o

X.(2) = A cos kz,

) for |z|< L2
= Bexp[—«(z — L/2)), for z> L2 (2)
= B exp[+x(z + L{2), ! for z< — L
or :
Xa(z) = A sin kz, '! for Jz|< L2
=Bexpl~k(z—L/2)), 1 for z>1p ey
?f expl[+x(z + L{2)], l for z<—1/2
where ' |
. JueiEs f2 it
£, Em_’}‘ Fﬂs g Em}:— - Fﬂ": e<0 (4)
For the solution of Eq. (2), the continuity cbnditions at = — * L/2 yield
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Therefore

(k@'m?*) tan(kL/2) = k/m} (5)
Similarly, Eq. (3) yields
kfm?* cotan(kL/2) = —x/m} (6)

The equations can be solved numencally or graphically. A very simple
graphical type of solution can be developed if m*% = m}. Then, using-Eq.
(4), Eqs. (5) and (6) can be transformed into implicit equations in & alone:

cos(kLf2) = kfk,, for tankL/2>0 (7)
sin(kL{2) = kfk,,  for tan kL2 <0 (8)

where
ko= 2m*Vo/h® T (9

These equations can be visualized graphically (Fig. 7). There 15 always
one bound state. The number of bound states is

Imy P L\
|+Inl[(-n‘*=—ﬁﬂ—-) ] (10)

where Int[x] indicates the integer part of x.

The important limiting case of the infinitely high barriers (Fig. 5) can be
found again by putting ko = = in Fig. 7. There is then an infinity of bound
states with k = nr/ L. Even solutions are x, — cos kz, with kL = (2n + 1)m;
odd solutions are y, — sin kz, with kL = 2nn. x, even and y, odd are the

Na2—2
na1 /F
!

L]

Fig. 7. Graphical solution for Eqs. (7) and (B). Solutions are located at the intersections al
the straight line with slope k7' with curves y = cos kL/2 {with tan kL/2 = 0; § EvEn Wave
functions) or ¥ = sin .‘EL.I':"(.‘;#"'I.h tan kL2 < 0: —; odd solutions).

I




- b. Hole Energy Levels

Turning to the hole quantization problem, the situation is much more
complicated in usual semiconductor materials. The bulk hole bands are
described in the Kane model by basis functions with angular momentum
J = { symmetry, i.e., 4-fold degeneracy at k = 0 (neglecting the spin-orbit
split-off valence band). '

The dispersion near k = 0 can be described by the Luttinger Hamilton-
1an®;

'

H= Ef:;:{{r] + 1)k = 20,22 + K33+ KT

¥ 4:”3{{kx i ky]{"rx P -‘rp’f'i- 28 /]]

where y,, ¥2, ¥; are the Luttinger parameters of the valence band and the
symbol {+} represents the anticommutation

{ky- k) =kk,+ Kk,

(11)

In the bulk, propagation in a given direction can be described in terms of
heavy- and light-hole propagation. Taking as a quantization axis z for the
angular momentum the direction of propagation of the hole, the levels
J.==+1}and J= %1 give a simple dispersion relation from Eq. (11). Tak-
ing for example &, in a [100] direction, the kinetic energy of holes is

cey
frk?
E=o—(y—2r) for Jy=%}
2m,
(12)

fik?
Emﬂ{}" +2y,), for J,=*%i bR

One obtains the usual [100] heavy-hole mass mg/(y, — 2y,) and light-
hole mass my/(y, + 2y1).



, direction perpendicular to z is then given by

fik?
E= Eml (v, +7y,), for Jy=ii
4]
(12a)
i
E - (¥, — Y1), for J:=ii

2,

The transverse dispersion equation corresponding to J; = +3 (heavy-
hole band along the z direction), now has a_light mass (mgfy, + ¥1)s
whereas the J, = %} level now has a heavy mass (Fig. 8). This situation is
quite similar to that developed under a uniaxial compressive stress in the
[100] direction.® The difference here is that the 3 band is the higher-lying
ane. Due to the lighter mass of the 4 band, one initially expects a CTrossing

of the two bands. However, higher-order k - p perturbation terms lead to
an anticrossing behavior, which increases the “heavy-hole™ band mass and
decreases the “light-hole™ band mass.

Actually, the above procedure, which describes qualitatively the compli-
cated valence-band effects, is_not correct. One has to treat on equal footing
the k- p perturbation, which yields the dispersion, and the dimensional _

| - pertwbakion )

J'Ir !
. _,_'5. "1'1-.,,
Wershuch = ,J/'- \
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The I-V characteristics illustrated in Fig.4 indicate the diode's responsivity, or the optical
negative resistance obtained with an incident beam of 856nm wavelength. The exciton peak
actually observed from the current LBQW pin structure was located at 857.2nm as shown in the
phtocurrent spectra, Fig.5.
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Fig. 4 Optical I-V curves at different wavelengths.

=
o
n
=
m -
e
=
H
ﬂlﬂ T T L L]
B0O0.00 B40.00 880.00 920.00

Wavelength [nm)

Fig. 5 Photocurrent spectra for varying reverse bias voltages: Curves correspond to
0,2,4,6,8,10V, respectively in descending order from the exciton peak.
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Quantum confined Stark effect, in artist's conception. The drawing
on the left shows an elctron-hole pair, or exciton, trapped in a
quantum well in a superlattice material. The left and right planes
represent the walls of the well. When an electric field is imposed,
right, the electron (blue cloud) and hole (orange cloud) move apart,
but the walls of the well are close enough togsther to prevant the
exciton from i Figure 1
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Quantum-well structure and
carresponding real-space energy band
structure, The schemalic diagram in a

shows compositional profiling in thin layers.
The circle in b represents an exciton in the
bulk compound, and the ellipse represents
an exciton confined in a layer with a low
band gap. Figure 2
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Excitonic wavefunctions without and with
an applied electric fisld (a), and the
quantum confined Stark shift in an
absorption spactrum (b). The
wavefunctions illustrate how the walls of a
quantum well hold an electren and hole in
a bound state, aven at applied fields much
stronger than the classical ionization field.
The absorption spectra are those of a
quantum-well structure under three
different static electric figlds applied normal
to the layers. Tha fields are 10* V/em
(bottom curve), 55 10* V/cm (middle
curve) and 7.5 10* V/cm (top curve).
Figure 4
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Self-electro-optic device and plots @

showing s optical bistability. The device in
the schematic diagram shows optical
bistability when it is connected to a simple

resistive load,

was only about one micron thick; long-
er light paths increase the attenuation
considerably.

Self-electro-optic devices. When &
photon is absorbed in & quantum con-
fined Stark effect p-i-n structure, it
generates an electron-hole pair that is
separated by the field; here the modula-
tor behaves like a photodetector of unit
quantum efficiency. The ability of such
a p-i-n device to act as both a modula-
tor and a photodetector provides an
internal feedback mechanism when the
device is connected to an electronic
circuit. This is the hnsls of a new
category of devices, known as self-
electro-optic devices, that can operate
as optical gates with very low switching
energy, self-linearized modulators and
optical level shifters.*

The optical gate represented in fig-
ure 6a operates as follows: One applies
just enough voltage to the device to
shift the absorption edge so that there
is little absorption at the exciton peak;
then one directs a light beam of varying
intensity onto the device. As the
beam'’s intensity increases, it generates
a photocurrent that induces a voltage
drop across the resistor. The voltage
across the device decreases, the edge
shifts back and the absorption in-
creases, increasing the photocurrent.
This cycle continues until the device
switches to a state of low transmission
The switch back to a highly transmit-
ting state does not occur at, the same
incident intensity because the self-
electro-optic device is now absorbing.
Therefore the gate response, shown in
figure 6b, is an optical hysteresis loop.

The self-electro-optic devices demon-
strated to date typically have total
switching energies of 20 fJ per square
micron. This switching energy is only
one-sixth that reported for any other
optically bistable device, despite the
fact that self-electro-optic devices oper-
ate without resonant cavities. The
total switching energy comprises two
parts: resonant optical energy, which
accounts for about 20% of the total, and
electrical energy, which accounts for
the other BO%. Self-electro-optic de-
vices are compatible with other ITI-V
semiconductor technologies, and
should fit into largescale integrated
arrays.

High-gain avalanche photodetectors
can be built from a solid with a large
difference between the rates at which
electrons and holes create electron—
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Figure 6
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hole pairs throughout impact ioniza-
tion. In gallium arsenide, unfortunate-
ly, the two ionization rates are ahuut
the same. Furthermore,

Experiment

20 40 60 a0 1
INPUT LIGHT POWER (microwatts)

on the thresholds, one can greatly
enhance the ratio of electron and hole
ionization rates. AlGaAs-GaAs ava

lanche have shown®

multiplication is intrinsically a naisy
process because of the randomness of
the ionization events, and that causes
statistical fluctuations in the gain.
New concepts based on quantum-well
and graded-gap structures have over-
come these obstacles. Figure 7a shows
the band structure of a p—i-n diode that
contains & quantum-well structure in
its intrinsic region. When a hot elec-
tron enters a gallium arsenide quan-
tum well, it suddenly gains an energy
AE,. The ionization threshold for elec-
trons is thus reduced from AE, to
ARE,, — AE,, whereas for the holes it is
reduced to AE,, —AE,. Because the
ionization rates depend exponentially

ratios as large as seven. The perfor
mances can be improved further by
using a sawtooth profile with regions of
linear grading followed by abrup
steps, as shown in figure Tb. When on¢
applies a static field to the structure
figure 7c, the impact ionization events
occur at each step deterministically
and preferentially for the electrons
The resulting multiplication process
are no longer random, and the gain
almost noise free. The gradedgaj
structure acts as a solid-state photo
multiplier, with the steps in the energ]
bands corresponding to the dynodes o
a traditional photomultiplier tube®

Fast transistors. The transit time o
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Photonic switching technologies and players

Space division

Guided-wave Directional AT&T Co.. LM Ericsson, | 4-by-4, B-by-8 pratotype devices available; | Bandwidth transpar-
couplers Stackholm, Sweden; research [ab prototype systems ent/small-scale integra-
Fujitsu Ltd., NEG Corp.. tion; difficult synchroni-
and NTT Corp., Tokyo 2ation and contral
Digital switches Ericsson
On-off shutters Optivision Inc., Davis, Callf. | 16-by-16 product available
Free-space SEED technology | AT&T, University College, | Products available; system demonstrators | Digital devices/high
Lendon switching energy: difficult
Prpn technology | ATAT, Colorado State Uni- | Research prototype devices; ressarch lab | OPiDmechanical packag-
(DOES, VSTEP, versity, Fort Collins; NEC; | experimental systems ing technolagy
EARS, LADS) NTT. University of New

Mexico, Albuguergus;
University of Southern
California, Los Angeles

Smart pixels ATET. NEC; NTT. Universi- | Simple research prola:yae devlcas Te- Digital devices/difficult
1y College, London; search lab ical packag-
University of Southarn ing technolagy
California.
Time division
Time-slot interchange Directianal cou- ATET. NEC. University of | Prototype devices available; research lab | Bandwidth-Iransparent/
plers, fiber delay | Colorado, Boulder experimental systams small-scale integration;
lines difficult synchronization
Multiple-access Star couplers, ATRT: Princeton Universi- 4nd control
tunable lasers, 1y, New Jersey
tunable receivers
Wavelength division
‘Wavelength interchanger | Star couplers, NEC Prototype devices available; research lab | Bandwigth-transparent/
tunable lasers, experimantal systams small-scale integration;
tunable receivers difficult synchronization
Multiple-access Star couplers, ATAT, Bellcare, meg and control
tunable lasers, ston, N.J.; NEC:

tunable receivars | CSELT: Columbia Umwr
sity, New Yok City

Multiple division

Time-space-time Directional cou- AT&T Protolype devices available; research lab | Bandwidth-transparent/
plers, fiber delay experimantal systams small-scale integration;
lines difficult synchronization

Wavelength-space- Star couplers, NEC and control

wavelength tunable lasers,
tunabla receivars

Packet switching Star couplers, AT&T, Bellcore

tunable lasers,
tunable receivers

Smart phiels ATAT; University College, | Ressarch devicas; ressarch lab ex- Digital devicas/clificull
London; University of perimental systems. optomechanical packag-
Southern California ing technology |

SEED = sai elecire-op
DIES = dowtbls hataresiruciuem optoelecironsc swilch
VSTER = wortcal surtaco transmission slocirogholonic.
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OPTICAL COMPUTER:

Is concept becoming reality?

Digital optical processor demonstrated

_AT&T scientists announced on January 29 that they had
“succecded in building the world's first digital optical proc-

cssor. “The digital optical processor is a technological
milestone,” said William H, Ninke, director of the Informa-
tion Systems Research Laboratory at AT&T Bell Laborato-
rics. “This wireless processor uses lasers to transmit infor-
mation internally and employs optical devices to process
the information.” The optical processor demons.rated at
Bell Labs operates at 1 million cycles per second, less than
most personal computers. But AT&T scientists are optimis-
uc that an oplical computer operating at several hundred
million cycles per second—{aster than most supercomput-
crs—is possible in the near future,

The switching is handled by S-SEED:x metric Self-
Electro-optic Effect Devices), oplic swm: s with a po-
icntial speed of 1 billion operalions Per Second USing & :
swilching energy of about 1 picojoule. E_E}f are based on GaAs-AlGaAs tﬁ:hmIngLandﬂl: & Jﬂgﬂ!ﬂ)‘?

Microlithography

(see pages 12 - 14)

Alan Huang research report

Alan Huang is head of the Optical Computing Research De-
pariment at AT&T Bell Labs, where the the first optical proces-
yor was built. He was interviewed by Frederick Su, SPIE Tech-
rizal Consultani, for OF Reports,

C:her than the speed of light, what is the main difference
Lrtween photonic processors compared 1o elecironic
nrocessors?

It has nothing to do with the speed of light. Tt has more 1o
do withthenumber ol connections, Right now, processors
arc categorized as 16 bit, 32 bit, and that really refers 1o the
width of the data highway. With optics, I believe, we can

push the width of this data highway to 1,000 10 10,000 bits
wide.

When you say data highway, the analogythere islike a 16-

fabricated by molecular beam epitaxy. Each device is 5 pun square and contains two mimors i* : ‘I mm m move 16 bits around at a time.
:ﬂ;ﬂﬂ:mﬁ?tﬁ:}:ié {SSEEEISZ}EELT;;:&E T TR Hﬂj’ﬂ E Z the "-"Fﬂde ocessors you can move 1,000-10,000 bits at the same iime?
Each array contains two 10-milliwatt modulated laser diodes (850 nm) that can emit many Yﬂ- If you look at current computers, they are slowed down because they have to time-share
separate beams Lo provide gommunications between the arrays. the connections. The analogy I have used is much like the island of Manhattan where they
{continued on page EJ' - (continued on page 2)
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Voice, video, and data will
eventually be swilched

by bardware that

exploils the inlerplay

of photons and electrons

elecommunications in the
future will rely on light as
heavily in switching as it
does today on light in trans-
mission. The vast infor-
mation-carrying capacity of
optical fiber will be joined
to the astounding connec-
tivity of photonics.

Each new wave of switching hardware will
have more photonics embedded in it. In
1995, the first specialized applications will
be appearing. By 2000 there may not be
purely phatonic switching but there certainly

TEEE SPC.

Switching to photonics

2/1972

land, last October. The focus now in many
laboratories is on engineering—increasing
capacity and performance while reducing
size and cost. Still other concepts are in an
early experimental stage.

The work is proceeding along two diver-
gent paths. Guided-wave photonics is bet-
ter understood and more highly developed.
It capitalizes on temporal bandwidth: com-
bining a large number of users into a single
physical channel, either through time mul-
tiplexing or wavelength multiplexing, in
structures like optical fibers and star and
directional couplers. These structures are
bandwidth transparent (support any bit rate).

The alternative, free-space photonics, ex-
pluits spatial bandwidth: serving many users
in parallel through many separate channels
in structures like lenses, mirrors, holograms,
and arrays of optical logic gates or optoelec-
tronic integrated circuits. Essentially,
guided-wave photonic switching supports
many users on a small number of physical

reconfigur:
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will be abundant photonics; for exam-
ple, photonic links will interconnect
printed-circuit boards, multichip mod-
ules, and equipment frames. By 2010,
optoelectronic switching fabrics could
be bringing business community and
residential customers alike a panoply of
broadband se: s: video, high-

definition television, and switched
videotelephone conversations and con-
ferences; fast data file transfers and in-
formation retrieval; data exchange for
diskless workstations; and animated
praphics, for example, EI]] ddition to

For future photonic
switching offices, the
aggregate hit rate
will be an amazing
1 terabit per second

by the
it. Bu
| by spe

polog
| Bene:
| loss
ar) in
keep
come




1
9
3
SPECIAL ISSUE é
™ NANOSTRUCTURES -
- Sl s

——
T



	스캔0030
	스캔0031
	스캔0032
	스캔0033
	스캔0035
	스캔0036
	스캔0037
	스캔0040
	스캔0055
	스캔0056
	스캔02
	PS1984
	PS1985
	PS1985-2
	PS1985-3
	PS1985-4
	PS1985-5
	PS1985-6
	PS1990
	PS1991
	PS1993

