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(57) Abstract

101

A single-crystal, monolithic, tandem, multicolor optical transceiver device (100) is described, including (a) an InP substrate
(102) having upper and lower surfaces, (b) a first junction (104) on the upper surface of the InP substrate, (c) a second junction
(106) on the first junction. The first junction is preferably GalnAsP of defined composition, and the second junction is preferably
InP. The two junctions are lattice matched. The second junction has a larger energy band gap than the first junction. Additional
junctions (108) having successively larger energy band gaps may be included. The device is capable of simultaneous and distinct

multicolor emission and detection over a single optical fiber.
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Description

Monolithic Multi-Color Light

Emission/Detection Device

The United States Government has rights in this
invention under Contract No. DE-AC02-83CH10093 between
the United States Department of Energy and the National
Renewable Energy Laboratory, a Division of the Midwest

Research Institute.

Technical Field

The present invention relates, generally, to light-
emitting devices and, more particularly, to light-
emitting and detecting devices. Specifically, the
present invention relates to improved monolithic devices
which are capable of emitting and detecting light over a
wide wavelength range. These devices are referred to as

multi-color optical transceivers.

Background Art

Optically coupled circuits and optical communication
systems require high-efficiency light emitters and detec-
tors which operate withiq a wavelength range which is
suitable for the particular application. For fiber-optic
communication systems utilizing silica fibers, the

optimum wavelength range of interest is 1.0 - 1.5 um
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(i.e., an energy range of 0.83 - 1.24 eV). In current
systems the data transmission rate is limited by several
factors including the inability of emission/detection
devices to transmit/receive at more than a single wave-
length. The monochromatic nature of present optical
transceivers also results in complex optical intercon-
nects because separate fibers are required for simul-
taneous transmission and reception.

Photovoltaic cells are known which essentially com-
prise semiconductors that have the capability of convert-
ing electromagnetic energy (such as light or solar radia-
tion) directly to electricity. Such semiconductors are
usually characterized by solid crystalline structures
that have energy band gaps between their valence electron
bands and their conduction electron bands. When light is
absorbed by the material, electrons that occupy low-
energy states become excited to cross the band gap to
higher energy states. For example, when electrons in the
valence band of a semiconductor absorb sufficient energy
from photons of the solar radiation, they can jump the
band gap to the higher energy conduction band.

Electrons which are excited to higher energy states
leave behind them unoccupied low-energy positions or
holes. Such holes can shift from atom to atom in the
crystal lattice and thereby act as charge carriers, as do
free electrons in the conduction band, and contribute to

the crystal's conductivity. Most of the photons absorbed
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in the semiconductor give rise to such electron-hole
pairs which generate the photocurrent and, in turn, the
photovoltage exhibited by the cell.

As is known, the semiconductor is doped with a dis-
similar material to form p-type and n-type materials,
which can be then used to form p/n junctions. A voltage
across the junction, which is the photovoltage, is pro-
duced when the semiconductor is exposed to light energy.

It is known that photon energies in excess of the
threshold energy gap or band gap between the valence and
conduction bands are usually dissipated as heat; thus
they are wasted and do no useful work. More specific-
ally, there is a fixed quantum of potential energy dif-
ference across the band gap in the semiconductor. For an
electron in the lower energy valence band to be excited
to jump the band gap to the higher energy conduction
band, it has to absorb a sufficient quantum of energy,
usually from an absorbed photon, with a value at least
equal to the potential energy difference across the band
gap.

The semiconductor is transparent to radiation which
has photon energies less than the band gap. On the other
hand, if the electron absorbs more than the threshold
quantum of energy, e.g., from a higher energy photon, it
can jump the band gap. The excess of such absorbed
energy over the threshold quantum required for the

electron to jump the band gap results in an electron that
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is higher in energy than most of the other electrons in
the conduction band. The excess energy is eventually
lost in the form of heat. The net result is that the
effective photovoltage of a single band gap semiconductor
is limited by the band gap.

Thus, in a single semiconductor solar cell, to cap-
ture as many photons as possible from the spectrum of
solar radiation, the semiconductor must have a small band
gap so that even photons having lower energies can excite
electrons to jump the band gap. This, of course,
involves attendant limitations. First, use of a small
band gap material results in a low photovoltage for the
device and, naturally, lower power output occurs. Second,
the photons from higher energy radiation produce excess
energy which is lost as heat.

On the other hand, if the semiconductor is designed
with a larger band gap to increase the photovoltage and
reduce energy loss caused by thermalization of hot car-
riers, then the photons with lower energies will not be
absorbed. Consequently, in designing conventional
single-junction solar cells, it is necessary to balance
these considerations and try to design a semiconductor
with an optimum band gap, realizing that in the balance
there has to be a significant loss of energy from both
large and small energy photons.

Much work has been done in recent years to solve

this problem by fabricating tandem or multijunction
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(cascade) solar cell structures in which a top cell has a
larger band gap and absorbs the higher energy photons,
while the lower energy photons pass through the top cell
into lower or bottom cells that have smaller band gaps to
absorb lower energy radiation.

The band gaps are ordered from highest to lowest,
top to bottom, to achieve an optical cascading effect.
In principle, an arbitrary number of subcells can be
stacked in such a manner; however, the practical limit is
usually considered to be two or three. Multijunction
solar cells are capable of achieving higher conversion
efficiencies because each subcell converts solar energy
to electrical energy over a small photon wavelength band
over which it converts energy efficiently.

Various electrical connectivity options between sub-
cells are possible, including (1) series connected, (2)
voltage matched, and (3) independently connected. 1In the
series connected type of tandem solar cells, there is
current matching of the two subcells. The advantage of
the independently connected type is that it avoids the
problems of having to electrically connect the two
subcells. This type also allows more possibilities in
designing the solar cell. However, it is more complex
with respect to fabrication of the solar cell, and it is
also more complex in terms of delivering the power from
each separate cell to a single electrical load. This is

a systems problem.
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Such tandem cells can be fabricated in two different
manners. The first manner involves separately manufac-
turing each solar cell (with different band gaps) and
then stacking the cells mechanically in optical series by
any of a number of known methods. The disadvantage of
this method is due to the complexity in forming such a
stacked arrangement. The advantage is the flexibility of
being able to stack different materials on top of each
other.

The second manner of fabricating a tandem solar cell
involves forming a monolithic crystalline stack of mater-
ials with the desired band gaps. The advantage of this
method is the simplicity in processing. The disadvantage
is that there are a limited number of materials combina-
tions which can be epitaxially grown in device-quality
form.

It has been generally accepted by persons skilled in
the art that the desired configuration for monolithic
multijunction tandem devices is best achieved by lattice
matching the top cell material to the bottom cell mater-
ial. Mismatches in the lattice constants create defects
or dislocations in the crystal lattice where recombina-
tion centers can occur to cause the loss of photogener-
ated minority carriers, thus significantly degrading the
photovoltaic quality of the device. More specifically,
such effects will decrease the open-circuit voltage

(VOC), short circuit current (Jsc), and fill factor (FF).
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Thus, the lattice-matched monolithic approach provides an
elegant manner for the construction of a high-quality
tandem cell.

U.S. Patent 4,829,345 describes an electronic device
which includes a light transmission system for trans-
ferring signals between the circuit parts by the use of
light. The device requires use of a superlattice struc-
ture to achieve multiple wavelength emission and detec-
tion of light.

It is known that similarities exist between the
design and operational characteristics of solar cells,
photodetectors and light-emitting diodes. However, there
has not heretofore been provided a monolithic multi-color
transceiver having the advantages and desirable combina-
tion of features which are exhibited by the devices of

the present invention.

Disclosure of the Invention

It is an object of the invention to provide a mono-
lithic multi-color transceiver device which is highly
efficient.

It is another object of the invention to provide a
monolithic multi-color transceiver device which is cap-
able of transmitting or receiving a number of distinct

wavelengths simultaneously.
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It is yet another object of the invention to provide
a monolithic multi-color transceiver device comprising
layers of InP and GaInAsP (or Galnas).

It is yet another object of the invention to provide
& monolithic multi-color transceiver device which is
capable of transmitting and receiving several independent
optical signals simultaneously for applications in optic-
ally coupled circuits and optical fiber communication
systems.

It is yet another object of the invention to provide
a monolithic transceiver device in which there are at
least two lattice-matched layers.

It is still another object of this invention to pro-
vide a three-terminal monolithic multi-color transceiver
device.

Additional objects, advantages, and novel features
of the invention shall be set forth in part in the
description that follows and in part will become apparent
to those skilled in the art upon examination of the fol-
lowing or may be learned by the practice of the inven-
tion. The objects and the advantages of the invention
may be realized and attained by means of the instrument-
alities and in combinations particularly pointed out in
the appended claims.

To achieve the foregoing and other objects and in
accordance with the purpose of the present invention, as

embodied and broadly described herein, the monolithic
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multi-color transceiver device in one embodiment may
comprise:

(a) an InP substrate having an upper surface;

(b) a base layer on the upper surface of the InP
substrate; wherein the base layer comprises
GaInAsP lattice-matched to InP;

(c) an emitter layer over said base layer, wherein
said emitter layer comprises GaInAsP
lattice-matched to InP (hereafter referred to
as GaInAsP);

(d) optionally, a passivating layer over said
emitterlayer; wherein the passivating layer
comprises InP;

(e) optionally, an InP base back-surface field
layer;

(f) an InP base layer over said field layer;

(g) an InP emitter layer over said InP base layer.

The GalnAs (which could include GaInAsP) layer is
lattice matched with the passivating layer. The InP base
layer has a larger energy band gap than the GaInAsP base
layer.

The monolithic multi-color transceiver device of the
invention exhibits several advantages. It is a mono-
lithic lattice-matched device structure which, in prin-
ciple, can be made with as few as four distinct epitaxial
layers. The band gap of the lower base layer can be

tuned or designed without compromising lattice matching.
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The technology for fabricating and handling InP and
GaInAsP materials is well developed from applications in
other electronic and optoelectronic devices, thus
facilitating device processing.

Further, the transceiver device construction of this
invention is preferably provided as a three-terminal
device including a middle contact region. A lattice
matched, monolithic, multi-color InP/GalnAs (or GaInAsP)
light emission/detection device is provided which has
several advantages over current mohochromatic devices,
including increased data transmission rates and
simplified optical circuitry and networking.

With the device of this invention, transmission and
reception at a number of distinct wavelengths simultan-
eously is possible on the same optical fiber, thus
increasing the data transmission rate. Because the
device of the invention is a monolithic device, it can be
easily integrated into existing optical circuits and
communications systems.

The multi-color capabilities of the present device
enable a single optical medium to carry several indepen-
dent optical signals simultaneously (transmitted or
received), thus simplifying optical interconnects and
networks. This translates to significant cost savings in

equipment design.
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Brief Description of Drawings

The accompanying drawings, which are incorporated in
and form a part of the specification, illustrate the
preferred embodiments of the present invention and, with
the description, explain the principles of the invention.
In the drawings:

FIGURE 1 is a side elevational view in schematic of
a three junction, four terminal embodiment of monolithic
multi-color optical transceiver of the invention;

FIGURE 2 shows the range of band gap energies avail-
able for GaInAsP alloys that are lattice-matched to InP;

FIGURE 3 is a side elevational view in schematic of
a two junction, three terminal embodiment of monolithic
prototype device of the invention;

FIGURE 4 is a graph illustrating electroluminescence
spectra for the two junction, three terminal device
illustrated in Figure 3; and

FIGURE 5 is a graph illustrating quantum efficiency
data for the two junction optical transceiver of the type

shown in Figure 3.

Detailed Description of the Invention

Figure 1 illustrates a typical monolithic optical
transceiver device of this invention. The device 100
comprises a single-crystal base layer or substrate 102
(for example, it may be composed of n-InP, or silicon, or

germanium, or gallium arsenide). Supported on the
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substrate are epitaxial layers or junctions 104, 106, and
108. The energy band gap increases from layer 104 to
layer 106 and from layer 106 to layer 108. Preferably
the junctions 104, 106 and 108 each comprise GaInAsP
lattice-matched to InbP.

The thicknesses of each of the layers shown in
Figure 1 may be, for example, about 3 to 6 microns. The
bandgap energies of the various layers shown may range
from about 0.7 eV to 1.35 eV. There are at least two
layers or junctions in the device, and there may be many
more (for example, as many as 10 or 20 junctions).

As illustrated in Figure 1, the alternating Jjunc-
tions are of opposite polarity. In other words, the con-
ductivity type of the base layer of junction 106 is the
same as that of the emitter layer of junction 104. Also,
the conductivity type of the base layer of junction 108
is the same as that of the emitter layer of layer 106.
In this manner, the polarity of junction 106 is opposite
that of junction 104. The polarity of junction 108 is
also opposite that of junction 106. The same pattern and
arrangement would be continued for subsequent additional
junctions.

Optionally, a passivating layer may be included over
the emitter layer in each junction. The passivating
layer would be a lattice-matched crystalline material
with a band gap energy greater than that of such emitter

layer.
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A lov resistance ohmic electrical contact 110 is
located above and near the interface between the emitter
layer of junction 104 and the base layer of junction 106.
Similarly, a low resistance ohmic electrical contact 112
is located above and near the interface between the
emitter layer of junction 106 and the base layer of junc-
tion 108. Back conductive contact 101 is in contact with
the lower surface of the substrate 102. Conductive con-
tact 114 is in contact with the upper surface of junction
108.

The III-V pseudobinary, quaternary alloy
GaxInl_XAsyPl_y is lattice matched to InP according to the
following constraint on x and y

y = 2.209 x/(1 + 0.06864 x)
where the endpoint compounds are InP and Ga0_47InO.S3As,
resulting in a family of semiconductors with band gaps
which range from about 0.7 eV to 1.35 eV at room tempera-
ture, as shown in Figure 2. The dependence of the band
gap on x and y can be determined experimentally (here-
after, GaXInl_xAsyPl_y with compositions defined by the
above constraint which yield a desired (defined) band gap
will be referred to as GaInAsP), where x is in the range
of 0 to 0.467 and y is in the range of 0 to 1.00. Thus,
lattice matched, monolithic, multilayer structures of
GaInAsP or InP substrates are possible with a tunable

band gap within the individual layers. Furthermore, the

band gaps possible with GaInAsP lattice matched to InP
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cover the optimum range for silica optical fibers.
Therefore, an optimum monolithic multicolor optical
emitter/detector can be produced using the GaInAsP/InP
materials system.

Lattice matched, epitaxial layers of GaInAsP can be
grown on InP substrates using a technique such as organo-
metallic vapor phase epitaxy (MOVPE) using
trimethylindium, trimethylgallium, phosphine and arsine
as the primary reactants and with diethylzinc and
hydrogen sulfide as the doping sources.

In its most general form, the optical transceiver
consists of layers of GaInAsP containing p/n homojunc-
tions grown on an InP substrate with the band gap in each
layer increasing from bottom to top in the monolithic
stack. The band gap in each layer can be tuned to
emit/detect at a desired wavelength through an appropri-
ate choice of GaInAsP composition. 1In this configura-
tion, a particular junction (layer) can transmit and
receive independently since each of the layers above it
are transparent to its operating wavelength. Further-
more, each upper adjacent layer has a higher band gap
and, therefore, provides a minority carrier confinement
barrier for the lower junction emitter layer, thus
increasing light output and detection efficiency.

Operation and fabrication of the device is simpli-
fied by alternately reversing the polarity of the p/n

junctions in each of the GalnAsP layers and applying
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electrodes to the common n- or p-type regions between
adjacent junctions. Correct placement of individual
electrical contacts is facilitated by using existing
selective wet chemical etching techniques. Using such a
structure, selective emission/ detection from each of the
junctions can be achieved. The circuitry required for
selective operation of the junctions will depend on the
number of junctions and desired operating mode (i.e., it
is application specific).

Figure 3 illustrates one preferred embodiment of a
monolithic, two-junction, three-terminal, tandem multi-
color optical transceiver device of the invention. It
comprises a monolithic combination'of diodes in epitaxial
layers of GalnAs and InP grown epitaxially on a
single-crystal InP substrate.

This device includes an InP upper junction 10 which
includes a homojunction 10A. The device also includes a
GalnAs or GalInAsP bottom junction 20 that includes a
homojunction 20A. Under the bottom junction 20, there is
an InP substrate 15.

The stop-etch layer 14 shown in the drawing may not
be necessary, but it could be used to facilitate
processing during manufacture of the device shown. The
conductive passivating layer 22 is optional.

Top conductive contact 11 is supported by the upper
surface of the InP emitter layer, as illustrated, and is

low resistance and ohmic electrically. Back conductive
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contact 13 is in contact with the lower surface of the
InP substrate and is low resistance and ohmic electrical-
ly. Middle contact 12 is supported by the stop-etch
layer 14 and is low resistance and ohmic electrically.
Contacts 11, 12 and 13 may be gold, for example, without
annealing.

Wet chemical etching of the middle contact trough
and the mesa isolation troughs is accomplished using the
10H2804: 1H202/Concentrated HCl system (both at room
temperature) which etches the InP/GalnAs materials system
SO,: 1H,O,: 1H,O etches GalnAs at

2574 272 2
approximately 0.8 um min._l). Likewise, concentrated HCl

selectively (10H

etches InP at about 8 um min._l and attacks GalnAs at 25

nm min."l

). The use of a thin GalnAs stop-etch layer in
combination with the selective etching system makes
correct placement of the middle contact in the structure
a relatively straightforward procedure, and still allows
for high transmission of sub-InP band gap photons to and
from the GaInAs junction.

Each junction includes photoactive regions. For
example, the photoactive regions of junction 10 include
the n'-Inp upper region and a portion of the p-InP lower
region directly below the n+/p junction. The photoactive
region of Jjunction 20 includes both p+- and n-type
regions thereof. The lower region of junction 10 and the

upper region of junction 20 are of common conductivity

type. Thus, as illustrated in Figure 3, the lower region
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of junction 10 and the upper region of junction 20 are

both p-type. Of course, if desired, both of said regions
could instead be n-type (i.e., for p/n/p devices). The
ohmic middle contact 12 is placed between the photoactive
regions of both junctions in the common p-type region.

The substrate 15 is illustrated in the drawings as
an InP substrate. InP is an attractive III-V semiconduc-
tor for a variety of electronic device applications
because of its electronic and optoelectronic properties.
Among the main disadvantages associated with the use of
the material as a substrate, however, are the high cost,
fragility, and high mass density of InpP.

Substrate 15 may be composed essentially of InP, or
it may be a thin layer of InP on another semiconductor
material, or it may be any of the alternative substrate
structures as defined in U.S. Patent No. 4,963,949 incor-
porated herein by reference. Said patent describes tech-
niques for growing device quality InP on foreign sub-
strates while minimizing the propagation of dislocations
into the InP layer. Such techniques enable a low-cost,
lightweight substrate structure having good strength to
be used for an InP-based semiconductor device. Accord-
ingly, such techniques can be used in the preparation of
substrate structures which are useful in the present
invention.

The bottom or lower junction 20 is grown on the

upper surface of InP substrate 15 epitaxially.
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Additionally, the composition of the material is
controlled such that the material of the junction is
lattice matched to the InP. The upper or top junction 10
is grown on the upper surface of the lower junction
epitaxially. Also, the composition of the material is
controlled such that the InP top junction is lattice
matched to the lower junction. Thus, a single- crystal
lattice matched monolithic tandem optical transceiver is
obtained.

The InP buffer layer 16 forms a minority carrier
mirror for the back surface of the n-GalnAs base layer
20B. The p+—GaInAs layer 20C is an emitter layer. The
InP intermediate layer 22 serves to passivate the GaInAs
emitter layer and also provides a ;onductive pathway for
lateral current flow to the middle contact from both
junctions. The stop- etch layer 14 facilitates proper
placement of the middle contact through the use of selec-
tive wet chemical techniques. The p+-InP back-surface
field layer 10B enhances minority carrier confinement in
the InP base layer 10C. The upper InP layer 10D is an
emitter layer.

If desired, an antireflection coating may be placed
on top of the device to improve light output and light
detection.

The upper junction has a larger energy band gap than
the lower junction. The energy band gap for the upper

junction is 1.35 eV at 300K. The energy band gap of the
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lower junction may be varied by changing the composition
of the GaInAsP junction.

Although the device in Figure 3 is illustrated as
comprising an upper junction of the n/p type and a lower
junction of the p/n type, the opposite configuration is
considered to be a functional equivalent thereof.

The thickness of the lower junction may vary, but
generally it will be in the range of about 3 to 6
microns. The thickness of the upper junction may also
vary, but generally it will be in the range of about 3 to
6 microns. The thickness of the substrate 15 is
preferably in the range of about 300 to 600 microns.

For n-type doping, it is known to use conventional
extrinsic impurities such as, for example, sulfur,
tellurium, or selenium. For p-type doping, it is known
to use elements such as zinc, cadmium, beryllium, or
magnesium.

The middle contact isolation region includes a
heavily doped layer of p-type InP and a heavily doped
p-type layer of GaInAs. The p-type InP layer is referred
to as a lateral conduction layer (LCL) because it allows
for lateral conduction of current from both junctions to
the common middle contact. The p-type GalnAs layer 14
serves two purposes: (1) It is a stop-etch layer (SEL)
which terminates the etching of the trenches through the
InP top junction layers. This function is necessary in

order to place the middle contact 12 at the desired posi-
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tion within the tandem structure. (2) It also provides a
low contact resistance for the middle contact 12.

The middle contact region serves a very important
function for the device. It reduces the high series
resistance which would otherwise produce Jjunction
coupling effects.

Simultaneous two-color light emission using the
device of Figure 3 was demonstrated by applying an
appropriate DC forward bias to each of the junctions
thereby inducing electroluminescence. The luminescence
was measured at room temperature using a monochromator
and a germanium (Ge) detector. The relative signals from
each of the junctions was corrected for the response of
both the monochromator and the detector.

An example of the luminescence spectra from the
device of Figure 3 is given in Figure 4. Simultaneous
two-color emission is clearly demonstrated with the peak
positions corresponding to the band gaps of In?-and
GaInAs. Some coupling of the luminescence output from
each of the junctions was observed as the individual bias
levels were adjusted, an effect which can be attributed
to the resistance of the common middle terminal. The
coupling effect can be reduced by lowering the resistance
associated with the middle terminal.

Composite relative quantum efficiency data for the
prototype device are given in Figure 5. The data

illustrate two important features regarding the device
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quality and operational characteristics. Both junctions
show high relative response near their respective
bandedges; this is an important characteristic for
efficient detection of light emission from a twin device.
The high near-bandedge response also indicates high-
quality material. Furthermore, the wavelength ranges
over which the junctions respond are clearly distinct due
to complete optical filtering provided by the InP layers
on the GalnAs layers. Thus, a pair of identical devices
can communicate simultaneously over a single optical
fiber at two distinct wavelengths without any ambiguity
or cross-talk. In other words, simultaneous and distinct
two-color emission and detection have been demonstrated
with the optical device of Figure 3.

The multi-color optical transceiver devices of the
invention can be packaged in any suitable or appropriate
manner to facilitate integration into desired optical
networks or circuits. For example, one or more devices
could be mounted on a chip, or they could be connected to
optical fibers, etc., as desired.

The foregoing is considered as illustrative only of
the principles of the invention. Further, because
numerous modifications and changes will readily occur to
those skilled in the art, it is not desired to limit the
invention to the exact construction and operation shown
and described, and accordingly all suitable modifications

and equivalents may be resorted to falling within the
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scope of the invention as defined by the claims which

follow.
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Claims

The embodiments of the invention in which an

exclusive property or privilege is claimed are defined as

follows:

l.

A monolithic multi-color optical transceiver

device comprising:

(a)

(b)

(c)

(d)

a single-crystal substrate having upper and
lower surfaces;

a first junction comprising:

(1) a first base layer on said upper surface
of said substrate; said first base layer
comprising GaInAsP lattice-matched to InP;

(2) a first emitter layer over said first base
layer; wherein said first emitter layer
comprises GaInAsP lattice-matched to InP;
optionally, a passivating layer over said first
junction; wherein said passivating layer has a
band gap energy greater than that of said first
emitter layer;

a second junction comprising:

(1) a second base layer on said passivating
layer; wherein said second base layer comprises
GalnAsP lattice-matched to InP; wherein the
band gap energy of said second base layer is

greater than that of said first base layer;
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wherein said second base layer is of a conduc-
tivity type which is the same ‘as that of said
first emitter layer;
(2) a second emitter layer over said second
base layer; wherein said second emitter layer
comprises GalnAsP lattice-matched to InP;

(e) low resistance ohmic electrical contacts in
electrical communication with each of said

first and second base layers.

2. An optical transceiver device in accordance with
claim 1, further comprising at least one additional junc-
tion over said second junction; wherein each said addi-
tional Jjunction includes a base layer and an emitter
layer; wherein said base layer of each said additional
junction has a band gap energy greater than the next
lower base layer; and wherein the base layer of each said
additional junction is of a conductivity type which is

the same as that of the adjacent emitter layer.

3. An optical transceiver in accordance with claim
1, further comprising a low resistance ohmic electrical
contact in electrical communication with said lower

surface of said substrate.

4. A single crystal, monolithic, tandenm,

multi-color optical transceiver device comprising:
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(a) an InP substrate having upper and lower
surfaces;
(b) a first junction on said upper surface of said
substrate; said first junction comprising
GaInAsP; and
(c) a second junction on said first Jjunction;
wherein said second junction comprises InP;
wherein the polarity of said second junction is
opposite that of said first junction;
wherein said GaInAsP is lattice matched with said InP;
and wherein said second junction has a larger energy band

gap than said first junction.

5. A device in accordance with claim 4, wherein
said first Junction is of the composition
GaXInl_XAsyPl_y, where x is in the range of 0 to 0.467,
and y is in the range of 0 to 1.00; and wherein the
relationship of x and y is defined by the formula

¥y=2.209x/(1+0.06864x) .

6. A device in accordance with claim 4, wherein
said first and second junctions each include an n/p

homojunction.

7. A device in accordance with claim 4, wherein

said first junction is of the composition Ga In As.

0.4777°0.53
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A device in accordance with claim 4, further

comprising a middle contact region between said first and

second junctions; wherein said middle contact region

comprises separate continuous layers of GalnAs and InbP.

9.

A single-crystal, monolithic, tandem, multi-

color optical transceiver device comprising:

(a)

(b)

(c)

(a)

(e)

an InP substrate having upper and lower
surfaces;

a first junction on said upper surface of said
substrate; said first junction comprising
GaInAsP; wherein said GaInAsP is of the

As_ P where X is in the

composition GaXInl_X yT1-y’

range of 0 to 0.467, and y is in the range of 0
to 1.00; and wherein the relationship of x and
y is defined by the formula
y=2.209x%/(1+0.06864x); and

a second junction on said first junction;
wherein said second junction comprises InP;

a top contact grid pattern over said second
junction and in electrical contact therewith;

a middle contact region between said first and
second junctions; wherein said GaInAsP is
lattice matched with said InP; and wherein said
second junction has a larger energy band gap

than said first junction.
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10. A device in accordance with claim 9, wherein

first junction is of the composition Ga In As.

0.47770.53

11. A device in accordance with claim 9, wherein
second junction includes an upper surface; wherein
said junction includes an emitter layer; and wherein

second junction includes a base layer below its said

emitter layer; wherein said base layer of said upper

junction and said emitter layer of said lower junction

are of common conductivity type; said device further

comprising:

(a) a conductive layer providing low-resistance
ohmic contact to said lower surface of said InP
substrate;

(b) a conductive middle contact providing low-
resistance ohmic contact with said base layer

of said second junction.

12. A method for preparing a single-crystal, mono-

lithic, multi-color optical transceiver device comprising

the steps of:

(a) providing an InP substrate having an upper sur-
féce;

(b) epitaxially depositing on said upper surface a
layer of GaInAsP to form a first junction;

wherein said GalnAsP is deposited in a manner



WO 94/06156

(c)

(d)

(e)

(£)

(g)
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such that a base layer and an emitter iayer are
provided;

epitaxially depositing a layer of p-type InP on
said GaInAsP layer;

epitaxially depositing a layer of p-type
GaInAsP on said p-type InP layer;

epitaxially depositing an upper layer of InP on
said p-type GaInAsP layer to form a second
junction;

selectively etching said upper layer of InP to
form spaced-apart trenches therein which extend
downwardly to said p-type GalnAsP;

forming electrically conductive middle contacts
in said trenches; .

forming a grid pattern of top contacts in low-
resistance ohmic contact with said upper layer

of InP;

wherein said GalnAsP is lattice matched with said InP

substrate and said p-type InP layer.

13.

A method in accordance with claim 12, wherein

said GaInAsP is of the composition GaXInl_XAsyPl_y, where

x is in the range of 0 to 0.467, and y is in the range of

0 to 1.00; and wherein the relationship of x and y is

defined by the formula y=2.209x/(1+0.06864x).



WO 94/06156 PCT/US93/08310

- 29 -

. 14. A method in accordance with claim 12, wherein
one of said junctions includes an n/p homojunction and
the other of said junctions includes a p/n homojunction;

wherein said device includes three terminals.

15. A method for simultaneously transmitting and
receiving light of at least two different wavelengths,
the method comprising the steps of:

(a) providing an optical transceiver device as

defined in claim 1;
(b) exposing said device to light of at least two

different wavelengths,
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[rece@vgd by the International Bureau on 10 January 1994 (10.01.94),
original claims 1-15 replaced by amended claims 1-11 (7 pages) ]

Claims
The embodiments of the invention in which an
exclusive property or privilege is claimed are defined as

follows:

1. A monolithic multi-color optical transceiver

device comprising:

(a) a single-crystal substrate having upper and
lower surfaces;

(b) a first junction comprising:

(1) a first base layer on said upper surface
of said substrate; said first base layer
comprising GalInAsP lattice-matched to InP;

(2) a first emitter layer over said first base
layer; wherein said first emitter layer
comprises GaInAsP lattice-matched to InP;

(c) a passivating layer over said first junction;
wherein said passivating layer has a band gap
energy greater than that of said first emitter
layer;

(d) a second junction comprising:

(1) a second base layer on said passivating
layer; wherein said second base layer comprises
GaInAsP lattice-matched to InP; wherein the
band gap energy of said second base layer is

greater than that of said first base layer;
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wherein said second base layer is of a conduc-
tivity type which is the same as that of said
first emitter layer;

(2) a second emitter layer over said second
base layer; wherein said second emitter layer
comprises GaInAsP lattice-matched to InP;

(e) low resistance ohmic electrical contacts in
electrical communication with each of said
first and second base layers;

(f) at least one additional junction over said
second junction; wherein each said additional
junction includes a base layer and an emitter
layer; wherein said base layer of each said
additional junction has a band gap energy
greater than the next lower base layer; and
wherein the base layer of each said additional
junction is of a conductivity type which is the

same as that of the adjacent emitter layer.

2. An optical transceiver in accordance with claim
1, further comprising a low resistance ohmic electrical
contact in electrical communication with said lower

surface of said substrate.

3. A single crystal, monolithic, tandem,

multi-color optical transceiver device comprising:
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(a) an InP substrate having upper and lower
surfaces;
(b) a first junction on said upper surface of said
substrate; said first Jjunction comprising
GaInAsP; wherein said first junction is of the
composition GaxInl-xAsypl-y’ where x is in the
range of 0 to 0.467, and y is in the range of 0
to 1.00; and wherein the relationship of x and
y is defined by the formula
y=2.209x/(1+40.06864x); and
(c) a second Jjunction on said first Jjunction;
wherein said second junction comprises InP;
wherein the polarity of said second junction is
opposite that of said first junction;
wherein said GaInAsP is lattice matched with said InP;
and wherein said second junction has a larger energy band
gap than said first junction; wherein said first and

second junctions each include an n/p homojunction.

4. A device in accordance with claim 3, wherein

said first junction is of the composition Ga0.471n0.53As.

5. A device in accordance with claim 3, further
comprising a middle contact region between said first and
second junctions; wherein said middle contact region

comprises separate continuous layers of GaInAs and InP.
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6. A single-crystal, monolithic, tandem, multi-

color optical transceiver device comprising:

(a) an InP substrate having upper and lower
surfaces;

(b) a first junction on said upper surface of said
substrate; said first junction comprising
GaInAsP; wherein said GaInAsP is of the
composition GaxInl_xAsyPl_y, where x is in the
range of 0 to 0.467, and y is in the range of 0
to 1.00; and wherein the relationship of x and
y is defined by the formula
y=2.209x/(140.06864x); and

(c) a second junction on said first Jjunction;

- wherein said second junctién comprises InP;

(d) a top contact grid pattern over said second
junction and in electrical contact therewith;

(e) a middle contact region between said first and
second junctions; wherein said GalInAsP is
lattice matched with said InP; and wherein said
second junction has a larger energy band gap

than said first junction.

7. A device in accordance with claim 6, wherein

said first junction is of the composition Ga0.471n0.53As.

8. A device in accordance with claim 6, wherein

said second junction includes an upper surface; wherein
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each said junction includes an emitter layer; and wherein

said second junction includes a base layer below its said

emitter layer; wherein said base layer of said upper

junction and said emitter layer of said lower junction

are of common conductivity type; said device further

comprising:

(a)

(b)

9.

a conductive layer providing low-resistance
ohmic contact to said lower surface of said InP
substrate;

a conductive middle contact providing low-
resistance ohmic contact with said base layer

of said second junction.

A method for preparing a single-crystal, mono-

lithic, multi-color optical transceiver device comprising

the steps of:

(a)

(b)

providing an InP substrate having an upper sur-
face;

epitaxially depositing on said upper surface a
layer of GaInAsP to form a first Jjunction;
wherein said GaInAsP is deposited in a manner
such that a base layer and an emitter layer are
provided; wherein said GaInAsP is of the compo-
sition GaXInl_xAsyPl_y, where x is in the range
of 0 to 0.467, and y is in the range of 0 to

1.00; and wherein the relationship of X and y
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is defined by the formula
y=2.209x/(140.06864x);

epitaxially depositing a layer of p-type InP on
said GaInAsP layer;

epitaxially depositing a 1layer of p-type
GaInAsP on. said p-type InP layer;

epitaxially depositing an upper layer of InP on
said p-type GaInAsP layer to form a second
junction;

selectively etching said upper layer of InP to
form spaced-apart trenches therein which extend
downwardly to said p-type GaInAsP;

forming electrically conductive middle contacts
in said trenches;

forming a grid pattern of top contacts in low-
resistance ohmic contact with said upper layer

of InP;

wherein said GaInAsP is lattice matched with said InP

substrate and said p-type InP layer.

10.

A method in accordance with claim 9, wherein

one of said junctions includes an n/p homojunction and

the other of said junctions includes a p/n homojunction;

wherein said device includes three terminals.
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11. A method for simultaneously transmitting and
receiving light of at least two different wavelengths,
the method comprising the steps of:

(a) providing an optical transceiver device as

defined in claim 1;
(b) exposing said device to light of at least two

different wavelengths
J
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