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(57) ABSTRACT 

An integrated circuit includes a heterojunction thyristor 
device having an anode terminal, a cathode terminal, a ?rst 

injector terminal operably coupled to a ?rst quantum Well 
channel disposed betWeen the anode terminal and the cath 
ode terminal, and a second injector terminal operably 
coupled to a second quantum Well channel disposed betWeen 
the anode terminal and the cathode terminal. Bias elements 
operate the heterojunction thyristor device in a mode that 
provides substantially linear voltage gain for electrical sig 
nals supplied to at least one of the ?rst and second injector 
terminals for output to at least one output node. Preferably, 
the bias elements include a ?rst DC current source operably 
coupled to an n-type modulation doped quantum Well struc 
ture, a second DC current source operably coupled to a 
p-type modulation doped quantum Well structure, a ?rst bias 
resistance operably coupled betWeen a high voltage supply 
and the anode terminal, and a second bias resistance oper 
ably coupled betWeen the cathode terminal and a low 
voltage supply. The bias elements provide a current passing 
from the anode terminal to the cathode terminal that is beloW 
a characteristic hold current for the heterojunction thyristor 
device to thereby inhibit sWitching of the heterojunction 
thyristor device. The DC current provided by the DC current 
sources controls the amount of voltage gain provided by the 
heterojunction thyristor device. 
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HETEROJUNCTION THYRISTOR-BASED 
AMPLIFIER 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates broadly to semiconductor 
devices and signal processing circuits realized from such 
semiconductor devices. More particularly, this invention 
relates to semiconductor devices that provide high gain 
signal ampli?cation for use as a building block in a variety 
of signal processing applications. 

[0003] 2. State of the Art 

[0004] Operational ampli?er circuits and other high gain 
ampli?er circuits are typically realiZed by a multistage 
design. For example, several Well knoWn operational ampli 
?er designs utiliZe a differential ampli?er stage, a high gain 
stage, and an output buffer stage. The high gain stage may 
be a differential-input ampli?er stage or a single-ended input 
ampli?er stage. In these designs, the transistor count is 
typically on the order of thirty transistors. For high fre 
quency applications, these designs may be realiZed With 
high-frequency transistors such as heterojunction bipolar 
transistors (HBTs), or pseudomorphic high electron mobility 
transistors (PHEMTs). 

[0005] The large number of transistors and associated 
circuit elements that form an operational ampli?er (or other 
high gain ampli?er), encompass a relatively large area When 
such devices are realiZed as part of an integrated circuit and 
thus may be problematic When integrating the ampli?er 
circuit as part of a monolithic integrated circuit. In addition, 
the large number of transistors and associated circuit ele 
ments consume poWer, Which may be problematic in loW 
poWer applications, such as mobile battery-poWered appli 
cations. 

[0006] Thus, there remains a need in the art to provide an 
operational ampli?er circuit/high gain ampli?er circuit that 
has a small device count, thereby improving the integration 
capability of circuit as Well as the poWer consumption of the 
circuit. In addition, there is a need for an operational 
ampli?er circuit/high gain ampli?er circuit that is suitable 
for monolithic integration With a broad range of electronic 
circuitry (such as FETs and bipolar type transistors, logic, 
etc), Waveguides and other optoelectronic devices. 

SUMMARY OF THE INVENTION 

[0007] It is therefore an object of the invention to provide 
an operational ampli?er circuit/high gain ampli?er circuit 
that has a small device count, thereby improving the inte 
gration capability of circuit as Well as the poWer consump 
tion of the circuit. 

[0008] It is another object of the invention to provide an 
operational ampli?er circuit/high gain ampli?er circuit that 
is formed from a multilayer groWth structure that can also be 
used to build a broad range of devices such as optical 
emitters, optical detectors, optical modulators, optical 
ampli?ers, transistors, and optical Waveguide devices. 

[0009] It is a further object of the invention to provide an 
operational ampli?er circuit/high gain ampli?er circuit uti 
liZing a thyristor device formed from a multilayer groWth 
structure that can also be used to build a broad range of 
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devices such as optical emitters, optical detectors, optical 
modulators, optical ampli?ers, transistors, and optical 
Waveguide devices. 

[0010] It is an additional object of the invention to provide 
an operational ampli?er circuit/high gain ampli?er circuit 
utiliZing a device formed from a multilayer groWth structure 
Wherein the magnitude of the signal gain provided by the 
device is controllable over a range of gain values, preferably 
in the range greater than 200. 

[0011] It Will be appreciated that such operational ampli 
?er/high gain ampli?er circuits can be used as a building 
block in many diverse signal processing applications. 

[0012] According to the present invention, an integrated 
circuit includes a heterojunction thyristor device having an 
anode terminal, a cathode terminal, a ?rst injector terminal 
operably coupled to a ?rst quantum Well channel disposed 
betWeen the anode terminal and the cathode terminal, and a 
second injector terminal operably coupled to a second 
quantum Well channel disposed betWeen the anode terminal 
and the cathode terminal. Bias elements operate the hetero 
junction thyristor device in a mode that provides substan 
tially linear voltage gain for a range of electrical signals 
supplied to at least one of the ?rst and second injector 
terminals for output to at least one output node. The open 
loop voltage gain provided by the heterojunction thyristor 
device may be large (for eXample, in the illustrative embodi 
ment, the open loop voltage gain is at least 200, and more 
particularly greater than 10,0000). Preferably, the bias ele 
ments include a ?rst DC current source operably coupled to 
an n-type modulation doped quantum Well structure, a 
second DC current source operably coupled to a p-type 
modulation doped quantum Well structure, a ?rst bias resis 
tor operably coupled betWeen a high voltage supply and the 
anode terminal, and a second bias resistor operably coupled 
betWeen the cathode terminal and a loW voltage supply. The 
bias elements provide a current passing from the anode 
terminal to the cathode terminal that is beloW a characteristic 
hold current for the heterojunction thyristor device to 
thereby inhibit sWitching of the heterojunction thyristor 
device. The DC current provided by the DC current sources 
controls the amount of voltage gain provided by the hetero 
junction thyristor device. 
[0013] According to one embodiment of the present inven 
tion, a differential input signal is supplied to the ?rst and 
second injector terminals. In this con?guration, the cathode 
terminal produces a single-ended output signal that repre 
sents the differential input signal ampli?ed by a high 
inverted characteristic gain, and the anode terminal produces 
a single-ended output signal that represents the differential 
input signal ampli?ed by a high non-inverted characteristic 
gain. The cathode terminal and anode terminal together 
produce a differential output signal that represents the dif 
ferential input signal ampli?ed by a high characteristic gain. 
The output of the device may be supplied by one of these 
signals as appropriate. 

[0014] According to other embodiments of the present 
invention, monolithic integrated circuits that include a het 
erojunction thyristor-based ampli?er device that is integrally 
formed from a multilayer structure With other optoelectronic 
devices (such as optical emitters, optical detectors, optical 
modulators, optical ampli?ers), electronic devices (such as 
transistors) in addition to optical devices (such as Waveguide 
devices). 



US 2004/0262593 A1 

[0015] Additional objects and advantages of the invention 
will become apparent to those skilled in the art upon 
reference to the detailed description taken in conjunction 
With the provided ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1A is a cross-sectional schernatic shoWing a 
layer structure in accordance With the present invention, and 
from Which devices of the present invention can be made; 

[0017] FIG. 1B is a schematic shoWing an exemplary 
layer structure made with group III-V material in accordance 
With the present invention, and from Which devices of the 
present invention can be made; 

[0018] FIG. 1C shoWs the energy band diagram of the 
structure of FIG. 1B; 

[0019] FIG. 2A is a schematic vieW shoWing the gener 
aliZed construction of an exemplary heterojunction thyristor 
device formed from the layer structure of FIG. 1A; 

[0020] FIG. 2B is a cross-sectional schematic view shoW 
ing the generaliZed construction of an exemplary hetero 
junction thyristor device formed from the layer structure of 
FIG. 2A; 

[0021] FIG. 2C is a pictorial illustration of an exemplary 
con?guration of a heterojunction thyristor device as an light 
emitting device (laser)/light detecting device (detector). 

[0022] FIG. 2D is a graph shoWing the current-voltage 
characteristics of the thyristor-based laser/detector of FIG. 
2C. 

[0023] FIG. 3A1 is a pictorial illustration of an exemplary 
con?guration of a heterojunction thyristor-based operational 
arnpli?er/high gain arnpli?er circuit in accordance With the 
present invention. 

[0024] FIG. 3A2 is a graph shoWing the current-voltage 
characteristics of the thyristor device of FIG. 3A1. 

[0025] FIG. 3A3 is a graph illustrating representative 
signal gain of the thyristor device of FIG. 3A1 over varying 
injector currents. 

[0026] FIG. 3A4 is a graph shoWing the current-voltage 
characteristics of the thyristor device of FIG. 3A1 over 
varying injector currents that provide a sWitching voltage 
near 5 volts and a large inverting open-loop voltage gain (in 
this simulation, near 300,000). 

[0027] FIG. 3A5 is a pictorial illustration of an exemplary 
con?guration of the heterojunction thyristor device of FIG. 
3A1 con?gured for differential output. 

[0028] FIG. 3A6 is a pictorial illustration of another 
exemplary con?guration of a thyristor-based operational 
arnpli?er/high gain arnpli?er circuit in accordance With the 
present invention. 

[0029] FIG. 3A7 is an equivalent circuit representation of 
the thyristor-based operational arnpli?er/high gain arnpli?er 
circuit of FIG. 3A6. 

[0030] FIG. 4A1 is a pictorial illustration of an exemplary 
con?guration of the thyristor-based operational arnpli?er as 
an inverting arnpli?er in accordance With the present inven 
tion. 
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[0031] FIG. 4A2 is an equivalent circuit representation of 
the thyristor-based inverting, arnpli?er circuit of FIG. 4A1. 

[0032] FIG. 4B1 is a pictorial illustration of an exemplary 
con?guration of the thyristor-based operational arnpli?er as 
an inverting arnpli?er in accordance With the present inven 
tion. 

[0033] FIG. 4B2 is an equivalent circuit representation of 
the thyristor-based integrator circuit of FIG. 4B1. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0034] The present invention builds upon novel device 
structures utiliZing rnodulation-doped quantum well (OW) 
heterojunctions that do not suffer from the problems asso 
ciated With the prior art PHEMT devices and prior art HBT 
devices. Such, novel device structures are described in detail 
in US. Pat. No. 6,031,243; US. Patent 6,031,243; US. 
patent application Ser. No. 09/556,285, ?led on Apr. 24, 
2000; US. patent application Ser. No. 09/798,316, ?led on 
Mar. 2, 2001; International Application No. PCT/US02/ 
06802 ?led on Mar. 4, 2002; US. patent application Ser. No. 
08/949,504, ?led on Oct. 14, 1997, US. patent application 
Ser. No. 10/200,967, ?led on July 23, 2002; US. application 
Ser. No. 09/710,217, ?led on Nov. 10, 2000; US. Patent 
Application No. 60/376,238 ?led on Apr. 26, 2002; US. 
patent application Ser. No. 10/280,892, ?led on Oct. 25, 
2002; US. patent application Ser. No. 10/323,390, ?led on 
Dec. 19, 2002; US. patent application Ser. No. 10/323,513, 
?led on Dec. 19, 2002; US. Patent Application No. 10/323, 
389, ?led on Dec. 19, 2002; US. patent application Ser. No. 
10/323,388, ?led on Dec. 19, 2002; US. patent application 
Ser. No. 10/340,942 ?led on Jan. 13, 2003; each of these 
references herein incorporated by reference in its entirety. 

[0035] Turning noW to FIG. 1A, a rnulti-layer sandWich 
structure in accordance With the present invention, and from 
Which devices of the present invention can be made, 
includes a bottom dielectric distributed bragg re?ector 
(DBR) mirror 12 formed on a substrate 10. The bottom DBR 
mirror 12 typically is formed by depositing pairs of semi 
conductor or dielectric materials With different refractive 
indices. When two materials With different refractive indices 
are placed together to form a junction, light Will be re?ected 
at the junction. The amount of light re?ected at one such 
boundary is small. HoWever, if multiple junctions/layer pairs 
are stacked periodically With each layer having a quarter 
Wave (7»/4n) optical thickness, the re?ections from each of 
the boundaries Will be added in phase to produce a large 
amount of re?ected light (e.g., a large re?ection coefficient) 
at the particular center Wavelength AD. Deposited upon the 
bottom DBR mirror 12 is the active device structure Which 
logically consists of tWo HFET devices. The ?rst of these is 
a p-channel HFET device 11 (referred to herein as PHFET 
11) comprising layers 14,16,18,20 and 22. The PHFET 
device 11 Which has one or more p-type rnodulation doped 
QW channels and is positioned With the gate terminal on the 
loWer side (i.e. on the bottom DBR mirror 12) and the 
collector terminal on the upper side. The second of these is 
an n-channel HFET device 13 (referred to herein as NHFET 
13) comprising layers 22,24,26,28,30. The NHFET device 
13 has one or more n-type rnodulation doped QW channels 
and is positioned With the gate terminal on the top side and 
the collector terminal on the loWer side Which is the collector 
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of the p-channel device. Therefore a non-inverted N-channel 
device is stacked upon an inverted p-channel device to form 
the active device structure. 

[0036] The active device layer structure begins With 
n-type ohmic contact layer(s) 14 Which enables the forma 
tion of ohmic contacts thereto. Deposited on layer 14 are one 
or more n-type layer(s) 16. Preferably, the doping of layer(s) 
16 is such that it should not be depleted in any range of 
operation of the device, i.e. the total doping in this layer 
should exceed the total doping charge contained in the 
modulation doped layer of the p-type modulation doped QW 
structure 20 described beloW. This layer 16 also serves 
optically as a small part of the loWer Waveguide cladding for 
optical devices realiZed in this structure. Note that a majority 
of the loWer Waveguide cladding is provided by the loWer 
DBR mirror 12 itself. Deposited on layer 16 is an undoped 
spacer layer 18. Layers 14, and 18 serve electrically as part 
of the gate of the p-channel HFET 11. In this con?guration, 
layer 14 achieves loW contact resistance and layer 18 de?nes 
the capacitance of the p-channel HFET 11 With respect to the 
p-type modulation doped QW heterostructure 20. Deposited 
on layer 18 is a p-type modulation doped QW structure 20 
that de?nes one or more quantum Wells (Which may be 
formed from strained or unstrained heterojunction materi 
als). Deposited on the p-type modulation doped QW struc 
ture 20 is an undoped spacer layer 22, Which forms the 
collector of the P-channel HFET device 11. All of the layers 
groWn thus far form the P-channel HFET device 11 With the 
gate ohmic contact on the bottom. 

[0037] Undoped spacer layer 22 also forms the collector 
region of the N-channel HFET device 13. Deposited on 
layer-22 is an n-type modulation doped QW structure 24 that 
de?nes one or more quantum Wells (Which may be formed 
from strained or unstrained heterojunction materials). 
Deposited on the n-type modulation doped QW structure 24 
is an undoped spacer layer 26. Deposited on layer 26 are one 
or more p-type layer(s) 28. Preferably, the doping of layer(s) 
28 is such that it should not be depleted in any range of 
operation of the device, i.e. the total doping in this layer 
should exceed the total doping charge contained in the 
modulation doped layer of the n-type modulation doped QW 
structure 24 described above. Deposited on layer 28 are one 
or more p-type ohmic contact layer(s) 30 Which enable the 
formation of ohmic contacts thereto. In this con?guration, 
layer 30 achieves loW contact resistance and layer 26 de?nes 
the capacitance of the n-channel HFET 13 With respect to the 
n-type modulation doped QW heterostructure 24. Layers 28 
and 30 serve electrically as part of the gate of the n-channel 
HFET 13. 

[0038] Alternatively, the active device structure may be 
described as a pair of stacked quantum-Well-base bipolar 
transistors formed on the bottom DBR mirror 12. The ?rst of 
these is an n-type quantum-Well-base bipolar transistor 
(comprising layers 14, 16, 18, 20 and 22) Which has one or 
more p-type modulation doped quantum Wells and is posi 
tioned With the emitter terminal on the loWer side (i.e. on the 
mirror as just de scribed n h collector terminal on the upper 
side. The second of these is an n-type quantum-Well-base 
bipolar transistor comprising layers 22, 24, 26., 28, and 30. 
This n-type quantum-Well-base bipolar transistor has one or 
more n-type modulation doped quantum Wells and is posi 
tioned With the emitter terminal on thee top side and thee 
collector terminal on the loWer snide (Which is the collector 
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of the p-type quantum-Well-base bipolar transistor). There 
fore a non-inverted n-channel device is stacked upon an 
inverted p-channel device to form the active device struc 
ture. In this con?guration., the gate terminal of the p-channel 
HFET device 11 corresponds to the emitter terminal of the 
p-type quantum-Well-base bipolar transistor, the p-type QW 
structure 20 corresponds to the base region of the p-type 
quantum-Well-base bipolar, transistor, spacer layer 22 cor 
responds to the collector region of both the p-type quantum 
Well-base bipolar transistor and the n-type quantum-Well 
base bipolar transistor, the n-type QW structure 24 
corresponds to the base region of the h-type quantum-Well 
base bipolar transistor, and the gate terminal of the n-channel 
HFET device 13 corresponds to the emitter electrode of the 
n-type quantum-Well-base bipolar transistor. 

[0039] The epitaxial groWth structures described above 
may be realiZed With a material system based on group III-V 
materials (such as a GaAs/AlGaAs)., Alternatively, strained 
silicon heterostructures employing silicon-germanium 
(SiGe) layers may be used to realiZe the multilayer struc 
tures, described herein. FIG. 1B illustrates an exemplary 
epitaxial groWth structure utiliZing group III-V materials’ 
for realiZing the structure of FIG. 1A and the optoelectrical/ 
electrical/optical devices formed from this structure in 
accordance With the present invention. The structure of FIG. 
1B can be made, for example, using knoWn molecular beam 
epitaxy (MBE)-techniques. As shoWn, a ?rst semiconductor 
layer 151 of AlAs and a second semiconductor layer 152 of 
GaAs are alternately deposited. (With preferably at least 
seven pairs) upon a semi-insulating gallium arsenide sub 
strate 149 in sequence to form the bottom distributed bragg 
re?ector (DBR) mirror 12. The number of AlAs layers Will 
preferably alWays be one greater than the number of GaAs 
layers so that the ?rst and last layers of the mirror are shoWn 
as layer 151. In the preferred embodiment the AlAs layers 
151 are subjected to high temperature steam oxidation to 
produce the compound AlXOy so that a mirror Will be formed 
at the designed center Wavelength. Therefore the thicknesses 
of layers 151 and 152 in the mirror are chosen-so that the 
?nal optical thickness of GaAs and ALKOY are one quarter 
Wavelength of the center Wavelength AD. Alternatively, the 
mirrors could be groWn as alternating layers of one quarter 
Wavelength thickness of GaAs and AlAs at the designed 
Wavelength so that the oxidation step is not used. In that 
case, many more pairs are required (With typical numbers 
such as 22 pairs) to achieve the re?ectivity needed for 
ef?cient lasing. 

[0040] Deposited upon the mirror is the active device 
structure Which consists of tWo. HFET devices. The ?rst of 
these is the p-channel HFET (PHFET) 11, Which, has one or 
more p-type modulation doped quantum Wells and is posi 
tioned With the gate terminal on the bottom (i.e. on the 
mirror 12 just described) and the collector terminal above. 
The second of these is an n-channel HFET (NHFET) 13, 
Which has one or more n-type modulation doped quantum 
Wells and is positioned With the gate terminal on top and the 
collector terminal beloW. The collector region of the NHFET 
device 13 also functions as the collector region of the 
PHFET device 11. HoWever, the collector terminal of the 
NHFET device 13 is a p-type contact to p-type quantum 
Well(s) disposed beloW (above) the collector region, While 
the collector terminal of the PHFET device 11 is a n-type 
contact to n-type quantum Well(s) disposed above the col 
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lector region. Therefore a non-inverted n-channel device is 
stacked upon an inverted p-channel device to form the active 
device structure. 

[0041] The active-device layer structure begins With layer 
153 of N+ type GaAs that enables the formation of ohmic 
contacts thereto (for example, When contacting to the cath 
ode terminal of a heterojunction thyristor device, the gate 
terminal of an inverted p-channel HFET device, the sub 
collector terminal of an n-channel HFET device, or the 
emitter terminal of a p-type quantum-Well-base bipolar 
device). Layer 153 has a typical thickness of 1000-3000 A 
and a typical n-type doping of 3.5><1018 cm_3. The N+ doped 
GaAs layer 153 corresponds to the ohmic contact layer 14 of 
FIG. 1A. Deposited on layer 153 is layer 154 of n-type 
AlX1Ga1_X1As With a typical thickness of 500-3000 A and a 
typical doping of 1><1017 cm_1. The parameter x1 of layer 
154 is nominally 70% and preferably in the range betWeen 
70% to 75%. This layer serves as part of the PHFET gate and 
optically as a small part of the loWer Waveguide cladding of 
the device. Note that a majority of the loWer Waveguide 
cladding for Waves propagating in the guide formed by the 
optically active region of the device is provided by the loWer 
DBR mirror itself. The loWer DBR mirror causes the light to 
be guided partially as a dielectric Waveguide and partially as 
a mirror Waveguide. Next are 4 layers (155a, 155b, 155c, 
and 155a) of AlX2Ga1_X2As. These 4 layers (collectively, 
155) have a total thickness about 380-500 A and Where x:2 
is about 15%. The ?rst layer 155a is about 60-80 A thick and 
is doped N+ type in the form of delta doping. The second 
layer 155b is about 200-300 A thick and is undoped. The 
third layer 155c is about 80 A thick and is doped P+ type in 
the form of delta doping. And the fourth layer 155d is about 
20-30 A thick and is undoped to form a spacer layer. This 
layer forms the loWer separate con?nement heterostructure 
(SCH) layer for, the laser, ampli?er and modulator devices. 
The n-type AlGaAs layer 154 and n-type AlGaAs layer 155a 
correspond to the n-type layer(s) 16 of FIG. 1A, and the 
undoped AlGaAs layer 155b corresponds to the undoped 
spacer layer 18 of FIG. 1A. 

[0042] The next layers de?ne the quantum Well(s) that 
form the inversion channel(s) during operation of the 
PHFET 11. For a strained quantum Well, this consists of a 
spacer layer 156 of undoped GaAs that is about 10-25 A 
thick and then combinations of a quantum Well layer 157 
that is about 40-80 A thick and a barrier layer 158 of 
undoped GaAs. The quantum Well layer 157 may be com 
prised of a range of compositions. In the preferred embodi 
ment, the quantum Well is formed from a In0_2GaO_8AsN 
composition With the nitrogen content varying from 0% to 
5% depending upon the desired natural emission frequency. 
Thus, for a natural emission frequency of 0.98 pm, the 
nitrogen content Will be 0%; for a natural emission fre 
quency of 1.3 pm, the nitrogen content Will be approxi 
mately 2%; and for a natural emission frequency of 1.5 pm, 
the nitrogen content Will be approximately 4-5%. The Well 
barrier combination Will typically be repeated (for example, 
three times as shoWn), hoWever single quantum Well struc 
tures may also be used. Unstrained quantum Wells are also 
possible. FolloWing the last barrier of undoped GaAs is a 
layer 159 of undoped AL;2Ga1_X2As Which forms the col 
lector of the PHFET device 11 and is about 0.5 pm in 
thickness. All of the layers groWn thus far form the PHFET 
device 11 With the gate contact on the bottom. The layers 
betWeen the P+ AlGaAs layer 155c and the last undoped 
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GaAs barrier layer 158 correspond to the p-type modulation 
doped heterojunction QW structure 20 of FIG. 1A. Undoped 
AlGaAs layer 159 corresponds to the undoped spacer layer 
22 of FIG. 1A. 

[0043] Layer 159 also forms the collector region of the 
NHFET device 13. Deposited on layer 159 are tWo layers 
(collectively 160) of undoped GaAs of about 200-250 A 
total thickness, Which form the barrier of the ?rst n-type 
quantum Well. Layer 160 is thicker than the normal barrier 
layer of about 100 A because it accommodates the groWth 
interruption to change the groWth temperature from 610° C. 
(as required for optical quality AlX2Ga1_X2As layers) to 
about 53-0° C. for the groWth of InGaAs. Therefore layer 
160 includes a single layer 160a of about-150 A and a 
barrier layer 160b of about 100 The next layer 161 is the 
quantum Well of InO_2GaO_8As, Which is undoped and about 
40-80 A in thickness. It is noted that the n-type quantum Well 
layer 161 need not be of the same formulation as the p-type 
quantum Well layer 157. The barrier layer 160b of 100 A and 
quantum Well layer 161 may be repeated, e.g., three times. 
Then there is a barrier layer 162 of about 10-30 A of 
undoped GaAs Which accommodates a groWth interruption 
and a change of groWth temperature. Next there are four 
layers (collectively 163) of AlX2Ga1_X2As of about 300-500 
A total thickness. These four layers (163) include a spacer 
layer 163a of undoped AlX2Ga1_X2As that is about 20-30 A 
thick, a modulation doped layer 163b of N+ type doping of 
AlX2Ga1_,%2As (With doping about 3.5><1018 cm_3) that is 
about 80 A thick, a spacer layer 163c of undoped AlX2Ga1_ 
X2As that is about 200-300 A thick, and a P+ type delta 
doped 1layer 163d of AlX2Ga1_X2°As (With doping about 
3.5><10 cm_3) that is about 60-80 A. Layers 163b and 163d 
form the top plate and bottom plate of a parallel plate 
capacitor Which forms the ?eld-effect input to all active 
devices. The doping species for layer 163d is preferably 
carbon (C) to ensure diffusive stability. In contrast to layer 
163b Which is alWays depleted, layer 163d should never be 
totally depleted in operation. For the optoelectronic device 
operation, layer 163 is the upper SCH region. The layers 
betWeen the undoped GaAs barrier layer 160a and the 
N+AlGaAs layer 163b correspond to the n-type modulation 
doped heterojunction QW structure 24 of FIG. 1A. Undoped 
AlGaAs layer 163c corresponds to the undoped spacer layer 
26 of FIG. 1A. 

[0044] One or more layers (collectively 164) of p-type 
AlX1Ga1_X1As are deposited next to form part of the upper 
Waveguide cladding for the laser, ampli?er and modulator 
devices. Note that a majority of the upper Waveguide clad 
ding for Waves-propagating in the guide formed by the 
optically active region of the device is provided by the upper 
dielectric mirror itself. The upper dielectric mirror causes 
the light to be guided partially as a dielectric Waveguide and 
partially as a mirror Waveguide. Preferably, layer 164 has a 
thickness on the order of 500-1500 A, and includes a ?rst 
thin sublayer 164a that is 10-20 A thick and has a P+doping 
of 1019 cm'3 and a second sublayer 164b that is 700 A thick 
and has a P doping of 1><1017—5><1017 cm_3. The parameter 
x1 of layer 164 is preferably about 70%. The p-type layers 
163d, 164a, 164b correspond to the p-type layer(s) 28 of 
FIG. 1A. 

[0045] Deposited next is an ohmic contact layer 165 
(Which may comprise a single layer of GaAs or a combi 
nation of GaAs (165a) and InGaAs (165b) as shoWn). Layer 
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165 is about 50-100 A thick and is doped to a very high level 
of P+ type doping (about 1><102O cm_3) to enable formation 
of ohmic contacts thereto (for example, When contacting to 
the anode terminal of a heterojunction thyristor device). 

[0046] Alternatively, the active device structure may be 
described as a pair of stacked quantum-Well-base bipolar 
transistors formed on the bottom DBR mirror (layers 151/ 
152). The ?rst of these is an p-type quantum-Well-base 
bipolar transistor (comprising layers 153 through 159) 
Which has one or more p-type modulation doped quantum 
Wells and is positioned With the emitter terminal on the 
loWer side (ie on the bottom mirror as just described) and 
the collector terminal on the upper side. The second of these 
is an n-type quantum-Well-base bipolar transistor (compris 
ing layers 159 through 165b) Which has one or more n-type 
modulation doped quantum-Wells and is positioned With the 
emitter terminal on the top side and the collector terminal on 
the loWer side Which is the collector of the p-type quantum 
Well-base bipolar transistor. Therefore a non-inverted 
n-channel device is stacked upon an inverted p-channel 
device to form the active device structure. In this con?gu 
ration, the cathode terminals 40a, 40b of the heterojunction 
thyristor device corresponds to the emitter electrode of the 
p-type quantum-Well-base bipolar transistor, the p-type QW 
structure (layers 155c though 158) corresponds to the base 
region of the p-type quantum-Well-base bipolar transistor, 
spacer layer 159 corresponds to the collector region of both 
the p-type quantum-Well-base bipolar transistor and the 
n-type quantum-Well-base bipolar transistor, the n-type QW 
structure (layers 160a through 163b) corresponds to the base 
region of the n-type quantum-Well-base bipolar transistor, 
and the anode terminals 36a, 36b of the heterojunction 
thyristor device corresponds to the emitter electrode of the 
n-type quantum-Well-base bipolar transistor. 

[0047] The band diagram of the structure of FIG. 1B is 
shoWn in FIG. 1C. 

[0048] To form a resonant cavity device Where light is 
emitted from and/or emitted from the device laterally (i.e., 
from a direction normal to the cross sections of FIGS. 1A 
and 11B), a diffraction grating (for eXample, as described in 
detail in US. Pat. No. 6,031,243) and top dielectric mirror 
are formed over the active device structure. For resonant 
cavity lasing devices, the diffraction grating performs the 
function of diffracting light produced by the resonant cavity 
into light propagating laterally in a Waveguide Which has the 
top dielectric mirror and bottom DBR mirror as Waveguide 
cladding layers. For resonant cavity detecting devices, the 
diffraction grating performs the function of diffracting inci 
dent light that is propagating in the lateral direction into a 
vertical mode, Where it is absorbed resonantly in the reso 
nant cavity. 

[0049] Alternatively, light may eXit (and/or enter) the 
resonant cavity in a vertical direction through an optical 
aperture (not shoWn) in the top surface (or bottom surface) 
of the device. In this case, the diffraction grating is omitted, 
and the top dielectric mirror and bottom DBR mirror de?ne 
a resonant cavity for the vertical emission (and/or absorp 
tion) of light such that the device operates as a vertical cavity 
surface emitting laser (detector) 

[0050] The optical path length betWeen the bottom DBR 
mirror and top dielectric mirror preferably represents an 
integral number of 1/2 Wavelength at the designated Wave 

Dec. 30, 2004 

length. This optical path length is controlled by adjusting the 
depth of one or more layers of the multilayer structure to 
thereby enable this condition. For eXample, the thickness of 
layer 164 and/or layer 159 may be adjusted to enable this 
condition. 

[0051] The structure of FIGS. 1A and 1B may be used to 
realiZe various electronic devices and optoelectronic 
devices, including heterojunction thyristor devices, an array 
of transistor devices (including n-channel HFET devices, 
p-channel HFET devices, n-type quantum-Well-base bipolar 
transistors and p-type quantum-Well-base bipolar transis 
tors), and Waveguide devices. 
[0052] FIG. 2A illustrates an exemplary heterojunction 
thyristor device realiZed from the multilayer sandWich of 
FIG. 1A. As shoWn, one or more anode terminal electrodes 
(tWo shoWn as 36A and 36B3) are operably coupled to the 
p-type ohmic contact layer 30, one or more n-channel 
injector terminal electrodes (tWo shoWn as 38A, 38B) are 
operably coupled to the n-type QW structure 24, one or more 
p-channel injector terminal electrodes (tWo shoWn as 38C, 
38D) are operably coupled to the p-type QW structure 20, 
and one or more-collector terminal electrodes (tWo shoWn as 
40A, 40B) are operably coupled to the n-type ohmic contact 
layer 14. In alternative embodiments, the p-channel injector 
terminals (38C, 38D) may be omitted. In such a con?gura 
tion, the N-channel injector terminals (38A, 38B), Which are 
coupled to the n-type inversion QW structure 24 are used to 
control charge in such n-type inversion QW channel(s) as 
described herein. In yet another alternative embodiment, the 
N-channel injector terminals (38A, 38B) may be omitted. In 
such a con?guration, the p-channel injector terminals (38C, 
38D), Which are coupled to the p-type inversion QW struc 
ture 20 are used to control charge in such p-type inversion 
QW channel(s) as described herein. 

[0053] FIG. 2B-illustrates an exemplary heterojunction 
thyristor device realiZed from the multilayer sandWich of 
FIGS. 1B and 1C. To connect to the anode terminal of the 
device, alignment marks (not shoWn) are de?ned by etching, 
and then a layer of Si3N4 or Al2O3 or other suitable dielectric 
(not shoWn) is deposited to act as protection for the surface 
layer and as a blocking layer for subsequent ion implants., 
Then an ion implant 175 of n-type is performed using a 
photomask that is aligned to the alignments marks, and an 
aperture is de?ned by the separation betWeen the implants’ 
175. The implants 175 create a p-n junction in the layers 
betWeen the n-type quantum Well(s) and the surface, and the 
aperture betWeen the implants de?nes the region in Which 
the current may ?oW. The current cannot ?oW into the n-type 
implanted regions 175 because of the barrier to current 
injection. For optoelectronic applications, the current-fun 
neling characteristics provided by the implant 175 advanta 
geously provide for improved response times in turning on 
the device (e.g., for lasing applications and/or detecting 
applications). Note that for lasing applications; the laser 
threshold condition is reached before the voltage for turn-on 
of this barrier. Note that for electronic applications that do 
not involve light processing (such as the thyristor-based 
operational ampli?er discussed beloW), the implant 175 may 
be omitted. 

[0054] FolloWing the implant 175, a metal layer 174 
(preferably comprising tungsten) is deposited and de?ned to 
form anode terminals 36A and 36B (Which collectively form 
the anode terminal 36) of the device. 














