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Gallium Arsenide Transistors: Realization Through 
a Molecularly Designed Insulator 

Phillip P. Jenkins, Andrew N. Maclnnes, Massood Tabib-Azar,* 
Andrew R. Barront 

A GaAs-based transistor, analogous to commercial silicon devices, has been fabricated 
with vapor-deposited cubic Gas as the insulator material. The n-channel, dep!etion mode, 
GaAs field-effect transistor shows, in addition to classical transistor characteristics, a 
channel mobility of 4665.6 square centimeters per volt per second, an interfacial trap 
density of 1011 per electron volt per square centimeter, and a transconductance of 7 
millisiemens for a s-micrometer gate length at a gate voltage of 8 volts. Furthermore, the 
GaAs transistor shows an on-to-off resistance ratio comparable to that of commercial 
devices. 

Gallium arsenide (GaAs) has over the last 
decade become the semiconductor material 
of choice in a number of "niche" applica- 
tions: for example, optoelectronics [lasers 
and light-emitting diodes (LEDs) for optical 
communications and consumer electron- 
ics], microwave monolithic integrated cir- 
cuits (MIMICS) (used in wireless commu- 
nications such as cellular telephones), and 
very high frequency analog and digital sig- 
nal-processing circuits (used for high-data- 
rate real-time processing) (1 -3). However, 
except for specialty, primarily military, ap- 
plications, GaAs has been unable to com- 
pete with silicon technology in the area of 
digital electronics. 

At present, logic circuits, such as those 
used in the central processing unit of a 
modem personal computer, are based on 
silicon complimentary metal-oxide-semi- 
conductor (CMOS) circuits, the basic com- 
ponent of which is a metal-oxide-semicon- 
ductor field-effect transistor (MOSFET) 
(4). Requirements for the development of 
the next level in digital electronics include 
greater speed, lower power consumption, 
and the incorporation of optoelectronics 
directly into the circuits (5). It has long 
been known that GaAs and related 111-V 
compound semiconductors are faster than 
silicon (up to six times), and because of 
their direct band gap, they have the poten- 
tial for the development of on-chip opto- 
electronics. However, present GaAs tech- 

P. P. Jenkins, NYMA, 2001 Aerospace Parkway, 
Brookpark, OH 44142, USA. 
A. N. Maclnnes, Gallia, Inc., Weston, MA 021 93, USA. 
M. Tabib-Azar and A. R. Barron, Department of Chem- 
istry, Harvard University Cambridge, MA 02138, USA. 

*On sabbatical leave from the Department of Electrical 
Engineering and Applied Physics, Case Western Re- 
serve University, Cleveland, OH 44106, USA. 
?To whom correspondence should be addressed. 

nology in the field of digital electronics 
(logic circuits) is limited by the inability to 
manufacture a GaAs analog of a MOSFET 
device, that is, a metal-insulator-semicon- 
ductor FET (MISFET) (6). 

Present GaAs FET devices are metal- 
semiconductor FETs (MESFETs) , which 
while faster than silicon MOSFETs suffer 
from several drawbacks. First, MESFETs 
consume more power than MISFETs. The 
undesirable power consumption is one of the 
barriers to very large scale integration 
(VLSI) of GaAs-based circuits. Second, the 
lack of any insulator between the gate and 
the channel results in large current conduc- 
tion through the gate electrode. To circum- 
vent the problems of current leakage across 
the gate, device architects must implement 
highly intricate and complex circuit designs. 
Because both of these ~roblems are inherent 
in MESFET devices and are not readily 
solved, the entry of GaAs into the main- 
stream of high-performance digital electron- 
ics has been inhibited. To overcome the 
limitations of both silicon MOSFETs and 
GaAs MESFETs, it is thus necessary to 
develop GaAs-based MISFET devices. 

The MISFET was first p_roposed in the 
1930s by Lilienfeld (7) and Reil (8). We 
acknowledge earlier attempts to ~roduce a 
GaAs MISFET (9), but a combination of 
either poor gate passivation (10) and insu- 
lating properties (I I) or processing difficul- 
ties have precluded its realization (1 2). An 
ideal gate material for a MISFET device 
would have the following properties: a high 
band gap (insulating) material with. low 
electrical conduction, a large breakdown 
field, good chemical and operational stabil- 
ity, and good interface properties with the 
chosen semiconductor (1 3). Furthermore, 
the following properties, although not nec- 
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essary, would be desired: a crystal lattice 
and coefficient of thermal expansion 
matching those of the semiconductor, good 
thermal conduction, and a material that 
could be readily fabricated within current 
industry standards. In the case of silicon, 
the native oxide (silica, SiO,) admirably 
fulfills these requirements, but GaAs does 
not grow a suitable oxide (14). Attempts to 
apply silicon technology have failed (15) 
because, although insulating materials with 
low electrical conduction mav be de~osited 
on GaAs, the presence of electronically 
active interface states considerably reduces 
the efficiency of the GaAs surface as a 
charge carrier. Thus, if a new material is to 
be designed for the gate of a GaAs 
MISFET, it must reduce the number of 
interface states, that is, it must passivate 
the surface of GaAs (1 6). 

We recently reported the metal organic 
chemical vapor deposition (MOCVD) of a 
metastable face-centered-cubic phase of 
gallium sulfide (Gas) (1 7). The growth of a 
cubic phase of Gas, rather than the ther- 
modynamically stable, hexagonal layered 
structure (1 8), is determined by the use of 
the predesigned molecular motif present in 
the single-source precursor, [(t-Bu)GaS], 
(Fig. 1). This molecularly designed cubic 
phase of Gas exhibits a large band gap 
(>3.5 eV), forms a nearly lattice-matched 
layer on GaAs, and has a low electrical 
conduction (=2 x lo9 ohm-cm). This 
phase also successfully provides electronic 
passivation of the surface of GaAs (1 9, 20). 
Cubic Gas would thus appear to be suitable 
as a gate material for a GaAs MISFET. 

We have realized a class of GaAs FET 
through the use of molecular control over 
the growth of the insulating gate material 
(Fig. 2). Because our goal was to demon- 
strate the feasibility of the Gas-GaAs FET, 
rather than fabricate a device with o ~ t i -  
mum features, and because the methodolo- 
gy for the processing of cubic Gas was 
unknown, we kept the fabrication steps 
simple and the device geometry large in 
order to have a reasonable fabrication yield 
(2 1 ) . The use of simplified processing re- 
duced the chance of a Gas-related process- 
ing error destroying all of the devices in a 
fabrication run. 

Deposition of cubic Gas was performed 
in an atmospheric-pressure horizontal-flow 
hot-walled MOCVD chamber, as previously 
described (1 8): Argon was used as a carrier 
gas, the precursor [(t-Bu)GaSI4 was sublimed 
at 220°C, and the substrate was heated to 
390°C. A film of Gas 500 A thick was 
grown on a previously prepared epilayer and 
subsequently etched to 300 A. The epilayer 
consisted of a 0.5-p,m layer of n-type GaAs 
(Si-doped, N, = 4 x 1016 cm-') grown on 
0.8 pm of undoped GaAs, which acted as a 
buffer region to the semi-insulating GaAs 

u 

Fig. 1. The molecular structure of [(t-Bu)GaS],, 
the single-source precursor responsible for the 
MOCVD growth of cubic Gas. Hydrogen atoms 
have been omitted for clarity. 

Gate (Au) 

Drain (Au) pm Source (Au) 

Cubic Gas 
C 

+type GaAs active layer 0.5 pm 

I Undoped GaAs buffer layer 1 10.8 pm 

Semi-insulating 
GaAs substrate 

Fig. 2. Schematic diagram of the Gas-GaAs 
FET; not to scale. 

substrate (Fig. 2). Both the active and buffer 
regions were grown by molecular beam epi- 
taxy. The cubic Gas grows on (100)GaAs in 
a near-epitaxial manner (1 9), such that only 
the (200) and (400) reflections are observed by 
x-ray diffraction. The individual FET devices 
were isolated by mesa-etching, whereas con- 
tact photolithography was used to define the 
device mesas as well as the source, drain, and 
gate contacts. The Gas was removed from the 
source and drain contact areas before metalli- 
zation by acid etching (Fig. 3). The devices 
have a 5-p,m-long gate, and gold was used 
as the gate metal. The device processing yield 
was -40%. Failure of the gate metal to stick 
to the Gas was the main processing failure. 
To obtain the necessary parameters of the 
channel (such as mobility and channel depth) 
and provide a direct comparison between our 
Gas-GaAs FET and a standard GaAs 
MESFET, we fabricated both devices using 
identical ~rocedures and masks. Both twes of 

a .  

device were characterized by capacitance (C) 
versus voltage (V) and current (I) versus 
voltage measurements. 

The behavior of the drain-to-source cur- 
rent versus voltage (IDs-VDs) curves at differ- 
ent applied gate voltages (V,) are close to that 
of an ideal transistor (Fig. 4); the transcon- 

Fig. 3. An optical micrograph of four Gas-GaAs 
FETs after fabrication. 

ductance of the transistor shown in Fig. 4 at 
VDs = 8 V and V, = -5 V is 7 mS. This 
value is calculated from the data in Fig. 4, 
taking into acwunt the series resistances of 
the drain-gate and source-gate paths by stan- 
dard procedures. Additionally, a channel mo- 
bility of 4665.6 cm2 V-' s-' was determined, 
comparable to the values for MESFETs and 
near the textbook value for GaAs (4700 cm2 
V-' s-I). The transistor characteristics 
shown in Fig. 4 are typical of those obtained 
from the better of the Gas-GaAs FETs fabri- 
cated, the worst having values for the 
transwnductance -50% of the above values, 
the best being around 20 mS. 

By comparing the I,,-V,, curves for 
the Gas-GaAs FETs and the GaAs 
MESFETs, we determined that there exists 
an effective negative charge density 
C cm-') at the Gas-GaAs interface in the 
former. As a consequence, the transistor 
threshold voltage obtained for the Gas- 
GaAs FETs was -6 V (extrapolated to 
VDs = 0 V); although this is acceptable 
for a developmental device, it is somewhat 
larger than desired. 

To obtain information regarding the 
Gas gate insulator, we performed high- 
frequency (100-kHz) C-V measurements on 
the Au-Gas-GaAs structure. The resistivi- 
ty of the Gas (=lo9 ohm-cm) was compa- 
rable to our previously measured values [2 
x lo9 ohm-cm (18)], and the maximum 
interface trap density (D,) was 9 x 10" 
eV-' cm-'. This interface trap density, 
although acceptable from the device oper- 
ation point of view, can be improved with a 
decrease in imperfections in the Gas film 
(see above). The gate capacitance was 
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Voltage (V) 

Fig. 4. The drain-to-source current (I,,) as a 
function of the drain-to-source voltage (V,,) at 
different gate biases (V,, 1 V per step) for a 
typical GaS-GaAs FET. 

1.6 pF, consistent with 300 A Gas with a 
relative dielectric constant of 11. 

The molecular design of a cubic phase of 
Gas allows for the fabrication of a new class 
of GaAs transistor, what we term a FET 
with an insulating sulfide heterojunction. 
This device is in the general class of a 
MISFET and represents the first step toward 
the realization of a III-V analog to the 
commercial silicon MOSFET device. These 
GaS-GaAs devices have isolation between 
the gate circuit and the source-drain circuit 
superior to that of GaAs MESFETs of com- 
parable geometry. In contrast, the lack of 
any insulator between the gate and the 
channel in MESFETs results in large cur- 
rent conduction through the gate elec- 
trode. In addition, the GaS-GaAs FETs 
show better on-off switching properties, as 
measured by the resistance ratio, than 
MESFETs under comparable operation 
conditions. Our experimental data dem- 
onstrate that, even without optimization, 
the cubic phase of Gas can be used to 
construct a GaAs MISFET with good 
transconductance and input-to-output iso- 
lation and acceptable dc characteristics. A 
further advantage of cubic Gas lies in its 
method of growth, MOCVD, the accepted 
method of growth of GaAs-based devices. 
Thus, the ability to grow a gate insulator 
layer by the same methodology is a distinct 
advantage of cubic Gas as a potentially 
viable material for the enablement of 
GaAs digital devices. This cubic Gas 
insulating phase should make it possible to 
design new types of III-V-based devices. 
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Diamond Coating of Titanium Alloys 

M. D. Drory and J. W. Hutchinson 
A titanium alloy was coated with a thin layer of synthetic diamond by chemical vapor 
deposition methods, achieving exceptional adhesion. Scientific and technological oppor- 
tunities exist for the development of diamond-coated metal alloys and for a better under- 
standing of adhesion mechanisms of hard, brittle coatings. An indentation method of wide 
applicability for measuring the adhesion of such coatings is discussed. 

There has been considerable effort in re- 
cent yeari in the development of bonding 
technologies for metal and ceramic materi- 
als to produce strong interfaces of known 
mechanical reliability with a major empha- 
sis on obtaining quantitative measures of 
adhesion (1). These efforts have necessarily 
crossed several science and engineering dis- 
ciplines, including chemistry, materials sci- 
ence, and mechanics. Such attention arises 
from the increased use of metals with ce- 
ramics in high-technology applications 
from turbine engines to microelectronics. 
For example, advanced electronic packag- 
ing involves numerous metal-ceramic cou- 
ples for device attachment and intercon- 
nections with chip carriers (2). In this 
application, thin metal films are deposited 
on a ceramic substrate. Problems in reliabil- 
ity may arise with ceramic packaging as 
with other metal-ceramic bonds because of 
materials processing or temperature changes 
in fabrication and use (such as heat gener- 
ated by an electronic device). The large 
residual stresses that result may cause failure 
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of the interface, substrate, or film. Specifi- 
cally for the thermally induced stresses in a 
film or coating, uth, the magnitude scales 
with differences in the coefficient of ther- 
mal expansion, Aa, and with temperature 
change measured from the stress-free state 
(usually the processing temperature), AT, 
by 

where E is the film's Young's modulus. 
These issues of reliabilitv associated with 

metal-ceramic systems are greatly exacer- 
bated for the related prouem of synthetic 
diamond thin films depositd on metal sub- 
strates. In this case, enormous-residual 
(thermal) stresses arise from large thermal 
expansion differences (Aa - 5 + 10 x 
lop6 K-') and from an extreme value of 
the Young's modulus of diamond (E - 1000 
GPa). The magnitude of the stress can be 
expected in this system of materials to 
exceed several gigapascals of compression. 

Despite the large stresses expected for 
diamond-coated metals. a thin diamond 
layer is usually sought for many applications 
because of its extreme hardness. stiffness. 
thermal conductivity (at room tempera- 
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