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ABSTRACT

The ultimate limitations in system performance capabilities are often due to constraints
imposed by various device or chip fabrication processes. Recent advances in
semiconductor processing technology have helped to lift some of the device performance
barriers that have a negative impact on system performance. Molecular Beam Epitaxy is
one particular technique that has the capability to fabricate a wide range of high
performance semiconductor devices with high levels of reliability and yield.

Molecular Beam Epitaxy (MBE) is an ultrahigh vacuum evaporation process for growing
epitaxial films on various substrate materials. The basic constituents of the films are
thermally evaporated and directed toward a heated substrate. The evaporated materials are
deposited on the heated substrate surface forming a film.

MBE offers the ability to maintain a higher level of precise control over material
composition and film thickness required for semiconductor devices utilized in microwave
and millimeter wave spread spectrum system applications.

INTRODUCTION

The design of spread spectrum systems involves a continuous struggle to increase the time-
bandwidth product. Increasing this parameter is often expensive in terms of price, power,
and reliability. However, a larger time-bandwidth product allows an increase in system
processing gain (Figure 1) resulting in reduction in the system’s susceptibility to noise,
unintentional interference, jamming or interception. Many new solid state device
technologies developed over the past 15 years have increased the range of operating
frequencies for spread spectrum systems. Other improvements in solid state technology
have extended spread spectrum capabilities beyond performance constraints exhibited by
standard analog or digital technology (1,2).



A large number of the solid state devices applied toward microwave and millimeter wave
spread spectrum systems require structures involving one or more doped semiconductor
films deposited on a semiconductor or insulator substrate. As the response frequencies and
bandwidths for these devices increase, the specifications for the semiconductor films
become more stringent. Ultra thin planar structures with unique doping profiles and very
tight control of film thickness are required. Contamination and surface defects must also be
minimized for these applications.

A significant impact on these parameters can be achieved with improvements in solid state
device or chip fabrication and material processing. As response frequencies and bandwidth
requirements increase, component and system efficiencies and lifetimes tend to decrease.
Development and manufacturing costs tend to increase. As the response frequencies
approach the millimeter wave region, the device or system characteristics are often limited
by fabrication and material processing technology.

Molecular Beam Epitaxy techniques can provide the abrupt doping, material interface
continuity and low surface defect concentrations that enhance electrical efficiency,
reliability, lifetime, sensitivity, DC/RF stability and reproducibility. The MBE technique
can also provide the material interface and doping profile quality that will help reduce
tendencies toward spurious outputs and frequency drift.

MOLECULAR BEAM EPITAXY

Molecular Beam Epitaxy (MBE) is an ultrahigh vacuum evaporation process for growing
epitaxial films on a wide variety of substrates. Molecular or atomic beams are generated
by thermally evaporating materials from heated crucibles (Figure 2). The thermally
evaporated material is directed toward a heated substrate. The constituents of the
evaporated materials are deposited on the heated substrate surface forming a film.
Semiconductor, metal and insulator films can be grown using MBE techniques.

The film growth rate can be precisely controlled by adjusting the temperatures of the
heated crucibles. The quality of the film crystallinity is controlled, in part, by the substrate
temperature. The substrate temperature must be high enough to provide sufficient surface
mobility for the atoms and molecules that are arriving at the substrate or film surface (3).

The film quality also depends upon the environment in which the film is grown. Low
growth rates and low contamination requirements call for a clean ultrahigh vacuum
environment for the MBE process.

Some of the first MBE experiments with the growth of polycrystalline films were
accomplished at Bell Laboratories (4). Epitaxial GaAs films were grown on GaAs



substrates using a modulated-molecular beam technique by J.R. Arthur in 1968 (5). Since
then, the activity in MBE technology has increased significantly. Much of this activity has
been influenced by the requirement for higher performance solid state devices for
microwave, millimeter wave, and optical applications.

ADVANTAGES OF THE MBE APPROACH

Although currently available commercial MBE systems are somewhat limited in through-
put, MBE has a number of significant advantages over other approaches such as a liquid-
phase epitaxy and chemical vapor deposition. Substrate temperatures for MBE film growth
are often much lower than the temperatures associated with other techniques. Also, since
MBE is accomplished in an ultrahigh vacuum chamber where the background pressure of
the reactive gasses (O2, H2O, CO, etc.) is approximately 10-10 Torr or less, contamination
problems are not as severe with MBE as they are with other processes.

Another advantage associated with MBE is that continuous low energy ion implanation
can be incorporated with this technique. At these energy levels, lattice damage is
considerably less than the damage associated with high energy ion implanation (6).

IMPACT OF MBE ON DEVICE PERFORMANCE

MBE grown semiconductor film layers as thin as 5 D can be reproducibly grown and the
interface between the layers can be precisely controlled (7). Since the MBE growth
process is slower than the growth processes associated with other techniques, the flux of
atoms that make contact with the heated substrate is able to form higher quality crystal
structures, doping transitions and material interfaces as the film grows. The structure of the
MBE grown film at the surface and in the bulk is not as dependent on the quality of the
substrate surface compared with other growth techniques.

As the response frequencies for semiconductor devices increase, the specifications for the
semiconductor films become more stringent. Film thickness variations must often be held
less than ±2% in order to maintain precise control of breakdown voltages, output
frequencies, and device efficiences. Thickness control is necessary to reduce performance
variations and increase chip or device yield. Also, semiconductor device material
interfaces must be more compatible and abrupt to reduce material migration and losses
associated with discontinuities. Surface defect densities must be minimized in order to
reduce the semiconductor film surface state density. Surface states can have a significant
effect on device performance parameters such as leakage currents, breakdown voltages,
noise and stability.



Figure 3 shows a GaAs IMPATT diode structure designed for microwave spread spectrum
system applications. The semiconductor film structure was fabricated with the PHI MBE
400. The etching, contact metallization and packaging was accomplished at TRW
Systems. Response frequencies for this particular device are in the range of 13GHz to
20GHz.

IMPACT OF MBE ON SPREAD SPECTRUM SYSTEM PERFORMANCE

The ability that MBE has to fabricate devices with lower insertion losses and lower FM
noise output can provide additional signal-to-noise margin for system applications. Also,
these devices have the potential of performing at higher frequencies and achieving wider
bandwidth operation with a level of reliability and reproducibility not associated with other
device fabrication and processing techniques.

The abrupt doping transitions and material interfaces provided by MBE grown devices can
help to reduce parametric variations and spurious outputs that often cause graceful
degradation problems in a wide range of system applications. Reducing these tendencies
will help to decrease life-cycle costs, maintenance problems and self-jamming.

The enchanced capabilities that MBE grown devices can achieve in frequency response
and bandwidth will allow spread spectrum communication and radar systems to operate at
higher frequency ranges with potentially higher processing gain (time-bandwidth product)
and would allow a wider range of channelization. Also, wider bandwidth capabilities can
impact pulsed systems and digital systems. The wide bandwidth operation would tend to
imply that sharper pulses could be achieved for millimeter wave systems and gigabit logic.
The sharper pulses would help to promote higher efficiencies, higher signal-to-noise ratios,
lower spurious output levels and a lower probability of bit error.

MBE can provide an unprecedented level of control over film structures down to an atomic
level. This technique can provide a combination of thickness, composition, interface and
impurity control that cannot be provided by other conventional techniques. MBE can be
applied toward VLSI, VHSIC, MMIC integrated optics and superconductor technologies.
It can provide reproducible vertical submicron device structures that overcome some of the
present limitations encountered by these technologies when conventional fabrication and
processing techniques are considered. MBE is a technique that can assist in the integration
of a wide variety of material systems, structures, technologies and functions.



CONCLUSIONS

The MBE technique can be utilized to fabricate a wide variety of complex devices in terms
of structure, doping and material interface with an increase in operating frequency,
bandwidth and yield compared with conventional fabrication and processing techniques.
The MBE process can also promote higher levels of reliability and reproducibility along
with increases in device lifetime.
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Figure 1.  Example of the effects of processing gain. Part a) shows a 32 bit PRN sequence
and the resulting matched filter response (correlation peak). Part b) shows the PRN signal
and noise with the resulting matched filter, response. Part c) shows the PRN signal
immersed in noise; and the matched filter response is still above the noise (courtesy of
RCA Advanced Technology Laboratories).



Figure 2.  PHI (Physical Electronics) MBE 400 growth chamber and source flange. Sample
holder/Introduction probe is introduced at left hand side of chamber. A liquid nitrogen
cooled shield surrounds the introduction probe. A residual gas analyzer is shown at the top
of the chamber. Eight source ovens (two shown for simplicity) are thermally isolated in a
liquid nitrogen cooled cryo shroud. Each source consists of a boron nitride crucible with
tantalum heater wires wound around the outside of the crucible. The crucible/wire
assembly is surrounded by a tantalum heat shield. Thermocouples are used to measure the
source oven temperatures.



Figure 3.  MBE grown GaAs IMPATT diode structure. In part (a), Schottky contact is Pt,
ohmic contact is Au/Ge. Magnification is x1000. Surface roughness is due to etching
process. Part (b) shows IMPATT diode in pill package. A gold ribbon lead is bonded to
the gold contact. Magnification is x50.


