough. so that the
tunneling time through a double-barrier structure between two
adjacent wide wells is somewhat faster than the radiative
relaxation time. Compared to the simple SL structures, the
present devica offers efficient and rapid eleciran transfers
betywean active regions {i.e., wide wells} and hence, favors tha
radiative emission processes. This schema also offers the
possibility of obtaining a population inversion beliwveen the
higher and the lower states (laser action could be poasible),

The described device structure is still under laboratory
imvestigation, however, the data presented in Ref [7] ara
sufficient to suggest interesting application possibilities in
aptoelectronic systems.

23 EBlue LED

Wide band gap |-V semiconductor compaunds are promising
materials for blue LEDs and laser diodes. However, because ol
the difficulties in growing low -resistive g-type ZnSe and ZnS,
there are anly few reports on blue electrolurminescance in p-n
junction LEDs (mainly for structures grown by metalorganic
chemical vapor deposition} The only one wide band gap [l-v]
semiconductor compound which exhibits g-type electrical
conductivity is ZnTe. Unfortunataly, the band gap anergy of
2.26 eV of this compound does not corrgspond to blus ligght bt
ta green light. However, if one uses the superlattives quantum
size affert {dependence of the position an tha energy scale of
the discrete energy levels in a quantum well on the width of the
wall}, and the possibility of creating a doped composilichal
superlattice exhibiting p-type conductivity [2], then in principle
it should be possible to construet a blue light emiting diode of
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Fig. 4. a) The layer structure of the p-n junction LED with the
p-ZnTe/ZnS doped compositional SL; b) EL and PL spectra measured at
room temperature for the LED and SL structures,respectively;
c) Total EL emission intensity of the LED at room temperature, as
a function of the diode current (from Ref. [8])

p-n junction type in which the p-type side is created by a SL
structure, A p-n junction blue LED using p-type ZnTe/ZnS SL
structure has been demonstrated for the first time in Ref. [8].

Fig. 4a shows the layer sequence in the p-n junction diode.
The device structure is composed of p-type doped com-
positional SLand n-type ZnS substrate. The p-type SL structure
consists of 100 alternations of Sb-doped 2 nm ZnTe and
undoped 2 nm ZnS. The electrode for the SL structure is an Au
dot of 1mm diameter deposited onto the top SL layer by using
a metal mask. The top layer of the SL is highly doped p-ZnTe.
Ohmic contact to the back surface of the n-ZnS substrate is
made of In:Hg alloy.

The electroluminescence spectra for the described structures
of blue LEDs were investigated at room temperature. Fig. 4b
shows the EL spectrum for the p-n diode and photoluminescen-
ce spectrum for the p-ZnTe:Sbh/ZnS doped compositional SL.
The forward bias voltage of the diode is 4V. The peak position of
the. EL well agrees with the photoluminescence (PL) peak
position in the SL. The EL peak slightly shifts toward the higher
energy side with increasing diode current, while the emission
intensity increases linearly with the current (Fig. 4c).

2.4. Quantum wire LED

Strongly polarized PL and EL spectra have been obtained from
strained Ga,In,_.P quantum wire (QWR) heterostructures
grown on (100) oriented, on-axis GaAs substrates (Fig. ba) by
an /n situ epitaxial technigue [9]. The phenomenon of stra-
in-induced lateral layer ordering (SILLO) has been exploited in
order to create lateral superlattices [10] of Ga,In,_.P com-
positionally modulated in the [110] direction with a modulation
period of 9.6 nm. The previous and subsequent growth of
lattice-matched Gag 5,In, 40P ternary alloy epilayers result in
the formation of compressively strained QWRs. Transmission
electron microscopy (TEM) shows (Fig. bb) the wire cross
sections to be about 4.8 x 20 nm. These structures exhibit
77 K PL spectra at 1.79 eV which are strongly (96%) polarized
parallely to the wires (Fig. 6a) due to strain resulting from the
lateral compositional modulation. The intensity of this emission
depends critically on the polarization of the incident excitation.
EL spectra from QWR LEDs display anisotropic polarization as
well (Fig. 6b).
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The heterostructure used in the QWR LED (Fig. 5a) has been
grown by MBE [9]. The growth of a longitudinal
(GaP),/(InP), short-period superlattice (SPS) results in lateral
superlattice formation via the SILLO process described in detail
in Ref. [10]. The average In/Ga composition of the
(GaP),/(InP), SPS layer varies periodically along the [110]
direction. Four of these nominally undoped, laterally ordered
regions of about 20 nm thickness separated by 18 nm bulk
lattice-matched Ga, 5,In, 4oP barriers are imbedded between
p-type and n-type Ga, 5,In, 4oP above and below, respectively,
forming a multiple QWR LED structure with the nominally
undoped QWR array as the active region. A p-GaAs cap layer
was included to form ohmic contact. The variation in the
composition of the Ga,In, _ P in the laterally ordered region is
determined from energy dispersive X-ray spectroscopy data to
be at least 0.35<x<0.56 [9]. ;

In summary, it should be pointed out that the SILLO growth
process is a consistent and reproducible method of multiple
OWR LED fabrication. It could open a new doorway to novel
electronic and optoelectronic device structures.
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Fig. 5. Schematic diagram (a) and bright-field TEM cross section (b) of
the Ga,In, _,P multiple QWR heterostructure. A strained QWR array is
formed parallel to the [T10] direction. Lattice-matched Gag s,Ing 40P
p-type and n-type doped above and below, respectively, form the LED
device structure (from Ref. [9])

3. Injection lasers

One attractive feature of a superlattice is that its densi-
ty-of-states function p(£), which is the most important parame-
ter for determining the electronic and optical properties of
semiconductor crystals, can be tailored by controlling the
atomic arrangement of the constituent elements. For any bulk
crystal or alloy, p(£) is always parabolic with p(£)=0 at the
bandedge. On the other hand, in superlattices the p(E) is
step-like with a finite value even at minimum energy [2]. This
step-like density-of-states makes the SL structure superior in
optical properties to bulk crystals [11]. Taking advantage of
this, laser diodes with very low threshold have already been
demonstrated long time ago [2]. In these diodes a MQW
structure or a SL structure is usually adopted in the active region
of otherwise standard double heterostructure (DH) lasers.
The MQW or SL segments which are anisotropic in structure
cause advantageous device properties of the lasers [12].
Consideration of both the selection rule in the electron-to-hole
recombination in this anisotropic structure, and of the energy
separation between heavy and light holes in it, leads to the
expectation that the optical gain for transverse electric (TE)
polarized wave in the MQW waveguide would be much larger
than that for transverse magnetic (TM) one. The experimental
results of Ref. [11] demonstrate that the gain of the TE wave is
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Fig. 6. a) The 77 K PL and PL polarization spectra of the multiple QWR
heterostructure. The bulk Ga, 5,1n, 40P and GaAs emission show little or
no polarization, but the QWR luminescence polarization is 96%:
b) The 77 K EL polarization spectra from the QWR LED emitting in the
[110] direction (see Fig. 5). The dominant polarization is in the [100]
direction, perpendicular to the direction of the dominant strain (from Ref.

(o)

larger by as much as 120 cm ! at the threshold than in the case
of the TM wave, whereas the difference in a conventional DH
structure is 20 cm ! at most. This large anisotropy in optical
gain makes the laser with MQW or SL structures attractive as
a polarization-stable optical source.

Since the first continuous wave DH GaAs/AlGaAs laser
prepared by MBE the substantial progress has been made in
reducing the current threshold and extending the lifetime [12].
To achieve low current threshold densities in structurally
optimized DH lasers the high quality interfaces and the highest
quality bulk crystal must be obtained. It has been pointed out
that the bottom AlGaAs to GaAs active layer interface is inferior
to the GaAs active layer to AlGaAs interface. This was attributed
to the presence of interface roughness when GaAs is grown on
top of AlGaAs [13]. During the course of studies on MQW
lasers it became clear that the use of a few periods of
superlattice at the heterointerface, just to smooth the interface,
should help. This logic can be extended further and the average
mole fraction of the superlattice can be graded down towards
the GaAs layer.

With the graded SL structure current threshold densities as
low as 600 A/cm? were obtained in DH lasers with a cavity
length of about 300 um and lasing at-880 nm. Without the SL
interface structure the current threshold densities were con-
siderably larger (1.2+1.4 kA/cm?) [14].
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3.7 Quantum well lasers with superlattices

The original structure of graded index separate confinement
heterostructure single quantum well (GRIN-SCH-SQW) lasers
[12] undergoing continuous modifications at present, with the
aim of improving both its crystalline structural perfection and its
optical performance. The introduction of GaAs/AlGaAs (or
GaAs/AlAs) SLstructures in different parts of the laser structure
has become a normal procedure in QW lasers technology. It has
been shown that the introduction of a GaAs/AlAs SL buffer

layer embedded at different depths between the GaAs substrate

and the active layers clearly improves the device performance at
the active region, in terms of lower threshold currents and
higher quantum- efficiency. All binary (AlAs)/(GaAs)
short-period superlattices have been used to synthesize the
cladding layer and optical cavity of a GRIN-SCH-SQW laser.
These SL structures have also been used for the waveguide in
the same type of laser diodes [15].

The origin of the improvements promoted by the introduction
of the SL structures are linked to either a reduction of impurity
flow coming from the thick AlGaAs layer growth front, or to
a higher interface abruptness at the active region [2]. It has
been shown [15] that radiative recombination in
a SL-GRIN-SCH-SQW laser structure has strong excitonic
origin, even at room temperature; a transition from bound
exciton to free exciton emission takes place for temperatures
above 100 K. Depending on the temperature, two regimes for
the vertical transport throug}] the SL structure to the laser QW
have been discriminated. At low temperature, carrier transport is
tunneling assisted, via localized states, and when a transparen-
cy temperature is reached, transport occurs via extended
minibands. This transparency temperature depends on the SL
composition and interface quality. The roughness of the thick
ternary alloy underlaying the waveguide structure causes trans-
parency to be reached at higher temperature, and this trans-
parency is not total, as PL from the SL structure is observed even
at room temperature. These results indicate that flatness of this
bottom layer is mandatory to get the expected improvement by
using SL structures to synthesize the waveguide material of
a SCH-SQW laser [15]. An example of the layer sequence in
GRIN-SCH-SQW laser structures is shown in Fig. 7.

3.2. Bragg reflectors for surface
emitting laser diodes

Surface emitting optical devices with a vertical cavity have been
investigated recently [18], for applications in optical intercon-
nections. A vertical optical cavity consists of two distributed
Bragg reflectors (DBRs) [12] or metallic mirrors at the top and
the bottom of the device. The optical cavity structure allows
optical multireflection, which achieves high efficiency for
absorption type modulator and low threshold current for
surface emitting laser diodes (SELD). Moreover, the vertical
structure allows light emission and detection perpendicular to
surfaces, thus enabling construction of small devices. These
characteristics are advantageous for two-dimensional array
integration.

Various devices have been investigated to take advantage of
vertical cavities. For example, SELDs, detectors, modulators,
SELDs integrated with heterojunction phototransistors, and
optical functional devices such as vertical to surface transmis-
sion electrophotonic devices with a vertical cavity
(VC-VSTEPs), have been reported [18].

The design of the DBRs, which form vertical cavities,
determines many optical characteristics. In order to achieve low
threshold current with SELDs, the reflectivity of these DBRs
must be very high. Therefore, the two DBR materials need to
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Fig. 7. a) The layer sequence in the SL-GRIN-SCH-SQW laser structure
(the graded-index regions aré produced by a linear variation in the AlAs
barrier thickness, as shown); b) Schematic diagrams af the energy band
structure; ¢) The refractive index profile of the laser structure with
graded-layer-thickness superlattice waveguide (from Ref. [16] and
[17], respectively)

have a large difference in the refractive indices. DBRs are often
made with semiconductors to simplify the fabrication process.
Semiconductor materials with large differences in refractive
indices also have large band-gap differences. These band-gap
differences cause high electrical resistance and excessing
power consumption. The resistance can be reduced by several
methods. One method is to inject current into the active layer
from the side conductive layer bypassing the DBR mirrors.
Another method is to form a thin layer of quasi-graded
superlattice at the heterointerfaces in the DBR region. The latter
method is aimed to reduce the potential barriers by the
quasi-graded region at the heterointerfaces. This is effective in
decreasing the DBR series resistance.

Fig. 8a shows the structure of the quasi-graded superlattices.
Each interface has 9-pair SLs. The width of the AlAs SL layers
ranges from 0.2 to 1.8 nm and the width of GaAs SL layers
ranges from 1.8 to 0.2 nm. The total transition region length is
18 nm [18]. '

In order to investigate the effect of the quasi-graded SLs the
series resistance of DBRs with an abrupt structure and with
aquasi-graded structure have been compared. The investigated
structures were as follows: a 0.4 um thick n-GaAs and a 10-pe-
riod AlAs/GaAs n-DBR mirror with abrupt (thickness of all SL
layers is the same) or quasi-graded SLs were grown on an
n-type GaAs substrate by using MBE. All epitaxial layers were
Si doped at 2:10'® em™3. The series resistance of the p-DBR
mirrors was then examined as described in Ref. [18]. A 0.4 um
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Fig. 8. a) Quasi-graded AlAs/GaAs SL structure; b) Experimental setup
for measuring resistance of n-DBR; c) Experimental setup for measuring
resistance of p-DBR; d) n-AlAs/GaAs DBR resistance as function of
mesa size of the reflector; e) p-AlAs/GaAs DBR resistance as a function
of the reflector mesa size. In (d) and (e) the circles show data for abrupt
structure, while the dots show the data for quasi-graded structure (from
Ref. [18])

thick n-type GaAs buffer layer, a 65 nm thick p-type GaAs
buffer layer, and a 10-period AlAs/GaAs p-DBR mirror with
abrupt or quasi-graded SLs were successively grown on
a n-type GaAs substrate. The p-DBR mirrors were uniformly Be
doped at 3-10'® ecm™3. The cap ohmic contact layer was Be
doped at 10 em 3, These samples were fabricated into square
elements by wet chemical etching. Alloyed electrodes were
formed to lower contact resistance. AuZn alloyed contacts were
used for the p-DBRs and AuGe/Ni alloyed contacts were used
forthe n-DBRs and the n-type substrates. The series resistances
were measured at a fixed current density of 1.4 kA/cm?.

The experimental results concerning the electric resistance of
the SL DBR structures are shown in Figs. 8d and 8e. One may
recognize from these results that a reduction in the series
resistance of the DBR reflector may be reached by introducing
quasi-graded SlLs at the heterointerfaces. By using this SL
structure one obtains the low series resistance of DBR reflector
without compromising the high reflectivity. The mechanism of
the reduction in the series resistance.is based on an increase in
tunneling current through the SL barrier layers [18].

3.3

Quantum wire laser stru
Quantum wire semiconductor lasers offer a number of advan-
tages over standard quantum well lasers, including lower
threshold current densities, increased modulation bandwidths,
narrower spectral linewidths, and reduced temperature sen-
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sitivities [19]. The realization of the benefits described above
have been demonstrated by applying the SILLO process,
described in Sec. 2, to laser manufacturing [20].

The AlGalnP multiple QWR lasers were grown by a sing-
le-step gas source MBE [21], on (100)-oriented, on-axis Si
doped GaAs substrates. The schematic diagram of a typical laser
diode is shown in Fig. 9a (compare it with the LED structure
shown in Fig. 5). With this structure the first visible
Ga,n, _ P/Al,sGag 35Ing sP multiple QWR laser diodes have
been demonstrated [20]. Threshold current densities were
greatly reduced for lasers fabricated with-contact stripes in the
[110] direction, perpendicular to the QWR array. Electrolumi-
nescence of these lasers (see Fig. 9b) is highly polarized and
corresponds directly to the dominant strain presentin the device
structure. These multiple QWR laser diodes show great promise
due to the high density of formed QWRs and their ease of
fabrication.

Another possibility of growing with MBE QWR laser struc-
tures is based on tilted and serpentine SLstructures (see the first
part of the paper [6] ). The schematic cross-section profile of the

Graded AlGalnP
GaP/InP SPS aw

p-AlGalnP

=

n-AlGalnP

on-axis (100) n*GaAs
substrate

. -eontact

b)

Intensity [a.u.]

100 200 300 400 500
Current [mA]

Fig. 9. a) Schematic illustration of a stripe geometry Ga,ln, P/
/Alg 15Gag 550, 5P GRIN-SCH multiple OWR laser grown on (100)
on-axis GaAs substrate. The QWRs are alligned in the [110] direction; b)
Light output power vs pulsed injection current at 77 K for laser diodes
shown in (a). with contact stripes aligned in the [110] and [110]
directions (from Ref. [20])
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Fig. 10. a) Schematic cross-sectional profile of a SSL and its electron
probability density for the lowest conduction band subband at zone
center. The gray and white areas represent Al, .Ga, ;As and GaAs
regions, respectively (from Ref. [22]); b) A SSL on terraced substrate
depicted as three TSL slices (from Ref. [23])

Fig. 11. Optical gain of a SSL with x,=x,=05, W=S=5.4 nm,
D,=46 nm, T=300 K, and width AE=6 meV of the assumed Gaussian
line shape function for modal gain: a) Modal gain spectrum at injected
surface carrier density n,=5-10'? cm™? with electric field £, polarized
along the wire axis (arrows indicate the second gain peak); b) Gain peak
wavelength and polarization dependence of the peak gain (P,, P, and P.
are the peak gains when the electric field is polarized in x, y, and
z directions, respectively); ¢} Maximum modal gain as a function of
injected surface carrier density for different Ap values. Electric field is
polarized along the wire axis. QW is a 54 nm thick SQW of
GaAs/Al, .Ga, -As (from Ref. [22])
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SSL geometry is shown in Fig. 10. The curvature of the growth
interface provides vertical confinement of the charge carriers in
this structure. The degree of the confinement depends on the
substrate tilt angle o, the total thickness of the SSL Dy, and the
intentional variation of the lateral growth rate Ap. The shape of
the vertical curved interface can be expressed as
y=Apz*/(Dytanc). The tilt parameter p is defined as p=m+n,
where m and n are the fractions of barrier and well material on
a step [6]. If the deposition or growth rate is adjusted such that
p=1, then the amount of material deposited per monolayer
exactly covers a step and the interface between the well and
barrier material will grow vertically. If, however, p<1 or p>1
interface will tilt one way or the other (see Fig. 10b). The term
A p=|p—1|indicates the intentional deviation from the nominal
p value of 1 and determines the slope of the interface.

It is obvious, that 4 p, o, and D,, plus the Al contents in the
wires, barriers and the claddings, respectively, are the parame-
ters that are available to optimize the structure. The results of
theoretical estimations concerning the optical gain characteris-
tics of the SSL QWR laser are shown in Fig. 11. One may
conclude that the considered laser structure, being still under
laboratory investigation, is already promising and will probably
become significantly improved in the nearest future, providing
that good Al surface segregation will be done during the MBE
growth.
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4. Avalanche photodiodes

A large ratio of the ionization eoefficients o/ for electrons and
hnles is required to achieve low noisa al high gain in avalancha
photodiodes (APDs) [24]. Thase diodes are widely usad in
optical-fibre communication systems. The 0.8 wm wavelength
fibre-oplic systerms use low-noise silicen APDs, which exhibit
wf i 50, Modemn systems, however, operate at langer wave-
lengths (typically 1.3 um) to take advantage of lower filbee
losses. [11-W APDs are usually suggested Tor these systems,
Unfartunataly, 2/ for most 111-Y compounds is approximately
unity, resulting in ingreased avalanche multiplication noise.
Thus, methods for increasing =/ in these materials are of
considerable practical importance.

Three structures which enhance z/f ratio have been demons-
trated in the early 301ies. Thase are the AlGaAs-GaAs superlat-
tice APD [25], the staircase SL APD [26], and the channeling
APD based on doped compositional SL or MOW struclures
[27]. All of the listad structures increase «/ f in the bulk material
to 5 or evan to 100

4.7 AlGaAs-GaAs SL APD

I tha SL APD structure, enhancemant of the o/ 7 ratio is due 1o
band-edge diseaminuity assisted impact ionization (the con-
duction band discontinuity provides 23% of the electron
ionization energy). To understand this let us consider the
energy band diagram shown in Fig. 12a, Because of the very
lew doping of the material, the electie ficld £ polanzing the
APD structurs iz constant across the 2.5 um long depletion layar
of the dinde, This layer consists of 30 alternating Gads (45 nm})
and &lGaAs (5% nm) 5L guantum wells and barriers, For
£.=10% Wiem, the electrons gain between two secuential
collisions an amount of energy greater than the average energy
lost par phanon scattering event. Conseguantly, they hecoms
heated by the field, thus, they can gain the ionization engrgy,

If a hot electron is accelerated in an AlGahAs barrier layer, and
than enters the GaAs weall, it abruptly gains an energy equal to
the eonducticn band-edge discontinuity A £.=0.48 eV, The
effect is that the alectron “sees' a ionization energy (£, =1.5
e\ being reduced by AF, with respect to the threshold energy
in bulk Gads {£,=2.0 V). Since the impact ionization rate
zincreases exponentially with decreasing £, & large increase in
the effeclive ¢ with respect to bulk Gass may be expecled.
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Fig. 12. a) Enargy band diagram of the SL APD; b} Efeclive ionization
coefficiens for elecirons () and holes {f) in the SLAPD. The solid lines
represent least-square fits 10 the data. The inset shows o sehamatic of the
APD device structure with 1 sepedattios (from Ret, (2513
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When the electron enters the next AlGaAs harrier region, the
threshold energy in this material is increased by AEp thus
decreasing = in the AlGaAs layer. However, singa =g danuas.
the exponential dependence on the threshold energy ensures
that the avarage « which is equal to

= ffls.:a.s L:_-ia.x; A+ B aignas LAIE.:.I'.;.-} -"I il{!:«& +£AIG.;A:.]
is largely increased (L denotes layer thicknesses).

Electrons which have impact ionized in the GaAs easily gel
gut af the well, and the veltage drop acress the well is greater
than 1V, Additionally, at tields £,=10% Yiem in GaAs the
average electran anergy is greater than 0.6 eV, so that electran
trapping effects in the wells are negligiblc.

In contrast, the hole ionization rate § is not increased
substantially because the reduction in the hole isnizalion
gnergy is only the valence band dizcontinuity of 0.08 eV, The
net result is a large enhancement in the =/ J ratio. Tha superlat-
lice dotector waler grawn by MBE [25] is shown in Fig. 12b
{the insat).

4.2 Staircase 5L AFPD

In the graded-bandgap 3L stwucture the ionization energy is
provided entirely by heterointerface condugtion band steps,
Thus, ideally, only electrons ienize. Fig. 13a shows the band
diagram of the graded-gap multilayer material (assumed intrin-
sit} at zero applied fisld, Each stage is lincarly graded in
composition fram a low (£, ) to a high {£,,) bandnap, with an
abrupt step back to low-bandgap material. The conduction
band discontinuity shown ascaunts for most ¢f the bandgap
difference, what is typical of many [11-Y hetergjunctions. The
materisls are chosen for a conduction band discontinuity
gomparabile to or greater than the electron lonization energy £,
in the narrow-gap material following the step. The band-edge
diagram of the camplete staircase SL AFPD devica structure
under bias is shown in Fig. 13b.

Mow lot us consider a photoelectran generated next 1o the
g contact, Under tha combination of the bias field F_and the
arading field AE./f, it drilts toward the first conduction band
step. The combined field £.— AE;// is small anough so thet the
glectron does not impact-ionize before it reaches the stap. After
the stop, since AE.=E,,. the electron ionizes by impact. This
process is repeated in each stage afier each step. the electrans
transverse 4 graded region in which they asquire the potential
energy wsed for impact ionization in the narrow-bandgap

Fig. 13. a} Band diagrams of 1he unhiased graded multilayer FEICe
I3} The complete dewice stucture of the staircase SL APD under bias
{lroo Red. [261]
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region following the next interface. Ideally, the avalanche gain
per stage is exactly 2. Each electron impact ionize once after
each conduction band step. In fact, the gain is 2-6, where d is
the fraction of electrons which do not impact-ionize. The total
gain of the structure is then equal to M= (2-35)~, where N is the
number of stages. Most of the electrons impact-ionize if their
energy is a tenth of an eV or so above the ionization energy £,.
The competing loss mechanism is optical phonon emission. The
high ionization probability is caused by the quadratic increase
of the ionization cross-section above £, as a result of the
density of states and because several phonons must be emitted
to reduce the electron energy below E;..

Any hole ionization is caused only by the applied electric field
F.. The valence band steps are of the wrong sign to assist
ionization. For electron transport across the graded region this
bias field F, must cancel the AE.// conduction band qua-
si-electric field and provide a small extra component to assure
drift, rather than diffusion transport. The device is then designed
so that the hole ionization rate at F.>AE ./l is small. The
maximum multiplication is determined by the number of such
stages, which is limited by the depletion width at the lowest
achievable intrinsic-region doping. Because only electrons
cause ionization, this device mimics a photomultiplier. The
conduction band steps correspond to dynodes [28].

4.3. Channeling APD

Fig. 14a shows a schematic diagram of the channeling APD
structure. This consists of several abrupt p-n heterojunctions
with alternated p and n layers of bandgap £, and £,,(£,, > £,,).
respectively. The layers, lattice-matched to a semi-insulating
substrate, may create a MQW structure, with high confinement
of charge carriers [27], or can be grown as a doped com-
positional SL structures with only weak or no carriers con-
finement [28]. The p* and n™ regions, which extend perpen-
dicular to the layers, can easily be obtained by ion implantation.
The voltage source supplying the reverse bias is connected
between the p' and the n* region. Equal doping levels
(n=p=N) for the n and p layers are required.

For zero bias the p and n layers are in general only partially
depleted on both sides of the heterojunction interfaces. The
undepleted portions of the p and n layers are at the same
potential of the p* and n™ end regions, respectively, so that the
structure appears as a single interdigitated p-n junction. Becau-
se of this geometry, when a reverse bias is applied between the
p" and n" regions, this potential difference will appear across
every p-n heterojunction, thus increasing the space-charge
width on both sides of the heterojunction interfaces until all the
pand n layers are completely depleted. At this point, analogou-
slyto a p'-i-n* diode, any further increase in the reverse bias
will only add a constant electric field parallel to the length L of
the layers. This field (¢ in Fig. 14b) is then increased to values
such that avalanche multiplication takes place.

Fig. 14bis a 3-dimensional picture of the APD band structure
under operating conditions. Suppose that radiation of suitable
wavelength is absorbed in the narrow-gap layers, thus creating
electron-hole pairs. The two p-n heterojunctions formed at the
heterointerfaces between the relatively narrow bandgap and the
surrounding higher bandgap layers serve to confine electrons to
the narrow bandgap layers while sweeping holes out into the
contiguous wider bandgap p-layers where they are confined by
the potential. The parallel electric field ¢ causes electrons
confined to the narrow bandgap layers to impact ionize. Holes
generated this way are swept out in the surrounding higher-gap
layers before undergoing ionizing collisions in the narrower gap
layers since the layer thickness is made much smaller than the
hole ionization distance 1/f8. Conversely, electrons generated
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Fig. 14. a) Schematic diagram of APD (not to scale). The p layers have
a wider bandgap than the n layers; b) Band diagram of APD under
operating conditions. The ¢ is parallel electric field causing carriers to
ionise. U+AE, is the electron confining potential. The valence band
discontinuity has been assumed negligible with respect to AE. The
electron-hole separation mechanism is also shown (from Ref. [27])

by impact ionisation of holes in the wider gap layers are swept
out before undergoing multiplication in these layers. In'con-
clusion, the electrons and the holes impact ionise in spatially
separated regions of different bandgap. The holes in the
wider-gap layers impact ionise at a much smaller rate compared
to the electron ionisation rate in the relatively narrower-gap
material, due to the exponential dependence of « and f on the
bandgap, so that o/f can be made extremely large [27].

Theoretical studies based on many-particle Monte-Carlo
technique [28] have evidenced that the optimal performance of
the channeling APD is not achieved through high confinement
of electrons in the GaAs layers and holes within the AlGaAs
(a MQW structure variant), but rather through weak con-
finement (the SL structure variant) in the APD active region.

5. Photoconductive photodetectors

A photoconductive photodetector (PPD) is essentially a radia-
tion sensitive resistor. The operation principie of a PPD is based
on direct absorption of photons in the active material of the
detector. In the case of semiconductor PPD the absorbed
photons may produce electron-hole pairs (band-band transi-
tions) in the semiconductor when the energy hv of photons is
greater than, or equal to the bandgap energy £, (intrinsic

ai




photoconductivity), or may cause charge carriers transition
from dopants energy levels to the main energy-bands of the
semiconductor, when the energy hv is lower than £, but higher
than £,, the dopants activation energy (extrinsic photoconduc-
tivity). In both cases of photon absorption the electrical
conductivity of the semiconductor changes [29]. In this section
only extrinsic PPDs will be considered, because so far, SL
structures have been applied only to these photodetectors.

5.1. PPDs based on doping SLs

A GaAs photodetector with high sensitivity in the whole
0.8+1.4 um wavelength range, fabricated from totally depleted
GaAs doping superlattices has been reported in Ref. [30].
Photoexcited electrons and holes are separated in real space by
the space-charge field of the doping SL immediately after
excitation, yielding a high quantum efficiency of this device.
Because of the complete depletion, the doping SL behaves like
a highly resistive material which allows application of high
electric field along the layers via selective 7™ - and p * electrodes.
The sensitivity of this device at 1.3 um reaches more than 90% of
the original band-edge response at 0.85 um, and the external
quantum efficiency amounts to 65% at 0.85 um. This excellent
photoresponse at longer wavelengths arises from an extremely
high electric field composed of the intrinsic space charge field
and applied external field, and from the existence of pronoun-
ced tail states in the forbidden gap region of the SL.

The SL configuration for the photodetector consists of 20 to
100 thin alternate n- and p-doped GaAs layers and is provided
with n* and p"* regions on the edges extending perpendicularly
to the layers to form the selective electrodes (see Fig. 15a).
Through these electrodes a reverse bias voltage Vp is applied to

(Sn,Zn) (Sn)
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Fig. 15. a) Layer sequence of GaAs doping SL and arrangement of
selective n¥- and p*-electrodes; b) Periodic modulation of real-space
energy bands by the positive and negative space charge in the respective
layers; ¢) Schematic real-space energy band diagram of a semi-in-
sulating GaAs doping SL at zero bias in x-direction along the layers
viewing the centre of each layer type; d) The SL under operating
conditions at high reverse bias with the longitudinal external field tilting
the whole structure; e) Vertical section showing the periodic modulation
of tye energy bands in z-direction and indicating the sweep-out of
electrons and holes along the parabolic well channels in the tilted
structure (from Ref. [30])
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all constituent p-n junctions of the SL. Operation of the detector
can be understood by inspection of Fig. 15. The periodic
modulation of the energy bands by the positive and negative
space charge in the respective layers is indicated in Fig. 15b.
A SL configuration has been chosen where the constituent
layers are already totally depleted at zero bias. This requires
design parameters providing equal doping densities, i.e.,
Nyd,=N,d,. and an effective gap of 0<E, ,;r<E,. In this
structure the intrinsic space-charge field F,(x) given by the
design parameters remain constant upon variation of the reverse
bias, because the donors and the acceptors within the respec-
tive layers are already completely ionised at zero bias.

Under these conditions the conduction and valence
band-edges are flat along the layers, i.e., in the x direction, as
shown in Fig. 15¢, except for the area close to the n™ and pt
contact regions. Because of the total depletion of the layers, the
SLis highly resistive and behaves like a semi-insulator. Therefo-
re, when a reverse bias is applied via the selective electrodes,
a constant longitudinal electric field F, is added in x direction
parallel to the length of the layers, i.e., the structure is tilted in
layer direction, as indicated in Figs. 15d and 15e. Electron-hole
pairs generated by absorption of light are effectively separated
in z direction by strong space-charge field of the SL and then
immediately swept away by the longitudinal field in x direction
to the respective electrodes. As a result, recombination of
photogenerated carriers is negligibly small and extremely high
efficiencies of the absorption process are achieved.

Since the photogenerated carriers have relaxation times as
short as 1 ps for thermalization in the conduction and valence
subband systems the device speed is determined mainly by the
time required to sweep out the confined electrons and holes
along the parabolic well channels. In addition, due to the rapid
sweep-out of the photogenerated carriers by the longitudinal
electric field at high reverse bias, the bare space-charge
potential of the superlattice experiences only a minor compen-
sation from these excess carriers, and the responsivity of the
device for long-wavelength irradiations does not deteriorate
during its operation.

5.2. HgTe/CdTe SL PPD

The HgTe/CdTe superlattice was originally proposed as an IR
material in 1979 [31]. It was shown that the band gap of the SL
structure could be controlled by selecting the SL layer thicknes-
ses and that most of the useful regions of the IR spectrum could
be sampled. Changing the HgTe layer thickness in the SL
structure fromi 3.5 nm to 11 nm one may change the cutoff
wavelength of the detector (i.=hc/E;*) from 5 to 14 um,
respectively (see Fig. 16).

It was predicted that a precise control of the thickness of SL
layers were required. The best suited growth technique for
HgTe/CdTe SL structures is MBE [33], because (i) growth
temperature is low and, therefore, serious interdiffusion is
avoided: this fact ensures the required abruptness of heteroin-
terfaces in the superlattice; and (ii) MBE grown HgTe and CdTe
layers of the SL structure possess sufficiently high structural
perfection and may still be improved.

All of the studies concerning the HgTe/CdTe SLs, which
have been cited above were based on the assumption of a small
valence-band offset, AE, <40 meV in these structures. Howe-
ver, it is recognized now that numerous aspects of the SL
properties can be understood only in terms of a large AEy, the
most frequently employed value being 350 meV [34]. The
recent fabrication by MBE of a high quantum efficiency SL
detector operating at 5 um [35] makes it particularly worthwhile
to reassess the earlier predictions of detector properties of
HgTe/CdTe SLs.
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Fig. 16. a) Cutoff wavelength as a function of alloy composition (left
panel) for the Hg, _.Cd,Te alloy and as a function of layer thickness
(right panel) for HgTe/CdTe superlattice with equally thick HgTe and
CdTe layers (from Ref. [31]); b) The room temperature cutoff wave-
length of HgTe/CdTe SLs with desrs < 3.5 nm as a function of the HgTe
layer thickness. The experimental data are given by the circles and the
solid line is the linear fit (from Ref. [32])

Itis shown in Fig. 17 a calculated SL cut-off wavelengths as
a function of HgTe well thickness d,, for a typical detector
operating temperature of 77 K. The barrier thickness d is held
constant at 5 nm and there are given the results for both the
[100] (dashed) and [211] (solid) orientations of the SL
growth. It is also shown for comparison purposes the early
results of Smith et al. [31] for dy =4y, who assumed a valen-
ce-band offset of zero. It is evident that this and other earlier
estimates of the appropriate well thicknesses for long wave-
length IR detectors must be revised considerably. This remark
concerns other detector parameters as well. For example,
Fig. 17b shows the cutoff wavelength fluctuations 4/, versus
A, which are due to variation in the growth parameters of the SL
structure, namely, the effusion cell temperatures.

It can be concluded that the cutoff wavelength is still more
easily controlled in the HgTe/CdTe SL than in the Hg, _.Cd Te
alloy, although the improvement one gains in the device
parameters by using SL structures is smaller than originally
predicted using AF,=0 for the heterointerfaces in the
HgTe/CdTe SL structures [34].

The advent of MBE [20] enables the development of-a new
class of materials and heterojunctions with unique electronic
and optical properties. Most noticable among these are:
(i) compositional and doping SLs, (ii) doped compositional
SLs, (iii) strained layer SLs, and (iv) variable-gap SLs. The
investigation of the novel physical phenomena possible by
means of such structures has proceeded parallel with their
exploitation in novel devices. As a result a new approach to
design of heterojunction semiconductor devices, called
band-gap engineering, has gradually emerged [36].

The starting point of band-gap engineering is the realization
of the extremely large number of combinations which are
possible in the SLs and heterojunction structures mentioned
above. This allows designing of a large variety of new energy
band diagrams. Particularly, through the use of band-gap
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Fig. 17. a) Cutoff wavelenght and energy gap vs well thickness for [100]
and [211] superlattices with dz=5 nm at.77 K. The dotted curve
(dy=d,,) represents the early calculations of Smith et al. [31], based on
the assumption of zero valence-band offset (see Fig. 16a, left panel);
b) Calculated cutoff wavelength fluctuations vs cutoff wavelength,
due to variations in the MBE Hg-effusion cell temperatures. Results are
shown for the Hg, -, Cd,Te alloy (solid curve), and for HgTe/CdTe SLs
with valence-band offsets of 0 (dotted curve) and 350 meV (dashed
curve) (from Ref. [34])
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grading, one can obtain practically arbitrary and continuous
variation of this diagram, starting from a basic energy band
diagram. Thus, the transport and optical properties of a semi-
conductor structure can be modified and tailored to a specific
device application. One of the most powerful consequences of
band-gap engineering is the ability of independent tuning the
transport properties of electron and holes, using quasi-electfic
fields in graded-gap materials and the difference between
conduction and valence band discontinuities in a given hetero-
junction.

Concluding this review on application of SL structures in
optoelectronic devices, it should be emphasized that only
a close interaction between basic research on thin film growth
and on structural, optical and eléctronic properties of SL
structures, with the device electronics can lead to full exp-
loitation of the enormous potential which the variety of SL
structures offer for new generation optolectronics.
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