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At the end of the program, all of the objectives were realized except
for the demonstration of a functional transmitter. A selective epitax-
ial growth technique using a dielectric mask was developed for process/
fabrication compatibility of the laser with planar ion-implanted GaAs
electronic devices with 1 um-type geometries. Based on this integration
approach, a nominal 1-4 Gb/s transmitter set utilizing standard cleaved
mirror lasers and field-effect transistor (FET)/Gunn logic drivers was
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Although the demonstration of an integrated transmitter as conceived in
this program was not realized, the techniques developed establish the
feasibility of integrating optical devices based on GaAlAs/GaAs epitaxial
growths with high-speed GaAs electronic devices based on a planar, ion-
implantation. :
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SUMMARY

This document reports the results of a one-year program, based on a
technical proposal submitted to and accepted by DARPA,1 to develop a tech-
nology for realizing a GaAlAs/GaAs monolithic integrated optoelectronic trans-
mitter for high-speed fiber-optic communications applications. The primary
objectives were to: (1) determine a suitable approach for integrating optical

‘ and electronic devices in terms of compatible device processing and fabrica-
tion, (2) design a simplified high-speed transmitter based on the integration
approach which will serve as a building block for future more sophisticated
designs, (3) develop the transmitter materials technology, (4) develop the
transmitter device components, and (5) fabricate and demonstrate the
integrated transmitter.

At the end of the program, all of the objectives were realized except
for the demonstration of a functional transmitter. A selective epitaxial
growth technique using a dielectric mask was developed for process/fabrication
compatibility of the laser with planar ion-implanted GaAs electronic devices
with 1-um type geometries. Based on this integration approach, a nominal 1-4
Gb/s transmitter set utilizing standard cleaved mirror lasers and field-effect
transistor (FET)/Gunn logic drivers was designed, process/fabrication steps
defined, and a fabrication mask set generated. Metalorganic chemical vapor
deposition (MOCVD) of GaAlAs/GaAs was used in the selective epitaxial growth
of double heterostructure lasers on semi-insulating (S.I.) GaAs substrate
qualified for GaAs integrated circuits (ICs). Narrow-diffused stripe (NDS)
lasers and planar, ion-implanted FETs and Gunn devices were developed for the
transmitter application. NDS lasers and 1-um gate FETs were separately
realized on S.I. GaAs wafers with selective groove-grown MOCVD heterostruc-
tures. These results initiated the processing of wafers for the fabrication
of integrated transmitters. Demonstration lots were undergoing process
development at the end of the program.

viii
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Although the demonstration of an integrated transmitter as conceived
’ in this program was not realized, the techniques developed establish the
i feasibility of integrating optical devices based on GaAlAs/GaAs epitaxial
*! growths with high-speed GaAs electronic devices based on a planar, ion-
implantation.
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1.0 INTRODUCTION

As the technology of electronic data processing continues to advance
at a phenomenal rate, the limitations of present data communications systems
become more and more apparent. The evolution of VLSI and VHSIC chips with
higher switching speeds, lower power consumption, and greater circuit
densities leads to new generations of computers which, though physically
smaller than their predecessors, have faster central processing units and
larger memories. As a result, input-output data rates for state-of-the-art
computers are steadily increasing. This trend could even accelerate over the
next few years with the advent of the new GaAs IC technology, which can
provide much higher speed and lower power dissipation than the traditional
silicon circuits. Furthermore, with continuing advances in analog-to-digital
conversion technology, the quantity of digital data which is available from
the analog output of sensors continues to increase rapidly. All of these
factors lead to requirements for higher and higher communication data rates in
information processing systems.

Coaxial cables and twisted wire pairs are still the primary media for
data communications, just as they were decades agn. Data rates for these
electrical transmission lines are limited to a few megabits per second per
kilometer of length. These relatively low data rates are not adequate to meet
the requirements of many of our modern military information processing
systems.

The new technology which is capable of overcoming these limitations
is fiber optics communications. Since the first low-loss (20 dB/km) fibers
were produced ten years ago,2 an optical communication industry based on the
use of semiconductor 1ight sources and photodetectors and silica fibers has
evolved. Fibers with losses as Tow as 0.2 dB/km have been produced in the
1aboratory,3 with losses of 2 dB/km routinely achieved in production.
Experimental links have been operated at data rates as high as 1.6 Gb/s over
transmission 1ine lengths in excess of 10 km. 4 Although fiber optics has not

1
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yet made a large impact in data processing due to the relatively high cost of
components, it is anticipated that lower costs and requirements for larger
transmission capacity will combine to make the technology cost-effective for
an increasing number of civilian and military comruter systems in the years
ahead.

Data rates of state-of-the-art optical transmitters and receivers are
limited to less than 2 Gb/s, yet there are military requirements for data
transmission at much higher rates. One example is the distributed computer
network illustrated in Fig. 1.1, in which the terminals communicate with one
another in a burst transmission mode. Best performance in such a system is
obtained if data are transmitted on the interconnecting bus at very high
rates, much higher than the input-output data rates for the individual
processors. Performance improvements are realized because the use of a very
high-data-rate bus makes it possible to minimize the interterminal delays for
the data packets.

In order to achieve transmitter and receiver performance at data
rates substantially in excess of 1 Gb/s, it will be necessary to implement new
concepts in transmitter and receiver design. In particular, considerable
effort must be devoted to interfacing the optoelectronic components (lasers
and photodiodes) with high-speed electronic devices such as FETs and Gunn or
transferred electron logic devices (TELDs). By integrating the optoelectronic
and electronic elements on the same substrate, it will be possible to optimize
performance for high data rates by eliminating or minimiziny problems associated
with impedance mismatch, excess lead inductances, stray capacitance, and
propagation delay within a transmitter or receiver. The most suitable substrate
material for such an "optoelectronic integrated circuit" is S.1. GaAs. The
fabrication of high-speed electronic components on such substrates is well
established, and it has recently been demonstrated that lasers can be integrated
with simple FETs® and TELDs® on the same substrate. Although the successful
implementation of high-data-rate transmitters and receivers will require
significant advances in the state-of-the-art of device technology, the payoffs

2
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in terms of performance and reliability for high-data-rate communications
systems will be substantial.

This document reports the results of a one-year program to develop a
GaAs monolithic integrated optoelectronic transmitter. The technology
developed under this program serves as a basis for further transmitter work
and application to integrated receiver development. These integrated opto-
electronic components will be essential elements of high-speed fiber optical
data buses for distributed computer networks as well as other wideband data
transmission systems of interest to DoD.

4
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2.0 MONOLITHIC OPTICAL/ELECTRONIC DEVICE INTEGRATION APPROACH

In this section a general monolithic integration scheme is formulated
for realizing an optoelectronic transmitter. Current integration techniques
are discussed, and a best approach for the short and long term development is
presented. This approach utilizes a selective epitaxy on S.I. GaAs using a
dielectric mask and was conceived to be compatible with planar, ion-implanted
GaAs ICs which offer process and performance advantages. A simple high-speed
integrated transmitter design is presented based on a standard cleaved-mirror
laser structure chosen primarily for low-risk demonstration compatible with
the short program duration. This transmitter design which incorporates the
integration of selective optical device epitaxy with planar ijon-implanted
electronics serves as a basis for more complex, higher performance transmit-
ter, receiver, and transceiver designs. The following sections describe in
technical detail the development work of the monolithic integration approach
and the specific integrated transmitter design.

2.1 Integration Concepts and Tradeoffs

Monolithic integrated optoelectronic circuits, which incorporate
electronic and optical devices on the same substrate have potentially
important advantages compared to conventional hybrid circuits. These include
reduced size and complexity, potentially higher reliability, as well as
sign{?icant improvements in speed and noise performance and reduced power
requirements. The possibility of realizing complex, high performance
electronic circuits in GaAs has motivated the development of integrated
optoelectronic devices based on GaAlAs/GaAs optical sources and detectors for
short distance optical communications applications.

Most of the GaAs integrated optoelectronics development work, to
date, has focused on very simple structures. These include diode 1aser/FET5
and diode laser/Gunn oscillator transmitters,6 PIN/FET amplifier receivers7

5
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and phototransistor/diode laser repeaters or transceivers.® Although S.I.
GaAs is used as the common substrate for device isolation, most of the
integrated structures have epitaxially grown electronic channels and non-
planar configurations. Other integrated approaches use ion-implantation
techniques after the epitaxial layers for the optical devices have been
selectively etched away,7 or, in the case of groove-grown epitaxy, the S.I.
substrate surface is recovered by poHshing.9 However, these approaches are
inherently difficult processing techniques in terms of control, uniformity,
reproducibility, and yield.

In this program, we have considered integration techniques based on
established technologies which offer performance as well as processing/
fabrication advantages. GaAs electronic devices used for on-chip high-speed
laser modulation require small gate lengths, on the order of 1 um or less.
Also if metal-semiconductor field-effect transistors (MESFETs) and Gunn logic
devices are used on the same chip, different channel thicknesses are required.
Typically, MESFETs have channel depths of a few tenths of a micron and Gunn
channels are 1-2 ym thick. The use of epitaxial growth techniques for Gunn
devices with MESFETs present processing and fabrication difficulties. In
accommodating different types of high-speed device structures with small
geometry features, the use of planar ion-implanted techniques facilitates
fine-1ine lithography, area-selective channels with different depths, and
channel uniformity and reproducibility. Ion-implanted channels have yielded
high performance discrete MESFETs10511 and Gunn devicesl? and with selective
implantation are also the basis for present high-speed GaAs monolithic
microwave and digital ICs more routinely realized at the small to middle scale
integration (SSI-MSI, 10-1000 gates) Teve1.13-17 However, in order to use
planar, ion-implanted electronic structures in monolithically integrated
optoelectronic devices, a process compatible optical device epitaxy must be
developed. Such an epitaxial technique and its application to an integrated
transmitter is described in this report.

6
C4734A/bw

R
’l‘ Rockwell International

e




‘l‘ Rockwell International

MRDC41081 .9FR

2.2 Planar Selective Epitaxy and Ion Implantation

This work focused on the development of a monolithic optoelectronic
transmitter based on an area selective epitaxial growth of GaAlAs/GaAs laser
heterosructures and using established selective ion-implantation techniques in
S.I. GaAs for the on-chip electronics.

2.2.1 Planar Implanted GaAs Devices and Integrated Circuits

High-speed GaAs devices such as MESFETs and Gunn devices based on
planar, selective ion implantation into S.I. GaAs substrates offer key advan-
tages over similar devices based on mesa-etched, implanted or epitaxially
grown channels. These include (1) greater control, reproducibility and
flexibility, (2) higher performance by eliminating the deleterious effects of
a grown interface, and (3) its capability for integration into complex
circuits. Selectively implanted MESFETs and resistors using Se and Si are
well established techniques in GaAs monolithic microwave integrated circuits
‘ (MMIC) and digital IC technologies. Figure 2.1 describes schematically the
& type of microelectronic circuit structure realized from planar processing. For
Gunn devices, very little work has been done up to now on planar implanted
structures. Sulfur implanted/diffused Gunn devices with higher current drop
E! ratios at lower carrier concentration-channel thickness products than epi-

E taxial counterparts were reported.12 Sulfur as an n-type dopant diffuses

_ rather easily, and a combination implant/diffusion was used in that work to

X achieve the necessary depths of ~ 1 um although the dc+ing profile was very

f‘ broad. The use of diffusion techniques, particularly for integrated elec-
tronic devices, is undesirable due to poor control, reproducibility, as well
as temperature processing constraints. For purely implanted Gunn devices,
higher implant energy and multiple-ionized species can be used to achieve the

t‘ deep channel depths.18
‘q
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2.2.2 Selective GaAlAs/GaAs Optical Device Epitaxy

The use of planar, implanted electronic devices for integrated opto-
electronics requires a process compatible optical device epitaxy and fabrica-
tion. Area selective epitaxy and surface planarity are required for integra-
tion with fine-line 1ithography. The approach chosen in this work, as shown
in Fig. 2.2, was to use a dielectric mask to delineate selective growth areas
on the GaAs S.I. substrate19 and epitaxial growth in an etched well or groove
to achieve an effective surface planarity.

The optical device epitaxial technique chosen for growing standard
GaAsAs/GaAs double heterostructure lasers was MOCVD.20-22 Tpis growth
technique affords greater uniformity, control, and reproducibility compared to
liquid-phase epitaxy (LPE), most commonly used today for laser fabrication of
discrete and simple integrated transmitter devices. The use of MOCVD epitaxy
is particularly important for the processing of large-area GaAs IC substrates
(presently up to 3-inch wafers).

In delineating selective growth areas, the silicon nitride/silicon
oxide mask simultaneously serves to cap the S.I. GaAs region which prevents
surface deterioration and out-diffusion effects during the epitaxial growth.
The polygrowth on the dielectric mask is removed by using a wet chemical
etching technique. Although etch undercutting will result in a valley at the
epitaxial-substrate boundary, the depth of ~ 2 um is compatible with metal-
lization step coverage. The overall result will be an area-selective epitaxy
effectively planar with the S.I. substrate surface allocated for the elec-
tronic devices.

Details of this MOCVD selective epitaxy approach and its compati-
bility with planar implanted GaAs IC type processing for integrated
optoelectronic device applications will be described in later sections.
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2.3 Integrated Transmitter Structure

In developing a high-speed integrated optoelectronic transmitter
based on the diode laser, the need for a resonant cavity makes complex on-chip
electronic circuits impossible if standard cleaved-mirror facets are used.
Other integrable laser structures with "processed" mirrors (as differentiated
from standard cleaved mirrors) which in principle do not limit overall chip
dimensions and, thus, the ultimate chip complexity, include etched mirror
1asers,23 micro-cleaved lasers,24 distributed Bragg reflector, and distributed
feedback lasers.25 Of these approaches, the etched-mirror lasers appear to be
the most suitable for more near-term monolithic integrated transmitter appli-
cations. However, the threshold current of etched-mirror lasers are typically
1.3 to 1.5 that of cleaved lasers, and efficiencies are ~ 18% compared to 36%
for cleaved counterparts.23 The other integrable laser structures are
inherently more complicated to process and fabricate and have low yield.

In this program, the integrated transmitter development focused on a
standard cleaved-mirror laser structure in view of the immature technology of
non-cleaved mirrors. The choice of the cleaved laser structure basically
limits the complexity of the laser driver electronics through the chip dimen-
sions (< 300 ym). Multi-gigabit laser drivers compatible with such cleaved
mirror dimensions can be a MESFET, which functions as a high-speed current
switch or a simple Gunn diode/resistor circuit which has the advantage of
generating by itself short current/voltage pulses with automatic regenera-
t10n.25'28 These properties of Gunn devices, also referred to as transferred-
electron devices (TEDs), facilitate a variety of high speed logic operations
to be carried out in one device, resulting in a considerable simplification of
the circuit design compared to circuits with only bipolar or FET transistors.
Figure 2.3 il1lustrates three simple drivers for a low threshold GaAlAs/GaAs
laser. Figure 2.3a shows a TELD connected in series with the laser. When the
gate of the TELD is pulsed, the driver moves from the quiescent operating
point (1) to operating point (2). The laser which is biased above threshold

11
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Fig., 2.3 Optoelectronic transmitter circuit configurations,
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at (1) is turned off by this change in bias point. Thus, the laser produces a
zero pulse for a negative going gate pulse. The duration of the pulse is the
transit time of the Gunn domain in the device. The transmitter in Fig. 2.3b
and Fig. 2.3c can be operated in either a positive or negative logic configu-
ration depending on whether the drive FET is a depletion or an enhancement
mode device. The logic pulse is applied directly to the FET gate, and no dis-
crimination is used. In Fig. 2.3c, the pulse must be large enough to trigger
a domain in the TELD. The design of elements for these transmitters depends
upon the characteristics of the laser. Although the FET and Gunn devices
require different electronic channel properties, the choice a FET/Gunn/resistor
driver for integration with a cleaved laser structure serves as an important
basis for developing future, advanced integrated transmitters utilizing either
completely FET circuits or a combination of FET and Gunn logic devices.
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3.0 INTEGRATED TRANSMITTER DESIGN

The integrated transmitter design is described in this section. It
consists of a laser diode, with standard cleaved mirrors and an electronic
driver composed of a laser prebias and modulation MESFETs, a Gunn device with
a trigger gate (transferred-electron logic device or TELD), and a resistor.
The complexity of the laser driver design was primarily constrained by the
limited dimensions of a cleaved mirror laser (~ 300 um wide cavity length).
However, this transmitter design is particularly suitable for multi-gigabit
operation due to its circuit simplicity and has the key elements which would
serve as the building block for more sophisticated future designs.

In this section, the design criteria of circuit elements determining
the overall optical transmitter performance and fabrication structure is
discussed, a device fabrication structure based on the circuit design
developed, device processing steps formulated, and a corresponding mask set
generated for the actual lithographic fabrication of the transmitter design.

3.1 Circuit Design and Circuit Elements

The detailed circuit configuration for the integrated optoelectronic
transmitter is shown in Fig. 3.1. In the circuit, depletion-mode MESFETs,
presently well developed for GaAs, serve to prebias the diode laser above
threshold for higher speed operation and perform signal switching or modula-
tion function. The TELD is a simple high-speed negative current pulser which
in conjunction with a load resistor provides negative voltage pulses to drive
the gate of the modulation FET. Data can be generated by operating the TELD
below threshold and using a trigger gate to activate the signal pulse. The
input data is assumed to have a return-to-zero (RZ) pulse-code-modulated (PCM)
format, with negative voltage pulses representing binary "ones." A negative
voltage pulse causes the formation of a propagating domain in the TELD, with a
reduction in current from Vyr p to ground. This results in a reduction in the
negative potential across R,, which drives the gate of the modulation FET.

14
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The FET switches from "off" to "on," with a corresponding increase in current
through the laser diode. This causes the generation of an optical output
pulse, in response to the input data pulse.

3.1.1 Diode Laser

The GaAlAs/GaAs double-heterojunction (DH) injection or diode laser
‘ will be the basis for any near-term high-speed integrated optical transmitter.
f These Tasers have demonstrated high performance, long life, and potential for
integration with I.C. technology based on GaAs. Important laser performance
characteristics which affect the design of the laser drive electronics include
&, threshold current (power dissipation), the dependence of threshold current on
g temperature, the high-speed response, and the differential quantum efficiency
of the particular laser structure.

3 A simple stripe-geometry GaAlAs/GaAs laser shown schematically in
¢I Fig. 3.2 serves to address key design issues. The device consists of four

layers grown on a GaAs substrate. The first three layers which alternate

[ - between GaAlAs and GaAs define an optical waveguide which confines the optical
energy to the central GaAs region due to the lower index refraction of the
GaAlAs confining layers. The GaAlAs layers also serve another purpose. The
n-type GaAlAs layer, because of its higher energy gap, serves as a carrier
reflection barrier that tends to confine carriers injected into the active
region near the junction. Similarly, the p-type GaAlAs barrier layer serves

as a wide bandgap emitter which suppresses electron injection back into the p-
| type GaAlAs. This has the effect of causing all current flow to be dominated
by the injection of holes into the n-type GaAs active region. The use of this
structure hGas resulted in the extremely low threshold current densities of
present GaAs lasers. Figure 3.3 shows the dependence of the threshold current
density upon the active layar thickness, d.29 Note that the threshold current
] density has a minimum value at an active layer thickness of approximately 700
to 800 A. The data points shown on the figure represents the best values
s obtained by three different materials technologies for the various device

16
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parameters. There is generally good agreement between the experimental re-
sults and the theoretical calculations.

Current Threshold

To achieve low threshold current devices, structures must be devised
which maximize the confinement of the optical wave parallel to the junction
and 1imit the total area of current flow. Several techniques to achieve this
are shown schematically in Fig. 3.4.22,30-4%  gtpuctures in which the current
is confined by an oxide or by proton bombardment typically result in confine-
ment of the optical wave owing to a variation of gain across the active region
and are called gain-guided lasers. By comparison, device structures which
utilize a change in the effective index of refraction across the active por-
tion of the device are called index-guided or mode-controlled structures. A
special case is the transverse junction stripe (TJS) laser which relies on
index guiding to confine the wave in a direction parallel to the junction but
upon gain guiding to control the mode in the direction perpendicular to the
junction. Figure 3.4 also shows the lTowest threshold current that has been
obtained using each of the structures for nominal 200 to 300 um long cavities.

Temperature Dependence of Threshold

Over the temperature range 0°C to 70°C, most double heterostructure
lasers are dependent upon temperature as given in the following equation:

Jth = Jth EXP(T/To) . (3.1)

This empirically derived equation indicates that the threshold current can be
a very strong varying quantity with temperature depending upon the value of
Tg. Tg in turn depends upon various device and technology related param-
eters. However, the best and average values of Ty for each of the device
structures are listed in Fig. 3.4. In each case, the most common Ty value for

19
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a double heterostructure laser independent of the lateral guiding mechanism is
150K to 180K. On the other hand, both the TJS device structure and the deep
diffused device structure have Tps in the range of 120K. This results from
parallel current leakage in the GaAlAs regions of the diffused junction's

<
!

structure. It appears to be fundamental to the device structures and is a
distinct disadvantage of these two devices.

Frequency Dependence

Semiconductor laser operation involves nonlinear interaction between
the injected carrier density and the emitted photon population that strongly
affects the frequency dependence of the device. Interaction between the
photons in a laser mode and the active carrier density are governed by the

following rate equations:3%:46
dn J n [
= - — =g sn
dat ed Tep
(3.2)
ds _ _S n .
= - =+ aV—+ Vg Sn
F dat Tp Tsp

where n(S) is the electron (photon) population; rsp(rp) is the electron (pho-
( ton) lifetime; g is the gain coefficient; V is the volume; and « is the frac-
tion of spontaneous recombination emitted into the lasing mode.

R SN o h ar . ey aan

These coupled nonlinear differential equations describe the simplest
case of a uniform carrier and photon distribution in the semiconductor active
L region. Recent studies have shown that the effects of strong variations of
either of these quantities within the active region can ptay a major role in

VTTYTY

modifying the frequency dependence of injection lasers. However, to describe
the general characteristics of semiconductor lasers, we assume the uniform
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excitation case. To determine the frequency dependence of a semiconductor
laser, we consider small signal modulation by a sinusoidally varying current.

Figure 3.5 shows the dependence of the modulation efficiency as a
function of frequency for several different values of the dc current.34
Several features are worthy of note. Below threshold, the frequency depend-
ance shows a falloff above a critical frequency, fc[fc = (1/2n)(rsprp)'1/2].
Above threshold, there is a marked resonance in the modulation efficiency
whose frequency increases with the drive current above threshold. The peak
frequency of this resonance is given by the following equation:46

1/2 1/2

J
= f(y—-1 : (3.3)
el th )

Typical values for Tsp and Tp are 5 ns and 2 ps, respectively. This leads to
a value for the characteristic frequency of fo = 1.5 GHz. Thus, for operation
at very high frequencies, biasing of the device well above threshold is re-
quired. On the other hand, higher frequency operation can also be achieved by
reduction of the carrier lifetime or the photon lifetime. However, this
usually results in an increase of the threshold current density. For example,
a decrease by a factor of four in the photon lifetime or carrier lifetime
results in a factor of two increase in f.. On the other hand, these decreases
will result in an increase of laser threshold and a decrease in differential

quantum efficiency.

Several factors affect the height of the resonance including carrier

diffusion,47’48 nonuniform photon distribution,47

and coupling between the
carrier population and the spontaneously emitted photons in a particular

mode . 46,49 However, for our purpose, it is important to note that the maximum
frequency is determined to some extent by the drive conditions of the device

and also by the device structure. Figure 3.5 also shows the best results
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obtained to date for the maximum frequency of operation, i.e., resonance
frequency for each of the device structures.

The resonance peak exhibited in Fig. 3.5 also has a pronounced effect
on the pulse response of these devices. The devices typically exhibit pro-
nounced ringing at the onset of the turnoff of pulsed operation due to this
resonance phenomenon. The frequency of the ringing is equal to the resonance
frequency. These relaxation oscillations can contribute a significant pattern
effect when attempting to pulse code modulate laser devices at high fre-
quencies. Several schemes have been devised to mimimize such pattern effects.
Adequate information is now available to reduce this to a manageable probliem.

Differential Quantum Efficiency

The differential quantum efficiency of an injection laser is an im-
portant parameter for most applications. In the case of high-speed pulse code
modulation, the differential quantum efficiency and the bias dependence of the
frequency response determines the average power required to achieve modulation
at some given frequency. The laser will usually be biased near threshold to
some quiescent operating point and then modulated with a current pulse above
this operating point. The average current drive then is determined by these
operating parameters and the system sensitivity. For most optical link appli-
cations, the emitted power need not be more than 1 mW. However, it must be
higher than the quiescent operating power to minimize the system sensitivity
to noise. The differential quantum efficiency of various device structures is
dependent upon the reflectivity of the laser mirrors and the internal losses
of the device. The following equation gives an expression for the external
quantum efficiency in terms of the internal quantum efficiency:50

! 2n(1‘
Next = Mint “TEE;‘I i (3.4)
T in(g) +a

24
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where L is the device length, R is the mirror reflectivity, a the loss coef-
ficient and n;,. the internal quantum efficiency. Device structures which
minimize the coupling of the optical wave with the active region of the device
typically have very high differential quantum efficiencies owing to reduced
free-carrier absorption losses. These structures can usually be obtained with
very thin active regions and structures which are weakly confined in the

g lateral direction. However, the reduced coupling between the optical wave and
E‘ the excited carrier density decreases the rate of stimulated emission and thus
increases the threshold current. Figure 3.4 shows the highest differential
quantum efficiency obtained with various device structures as well as the
differential quantum efficiency observed at the lowest threshold current. In
*‘ many cases, they are the same value. C(Clearly, differential quantum efficiency
in the range from 40 to 90% can be obtained. The output power required for
any particular application is usually determined more by the need to achieve
low threshold or a certain speed of response.

t ' Summary

_ A wide range of device structures exists which yield low laser thres-
[ holds, high speeds of response, and high differential quantum efficiencies.

F! To permit laser operation at GHz frequencies as high as 4 GHz or higher, it
will be necessay to monolithically integrate the laser with the drive
circuitry. This monolithic integration is a key factor in determining which
device structure is actually chosen.

3.1.2 TELD

The TELD, because of its inherent capability of generating short,
high speed pulses may be important for use in the electronic driver of the
} optical transmitter. A TELD is a three-terminal Gunn or TED device, with an
anode, a cathode, and a trigger electrode usually positioned near the cathode,
as illustrated in Fig. 3.6. The active region is an n-type epitaxial or ion-
implanted layer fabricated on an semi-insulating GaAs substrate. Operation of
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the TELD is based on the negative differential mobility of GaAs resulting from
the transfer of conduction band electrons from states of low effective mass to
states of higher effective mass under the influence of a high electric

field. The low effective mass states which predominate at low fields are

Li associated with the conduction band energy minimum (r-point) at the center of
' the Brillouin zone, while the high effective mass states are associated with

\ higher energy satelite minima (X-point) in the zone. Since the phenomenon

f' depends upon the transfer of electrons from one conduction-band minimum to
another, devices based on this effect are known as transferred electron
devices (TEDs).

When a TED is biased above a certain threshold voltage V¢, dipole

) charge domains begin to form at the cathode and propagate to the anode, where
current pulses appear. Only one propagating domain is present at any given
time, and when one domain is extracted the next one forms at the cathode. The
L formation of a propagating domain results in a reduction in current through
pc \ the device, while the current increases after a domain is extracted. As a
result, the device acts as an oscillator, with fundamental frequency, fos
given by f, = 1/1, where 1 is the transit time for a domain. In GaAs, the
E! propagation velocity for a domain is close to 1.0 x 107 cm/s, so fg = 107/d,
; where d is the anode-cathode separation.

3

.

A TELD is a TED with a Schottky barrier trigger electrode positioned
between the anode and cathode. Under normal bias conditions, the electric
{. field near the cathode is too small for domain formation. A negative voltage
pulse applied to the trigger electrode causes an increase in depletion layer
thickness in the region underneath the electrode, leading to an increase in
the electric field near the cathode to a level above threshold for domain
formation. The domain propagates from cathode to anode, and the current

¢
1 through the TELD is reduced for a period of time equal to the domain transit
: time. The response of the TELD to a negative trigger voltage pulse is
t therefore a negative current pulse of duration equal to the domain transit
b .
! time.
rl
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The anode-to-cathode separation for the device is determined by the
desired duration for the current pulses. For a transmitter designed for

operation at a bit rate, B, the current pulse duration T should satisfy

T < 1/B . (3.5)
In this example, we choose B = 4 Gb/s, so Tp < 250 ps. To provide 50 ps
margins for turn on and turn off of the TED, the design assumes a value of
Tp~ 150 ps. Since

d = 10/ tp (em) (3.6)

with p in seconds, then, in this case d = 15 ym. The threshold voltage can
be calculated from

Ve = Egd (3.7)

where E4 is the threshold electric field. With E¢ = 3300 V/cm in GaAs,51 then
V¢ = 5 volts.

The doping level and dimensions of the active region affect the
formation and stability of dipole domains and determine amplitude of the cur-
rent pulses as well as the average (dc) power dissipation. It has been
determined from studies of planar TED oscillators that, to ensure full domain
formation and propagation, the product of carrier concentration n and length d
of the active region should satisfy the relation®2

nd > 1013 cm-2 (3.8)

while the product of n and the thickness t of the active layer should
satisfy53

nt > 1012 em 2, (3.9)

28
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The influence of the dimension of the active layer on the series resistance Rg
of the device is given by the relation

L
Rs = &nrwt (3.10)

where e is the electronic charge (1.6 x 10-19 C), u is the carrier mobility, t
is the layer thickness, and w is the channel width. The dc current for bias
near the threshold is then given by

euntht
It = —g— = euntht . (3.11)

Substituting numerical values into this equation, Ey = 3300 V/cm for GaAs and
u ~ 6700 cmz/v-s (typical for high-quality n-type channels in GaAs gives

I = 3.5 x 10712 ntw . (3.12)
For ion-implanted TELDs, typical design values would be n ~ 5 x 1016 cm'3,
t~8x 1073 cm, and w ~ 5 x 073 cm, so that I, ~ 70 mA and relationships
(3.8) and (3.9) are satisfied. Assuming a conservative 30% drop in current
when a domain is formed, the change in current is Al{p p ~ 20 mA. A series
load resistance of 50-100 @ would provide a useful FET gate modulation voltage
of 1-2 volts. Power dissipation for the TELD and related ci~cuit would be
500 mW to 1 W.

The choice of electrode materials is dictated by the desire to obtain
stable operation under dc-biased conditions. The normal procedure would be to
use ohmic electrodes for both anode and cathode, but experience with TED
devices has shown that better dc-bias performance is obtained with a Schottky
barrier node, due to hole injection at the node.%4 Thus, it is expected that
best performance for the photodetector will be obtained with an ohmic contact,
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such as Au-Ge, at the cathode and a Schottky barrier contact, such as Ti-Pt-
Au, for the anode and the trigger electrodes.

3.1.3 MESFET

The MESFET is also a three-terminal device, but unlike the TED it has
a dependence of output current on input voltage which is approximately linear
over a fairly wide operating range.55 The three terminals are designated
source, gate, and drain, as indicated in.Fig. 3.7. In GaAs, the electrodes
are fabricated in a thin n-type layer, with ohmic contacts for source and
drain and a Schottky barrier for the gate. When a bias voltage is applied
between source and drain, a current flows through the n-type layer. The
source-to-gate bias controls the source-to-drain current by regulating the
thickness of the deple*ion layer under the Schottky gate electrode. No cur-
rent flows in the depletion layer, so that increasing the negative gate bias

decreases the drain current. The current is completely shut off for a nega-
tive gate voltage large enough to completely deplete the layer under the

gate. This voltage is known as the "pinch off" voltage, Vpo‘ For zero
applied gate voltage, the region under the gate is partially depleted due to
the Schottky barrier potential. The "built in" potential responsible for the
depletion, V,;, equals -0.8 V in GaAs. This depletion region disappears for a
positive gate voltage of 0.8 V, in which case the source-to-drain current
reaches its maximum, or saturated, level lsat: This important parameter of
the GaAs FET is given by

Igat = nevgwt (3.13)

where n is the carrier concentration in the active layer, e is the electronic
charge, v, is the electron saturation velocity, w is the gate width, and t is
the active layer thickness. The drain current is given in terms of the
applied voltage by
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g = lsat [P - vowv ’ (3.14)
po bi
with Vpo given by

2
_ =net

where ¢ is the dielectric constant of the material. The transconductance In

is given by
1y 1 -1/2
9 = 3T g__s = -5 Isat[(vgs + vbi)(vpo * Vi)l . (3.16)

Another very important parameter is the input capacitance Cgs’ given by

% (2nee)1/2 2w

C. = , (3.17)
gs 1/2
(Vgs * Vpi)

where £ is the gate length. This capacitance determines how large the input
impedance to the FET can be, consistent with a given bandwidth.

In designing the FET for high-speed operation, it is desirable to
maximize the transconductance-to-capacitance ratio. In fact, it can be shown
that

In/Cqs = Vsat/t (3.18)
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Thus, the gate length £ should be as small as possible. The choice of

2 < 1 um is consistent with present lithography capability in our laboratory
using standard contact printing techniques. The active layer thickness should
be considerably less than the gate length to assure uniform pinch-off; a
thickness range of 0.2-0.3 um is typical of implanted MESFET channels. Other
parameters consistent with present medium power FET design and fabrication
capability are n~ 1.5 x 1017 cm=3 and the gate width W~ 1.5 -3 x 1072 cm.
These values typically yield implanted FETs with modulation frequencies

f, ~ 3-5 GHz, pinchoff voltage ~ 3 - 7 V, saturation currents of ~ 25 mA/100 um
gate width, and sheet resistance of ~ 1000 /square. The FET gate modulation
voltage of 1-2 V from the TELD/receiver output is sufficient to yield laser
current modulation up to 30 mA or 30-40% of the anticipated laser threshold
currents.

3.2 Fabrication Structure

Based on the optoelectronic transmitter circuit proposed for this
work (Fig. 3.1), the chip layout is guided by design rules to facilitate
circuit performance as well as device fabrication. Although various chip
designs can be envisioned, the limited geometry of a cleaved mirror laser
basically restricts the possible circuit layouts. The FET/TELD/resistor
elements and their corresponding bonding pads must be accommodated with
geometrical and size considerations to allow speed and power dissipation
requirements.

In this work, the chip layout was guided by general Ga*; monolithic
microwave and digital IC design rules. One optimized layout design is given
in Fig. 3.8. The laser modulation FET is placed adjacent to the laser
structure from high-speed considerations. One-micron gate features for the
FET and TELD are oriented in a common direction to minimize alignment
difficulty. High power dissipation elements such as the TELD and the load
resistor are adequately dispersed on the chip to minimize heating effects. A
dual gate FET structure, chosen to conserve space, facilitates laser prebias
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(Vg1) and Yaser modulation (gate connected to the TELD). An extra bonding pad

allows bypassing of the TELD pulser for direct FET modulation of the laser.

In the chip layout, although no detailed quantitative analyses of circuit in-
F! teractions, parasitics or impedance matching were performed, these effects
were addressed from a qualitative standpoint and guided by previous exper-
jence. The rather simple nature of the transmitter circuit would justify this
approach.

The integrated transmitter design is effectively a planar fabrication
structure as shown by the cross-sectional schematic of Fig. 3.8. Various
laser structures can be realized in the selective groove growth region.
Metallization connects the laser with the electronic driver section defined by
selective ion-implantation into S.1. GaAs. The effective surface planarity
facilitates device lithography using contact printing techniques.

3.3 Device Processing

L. ' In this section, the device processing steps required for the fabri-
cation of the integrated optoelectronic transmitter are defined. The process
sequence is used to generate a lithographic mask set, to be described in the
F! following section. Figure 3.9 describes the basic integrated transmitter
planar processing/fabrication steps. Steps A-C address the laser processing
portion, while steps D-G describe the electronic driver processing. The key
processing step which make the optical device compatible with planar implanted
 ( electronic devices is the selective epitaxy in a groove using the double
i dielectric (Si3N4/Sioz) mask. This technique was discussed in detail in
Section 2.2 and Fig. 2.2. The double dielectric is a well-established cap
] used in GaAs IC processing to prevent surface deterioration and out-diffusion
F effects during the implant activation/anneal step and serves a double purpose
in this work as an epitaxial growth mask. Temperature cycling experiments
with MOCVD epitaxy (750°C ~ 30 min), laser diffusion experiments (850° ~ 30
min) indicate a fairly wide margin of compatibility for laser and electronic
. device processing. That is, the groove growth epitaxy could be performed

35
S C4734A/bw




MRDC41081.9FR

*sdals uojjedtuqey/bupssasoud Jdeue|d u4a33lwsuedy |edj3do pajesbajul 6°¢ b4

HILLIWSNVYHL TVIILdO Q31VHOILNI G3131dNOD
Q131/134 31vo-unty 43SV 30010 SAN

gL

NOILVZITIVLIW LVO-wr | ANLLIOHIS

|

——————d —_—J 0
N 75
s
N
34I1X0-3AIH1IN
1SISIHOLOH J

ANLLOHJS nY-id-1L

NI"AOTTV ANV
NOILYZITIVLIW LOVINOD HISY1 JIWHO (2

NOILYZINTIVLIIWN JIWHOY (L

I ——
LJ.[.WIT

JINHO IN-3ONY

AVINNVY/NOILVAILIVY ANVIdNI
\EI._! _ +4 _ :_ +4 —

3QIX0-3QIHLIN

€2LEL-180QUHN

LT LD TN VY OP bt dedenteion St it Aottt

3 ONILVINSNI-IW3S Nm

H344n8
Sveo

HOLSISAH/134u (€ QaTILY(Z OJIANHO ufL
SLNVIdWI NODINIS

Inl o e B
\N— ASYI \T
AHVA LNV
INIWNOIY

{4 d31S 01 HOIHd) 43SV SAN
HO4 HO13 dN-X31d 10VLINOD ,u

1/ ;

dN-5Jid LIVLINOD ,u

NSVYIN 3QIHLIN HONOYHL NOISN441Q-vz d
43SV (SN} 3dIY1S-AISNAIA-MOHHYN (2
JAIYLIN/HLMOYOYHIAO AAJON dIHLS (L

o —

Y. /— o= N

3did1S a3asn44diguz d \

MNSVYN JAIHLIN HONOHHL
HLMOUYO AAJOW H3ISVT (2 HOL13 JA00HD (L

sven — —

=\

v

Cois/VnEis

SYe9/svIveD/sved/sviveD [dvD
sved

36




MRDC41081.9FR

first followed by ion-implantations and activation/anneal or vice versa. The
laser proces<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>