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ABSTRACT

An investigation of the transport and junction physics of Si-TaSi, semiconductor-metal eutectic

composites has demonstrated the potential use of this class of materials in high-power switching.
Following the development of single-crystal matrix Si-TaSi, crystals, eutectic diodes utilizing the in
situ junctions were fabricated and analyzed using current-voltage, capacitance-voltage, and electron-
beam-induced current techniques. Studies demonstrated nearly ideal diode behavior, a Schottky
barrier height of 0.62 eV, and a means of measuring the extent of the dcpletion' zones and the carrier
concentration of the semiconductor matrix. An analysis based on a comparison of the EBIC-
determined carrier concentration with the Hall carrier concentration resulted in a measure of the effect
of the depletion zones on composite resistivity. Building on the foundation provided by this analysis,
the first eutectic composite transistors were demonstrated. These devices confirmed that current flow
can be controlled by "pinching-off" Si channels between TaSi, rods. Furthermore, testing at high
voltages indicated that the eutectic devices are resistant to avalanche breakdown. Devices have been
built that block 600 V, three times the value for a conventional planar device in a wafer of the same
carrier concentration. Analysis of these devices has indicated that much higher blocking voltages can
be achieved by simply increasing the gate-to-drain distance to avoid a "punch-through-related”
voltage limitation. The study suggests that scaling up device dimensions may enable the switching of
the very large currents and voltages of interest for pulsed power applications.
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1. INTRODUCTION

Semiconductor-metal eutectic (SME) composites, composed of an array of metallic rods distributed
throughout a semiconductor matrix and formed directly by directional solidification of a eutectic
mixture, represent a new class of electronic materials with the potential to enhance and expand the
capabilities of high-power, solid state switching technology. The objective of this two-year program
was to perform basic research on the electrical iransport and junction properties of these novel
materials to enable an evaluation of their high-power device potential.

SME materials are two-phase composite materials and differ from the single-phase materials that
have always been used to create electronic devices in the past. Although composites have been
successfully applied as structural materials, they have never before been used as devices providing
electronic control. Previous tenets of semiconductor device physics required that the active
semiconductor material be free of any second phase. Clearly, metallic inclusions would lead to high
leakage currents and low-voltage breakdown. Thus, the developinent and application of SME
composite materials for high- voltage operation deviates significantly from conventional approaches
to forming high-voltage devices.

Rapid progress has been made in the growth, characterization, and device physics of these novel
materials. Prior to the start of this program, the state of the art was represented by the Si-TaSi, SME

with polycrystalline matrices having a carrier concentration low enough to satisfy the criterion for
"pinching-off" the flow of current between adjacent TaSi, rods by the application of a gate bias

voltage. At the close of this two-year program, high-voltage transistors have been demonstrated in
quasi-single- crystalline Si-TaSi, composites. These initial devices have demonstrated not only the
feasibility of using this unique two-phase equilibrium structure to switch currents, but also the fact
that SME devices excel at high voltage applications and are resistant to avalanche breakdown, the
failure mechanism that limits the blocking voltage of conventional devices.

In addition, the program has developed an understanding of the special "grown-in" metal-
semiconductor Schottky junctions inherent to these materials and the dependence of the composite
conductivity on the cylindrical depletion zones surrounding the rods. The data and insight provided
by these fundamental studies were crucial to the successful demonstration of transistor action in SME
composites and will be equally essential to the continued development of these materials for high-
power and other electronic device applications.
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In this report, the growth of the composite Si-TaSi, is discussed in Section 2. Studies of the Si-
NbSi, eutectic composite are also discussed. Section 3 covers the properties of the Si-TaSi, eutectic
junction and includes the method for making contacts as well as current-voltage (I-V), capacitance-
voltage (C-V), and electron-beam-induced current (EBIC) analyses. The transport properties of the
composites, particularly the effect of the depletion zones on the composite resistivity, are discussed
in Section 4. The development of the eutectic composite transistor, interpretation of the
characteristics in terms of junction properties and depletion zone limited transport, and evidence for
the device's resistance to avalanche breakdown are presented in Section 5. Additional data relevant to
the evaluation of the composite device for high-power operation but not derived at under this contract
are included in Section 6. Finally, an analysis of the device potential for pulsed power operation and
recommendations for future study are presented in Section 7. The Appendix is composed of reprints
and preprints of publications supported by this contract.

R T ~p - AT . AR -
... {ﬁ\d\-‘l‘f J‘~\J‘.‘J'- -(,-1"-" . _‘ -4"-

«" \‘\

A -~~~ SO

L l’[g

24

paals

LSS

i

ey

[}

X

1

e

2 I

LAUAA -
15 1 (=

oed

,’\.\ =

™. R Y ™
N Y



N

W

B 1 e T o e g S 8 e o s T o o g R A M

2. EUTECTIC COMPOSITE MATERIALS

The directional solidification of the Si-TaSi, eutectic composite yields a material with a rod-like
distribution of the TaSi, phase in a Si matrix. The eutectic composition corresponds to about 2 v/o
TaSi,. The scale of the eutectic microstructure is determined by the growth rate, such that A%v =125
x 107 cm®/h, where A is the average interrod spacing and v is the growth rate. During the course of
these experiments all boules were grown at 20 cm/h to yield, according to the above relation, an
average interrod spacing of 7.9 um. Because of the importance of rod density on device properties,
the rod density was measured for all boules studied. Where possible the measurements were made in
the region of devices used for determinatior. of other properties, such as carrier concentration.
Measurements of the rod density varied between 1.4 and 2.2 (x 10%) rods/cm?.

The growth technique employed is called Czochralski crystal pulling and is analogous to the most
common technique for growing large Si crystals for the electronics industry. After the melting of a
charge of the eutectic composition a Si seed is lowered onto the melt surface, given time to thermally
equilibrate, and then pulled up at the fixed rate of 20 cm/h. The composite boule solidifies as the seed
is pulled. This process of directional solidification yields the eutectic rod-like microstructure with the
rods oriented along the growth direction.

Initially, the boules grown had polycrystalline Si matrices. Fabrication of devices on these substrates
always led to excessive leakage and nearly ohmic, nonrectifying behavior. It was found, however,
that composites with a single-crystal Si matrix could be obtained using certain techniques. Growth
of a single-crystal matrix eutectic depends primarily on using the exact eutectic composition and
minimizing certain impurities. Due to loss of Si as SiO and the meltback of a fraction of the seed,
maintaining the eutectic composition can be difficult. Nevertheless, proper balancing of the two
effects can be achieved, and over 20 single-crystal matrix boules with a (111) Si matrix have been
grown over the course of this program. Typical boules weighed 50 to 100 grams and had a 0.5 1n.
to 1 in. diameter. A photograph of a typical single-crystal matrix (111) boule is shown in Figure 1.

A typical transverse section microstructure of the Si-TaSi, eutectic is shown in Figure 2. The figure

shows that rods in the eutectic are neither arranged in a regular lattice-like array nor distributed in a
strictly random pattern. Examination of many such sections has revealed a kind of cellular structure.
The interrod spacing in the cell walls is less than the average interrod spacing. For the case of A =
7.9 um, the rods in the cell walls have an average interrod spacing of only 4.5 um. The interior of
the cells exhibits a very low rod density and covers an area with a diameter several times the average
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interrod spacing. The cellular nature of the rod distribution will be shown to be important in
analyzing the effect of depletion zones on transport in these composites.

(&I3 Laboratories

Figure 1. Photograph of a typical single-crystal (111) matrix Si-TaSi, eutectic composite.

Examination of longitudinal sections of the boule also indicates that the rods are not all perfectly
aligned and that some divergence of the rods relative to the wafer normal may exist. Using the EBIC
technique discussed in Section 3.3, the maximum divergence of the rods has been measured to be 6
degrees. Rod misalignment has been shown to be a microstructural factor adversely affecting switch
performance (Section 5.3).

Due to the need ‘or an n-type Si matrix, the Si used in the charge was always lightly doped with P.
As will be shown in the following section, carrier concentrations in the Si matrix were later
determined to be in the low 10'° cm™ range, about a factor of two higher than the P concentration of
the charge. The additional P probably originates as an impurity in the 99.996 % pure Ta used.

Nevertheless, the P does segregate as expected based on its segregation coefficient of about 0.35 for
Si.

The Si-NbSi, eutectic has also been examined. This eutectic contains 2.8 v/o silicide in a matrix of
Si. The growth rate for this system is given by A2v = 1.05 x 10” cm/h, just slightly less than the
value for the Si-TaSi, eutectic. The microstructure of this eutectic, however, always tended to be
more irregular than the benchmark Si-TaSi,. Probably as a result of the added irregularity, single-

crystal matrix growth was much more difficult to achieve. Since the anticipated advantages over the
Si-TaSi, system were considered small, additional work on this system was discontinued.
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Figure 2. A transverse section of a Si-TaSi, eutectic composite. Note the cellular arrangement of the
TaSi, rods.
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3. PROPERTIES OF THE Si-TaSi, EUTECTIC JUNCTION

3.1 EUTECTIC DIODE RELATIONS

The TaSi, phase in the eutectic composite is approximately cylindrical. Consequently, analysis of
the Schottky junctions surrounding the rods cannot be performed with application of the usual planar
junction equations. The analysis must account for the geometrical difference between a cylindrical
and a planar junction. The spatially varying potential at the Schottky junction between a

semiconductor and a metal is given by Poisson's equation (for reference in this section see, for
example, Ref. 1),

V2V =-qNye, (1)

where V is the potential, q is the unit charge, N is the donor concentration, and &, is the dielectric
constant. The solution using cylindrical coordinates with a rod radius of r, and boundary conditions

@V =0 when r=r +W @)

and
V=-V, when r=r, 3)

yields
[, + W)?-r,2-2(1, + W) In((r, + W)/r_) ]

= -(4€JqN)(V, + V), @)

where W is the depletion zone width, V, is ¢,/q (@, is the Schottky barrier height), and V_is the
applied reverse bias voltage of the diode. Equation 4 describes the relationship between the depletion
zone width and the reverse bias voltage of a diode. For a given reverse bias voltage, the depletion

zone width is smaller and the electric field is more concentrated for a cylindrical junction than it is for
a planar junction.

Analysis of eutectic diodes has been performed using current-voltage (I- V), capacitance-voltage (C-
V), and electron-beam-induced current (EBIC) techniques. Interpretation of the I-V characteristics
may be based on the same thermionic emission diode equation used for planar junctions. In this case,
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1= AA*Texp(-q@y/kT)[exp(@V/K)-1], 5) %3

where Aj is the junction area, A* is the Richardson constant equal to 120 A/cm K, and n is the

ideality factor characterizing the diode. For an ideal diode n = 1.0.

e
22

Analysis of the junction capacitance requires treating the cylindrical junctions like coaxial capacitors. O
For a parallel set of N coaxial capacitors of inner and outer radii, r, and (r, + W),

C=(2reIN) / In[(r, + W)/ ]. (6)

=2 o
2

The length of the cylinder is 1, in this case, assumed equal to the wafer thickness. Thus substituting
the value of W for a given V_ yields the C-V_ relation for interpretation of the capacitance-voltage

measurement. For a planar junction the C-V_ relation is such that plotting (1/C? vs V, yields a

B b 53

straight line and extrapolating the line to infinite C yields V,. In the cylindrical junction case, the o

capacitance decreases more slowly with an increase in V_than it does for the planar junction. "
&

The electron-beam-induced current technique has also been applied to analysis of the junctions. This '::‘
.‘\

*

technique allows imaging of the depletion zones around the rods and a determination of the
dependence of the depletion zone width-reverse bias voltage, W-V , for the actual Si-TaSi,

¢
4

“ \d
J~
composite structure. As discussed in Section 3.3, this analysis allowed verification of the functional & j'
W-V_dependence as given in Eq. 4 and provided a means for measuring N, the donor concentration {Q %},
of the Si matrix surrounding the rods. %
T N
3.2 CONTACT FORMATION TECHNIQUES .
) ;3 Yot
1 Fabrication of electronic Si-TaSi, eutectic devices requires the formation of ohmic and Schottky TN
contacts. The ohmic contacts are readily fabricated by any technique that will provide a metal/n* E =)
surface layer. Primarily we have adopted a simple evaporation technique. Au-Sb wire is evaporated TN
onto the substrate section requiring the ohmic contact. The wafer is then annealed above the Au-Si < :2
eutectic temperature, at 400°C for 1 hr. This forms a reacted Au-Si layer with an Sb-doped n* layer 5 N
-. at the junction of this film and the underlying Si. Since the eutectic film is irregular and ‘3 ::‘
discontinuous in most cases, it is necessary to evaporate an additional metallic layer, usually another 2 '}
Au-film on top of the reacted film. - E
-
Because these Au-Sb contacts are readily scratched, the development of a more robust, uniform A

contact was desired. Experiments were made using a CoSi,/n" film to provide the ohmic contact.
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For this contact, 800 A of Co was first evaporated by e-beam methods onto the substrate.
Silicidation was performed in a rapid thermal annealer (RTA) at 800°C for 12 s. To form the n*
contact at the silicide/Si junction, As was implanted at 100 kV with a flux of 10'4 cm™2. Movement
of the As from the surface of the silicide film to the junction was performed with another RTA at
800°C to 900°C for 10 s. This technique also worked well to provide the necessary ohmic contact.

The necessary Schottky contacts are grown into the composite, of course, but contact to the desired
group of rods must be made without creating additional current leakage paths. The best approach
would be to contact the TaSi, rods without contacting the Si. This proved to be very difficult to
perform reliably. The best alternative was to contact the rods with a film that also formed a Schottky
barrier with the Si surface in between the rods. It was reasoned that as long as the Schottky barrier of
the metallic film with the Si exceeded the Schottky barrier of the in situ junctions and the area of the
surface Si contact was small relative to the TaSi,/Si junction area, the effect of this junction on diode
currents or capacitance would be small.

For this purpose three different types of metallic films were examined: evaporated Al, chemical
vapor deposited (CVD) W, and CoSi,. The Al contacts yielded nearly ohmic behavior and,
consequently, were not pursued further. The best diodes with the W films yielded better results than
the Al films but were still leaky. The best W film with a surface contact area of 1.27 x 10~ cm?

yielded diode currents of several mA at —10 V. This is considerably above ideal behavior and much
higher than the results obtained with the CoSi, films.

The CoSi, films were formed as described above for the ohmic contacts but without the implantation

and anneal steps. The sequence used, including use of a thermal oxide for developing a self-aligned
silicidation process to lithographically form the diode contacts, is shown in Figure 3.

As will be seen in the following section, the CoSi, films yielded nearly ideal diode behavior. In the
500 pm thick wafers using the diode contact area discussed above, the TaSi, junction area was 30 to
40 times larger than the surface CoSi,/Si junction area. In addition, the CoSi,/Si Schottky barrier is

0.64 eV, slightly higher than the value obtained for the in situ junctions.

The reason for the progression from high leakage currents to low leakage currents as the contact
material changed from the Al to W and finally CoSi, is probably related to the cleanliness and
perfection of the Si surface. Al was evaporated without reaction to the Si, hence, the native oxide and
near-surface defects and contaminants remained and may have adversely affected the diode
properties. The W film deposition technique does cause removal of the native oxide but does not
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consume more than 100 A of surface Si. Formation of 2000 A of CoSi,, however, consumes g ;E;,
approximately 2000 A of the Si surface yielding a relatively clean, damage-free surface to contact. - :::
This probably accounts for the success of this diode contact procedure. Wy
. X
Step 1. Oxidize, open gate window and deposit Co § .:E:i
£ .:5
CO 1%
-— -

L iR <— OXIDE g
a‘,
COMPOSITE 4 e

¥
N R

\V4 [
o [y O
TaSiy :é’ ::::E
Step 2. Anneal (800°C - 12s) to form CoSi,, remove - ';:i:
excess Co and make ohmic contact R
o
OHMIC e
CoSly  CONTACT B A
- &
COMPOSITE 3 o
Tasi, 3 23:‘
..
Figure 3. Schematic illustrating the method used to form the surface CoSi, gate contact film. g '.EE’
) 4
3.3 EUTECTIC DIODE PROPERTIES ;E e
Py :::.‘:
The I-V characteristics of a typical diode is shown in Figure 4. According to Eq. 1, a plot of In 1 vs Eﬁ.
A " N
V should yield a straight line at small voltages with the intercept at 0 V depending on the Schottky S ;{’
barrier height. Figure 5 shows that the linear portion of the forward characteristics extrapolates to u .:i}
< U
1078 A. Taking the area of the junction as that determined by the 190 one micron diameter, 500 pm 'ﬁ k
length cylindrical rods yields a Schottky barrier height of 0.62 eV, a value very close to the 0.59 eV . "':
s,
value determined for planar junctions formed by solid state diffusion of Ta and Si. The diode is well ‘_'f -
behaved, with an ideality factor n = 1.10 + 0.05. Deviation from the straight line forward . E;Q:;
characteristic is determined by the series resistance of the diode. It should be noted that the reverse @ .&
)
. B
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Figure 5. Analysis of the current-voltage characteristics of a Si-TaSi, eutectic diode. The diode is

nearly ideal.
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current is also of the order of 10~ A and does not increase significantly until voltages exceed about 5
V. Factors affecting leakage at higher voltage will be discussed further in Section 3.4.

An analysis of the C-V data for a typical diode is shown in Figure 6. The results are presented in the
same plot used for analysis of planar junctions. The two solid lines on the graph represent, as

denoted, the theoretical C-V dependence for a planar junction and a cylindrical junction. For both
lines it is assumed that r_ is 0.6 pm, 1 = 500 pm, the junction area is the same as that corresponding

to the 190 rods, and N; = 1.6 x 10" cm™. The value of the carrier concentration was taken from the
Hall effect and may have been an underestimated by about 50%. Nevertheless, the agreement with
the cylindrical junction model is quite good, particularly at low voltages. Due to overlap of depletion
zones around neighboring rods at higher voltages, the capacitance is lower than predicted by this
simpie model. Both the I-V and C-V measurements indicate that all the rods under the gate contact
are indeed contacted by the surface silicide film and are active parts of the diode.

Application of the EBIC technique has provided additional characterization of the junction. The EBIC
technique, performed in the scanning electron microscope (SEM), yields an image of the composite
based on the difference in the short-circuit current induced in the diode by the SEM's electron beam
as the sample surface is scanned. In the EBIC image, the depletion zones appear bright because the
induced current is the greatest in the depletion zone where the electric field is large. Consequently, as
shown in the EBIC image in Figure 7, a bright halo around the rods outlines the depletion zone.
When the beam is on the TaSi,, no electron-hole pairs are created, and, hence, the position of the

rods are marked by dark regions. Using these images, the size of the depletion zones as a function of
applied bias voltage was measured. Fitting the results to Eq. 4 determines Ny, the carrier
concentration of the semiconductor matrix. For diodes on two different wafers, measurements of W
vs V_are shown in Figure 8, along with calculated values for different concentrations. The actual Si
matrix carrier concentration of the two different diodes is readily apparent from this analysis. Also,
the similarity of the experimental and the theoretical functional dependence of W on V_indicates that
the phosphorus dopant concentration in the matrix must be uniformly distributed. There is no
evidence of the expected P segregation at the TaSi,/Si boundary. Further support for the EBIC
carrier concentration method came in its' application to analysis of the P segregation during growth.
Using the EBIC technique to convert Hall carrier concenirations to actual cartier concentrations, the
segregation coefficient of P in the eutectic boules was measured to be between 0.3 and 0.5, in
agreement with the classical value for P in Si of 0.35. Using the uncorrected Hall carrier
concentrations, segregation analysis was not possible.
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Figure 7. Electron-beam-induced current images of a portion of a Si-TaSi, eutectic diode. The figure

shows five rods in a) secondary electron imaging (SEI) mode, b) EBIC mode without a
bias voltage, and ¢) EBIC mode with a -5 V bias. Note the increase in the size of the
depletion zone as the bias voltage is increased.
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3.4 DIODES AT HIGH REVERSE BIAS VOLTAGE

According to Eq. 5, the reverse current of a Schottky diode is independent of reverse bias voltage
and should never exceed L. This is, of course, not the case, and reverse leakage currents increase
with bias voltage. Theoretically, two reasons have been proposed for the bias voltage dependence of
the reverse diode current ; an image force correction, also called the Schottky effect, and an intrinsic
dependence of the barrier height on electric field. This second effect has been empirically
demonstrated on ZrSi,/Si junctions. Combining the two effects, Andrews and Lepselter® account

for increasing reverse currents using Eq. 5 but substituting
¢, = 9, - (QE_/4ne)1/2 - aE @)

for the Schottky barrier height, where E_ is the maximum field at the junction. Andrews and
Lepselter found o to be about 1.5 x 10~’cm. With an intrinsic Shottky barrier height of about 0.6
eV, these effects can cause as much as a factor of 10 increase in current beyond I before device
breakdown.

At sufficiently high voltage, diodes break down by avalanche effects.! When the field at the junction
reaches a critical value, electrons overcoming the barrier and contributing to I, gain sufficient energy
to cause electron-hole generation by impact ionization. This multiplication of carriers causes an
avalanche of current carriers, and the device breaks down. This is the ultimate voltage limit for all
semiconductor devices.

To analyze the diode leakage currents, the reverse characteristics of eutectic diodes were obtained at
high voltages. Results were compared with simple CoSi, surface film diodes on comparably doped
commercial Si wafers. Figure 9 compares the I-V curve traces of a eutectic diode with a carrier
concentration of 3 x 10'% cm™ (determined using the EBIC technique) with a Si diode having a

carrier concentration of 1 x 1015 cm™,

Most notable is the difference in the behavior of the diodes at high voltage. The Si diode fails by
avalanche breakdown at 125 V, while the eutectic diode remains resistive to 200 V. For the Si diode
a planar junction would have led to failure at 250 V. In practice the breakdown voltage is lowered by
junction curvature effects as expected for an unguarded device. The eutectic diode having a higher
carrier concentration should have experienced breakdown at or below 140 V, the planar junction
value. The absence of avalanche breakdown appears to be an important feature of eutectic devices
and will be discussed again in Sections 5.0 and 6.0.
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lines correspond to two samples with different carrier concentrations. Curves are
calculated using the cylindrical coordinates solution to Poisson's equation and the
experimental points were derived from EBIC. ny indicates the carrier concentration

derived from the Hall effect measurements, while ngpc corresponds to the carrier
concentrations derived by fitting the EBIC experimental points to the calculated curves.

20 mA/div
5 mA/div 50 V/div
20 V/div
(a) Reverse bias characteristics of a (b) Forward and reverse characteristics
eutectic diode of a planar junction Si/CoSiy Schottky diode

Figure 9. The current-voltage curve traces of (a) a eutectic diode and (b) a CoSi, planar Schottky
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junction diode. The area of the planar junction diode is the same as the area of the surface
gate film used on the eutectic diode.
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The relative leakage currents can readily be apprised in Figure 10. The Si/CoSi, junction, despite its

simplicity, exhibits more leakage than can be accounted for by an analysis including Egs. 5 and 7.
Although the eutectic device contains the same Si/CoSi, junction in addition to the in situ junctions,
it yields less reverse diode current density. At bias voltages up to about 10 V, the eutectic diode
reverse current increases in a manner consistent with Egs. 5 and 7. Beyond this bias voltage, leakage
currents increase substantially. The resistance of the device in this voltage range ( slope of the I-V
curve) tends to saturate at a value approximately one to two orders of magnitude more than the
forward bias series resistance of the device.

The above results indicate that relative to junctions produced by a simple silicidation treatment,
eutectic diodes tend to be less leaky and are more resistant to avalanche breakdown. The reason for
the high leakage current of the Si/CoSi, diodes is not clear, but based on experience with the Al and
CVD W diodes (discussed in Section 3.2), contamination or surface layer damage may be partly
responsible. It is possible that much of the leakage observed in the eutectic devices is not from the in
situ junctions but from the leaky surface silicide film. It should also be mentioned that leakage
currents can also be high on the bottom surface of the eutectic wafer since the Si/TaSi, junctions do
intersect these surfaces. Attempts to distinguish between leakage at the different sites were not
successful, but the possibility of the higher leakage currents being attributable to the two surfaces
rather than the embedded junctions should be recognized. Improvements in surface cleanliness and
polishing could lead to more ideal reverse current densities at high voltage.
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4. EUTECTIC COMPOSITE TRANSPORT PROPERTIES

4.1 ANALYSIS OF TRANSPORT

At the beginning of this program it was clear that the transport of electrons in this composite material
would be affected by the presence of in situ depletion zones. If depletion zones are small and do not
consume a volume fraction significantly larger than the volume fraction of the second phase, TaSi,,
about 2%, then the composite resistivity should be that of the Si matrix. In the other extreme, if
denletion zones are sufficiently large to cause intersection of depletion zones around neighboring
rods, then the material should be in the "pinched-off" state and hav. a resistivity that is much higher
than the Si matrix resistivity given by its carrier concentration and mobility.

Nevertheless, a technique for quantifying the effect of the depletion zones on resistivity was not
clear. To account for this phenomena at intermediate ranges of the depletion zone volume fraction it
was necessary to develop a technique for measuring the resistivity or carrier concentration of the Si
matrix. The Hall effect, it was realized from previous work, did not yield a measure of the Si matrix
carrier concentration as it was affected by the depletion zone volume.

As discussed in Section 3.3, EBIC provided the necessary technique for measuring the carrier
concentration of the Si matrix. For a given rod diameter, since the depletion zone size is a function of
the carrier concentration and the applied bias voltage only, fitting the EBIC measured depletion zone
size to its functional dependence on reverse bias voltage provides a sensitive measure of the local
carrier concentration of the Si matrix.

With the Si matrix carrier concentration and the Hall effect carrier concentration, the effect of
depletion zone volume on the composite transport properties was analyzed based on a model by
Read. Read analyzed the resistivity and Hall effect of a semiconductor with an array of parallel
space-charge cylinders in a semiconductor. The model, developed long before directionally solidified
eutectics were of interest, was originally applied to dislocation arrays. Read considered that the
space-charge cylinders could affect transport by scattering directly from space charge cylinders,
reduction in the average concentration of charge carriers, and distortion of the current streamlines.

Considering the large interrod spacings relative to the room-temperature electron mean-free path, the
first effect is negligible. Hence, the actual mobility of the electrons in the semiconductor matrix will
not be affected by the in situ depietion zones. The second effect is simple to consider; due to the
volume of material in the depletion zones the carrier concentration averaged over the entire composite
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:: volume will be less than the localized carrier concentration of material between the depleted zones.
:" In a composite with rods of radius r_ and a rod density N, o,
)
"y 2 o
X e =n(r, + W N,. ® g
W oy
) o
:" W,
4 The average carrier concentration is given by .
‘ N
o <n> = n(1-g). )]
1%
[) w o
e Zn 3
e The final effect of current streamlining was included through a definition of the current streamlining -
N function, g(€), according to 7 3
; ; 5
b e
Y g(e) =<E,> / <E >, (10) ”
h »,
f-l “l\‘
- where the x direction is the direction of current flow, <E_ > is the electric field in the x direction
.- averaged over the normal n-type material between the space-charge cylinders, and <E, > is the { y
f' . . 0 . - - ."“ *
" applied electric field in the x direction averaged over the entire composite volume. In the limit of a "
Wy ) . M
“w very small volume fraction of depleted material (€), g(€) = 1. In the other extreme when € approaches <Y
1
a unity and neighboring depletion zones overlap, the voltage drop occurs primarily over the depleted -
;j volume, so that <E > and, therefore, g(€) tend to zero. An understanding of depletion zone =
DS .. . . . .. . . N
, ‘,:' limited transport in the eutectic composites depends on determining the g(€) function particular to the % '
h composite system. . .
0 N
>, Continuing with the Read analysis, the current density averaged over the entire composite volume, .
™ <J >, is given by -; 1
[ '
X <J.>=gqu<n> <E > . 1D 3 :
3 -
o Substituting the measurable quantity <E > and the matrix carrier corcentration n, Sy
L N '.\‘.- g
S, <J,> = qun(1-€)g(€) <E,>. (12) =
N . c .
b3 From Eq. 12 the composite resistivity, p_, is N
'\ :
%) 1 ,'\}
E p. = qun(l-g)g(e). (13) )
l.‘ »,
’,:.: Thus the ratio of the composite resistivity to the inherent resistivity of the semiconductor matrix 1s ;‘: )
n "
()
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pdp = [(L-e)gE@]™. (14)

Eq. 14 describes the increase in resistivity resulting from the depletion of carriers and current
streamlining around the depleted zones. The composite resistivity, p_, is a measurable parameter.

The Hall effect measurement performed on the composite sample with the magnetic field aligned
along the axis of the silicide rods provides a carrier concentration and mobility to be denoted by ny,

and Wy, respectively. Read, using an approach similar to that in Egs. 11 and 12, showed that these
parameters are related to the Si matrix carrier concentration values according to

n = ny [(1-e)gE)]™ (15)
and
TREJTI (16)

The Hall mobility, which depends on the ratio of electric fields and therefore cancels out the g(€)
term, is independent of the current streamlining factor or the depletion zone volume fraction and
represents the physical mobility of electrons in the semiconducting matrix. However, the carrier
concentration derived from the Hall effect actually underestimates the semiconductor-matrix carrier
concentration by the factor (1-€)g(€). Thus, experimentally obtaining n using the EBIC technique and
performing the Hall effect to obtain ny yields the ratio of the composite resistivity to the matrix
resistivity. This ratio describes the increase in composite resistivity due to depletion zone limited
transport and can be related to both & (which can also be estimated from the EBIC measurement) and
g(€).

4.2 DEPLETION ZONE LIMITED TRANSPORT IN Si-TaSi, EUTECTIC
COMPOSITES

Hall and EBIC measurements made on composite wafers having a rod density in the range 1.4 - 1.6
x 10% cm™ and covering a wide Hall carrier concentration range are shown in Table 1. The ratio of

the composite resistivity to the matrix resistivity is plotted in Figure 11 as a function of the actual
carrier concentration, labeled by ngp, to denote the method used to obtain it. The data show that

with a carrier concentration exceeding about 2 x 10" cm™3 and ¢ less than about 0.05, the depletion
zones have a minimal effect on resistivity. Below this critical valuc, however, € becomes sufficiently

large to cause the composite resistivity to significantly exceed the semiconductor matrix value. Since
the maximum value obtained for € is only 0.1, the analysis suggests that it is g(€), or the current
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streamlining effect, that is primarily responsible for the resistivity increase. When € =0.1, g(e) =
0.15. This sensitivity of g(€) to € is suprising. Read showed that for a regular hexagonal array, g(€)
= 1- € when ¢ is small. Thus for Read's regular lattice of space charge cylinders, g(€) would be
about 0.9 and the increase in resistivity would have been minimal. The sensitivity of the eutectic
composite to € is probably attributable to the lack of regularity in the spacing of the rods and their
distribution into a cellular network.

The data in Table 1 and Figure 11 are particular to eutectics with the interrod spacing shown. As a
small increase in N, can cause a significant increase in € for a given carrier concentration, the elbow

in the depletion zone limited transport curve is very sensitive to N.. Data obtained for samples with
N =21x 10% cm™ indicate that the elbow is closer to a carrier concentration of 3 x 10'° cm™.

Similarly, a lower rod density should move the elbow to lower carrier concentrations.

Table 1. Depletion Zone Limited Transport

y "ERIC NEpiC ( Pe )

Sample*t | p_ (Q-cm) | py (em2/Vsec) | (x 1015 em=3) | (x 1015 em-3) ng P € g(€)
1 1.0 800 7.50 8.50 1.1 0.040 0.95
2 2.9 820 2.60 3.40 1.3 0.045 0.81
3 3.0 830 2.50 3.60 1.4 0.045 0.73
4 44 940 1.50 2.20 1.5 0.060 0.71
5 9.0 900 0.77 1.50 1.9 0.085 0.58
6 i5.7 950 0.42 1.25 3.0 0.090 0.37
7 . 445 935 0.15 1.10 7.3 0.100 0.15
*Wafers from 3 different boules

N, = 1.4 - 1.6 x 10° rods/cm?

An interesting question concerns the maximum value of the eutectic composite resistivity. Due to the
segregation of P during growth, the beginning of the boules have the lowest carrier concentration
and therefore the highest resistivity. With carrier concentrations just less than 1013 cni~?, Hall carrier
concentrations in the 10'3 cm™ range and resistivities as high as 600 Q-cm have been obtained in the
seed portion of boules. Thus in this region of the boule, depletion zone limited transport caused
almost a factor of 100 increase in resistivity. It is likely that with additional purification or a higher
growth rate, very high resistivities can be obtained.
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Figure 11. Correlation of the EBIC and Hall carrier concentration ratio (qudnH) [equivalently the

ratio of composite to matrix resistivity (p./p)] as a function of the matrix carrier
concentration, Nggic.
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4.3 TRANSPORT AT ELEVATED TEMPERATURES

Hall effect measurements were also made at elevated temperatures as a possible means of detecting
deep levels. The results proved to be rather suprising and have not been adequately explained.
Measurements were made using bridge samples in a high-temperature jig that allowed testing
between room temperature and 400°C. A Wacker float zone, high-purity Si crystal was used to test
and calibrate the system. The Hall effect technique enables determination of the Hall coefficient,
which is generally equal to?

Ry = A(nc? - p)/(nc +p)?, (7)

where n and p are the electron and hole carrier concentrations, c is the ratio of the electron to hole
mobility, approximately equal to 3 for Si, and A is a constant = —-371/8q. The expression reduces to
A/n or A/p for extrinsic semiconductors doped n-type or p-type, respectively. In the event of mixed
conduction, such as at elevated temperature where the semiconductor is intrinsic, Eq. (17) must be
used.

The dependence of Ry; on T is shown in Figure 12 for the conventional Si crystal as well as for
several eutectic composite samples. This figure shows that an n-type Si-TaSi, eutectic composite
grown at 2 cm/h and having only 2 x 10° rods/cm? behaves like doped Si. Below about 175°C, Ry is
constant and controlled by the extrinsic phosporus dopant. Above this temperature, Ry for the
composite overlaps the values for pure Si, indicating that in this temperature range the carrier

concentrations are governed by activation over the Si band gap. For the composites grown at the
usual rate of 20 cmvh and having the usual rod density of 2 x 10° rods/cm?, Ry, behaves differently.

At elevated temperatures, for this case, Ry does not follow the line for intrinisic Si but tends to be
smaller by nearly an order of magnitude. This trend was observed in all samples tested that were

grown at 20 cm/h. Even p-type Si matrix composites converted to n-type at about 150°C and then
followed the same low values for Ry as the extrinsic n-type composite samples.

Several causes for this effect were investigated. First, the possibility that strain in the Si matrix
caused by the pressure of the rods resulted in a change in the composite's Si band gap was
considered. Infrared transmission measurements showed unequivocally that the IR absorption cut-
off and therefore the band gap were the same as for unstrained Si. A second possibility is that the
low Ry, values for the composite grown at the fast rate were due not to a higher carrier concentration
but to a value for "c" in Eq. 17 that tended toward 1. A large drop in the electron mobility at elevated
temperature relative to the hole mobility would be required. Such a situation is considered to be
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unlikely since at room temperature tfle c-value of 3 has been observed and the mean free path X
decreases, rather than increases, with temperature, suggesting that the high rod density should not o
limit the mean free path at elevated temperature if it doesn't at room temperature. A third potential .. ;
cause is the presence of interface states and deep levels. As the rod gensity increases, the interfacial f ‘k:
area increases and so should interface states. For the high rod density case, each cubic centimeter of it
material contains approximately 500 cm? of silicide/Si interface. With an interface state density of !
about 101 cm™, a significant number of carriers may be generated at elevated tcmperature. The e
effect of deep levels was examined by solving the charge neutrality equation for various different 2
deep levels and concentrations. Though this can alter the carrier concentrations at elevated NN
A temperatures, the concentrations required were considered too high to be realistic. Thus, though RN

several possible explanations for this effect have been presented, none satisfactorily explains it.

: T (K) e
' 600 500 40 300

10°

(=]

) ] ; : :
. 5 i
Si ] %

-~
L)

2% 105 rods/em? i
3 BRI
2% 109 rodslcmzi "\(.
. ‘\-; ! (I
1 Y
]

R ""'i"'.
S ‘!'vi

T l'lllll

T

L gl

Ry (cm3 c")
)
&
LA SR L] A |

A
=)
T rTrrr rl'
=
[ 1]
+
=2
N
1
CET
s o
[
o

s 3l

T

1
s
2
" ‘.}
LAY

‘ 0.002 0.003 0.004 | Bl
T - 1 (oK) - 1 ;‘.'{‘ |’i

Figure 12. The Hall coefficient of the eutectic composites at elevated temperature depends on the
growth rate or interrod density. oty
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Device operation must be limited to temperatures below which Ry, is nearly constant. Thus the
decrease in Ry; may act to limit the maximum temperature of operation below that for a conventional
Si device. For eutectic devices with a typical carrier concentration of about 1 x 10! cm™, operation
would probably have to be limited to about 125°C. During testing of devices at high-power levels
(about 10 W), thermal runaway has been observed, but similar observations are made for
conventional Si FETs. The volumetric distribution of the junctions may offset the adverse effects of
the high-temperature carrier concentrations suggested by Figure 12.
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5. TRANSISTOR ACTION IN Si-TaSi, EUTECTIC COMPOSITES "{::c::::‘,
SR

WAASX

5.1 TRANSISTOR DESIGN AND FABRICATION . d
el ity
) " l']',
LM
To demonstrate "pinch-off” in a eutectic transistor, a simple concentric circle design for the source, :I'::}‘:i::..:
LM
drain, and gate contacts was used. A quarter section of the surface contacts of a typical device is '::3:::'!;::
shown in Figure 13(a). In this device, the outside ring acted as the source and the inside dot as the ,,_ﬁ
drain contact. Current moving from the source to the drain must pass under the centrally located gate. & 2 ) q‘
- % ¢
Thus, biasing the gate should enable device "pinch-off." This simple design was used as a vehicle ’:‘ é’::;
for testing the characteristics of the device and its dependence on material and device design "'.:3.
parameters. Higher current, pulsed power devices wou_ld require a more sophisticated design. 5"'?“1
iy
Formation of the device contacts proceeded similarly to those already discussed for diode contacts. a:'.:é’:;z‘.:

\)

In the first fabrication step, the wafers were thermally oxidized at 1000°C to grow a 0.3-um-thick l:t.g:::g
oxide. Vias in the oxide were opened lithographically for the surface contacts. The gate contact was ST
formed by the direct silicidation of an evaporated Co film at 800°C to form a surface film of CoSi,. l:k'.'.'siff
Figure 13(b) shows a SEM micrograph of the CoSi, gate contact film with the TaSi, rods beneath it. ,EE:}E:::E;
Nhetad

Different device designs were employed, including one in which the gate contact ring had an MASH
enlarged dot to enable good contact with a probe. The source and drain contacts were fabricated ey ;’.
using annealed, evaporated Au-Sb films. In certain cases, CoSiy/ n* contacts were used for the h:.:::::.
$ 8000
source and drain. 'n":'.s’,':O'-
. “.‘l”'
R

Dimensional parameters affecting device performance are the gate contact width, the source-to-gate
and gate-to-drain spacings, and the wafer thickness, which also corresponds to the gate length.
Several different mask sets were employed to evaluate the effect of these parameters. Gate width was
varied between 20 um and 125 um. The gate- to-drain and gate-to-source spacings ranged from 62
pm to 180 um. Devices were tested in wafers varying in thickness from 125 pum to 500 um.

5.2 BASIC TRANSISTOR CHARACTERISTICS

An example of the current-voltage characteristics of a eutectic composite transistor with the F{;N N
. . o RO
drain current plotted against the drain voltage for different gate voltages is shown in Figure 14. The ;:{:'. o
. e . - . . AN
basic characteristics of the device are similar to those of a conventional metal-semiconductor field- ',;fl;-,.v\
' . . . . . . . . PR
effect transistor (MESFET) in that they display a linear region and a saturation region. Several points ""-’"‘.-'
may be made regarding the basic characteristics of the eutectic device. ARG
i
-ﬁ | i
At
R
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) CoSiy GATE
CONTACT
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1 d
— 1

0.4 mm 40 um

Figure 13.  Quarter section of a Si-TaSi, eutectic composite transistor is shown in part (a). In this

device the source s and drain d contacts are made with a Au-Sb contact and the gate g
contact is a CoSi, film. Part (b), a closeup of the gate ring, shows the size and
distribution of the TaSi, rods.

Per Vert.
Division SmA

Per Horiz.
Division 20V

PerStep 2V

dm Per
Division 2.5 mS

Figure 14. Characteristics of a Si-TaSi, eutectic composite transistor. A 10 V reverse bias is
required to "pinch off” the device.
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1. The series resistance of the device, taken as the slope of the unbiased curve in the limit of small ::’_,:i {

drain voltages, is 400 Q. In light of the composite resistivity and the device dimensions, this :3;"

value indicates that the entire thickness of the device is being used for the current channel. &

2. The "pinch-off" condition for this device corresponds to —10 V. This particular wafer had an .:":".::3:

average interrod spacing of 6.9 um. Thus for the average 1-um-diameter rod, an average of 4.9 ::::}:::'.f:

v pm of Si matrix separates two rods spaced exactly by the average interrod spacing. With the —10 d?g:::';:

V pinch-off voitage, the depletion zone around each rod should extend 2.0 um from each = R,

'y rod/matrix interface. Thus a —10 V bias, leaving 0.9 pm of undepleted Si between channels, :) ‘c

. should not enable pinch-off. This simple analysis suggests that the pinch-off condition may not ;« ":'
A be determined solely by the average interrod spacing but by the spacing of the nearest neighbor

rods. A similar conclusion was made concerning the effects of depletion zone limited transport. -

i' 3. The degree of pinch-off of the device depends sensitively on the carrier concentration. Good :g'.?::iq:

| devices can be fabricated only in wafers that have carrier concentrations corresponding to the ;:::.3::

; elbow or the low carrier concentration leg of the depletion zone limited transport curve in Figure ‘Qﬁj

11. For this rod density, wafers with carrier concentrations exceeding about 4 x 1013 cm™3 were .,_!,

:, always too leaky to exhibit any significant "pinch-off." It is similarly true that low leakage E\&E:_:

) y

D diodes could not be fabricated in this carrier concentration/rod density range. The few data e

obtained on higher rod density samples do suggest that higher rod densities enable the fabrication M‘ o
of devices with higher carrier concentrations. y
)
4. The drain current in the pinch-off condition, defined as that point at which an increase in the bias f\ :g.::e
; 3 : : . . et
; voltage does not result in a decrease in the drain current, was found to vary significantly from ‘:":-
. . . - . . . gl
device to device. Measured at a drain voltage of 200 V, minimum drain currents in the pinch-off <RI
condition were about 2% of the unbiased saturation drain current. Thus in a device with a 20 mA 1 :
saturation current, minimum drain current with a —12 V bias at a drain voltage of 200 V was 400 ,j?,p*
. . . . . . . . . N
P pA. This may be high compared to Si p-n junction devices, but it was considered to be quite low ‘.j%
. . . NaC i
for these 0.62 eV Schottky barrier devices. In general, transistor leakage currents were SI8Y
; significantly lower than diode reverse bias currents when compared for similar surface contact ", : N,
X areas. «‘r; \
» el
5. In conventional devices the drain voltages are limited by avalanche breakdown. The carrier R
y bW
concentration of the wafer on which the device in Figure 14 was fabricated was 2 x 1013 em™. e
. . .. . . ®
For a conventional planar device, a similar n-type carrier concentration would break down by an "y
. . . . vy
X avalanche effect at 190 V. The eutectic device, however, is blocking 240 V, as shown. The ::*
device actually failed at 325 V, significantly exceeding the planar junction value. Failure was not \";-: ..:
3 by avalanche breakdown but by a catastrophic mechanism that destroyed the device ;&‘.-N
characteristics. : 1.-$3:-:
) AR
3 » 0‘(
R . :l,
. ..I".:
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The reason for the eutectic device's resistance to avalanche breakdown and the mechanism of failure
are very interesting and are examined in detail. The following section is devoted to experiments to
probe the high voltage features of the device.

5.3 HIGH VOLTAGE EFFECTS

The effects of several changes in device design parameters on the device breakdown voltage are
shown in Table 2. For four different devices the table gives the carrier concentration and resistivity
of the wafer, the gate-to-drain (g-d) distance, the wafer thickness, and the voltage at breakdown,
Vmax. An important observation was the effect of wafer thickness on the failure voltage. The device
labeled SiTa 61 #25 is a good example; the characteristics of the device are shown in Figure 15(a)
and (b) for thicknesses of 250 um and 125 pm, respectively. Initially this device was tested at a 500
pm thickness and failed prematurely, before a photograph could be taken, at 45 V. After thinning the
wafer from the side opposite that with the surface contacts, the same device was retested. Thinning
the wafer resulted in the recovery of the device and yielded the characteristics in Figure 15(a).
Though leaky at the high drain voltages, the device is shown blocking a drain voltage of 300 V with
a gate voltage of —10 V. The unbiased curve is cut off at low voltages because a high series resistor
was used in the curve tracer to minimize heating effects. This device failed catastrophically when
taken to a drain voltage of 325 V. The wafer was thinned further to 125 um, and the device was
retested. The characteristics of the same device in the thinned wafer are shown in Figure 15(b).
Again the device recovered and operated with a drain voltage of 600 V. This value is at least three
times the blocking voltage of a conventional planar device in a wafer of the same carrier
concentration. Throughout these thinning experiments it was also found that the saturation decreased
proportionately to the wafer thickness, indicating further that the entire wafer acts as the current
channel. As can be seen in Table 2, the effect of thickness on breakdown voltage was consistently
observed.

Table 2 also shows that breakdown voltage increases with gate-to-drain spacing. This implies that
the failure mechanism is related to "punch-through” of the depletion zone extending from the gate to
the drain. A model based on this failure mode can be used to explain the thickness effect. The basis
for the model is schematically illustrated in Figure 16. As is clear from longitudinal micrographs of
the surface and EBIC studies, the rods do not align perfectly and may diverge from the wafer normal
by as much as 6°. Thus as shown in the figure, the separation of the drain and gate contacts is the
smallest at the bottom surface of the wafer, and the actual minimum separation depends on the wafer
thickness. In the example in the schematic, a 140 um gate-to-drain distance may be reduced to as
little as 40 um on the backsurface of a 500-pum-thick wafer due to a 6° rod divergence.
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Per Horiz.
Division

Per Vert.
Division 2 mA

Per Horiz. el
Division 50V o X ‘

W
Per Step PerStep 2V O
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o b Division 1.0 mS R
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(b)

Figure 15. Characteristics of a Si-TaSi, eutectic composite device tested with a wafer thickness of { >-"
250 pum (a) and after thinning to a wafer thickness of 125 pm. » ?:

(g—d)p = 140 um - ‘R
RAIN WAFER THICKNESS R

125 um

250 um

A E ) l e

3 3 e 2 A "
Ak 4 11 500 um :*:; )
(g-d)3 ~ 40 um Nk

,
Figure 16. A schematic showing how the divergence of the rods can reduce the gate-to-drain A3
distance on the back surface of the wafer relative to the dimensions lithographically ALy
positioned on the top surface. ey Q}
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Table 2. Factors Affecting the Maximum Blocking Voltage

Carrier Concentration Resistivity gd Distance “Thickness Vmax
Wafer (1015) (Q-cm) (um) (um) )

SiTa 61 #25 3 8 137 500 50
SiTa 61 #25 3 8 137 250 350
SiTa 61 #25 3 8 137 125 600
SiTa 61 #41 2 12 150 500 90
SiTa 61 #41 2 12 150 250 250
SiTa 61 #41 2 12 150 125 5300
SiTa 59 #31 1 18.5 180 250 500
SiTa 59 #31 1 18.5 180 125 700
SiTa 59 #47 1 50 62 250 40

The results for the breakdown voltage appear consistent with a "punch-through" model. If punch-
through is occurring at V., then the size of the depletion zone at failure may be approximately
determined. Consider the case for the 125 um device on SiTa 61 #25. The gate-to-drain spacing on
the bottom of the wafer must be about 115 umat V_, =600 V. Thus, at failure, the depletion zone
size must be approximately 115 um. This indicates a considerably higher value than the 40 pm
expected for a conventional Si planar junction that fails by avalanche breakdown at 600 V. For the
eutectic device the average field in the depletion zone is about 50 kV/cm, one third the value of the

planar case.

The implication of a reduced field and a longer depletion zone size for the eutectic device may also
explain the device's resistance to avalanche breakdown (as well as its low leakage currents). For a
comparable carrier concentration, the depletion zone may extend further for a eutectic device than a
conventional device. An explanation for this effect is presumed to be related to the interaction of the
depletion zone around the gate rods with the floating rods between the gate and the drain. This effect
was modeled as part of a program funded by SDIO/IST and managed by ONR and is reported in the
following section for completeness.
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6. RECENT ADVANCES .:. "’.‘E:’

::' g

6.1 DEVICE MODELING )

04

Recently, additional research on semiconductor-metal eutectic devices has been initiated as a result of ...,:Eg:ﬁ%
SDIO/IST and GTE funding that bears directly on the anlaysis of the feasibility of using eutectic .::;!é::::E
composite devices in pulsed power operation. The first concerns the analysis of the device's :"
resistance to avalanche breakdown and the second, the RF characteristics of the device. These .g"".g::;:
studies, both in a preliminary stage, are reported here. :::::::E:: '
R

PISCES, a finite differences computer simulation model, has been used to model the characteristics ”.
of the eutectic composite transistors. This code permits the modeling of two-dimensional :3“:.?:'.:
distributions of potential and carrier concentrations of arbitrary device geometries for any bias :::::.:::::::
conditions. The code limits the number of electrodes to 9; thus with two electrodes for the source and :.'::5:“:.'!{::
drain contacts, the model enables inclusion of at most 7 rods. Because of this limitation, it is difficult o
to model a geometry that reflects the true distribution of the TaSi, rods. Nevertheless, it is useful for ;If,z:'_' h ]
the demonstration of concepts, such as the effect of floating rods on the depletion zone size around E:*'E "‘:‘3
the gate. To evaluate this factor the four different geometries shown in Figure 17(a) were simulated. %E& E;

In each configuration the rod closest to the scurce acted as the gate, and the remaining 6 rods were F-:-_-:'%
left floating. Geometry 1 simulates the conventional device without any floating rods, while -_;&“:3*‘
geometries 2, 3, and 4 have the floating rods with separations of 5 um, 7 um, and 10 pm, tﬂﬁ;‘; ]
respectively. Due to the limitations on the number of rods, the spacing between the floating rod ';f\&,; '
closest to the drain and the drain differs in each case. Since the eutectic devices have rods extending _‘
to the drain, this feature of the geometry modeled is unrepresentative and results in the region should ;E:E,ﬁ-
be ignored. :%‘:é ;

Graphs of the (1) potential between source and drain for a 200 V drain voltage and a ~2 V bias and - e

the (2) maximum electric field (occurring at the gate rod on the side of the drain) with a —2 V bias S:*:
between 0 and 200 V drain voltage is shown in Figure 17(b) and 17 (c), respectively. From these _:E%\ oi
figures it is clear that in the conventional case, line #1, the potential drops off parabolically, and the :‘:&\3 ‘_
maximum electric field continues to increase as the drain voltage is increased. In cases #2-#4, the > 7,'_
interaction of the depletion zone at the gate rod with the floating junctions clearly affects the potental :'_".E"‘vuj
drop, the maximum electric field, and the extent of the depletion zone. For the eutectic-like ';::f-_‘; '
microstructures, the potential drop decreases parabolically between rods such that the potential drop I:f-l"-t;(
between each rod is approximately constant. Thus, the field reaches a maximum when the drain W:' :
voltage is sufficient to extend the depletion zone to the first flozting rod and then remains at the N ,.Ef\\,
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Figure 17. PISCES model of the effect of floating rods on the depletion zone extending from the
gate and the potential and field distributions between the gate and drain on simulated
eutectic geometries: (a) shows the four geometries modeled. In each case the rod closest
to the source acts as the gate and the remaining rods are left floating. (b) displays the
potential between source and drain for a 200 V drain voltage and a -2 V bias for each
geometry. Similarly, for each geometry, (c) shows the maximum electric field incurred
with a -2 V bias as the drain voltage is increased from O to 200 V.
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maximum as the drain voltage is increased. The maximum field achieved is much lower than the field
for the classic case without floating junctions, with the actual value depending on the spacing of the
junctions.

This result clearly establishes that the floating rods in the eutectic transistor devices inhibit avalanche
breakdown and result in larger depeletion zones than would be expected for a classical planar
junction device. In a conventional device without floating rods, the maximum electric field increases
as the drain voltage increases until it reaches the critical value for avalanche breakdown. With the
floating rods, however, the field reaches a maximum as the drain voltage is increased that is
significantly lower than the critical field for avalanche breakdown. Thus, even as the drain voltage is
increased to a value significantly beyond that required to yield avalanche breakdown in a
conventional device, avalanche breakdown is avoided because the field never reaches a value
sufficient to cause impact ionization. However, since the depletion zone extends further than the
expected depletion zone for a conventional device without floating rods, the device may fail by a
"punch-through” mechanism if the gate-to-drain spacing of the device is not designed to
accommodate this effect.

The model's predictions are in good agreement with the experimental results. As discussed in the
previous section, analysis of the maximum drain voltage at device failure indicates that the depletion
zone extends significantly beyond the classic planar junction value.

The model is important for the understanding and development of eutectic devices for several
reasons. First, it indicates that an ideally designed device may block a very high voltage unlimited
only by the device's size. Since it has already been demonstrated that average fields of 50 kV/cm can
be supported, the model suggests than a gate-to-drain spacing of 1 cm can result in a device that will
block 50 kV, a value more than an order of magnitude higher than can currently be blocked by
conventional power devices. Second, the model may be a powerful tool for the optimization of the
microstructure/carrier concentration relationships for pulsed power operation. Optimized devices
would support a maximum electric field that was just below the critical value for breakdown. This
would enable a higher current in a minimum gate-to-drain spacing device.

6.2 RF CHARACTERISTICS

The speed of eutectic devices is also pertinent to their evaluation for pulsed power device operation.
Consequently, preliminary measurements of the RF characteristics of a eutectic composite device are
discussed. Measurements were made between 300 kHz and 300 MHz on a device operated with a
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drain voitage of 30 V and a -2 V bias. The preliminary measurements indicated a maximum by ;"":
frequency of oscillation of about S0 MHz. This value is lower than the limitation imposed by the RC '::33‘,-5
time constant for this device of about 120 MHz. Analysis indicates that the device speed is limited by
the device design which consisted of a gate ring 62 um inside of the source contact. The resistance bl
[ drop across this length can effectively bias the gate and reduce the device transconductance. l‘g:ia'a"
Designing devices for high frequency and speed would require a significant reduction in the source ity
" to gate spacing. Py

Based on these limited studies and calculated minimum RC time constants, optimized Si-TaSi,

devices may be expected to operate at high voltage at frequency limits in the range of 0.5 GHz. y
Advanced eutectic materials, such as GaAs-based SME materials, could raise this limit to about 2.5 —.,
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7. IMPLICATIONS FOR PULSED POWER

The implications of the results presented in this report for high-voltage pulsed power -

switching are intriguing. Even though experimentally the maximum voltage blocked by these first
eutectic devices is only 700 V (small by pulsed power standards but large for conventional Si FETs),
the model suggests that significantly higher voltages could be handled. It appears that it is only the
small scale of these test devices, particularly the gate-to-drain distance (a maximum of 180 um
tested), that is limiting the maximum blocking voltage of the eutectic devices. According to the model
and the experimental results, a gate- to-drain spacing of 1 cm could lead to a 50 kV blocking voltage.
In practice the simple recipe which states simple device length times maximum average field yields
blocking voltage may be limited by excess leakage currents. Only actual testing at high voltage levels
can answer these questions. In any event, it is likely that this simple device fabrication route can lead
to higher voltage transistors than can be developed using conventional device concepts.

The maximum current of these devices in the "on-state” may be more of an issue than blocking
voltage. In general, very large currents can be achieved by using devices of large cross-sectional area
and connecting them in parallel. But the saturation of the drain current at drain voltages of only 15 -
20 V may limit the current flowing in the load resistor. As an example using 10 Q-cm composite
material with a gate-to-drain distance of 0.1 cm may be expected to yield a device that can block
about 10 kV and have a saturation current of about 20 A per cm? of source and drain area. This
assumes the puls?‘ls sufficiently short to avoid heating effects. If the device did not saturate, the "on-

state” current through the load resistor would be limited by that resistor and not by the series
resistance (~1 Q) of the eutectic switch.

Though the SME materials clearly portend advances in high voltage switching, advanced research on
this new subject continues to be needed. In general these studies would be expected to lead to
devices optimized for current handling and voltage blocking capability through the development of
new materials, device designs, and an improved understanding of the basic physical phenomena.
Suggested areas for additional studies are briefly discussed in the following.

1. Devices must be designed with large gate-to-drain spacings and tested at high voltages. Factors
affecting maximum blocking voltages must be evaluated and compared to model results. Device

speed, thermal effects, and leakage currents of devices operated in this high-voltage range should
be evaluated.

2. Methods for decreasing the series resistance of the device should be developed. These would be

expected to include development of composites with higher interrod spacings in order to enable
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use of higher carrier concentration, lower resistivity composite material. A rod density that would
enable a carrier concentration of 106 cm™ would result in a factor of 10 increase in saturation
current. Furthermore, GaAs-based composites must be developed. The higher mobility of GaAs
relative to Si would lead to about a factor of 5 enhancement of saturation current in the above

PR R

2

example for a similar microstructure and carrier concentration.

3. The mechanism for the saturation of the eutectic devices should be rigorously investigated in
order to evaluate methods for fabricating devices with the triode-like characteristics of vertical
junction FET devices. This may result simply from decreasing the gate width below the 20 um
minimum value examined in this study. With non-saturating characteristics, the eutectic devices
are expected to surpass the current density limits, as well as the blocking voltage limits, of
conventional Si devices.

4. The device physics and materials research discussed in the first three examples must be supported
with research aimed at improving the understanding of the directional solidification and crystal
growth of semiconductor-metal eutectics. Factors leading to the cellular distribution of rods, the
misalignment of rods, and large-scale variations in rod density must be more thoroughly
examined.
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Si-TaSi, in situ junction eutectic composite diodes

Brian M. Ditchek and Mark Levinson

GTE Laboratories, Incorporated, 40 Sylvan Road, Waltham, Massachusetts 02254
(Recetved 15 September 1986; accepted for publication 6 October 1986)

Nearly ideal diodes have been fabricated using the in situ junctions present in Si-TaSi,
semiconductor-metal eutectic composites. The composites, prepared by directional
solidification at the eutectic composition, have a high density of TaSi, rods in a quasi-single
crystalline P-doped, n-type Si matrix. Analysis of the diodes using current-voltage and
capacitance-voltage techniques yields a TaSi,/ 31 Schottky barrier height of 0.62 eV and
evidence that the voltage-dependent depletion zones can be made comparable to the interrod

spacing to produce a “pinch-off”’ condition.

Directional solidification of eutectic mixtures common-
ly yields composite materials having a rodlike or lamellar
distribution of phases.' In semiconductor-semiconductor or
semiconductor-metal systems this can result in materials
with a three-dimensional array of rectifying junctions. Be-
sides providing a means for the microelectronic characteri-
zatior of the semiconducting phase, diodes based on these
junctions could in principle be the basis for high power field-
effect transistors or novel large area photodiodes and photo-
voltaic devices. Due to their potential for such devices, many
semiconductor-based eutectics have been grown and micros-
tructurally characterized. For example, rodlike eutectics
have been found in directionally solidified GaAs-VAs,?
GaAs-Ge,’ InSb-NiSb,* and several Ge-metal germanide®~’
and Si-metal silicide®® systems. Lamellar structures have
been reported in CdTe-GaTe® and SnSe-SnSe,.'? Of these
systems, initial diode characterization of the in situ junctions
was performed in the latter two systems only. In both cases,
though diode current-voltage (/-V) characteristics were re-
ported, interpretation of these characteristics in terms of
barrier height, junction area, or depletion zone width was
not performed.

In this letter we report the fabrication and electronic
characterization of high quality Si-TaSi, composite diodes
with a rodlike distribution of the metal phase. Unlike the
lamellar structures previously studied, the Si-TaSi, eutectic
was prepared with a single crystalline Si matrix in which the
donor concentration could be controlled during growth and
measured using the Hall effect. In addition, since diodes
were fabricated using techniques that allowed the determin-
ation of total junction area, the diode characteristics could
be analyzed.

The Si-TaSi, eutectic composites were grown directly
from the melt in a Czochralski crystal growth furnace in
much the same way as Si single crystals. A charge of Si-5.5
wt. % Ta was placed in a quartz crucible contained in a
graphite susceptor. After rf heating the charge to above the
eutectic temperature,a ( 111) Siseed was lowered to the melt
surface. Composite boules were pulled from the melt at 20
cm/h in a flowing Ar atmosphere. Carrier type and concen-
tration were determined by the P-doped Si intentionally add-
ed to the charge. Boules grown this way were quasi-single
crystals; that is, the 2 vol %, rodlike distribution of metallic
TaSi, was contained in a grain boundary-free, (111) Si ma-
trix phase. Czochralski growth has been similarly found to

1656 Appl. Phys. Lett. 49 (24), 15 Deccember 1986  0003-6951/86/501656-03%01.00
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yield quasi-single crystal composites in the Ge-TiGe, sys-
tem.” The scanning electron micrograph in Fig. | shows the
microstructure of a wafer cut transverse to the growth direc-
tion followed by polishing and etching away the Si surface to
expose the TaSi, rods. The composite grown at this rate con-
tains 1.6 X 10° TaSi, rods/cm? with an average rod radius of
0.6 um.

Devices were prepared from a P-doped, n-type boule
approximately 2.5 cm in diameter and 12 cm long. Wafers
were cut transverse to the growth direction along the entire
length of the boule. Bridge-type Hall samples were prepared
from wafers at several different positions along the boule
length so that the variation in carrier concentration and elec-
tron mobility along the length of the boule could be deter-
mined. Since the carrier concentration in the boule varied
only modestly from one end to the other, N, = 1.1 x 10"
cm~?to N, = 1.8 10" cm 3, the carrier concentration in
wafers used for diode fabrication was accurately known.
Electron mobility in all wafers tested was approximately 925
cm?/V s. (For a discussion of the Hall effect in rodlike semi-
conductor-metal eutectic composites see Ref. 6.)

Diodes were fabricated on 500-um-thick wafers pol-
ished using colloidal silica. Contacts were made to the TaSi,
rods by the formation of a 0.2-um-thick surface metallic film
of CoSi,. In the first step a 0.2-um-thick oxide was grown.
The CoSi, film was then formed selectively in a 127-um-
wide opening in the oxide using rapid thermal annealing of a

11 i/,
| Eiﬂﬂﬂlﬁﬂ'ﬂﬂlm{? ' l .

FIG. 1. Scanning electron micrograph of a transverse Si-TaSi. eutectic wa-
fer after etching the surface Si to expose the rodlike shape of the TaSi, phase.

¢ 1986 American Institute of Physics 1656

" ;.'_'_-“ ‘.'\"“:-‘ NN Al

- A




G

B e L e o A NN TN I ol A ot S S 0

0.2 um OXIDE
0.2 um CoSiy FILM

! Si-TaSiy
e f H _ COMPOSITE

3
PR SN

+

N

ST
cIilE -_%

Si MATRIX
TaSi

FIG. 2. Schematic diagram of the Si-TaSi, eutectic diode showing the CoSi,
surface contact.

deposited Co film in a self-aligned process developed for Si
integrated circuits.'' The CoSi, provides a contact to the
TaSi, rods while forming a Schottky barrier to the Si matrix.
Ohmic contacts were formed at the edges of the wafers by
deposition and alloying of a Au-Sb film. The device is sche-
matically illustrated in Fig. 2.

Forward and revers= {-V characteristics of a typical eu-
tectic device with a Si matrix having ¥V, = 1.6 X 10'* cm* are
shown in Fig. 3. Based on the area of the CoSi, contact and
the rod density, the device is calculated to contain 190 rods.
For the 500-um-thick wafer, assuming the length of each rod
is equivalent to the wafer thickness, the tctal junction area of
the diode is 3.6 10 "' ¢cm”. Since this corresponds to 30
times the area of the CoSi, contact to the Si matrix, and since
CoSi, provides a slightly larger Schottky barrier to the Si
than does TaSi, (0.64 eV vs 0.59 eV for ihin-film junc-
tions'?), the contribution of the CoSi,/Si junction to the I-V
{and capacitarce voltage(C-¥) | characteristics is negligi-
ble.

Interpretation of the I-V characteristics may bhe based
on the same thermionic emission diode equation used for
planar junctions.'” In this case
1=A,4T" exp( — qd,/kT)[exp(qV /nkT) — 1], (1)
where 4, is the junction area, 4 * is the Richardson constant
equal to 120 A/cm K, ¢, is the Schottky barrier height, and
T is temperature. As shown in Fig. 3, extrapolation of the
linear portion of the forward and reverse current to O V
yields a Schottky barrier height of 0.62 eV based on the total
calculated TaSi./Si junction area. The value for these junc-
tions prepared directly from the melt compares very well
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FIG. 3. Forward and reverse current-voltage characteristics of a typical in
situ junction eutectic composite diode.
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FIG. 4. Capacitance-voltage characteristics of a typical in situ junction eu-
tectic composite diode. The solid lines show the calculated capacitance
based on the planar and cylindrical junction models.

with the 0.59 eV determined for planar junctions formed by
solid state diffusion. The diode is well behaved with an ideal-
ity factor n = 1 10 + 0.05. The large series resistance evi-
dent at higher forward voltages is due to the large distance
from the diode to the ohmic contact at the edge of the wafer.
The reverse bias dependent capacitance of this eutectic
diode was also investigated. Conventional planar diodes dis-
play a linear relationship between 1/C > and V, which, as can
be seen in Fig. 4, is clearly not the case for these eutectic
diodes. In this case the cylindrical shape of the junctions,
which tend to concentrate the electric field more than a
planar junction, must be taken into account. Solution of
Poisson’s equation in cylindrical coordinates yields

(ro+ W) —=r2 = 2(r,+ W)° ln(—ﬁ’—t!—)]
To
= ;N‘(V,,+V,>, (2)
d

where r, is the rod radius, W the depletion width, V,
= ¢,/q, V, is the applied reverse bias, and ¢, is the semicon-
ductor dielectric constant. Due to field concentration this
yields a smaller depletion width for a given reverse bias than
a planar junction. Combining this with the relation for a
parallel set of NV, coaxial capacitors of inner and outer radii,
ryand (r, + W),

_ 2meIN,
In[(ry+ W)/r,]
yields

(3)

N, .
¥, + V) =214,

s

4re IN, 4re IN,
x[1+[—"-1 exp(———) )]
C C

where / is the rod length, assumed equal to the wafer thick-
ness. Figure 4 shows the experimental data along with the C-
V relationship calculated using the cylindrical junction
expression in Eq. (4) and the measured device dimensions,
the carrier concentration value from Hall data, and the
Schottky barrier height determined from the /-}" data. The
calculated characteristic for a planar junction with the same
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area, carrier concentration, and barrier height is included for
comparison. Agreement of the measured capacitance, in
both magnitude and voltage dependence, with the cylindri-
cal junction model is considered to be quite good. The differ-
ence between the experimental and calculated data, particu-
larly at large bias voltages, is probably due to depletion zone
overlap. There is a distribution of interrod spacings in this
material, and as the voltage is increased, the depletion layers
of adjacent rods with interrod spacings equal to or less than
twice the depletion width will begin to intersect. For in-
stance, at a 10 V bias voltage, the depletion zone width
around a 1.2-um-diam rod is calculated to be 2.2 zm. Hence
when the distance between two rods is less than 4.4 um (the
average spacing is 6.7 um), some degree of depletion zone
overlap or channel “pinch-off”’ would occur, causing a lower
than calculated capacitance. Another possible reason for the
overestimate of the capacitance is that some of the rods are
faceted and elongated. These rods might have a depletion
width that is underestimated by the cylindrical approxima-
tion.

In conclusion, we have shown that nearly ideal in sity

E“ﬂﬁ.m

Lo

X

multiple Schottky junction diodes can be fabricated from
- TaSi, eutectics. The Schottky barrier height of these grown-
ot in junctions is comparable to TaSi,/Si surface film junctions

prepared by solid state diffusion processes. Capacitance
measurements show that the depletion width can be con-
trolled by bias voltage in good agreement with a cylindrical
junction model. Demonstration of such well-behaved diodes
and evidence that voliage-dependent depletion zones can be
made comparable to the interrod spacing to produce a
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“pinch-off”’ condition opens many possibilities for novel de- .
vice applications of this new class of electronic composite by ¥
materials. )
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Characterization of Multiple In Situ Junctions in Si-TaSi, Composites
By Charge-Collection Microscopy
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Characterization of multiple /n s/tu junctions in Si-TaSi, composites

by charge-collection microscopy

B. G. Yacobi and B. M. Ditchek
GTE Laboratories, Waltham, Massachusetts 02254

(Received 8 January 1987; accepted for publication 16 February 1987)

The depletion zones of in situ metal-semiconductor junctions in a new class of electronic
materials, Si-TaSi, eutectic composites, which are comprised of aligned TaSi, rods permeating
a Si matrix, are characterized using charge-collection scanning electron microscopy. The
increase in the depletion width of the individual Schottky junctions as a function of the reverse
bias is measured. Results are in agreement with those predicted by a model of cylindrical
junctions in a Si matrix. The observed overlap of the depletion zones around adjacent rods
suggests possible field-effect transistor switch applications for this material.

Semiconductor-metal eutectic composite materials con-
sist of an aligned array of metallic rods in a semiconductor
matrix.'~* These systems, obtained by the directional solidi-
fication of eutectic mixtures, have promise as novel elec-
tronic materials because of the three-dimensional character
of in situ rectifying junctions. For example, in a device appli-
cation, the multiple vertical junctions of the semiconductor-
metal eutectic composite could be used to control the flow of
current through the interrod channels by the application of a
reverse bias voitage in order to expand the depletion zones
around the rods. The three-dimensional character of the
junctions in the bulk device would enable the handling of
much larger currents than are attainable with planar de-
vices.

Semiconductor-metal composites have been largely ig-
nored in the past, since it was a priori assumed that it would
be very difficult to grow high quality electronic material for
device applications. Recently, however, we have described
the preparation, microstructure, and physical properties of
various semiconductor-metal eutectic composites and have
shown that composites of electronic quality can be ob-
tained.”™ Among these systems, the Si-TaSi, composite ap-
pears the most promising.

The characterization of electronic properties of individ-
ual junctions is of great importance in evaluating device po-
tential. Diode fabrication techniques and diode current-vol-
tage (I-¥) and capacitance-voltage (C-¥) characteristics
have already been reported for the Si-TaSi, system.* The
purpose of the present work is to characterize the electronic
properties of individual Schottky junctions in Si-TaSi, com-
posites using the charge-collection scanning electron mi-
croscopy (or, as often referred to, electron beam induced
current, EBIC) technique.5 It is also shown that EBIC mea-
surements can provide information on the continuity and
alignment of the rods in a semiconductor-metal eutectic sys-
tem.

The Si-TaSi, semiconductor-metal composite was ob-
tained by directional solidification of the eutectic composi-
tion in a Czochralski crystal growth system.>* The boules,
grown at 20 cm/h, contain 2 vol. % metallic TaSi, rods ori-
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ented parallel to the growth direction and distributed in a
grain-boundary-free Si matrix. The composites contain
about 1.6 X 10° rods/cm” with an average rod diameter of
1.2 um and an average interrod spacing of 7.9 um.

Diodes fabricated for the EBIC measurements were pre-
pared from wafers cut transverse to the growth direction of a
phosphorus-doped boule. Hall-effect measurements were
used to determine the carrier concentration. Most of the
measurements were performed on a 500-um-thick wafer
with a carrier concentration n= 1.5 X 10'* cm —>. For studies
of rod continuity and alignment, diodes were prepared from
wafers ranging in thickness between 250 and 1250 ym. Ch-
mic contacts were made at the edges of the wafers by deposi-
tion and annealing of an Au-Sb film. Contacts to the silicide
rods were made using a 0.2-um-thick CoSi, film formed by
rapid thermal annealing of a deposited Co film.% The CoSi,
dot contact, 127 um in diameter, provides an ohmic contact
to the TaSi, rods, while providing a Schottky contact to the
Si matrix. This Schottky interface, however, should not af-
fect the charge collection measurements since our observa-
tions are performed on the opposite side of the wafer, i.e., the
charge collection occurs far away from the CoSi, contact.

The EBIC technique is ideally suited for the electrical
microcharacterization of the individual junctions in this
composite. The schematic diagram of the specimen configu-
ration during EBIC measurements is shown in Fig. 1. To
block the diode current caused by reverse bias operation of

ELECTRON BEAM

|

-
! A EBIC TO
( SEM VIDEO
JE || DISPLAY

CoSiy CONTACT

FIG. 1. Schematic diagram of the specimen configuration and the capaci-
tor-coupled circuit for EBIC measurements.
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the device, a capacitor-coupled detection method was used.

A secondary electron image (SEI) of the TaSi, rods
intersecting the top surface of a polished wafer is shown in
Fig. 2(a). The TaSi, rods are not perfectly circular in cross
section, but are faceted. EBIC micrographs of the same area
of a device without a bias and with a 5-V reverse bias, respec-
tively, are shown in Figs. 2(b) and 2(c). The regions of high
charge-collection efficiency outline the depletion zone sur-
rounding the rod. Despite the faceting of the TaSi,/Si inter-
face, the depletion zones are approximately circular in cross
section. As expected, with the application of the reverse bias
voltage, the depletion zones expand and eventually overlap
[Fig. 2(¢)].

The width of the depletion zone was measured from
EBIC line scans across the junction. Since the boundary of
zhe depletion zone is not marked by an abrupt change in the
collection current, the zone boundary was defined as the
point where the EBIC signal feil to 3/4 of its maximum val-
ue. This definition could introduce up to 35% error in the
measurement of the unbiased depletion width. This error
determination is based on the analysis of the slope of the
initial EBIC signal decay. For conventional planar devices,
EBIC line scans can be calibrated using capacitance mea-
surements of the depletion width of the same diode.” In the
case of these composite diodes, modeling the capacitance as
an array of coaxial capaciiors (as opposed to parallel plate
capacitors) yields a depletion zone of 0.49 zm assuming that
all rods are ideal cylinders with the average rod diameter of
1.2 zm.* This compares favorably with the measured unbi-
ased depletion width of about 0.5 4 0.2 um using our defini-
tion of the depletion zone boundary. However, since the size
and shape of the rods can deviate considerably from this
model, the capacitance measurement is not used for calibra-
tion but only to show a reasonable agreement.

In these measurements, the size of the electron beam
excitation volume was kept smaller than the measured de-
pletion width. This was achieved by minimizing the elec-
tron- beam energy. In all measurements, 5- and 10- keV elec-
tron beams of about 1 nA were used. The excitation range for
a 5-keV electron beam, for example, is about 0.3 xm, which
is less than the depletion zone widths reported here. It
should be noted that at low electron beam energies, the effect
of surface recombination may become important. However,
the electron beam energies used in these measurements are
still sufficient to produce largely a bulk effect.

Figure 3 shows the dependence of the depletion width
on the reverse bias voltage measured at a 1-um-diam TaSi,
rod (see insert). This particular rod was isolated from other
rods by a distance greater than the maximum depletion
width measured and, in addition, it had nearly perfect cylin-
drical symmetry. The data in Fig. 3 are compared to the
calculated dependence of the depletion zone width as a func-
tion of the reverse bias derived from a solution to Poisson’s
equation for both planar and cylindrical junctions using
n = 1.5x 10'*cm 2, the value measured for this wafer using

the Hall effect. For a metallic cylinder of radius r, embedded
in a semiconductor, the solution of Poisson’s equation in
cylindrical coordinates yields an expression which relates
the depletion width to the reverse bias voltage

1084 Appl. Phys. Lett., Vol. 50, No. 16, 20 April 1987
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FIG. 2. SEM micrographs of the portion of the Si-TaSi, eutectic diode. (a)
Secondary electron image (SEI) of TaSi, rods embedded in a Si matrix. (b)
Corresponding EBIC image (unbiased). (¢) EBIC image at a reverse bias
of 5 V. In all cases the electron beam energy is 10 keV and the SEM electron
beam current is about 1 nA.
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FIG. 3. Depletion width as a function of the reverse bias. The solid lines
correspond to the depletion widths calculated from the planar and cylindri-
cal junction models. The solid dots correspond to experimental data ob-
tained from a junction shown (unbiased) in the insert. In this case, the elec-
tron beam energy is § keV.

[(ro+ W) —r —2(ry+ W)? ln(M)]

To

(1

—4¢,
= (Vb+V’)’
qn

where 7, is the rod radius, W is the depletion width, and
V, = é,/q, where &, is the Schottky barrier height, V, is the
applied reverse bias, and ¢, is the dielectric constant of the
semiconductor. For a given bias voltage and carrier concen-
tration, the cylindrical junction model predicts a smaller de-
pletion zone width than the planar junction model due to
field concentration.

The experimental points fall below depletion width val-
ues calculated from the cylindrical junction model. An ap-
proximate fit to the points corresponds to n=(2.2

+ 0.6) x 10'* cm~?, which averages about 50% higher than
the Hall carrier concentration. However, since depletion
zones surrounding the rods are expected to cause a small
underestimate of the Hall-effect carrier concentration,?® the
agreement between the experimental data and those calcu-
lated using the cylindrical junction model is considered to be
good. This would also indicate that the doping concentra-
tion is fairly uniform, at least in the vicinity of up to several
microns away from the rod. These results are in accord with
previous capacitance-voltage analysis of these diodes which
showed the good agreement between capacitance measure-
ments and those calculated on the basis of a cylindrical junc-
tion model.*

In this composite, there is a distribution of interrod
spacings. Thus, as a function of the reverse bias, in regions of
the diode with interrod spacings of twice (or less) the deple-
tion width, depletion zone overlap will occur. For example,
at a 5-V reverse bias voltage, the depletion width around a

1085 Appl. Phys. Lett., Vol. 50, No. 16, 20 April 1987
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1.0-um-diam rod is 1.2 um, and when the distance (from
boundary to boundary) between adjacent rods is less than
2.4 um, depletion zone overlap will occur. Figure 2(c)
shows a cluster of rods for which the interrod spacings are
small enough so that a 5-V reverse bias causes the depletion
zone overlap. Larger reverse bias voltages or larger unbiased
depletion zone widths (i.e., lower carrier concentrations)
will be required for the depletion zone overlap of adjacent
rods with larger interrod spacings.

In addition to electronic characterization, EBIC analy-
sis of these composites also provides information on the con-
tinuity and alignment of the rods. EBIC measurements on
wafers with various thicknesses (up to 1250 zm) indicate
that the rods are continuous through all the wafers, includ-
ing the 1250-um-thick wafer. In addition, the maximum di-
vergence of the rods, measured from a comparison of the
total diameter of the CoSi, contact and the spread between
rods in EBIC measurements on the opposite side of the wa-
fer, was determined to be about 6°. These observations pro-
vide encouragement for using thick wafers in high-power
fieid-effect transistor (FET) device applications. In addi-
tion, these studies show that the EBIC technique can be ef-
fectively used for measuring the length and divergence of the
rods in the composite.

In summary, we have demonstrated that the depletion
zones of multiple in situ junctions in Si-TaSi, composites can
be manipulated with the reverse bias voltage in agreement
with a cyclindrical junction model. Charge-collection mi-
croscopy has provided direct evidence for the overlap of de-
pletion zones around adjacent Tods and has demonstrated
continuity of the rods through thick wafers. The results indi-
cate that this material has promise in high-power FET
switch applications.
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EBIC Characterization of Multiple In Situ Three-Dimensional
) Junctions in Silicon
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EBIC characterization of multiple in situ three-dimensional junctions
insilicon

B G Yacobi and B M Ditchek
GTE Laboratories, Waltham, Massachusetts 02254

ABSTRACT: The electron-beam-induced current (EBIC) mode of the scanning elec-
tron microscope has been used to characterize the individual semiconductor-metal
junctions in Si-TaSi, eutectic composites. These materials consist of aligned TaSi,
rods permeating a Si matrix. The EBIC results show that depletion zones of the in
situ multiple Schottky junctions can be manipulated with a reverse bias voltage in
agreement with the cylindrical junction model. The analysis has shown that the car-
rier concentration values derived from EBIC measurements provide a better estimate
of the carmrier concentration in the vicinity of a junction than do Hall effect
measurements. EBIC observations have also revealed the presence of microplasma
sites which are most probably associated with dislocations observed in TEM studies.

1. INTRODUCTION

A new class of electronic materials, semiconductor-metal eutectic composites, consist of
an aligned array of in situ metallic rods permeating a semiconductor matrix. These systems
are obtained by the directional solidification of eutectic mixtures. The resulting three-
dimensional arrays of rectifying junctions suggest several novel device applications such
as high-power switches and photodiode devices.

Until recently, semiconductor-metal composites were largely ignored. Although several
semiconductor-metal composite systems were reported — for example, Ge- and Si-based
(Helbren and Hiscocks 1973) and GaAs-based (Reiss and Renner 1966) eutectic systems
— these Bridgman-grown composites had polycrystalline semiconductor matrices and
were unsuitable for most electronic device applications. The recent availability of
Czochralsin-gruwn compnsites with single-crystal semiconductor matrices (Ditchek 1986,
Ditchek and Levinson 1986, Yacobi and Ditchek 1987) has renewed interest in the elec-
tronic properties of this class of materials.

The transport properties of eutectic composites will be affected by the unique microstruc-
ture of the material and by the presence of depletion zones in the interrod channels of
the matrix. For device applications, the transport and junction properties of these materials
must be delineated and understood. The EBIC technique is ideally suited for the
characterization of the individual junctions in such systems. This work presents the results
of an EBIC analysis of Si-TaSi, composites.

2. EXPERIMENTAL

The composite materials for this study were prepared by directional solidification of the
eutectic composition of Si-5.5 wt. % Ta using a Czochralski crystal growth technique (Dit-
chek 1986, Ditchek and Levinson 1986). The material was grown at 20 cm/hr and con-
tains 1.6 x 10% TaSi, rods/cm? oriented parallel to the growth direction and distributed
irregularly in a single-crystal Si matrix. The TaSi, phase constitutes 2 vol. % of the com-
posite. The average rod diameter and interrod spacing are 1.2 um and 7.9 um, respectively.
The melt was doped with phosphorus to yield a carrier concentration on the crder of
101 cm™3.

© 1987 lOP Publishing Ltd
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hX Diodes were prepared from wafers (500 um thick) cut transverse to the growth direction.
X Contacts to the TaSi, rods were made by rapidly annealing a deposited Co film to form B
:0 CoSi,. The 0.2 um thick CoSi, film provides a Schottky contact to the Si and an ohmic t
! contact to the TaSi, rods. The 127 um diameter contact dot contains about 200 rods. The :
f‘ ' EBIC measurement arrangement is shown schematically in Figure 1. A capacitor-coupled v
! detection method was used to block the diode current caused by the application of the
reverse bias to the diode.
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B SEM VIDEO 3
DISPLAY
’: H /_L v %
e s he N
i Coslz CONTACT i
’;: Figure 1. Schematic diagram of the specimen and the circuit for EBIC measurements. 2
X g )
! The measurements of the depletion zone widths were performed with a 5-keV electron ’
‘:'.' beam of about 1 nA. The excitation range in this case is about 0.3 um and is smaller than . ;
:. the depletion zone widths of interest. Although for small excitation ranges surface recom- Wi o
o bination may become important, the present experimental conditions are expected to pro- ! ]
::: duce largely a bulk effect. 4
1,7
Y 3. RESULTS AND DISCUSSION (a) (b) B!
. A secondary electron image of the A
b TaSi, rods intersecting the surface of 4
i a polished wafer is displayed in Fig- : v
;n. ure 2(a). A majority of the rods, in cross )
{ section, are faceted with a small +
§;‘ percentage exhibiting a triangular t
: shape or an elongated shape with y
] rounded ends. In the EBIC image in o 0
1:i Figure 2(b), the bright regions around 29
;o: the rods outline the depletion zones. :
R Despite the faceting of the rods, the :.: ()
4 depletion zones are nearly circular. The ):'_. q
o depletion zone around one rod 1s not =~ 3
‘ visible in the EBIC mode in this — -
- micrograph. As will be discussed later, 1 pm :
;'. this 1s caused by enhanced recombina- Eg )
::: uoodn at defects surrounding some of the Figure 2. (a) Secondary electron image of TaSi, :
) rods. rods embedded in the Si matrix, and r
P It is expected that the application of (b) corresponding EBIC image (un- E
‘e a reverse bias voltage to the rods will biased) of the portion of the Si-TaSi, B
- cause the depletion zones to expand eutectic diode. .
) and eventually overlap. This effect is a2
:o. demonstrated in Figure 3 for a portion of the diode. The micrograph series clearly shows -::; v
o that with the application of the reverse bias of 10 V, the interrod channels are pinched- T
8 off, i.e., blocked for the transconductance of majority carriers. The ability to manipulate '
| the extent of the depletion zones by the application of a nominal bias voltage s attrac- -: y
£ tive for high-power switching device applications.
A
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Advanced scanning microscopy techniques

Figure 3. Y-modulation EBIC images of the portion of the Si-TaSi, eutectic diode: (a) un-
biased, (b) at a reverse bias of 56 V, and (c) at a reverse bias of 10 V. In all cases

the electron-beam voltage is 10 kV and the SEM electron-beam current is about
1 nA.

The depletion zone width (W) as a function of the reverse bias voltage (V,) has been ob-
tained from EBIC line scans across the individual junctions. Because the depletion zone
boundary is not marked by an abrupt change in the charge-collection current, it is necessary
to adopt a convention for defining the depletion zone boundary for comparison purposes.
This can be done by using capacitance-voltage measurements of the depletion zone width
to calibrate the EBIC measurement. An unbiased depletion zone width of 0.49 um was
obtained from capacitance measurements by assuming that all rods are perfect cylinders
and by treating the system as an array of coaxial capacitors (Ditchek and Levinson 1986).
This value corresponds to the point at which the EBIC signal falls to 0.75 of its maximum
value. It should be emphasized that this calibration value is appropriate for this particular
case only, and it should not be taken as a general calibration factor for the measurement
of the depletion zones in other devices.

EBIC measurements of the depletion zone width have been used to determine the carrier
concentration (n) in the silicon matrix. This analysis was performed by fitting the
theoretically predicted depletion zone widths (W) as a function of the reverse bias voltage
(V) to the data extracted from EBIC measurements. The expression used in the analysis
was derived from the solution to' Poisson's equation in cylindrical coordinates:

b+ W —4eg
(ro + WP -r1,2-2(r, + Wi2In ( )] - Vp + V) 1)

I, qn
where 1, is the rod radius, W is the depletion width, Vi, = ¢,/q (¢}, is the Schottky bar-
rier height), and ¢, is the dielectric constant of the semiconductor. Figure 4 presents the
results. The solid and dashed lines without experimental points correspond to the W(V,)
relationship calculated from Eq. (1) using the carrier concentrations (ny) obtained from
Hall effect measurements on two samples with different carrier concentrations. The ex-
perimental points correspond to values derived from the EBIC line scan measurements.
The fitted curves were calculated from Eq. (1) by using the carrier concentration as an
adjustable parameter. Concentrations denoted ngp resulted in the best fit. As can be
deduced from this figure, the agreement between ny and ngpc for a sample with higher
carrier concentration (dashed lines) is good. However for a sample with lower carrier con-
centration (solid lines), the discrepancy between ny and ngpc is too large to be explained
by errors in either the Hall effect or EBIC measurements. Rather, this discrepancy is a
manifestation of the influence of depletion zone size on transport properties. As the car-
rier concentration is decreased, the unbiased depletion zones expand and lead to a nar-
rowing of the interrod channels. This impedes transport through the interrod channels
and results in an underestimation of carrier concentrations extracted from Hail effect
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measurements. The EBIC measurements, however, do not depend on transport through

5 the interrod channels. Thus, EBIC measurements can give the true carrier concentrations )
around the rods. The excellent fit to the data obtained using Eq. (1) indicates that the
o carrier concentration is fairly uniform in the vicinity of the rods. A detailed discussion E,, ]
;t' of the depletion-zone-limited transport in these materials will appear elsewhere (Ditchek, A‘
i Yacobi and Levinson, to be published). !
i.g y {
iy b
» 5 )
»
g o= 1.5x10' em -3 1 R
X, !
By _ \
?:' E1 4 1 Q’t :
" z 1 ‘
:Q: ;. t
I t
% 5 3 @ A
; negic = 112105 cm -3 . :
t
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" u nggic = 34x10'8 cm -3 :
! ‘ ;
L ). J
) 0 —— (]
0 0 2 4 6 8 10 ]
K v, (V) N
D ' ) !
e ;
b
’ Figure 4. Depletion widths as a function of the reverse bias. Two sets of solid and dash- "3
. ed lines correspond to two samples with different carrier concentrations. Curves m ;
Wy are calculated using Eq. (1) and the experimental points were derived from EBIC SN
:’ measurements. ny indicates the carrier concentration derived from the Hall ef-
W fect measurements, while ngp; corresponds to the carrier concentrations deriv- nq ‘
: ed by fitting the EBIC experimental points to the calculated curves. !E:I ]
\
)
o In the unbiased case, only about 70% of the rods are visible in the EBIC mode (see Fig-
; ure 5). With the application of a reverse bias voltage, however, the expansion of the depie- e
tion zones is accompanied by a gradual increase in the number of rods observable in the A
, N EBIC image (Figure 5) and by the formation of micrcplasma sites in localized regions of >
| : the diode. In semiconductor devices, defects located in the depletion zone may act as K
._': sites for local electric field enhancement which lead to an increase in the EBIC signal. ."-:
!. Such microplasma sites usually reveal regions of premature breakdown and may be caused, ;-_-‘.
for example, by mechanical scratches, surface contamination, inclusions, dislocations,
1 and/or stacking faults. The detailed correlation of the EBIC images of individual unbias-- .
K ed and biased junctions with transmission electron microscope (TEM) observations sug- t‘_:' 3
) gests that the most plausible cause for the microplasma sites in these composites is the . {" l
4 A presence of dislocation clusters (with density of up to 107 cm™2) around the semiconductor- :
" metal interfaces in some regions of the sample (see Figure 6). v
In most cases, sites that have generated microplasmas under a bias have also exhibited _.)
Py low unbiased EBIC signals because of the high recombination rates associated with the
a:l defects. For example, the case illustrated in Figure 7 shows a microplasma site being )
:.: generated as the reverse bias voltage is applied. It should be noted that this was the only ¢ .:
::' al
o
3 v U
70 ‘
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case in which such a low reverse bias voltage led to a pronounced effect. Typically. voltages
on the order of 5 to 10 V are necessary to observe the microplasma sites (see Figure 5).
Also, recently prepared Si-TaSi, composites have exhibited very few microplasma sites
at reverse bias voltages of up to 30 V.

Figure 5. Secondary electron images and corresponding EBIC images of a diode as a func-
tion of the reverse bias voltage.

Figure 6. Bright field TEM image of a heavily dislocated region of the composite sample.

1 um

Figure 7. Unbiased and reverse-biased EBIC images of a TaSi, rod in a Si matrix.
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CONCLUSIONS

The EBIC observations have demonstrated that the depletion zones of in situ semi-
conductor-metal junctions in Si~TaSi, composites can be manipulated with the application
of the reverse bias voitage. The EBIC measurements of the dependence of the depletion
width as a function of the reverse bias voltage have been used to derive the carrier con-
centration in the Si matrix. It has been shown that the EBIC analysis gives more reliable
estimates of carrier concentration than do Hall effect measurements in cases exhibiting
depletion-zone-limited transport. The results suggest that this material, with its unique

three-dimensional array of rectifying junctions, has promise in a variety of devic ]
applications. -
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Capacitance Spectroscopy of Si-TaSi, Eutectic Composite Structures
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Capacitance spectroscopy of Si-TaSi, eutectic composite structures

M. Levinson, B. M. Ditchek, and B. G. Yacobi

GTE Laboratories, Inc., 40 Sylvan Road, Waltham, Massachusetts 02254
(Received 23 March 1987; accepted for publication 30 April 1987)

The Si matrix phase of directionally solidified Si-TaSi, eutectic composite structures has been
characterized by deep level capacitance transient spectroscopy, using the grown-in metal-
semiconductor junctions. The Si is found to be of high quality. No electrically active Ta was
detected with a minimum experimental sensitivity of ~6x 10'' cm~>. Some samples exhibited
one of two defect states having electron emission activation energies of 0.36 and 0.65 eV. These

states appear to be associated with dislocations.

Directionally solidified semiconductor-metal eutectic
composite structures form an interesting new class of elec-
tronic materials. These composites can be grown so as to
contain a quasi-regular array of parallel metallic rods em-
bedded in a single-crystal semiconductor matrix. The two
phases can form rectifying junctions, and with the proper
contacts, Schottky diodes may be fabricated. Well behaved
diodes, formed using the grown-in metal-semiconductor
junctions of a Si-TaSi, composite, have recently been dem-
onstrated.'

Potential electronic and optoelectronic applications of
these composites will be dependent on the quality of both the
metal-semiconductor junctions and the semiconducting ma-
trix material. The junctions of our Si-TaSi, composites have
been shown to behave as nearly ideal Schottky barriers.' In
this letter, we show that the Si matrix matenal of such com-
posite diodes can be characterized using deep level capaci-
tance transic 1t spectroscopy (DLTS) with the grown-in
junctions. This technique allows the detection of any electri-
cally active lattice defects and impurities, such as Ta, which
might be expected in these materials and which would de-
grade the electronic properties of the Si. We also present an
analysis of capacitance transient methods for cylindrical
junction geometries, and show that excellent data can be
obtained.

The eutectic composites used in this study were of P-
doped Si-TaSi, grown by a Czochralski method.* The TaSi,
rods were ~ | um in diameter with an average interrod spac-
ing of ~8 um. 500-um-thick wafers were cut perpendicular
to the rods. A CoSi, metallization was used to contact the
rods while maintaining a rectifying barrier to the Si, as pre-
viously described.' In this process Co was deposited and
reacted in openings in an oxide film formed by a 1000 °C, 60
min anneal. A schematic diagram of the device is shown in
Fig. 1. Contactsof 1.3 x 10 " * cm” produced devices contain-
ing ~ 200 rods. The total area of semiconductor-rod inter-
face was 3.7 x 10 " cm”, or about 30 times that of the CoSi,
contact. so the DLTS signal was predominantly due to the
depletion regions surrounding the rods. The capacitance-
voltage response of these diodes was in good agreement with
that expected for cylindrical junctions with a free-electron
concentration n = 2 < 10" ¢cm ", as verified by Hall-effect
measurements.’
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For these devices, an analysis of capacitance transients
must take into account the cylindrical junction geometry.
Solving Poisson’s equation in cylindrical coordinates, and
using the expression for the capacitance of coaxial cylinders,
we obiain'-

gr*(Np — Ny)
4e,

y [1 +(4¢r€,n,l 1) (4“‘”,1)] 0
— 1 ]exp| —— 11,
C P\~ ¢

where ¥ is the built-in junction potential, ¥ is the applied
reverse bias, g is the electronic charge, r and / are the rod
radius and length, »,, is the effective shallow dopant concen-
tration, NV, is the concentration of traps occupied by major-
ity carriers, #, is the number of rods accessed by the contact,
€, is the semiconductor permittivity, and C is the capaci-
tance. It is apparent that, given a constant bias voltage, C is
not a simple function of the trap concentration. However, if
the capacitance is held fixed, then V; + V, is just propor-
tional to N, — N, so that

Ve + Ve =

NS

’
vy

l‘&
L. %
P I

s,
"%
",

o

o g

N
N (1) =—D—V0AVR(1), (2)

8+ Ve

where V% is the quiescent reverse bias and AV, (1)

0.2 um OXIDE
OHMIC ‘
CONTACT CoSi, CONTACT \
a8/

TaSiy ROD

FIG | Schematic diagram of the eutectic composite diode
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= V% — Vg (1). Therefore, if the DLTS measurement is
implemented in the constant capacitance mode, A ¥ accu-
rately reflects the exponential trap emptying transient and
the data may be interpreted in the normal manner.

Constant capacitance DLTS spectra were measured for
eleven diodes on two wafers from the same boule. Represen-
tative spectra are shown in Fig. 2. Two diodes showed no
detectable signals [Fig. 2(a) ]. The mimmum experimental
sensitivity then gives an upper limit for the concentration of
deep states in the upper half band gap as N, < ~6x 10"
cm ™. Four diodes yielded one DLTS peak Ei0.36 eV)
(Fig. 2(b) ] with an electron emission activation energy of
0.36 eV as shown in Fig. 3. The apparent concentrations of
this defect state varied between 3.2 10'? and 1.7x 10"
cm™ > However, variation of the filling pulse width showed
that this feature was actually a superposition of two peaks
with similar activation energies, but different electron cap-
ture cross sections, 1.1 X 10" cm’® and ~4X 10~ " cm®.

The other five diodes all showed a different DLTS peak
{Fig. 2(c) ] with an emission activation of 0.65 eV (Fig. 3).
The electron capture cross section was measured to be
7.1x10~"7 cm? and apparent concentrations were in the
range 1.3-2.4x 10" cm~*.

The fact that different defect states were observed in
different diodes, and that none was seen in some, is an indica-
tion that these defects are inhomogeneously distributed, and
that in some regions the concentrations are undetectably
small. Such an inhomogeneous distribution would not be

Si-TaSiy EUTECTIC E(0.65 eV)

COMPOSITE
X0.2

E(0.36 eV)

(c) /\ !
i
!
j \M/W
| o)~

(a) D e e N e At dete e eane ¥ P g

DLTS SIGNAL (ARBITRARY UNITS)

L
150

100 300

FIG. 2. DLTS spectra. Rate window r, ;¢ = ) ms.
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FIG. 3. Arrhenius plots of emission rate data for peaks £(0.36 ¢V) and
E(0.652V).

expected for substitutional impurities present in the melt
during crystal growth. The major electrically active impuri-
ty expected to be found in the Si would be Ta. However,
neither of the observed defect states corresponds to those
reported for Ta (Ref. 4): two donor states at £, — 0.23 eV
and E, —~ 0.47 eV. We may conclude that the concentration
of electrically active Ta in the Si matrix is less than
~6x 10" cm ™", and that this is likely also true for all other
impurities.

The defect states found in this material are probably the
result of an inhomogeneous distribution of extended defects.
Electron beam induced current experiments have shown in-
homogeneously distributed areas of enhanced electron-hole
recombination in this material.” These regions probably con-
tain high dislocation densities. Preliminary examination by
transmission electron microscopy has in fact revealed dislo-
cation-rich areas in the Si. Furthermore, the presence of de-
fect states £(0.36 eV) and E(0.65 eV) is in good agreement
with the dominant states reported to be associated with plas-
tic deformation induced dislocations in Si. These have elec-
tron emission activation energies of 0.38 and 0.68 eV (Ref.
6).

In conclusion, capacitance transient spectroscopy mea-
surements have been made on the Si matrix material of
Si-TaSi, eutectic composites by means of the in situ metal-
semiconductor junctions. The Si was found to be of high
electronic quality. No electrically active Ta was detected
above the sensitivity limit of ~6x 10"' cm ™ *. Inhomogen-
eous concentrations of defects were observed with electron
emission activation energies of 0.36 and 0.65 eV. These ap-
pear to be associated with dislocations present in the Si. This
material, with its unique junction geometry, is therefore a
promising one for many novel electronic devices, although
some reduction in dislocation densities may be desirable for
those involving minority carriers.

Levinson, Ditchek, and Yacobi 1907
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semiconductors

Over the years, researchers In solar cell/photodiode ap-

have successfully worked within plications, there have been two v "

this framework to advance the traditional approaches for gener- y <

science of electronics. Indeed, it  ating substrates with active, LRI

. is the basis of all of today’s elec- non-planar junctions. One ap- iy

ssentlally tronic and optoelectronic proach uses a conventional LR

all elec- devices. Nevertheless, such a silicon wafer which has a very { r: %

. framework is also restricting. dense series of deep troughs = I
tronic etched into the silicon surface )

Could new, improved devices
be fabricated from substrates
that contained junctions not
only on their surface, but
throughout the volume of the
material?

[1] prior to forming a p-n junc-
tion. This approach produced im-
proved response in the near &)
infrared, but is expensive and
cannot be readily applied to
other devices.

devices begin the
same way—with a
simple, semiconduc-
ting substrate. The
substrate is a uni-

2y
”

The concept of creating

form block of mate-
rial upon which
junctions are built.
Typically, junctions—
the nonuniform sec-
tion of the material

substrates with a “volumetric”
character is not new. For exam-
ple, it has been known for some
time that substrates with a
distribution of junctions perpen-
dicular to the plane of the wafer
would deliver higher efficiency
solar cells than substrates with

The second approach uses a .

composite of two interwoven
semiconductor phases, one doped
with p-type and the other with
n-type elements. The process
only can be applied to the
limited set of semiconductors for
which the two phases form a

Sy Sy %
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. . : ) eutectic. A eutectic describes >
?ssoclated Wlt!l the only a surface planar junction. two components that are im- oo N
internal electric field 5:10521%{‘;; Wslitl*i‘cgrll?:i‘”ei‘l‘{“gggé‘s miscible in the solid form and < ol
through which elec- tion of light in the near in- P <f:ompletely miscible in liquid 1

. . . orm. Only two photodetectors
tronic devices frared. In the near infrared, have been processed using this ™ T
operate—are built electron-hole pairs are generated composite approach and neither > :
. . which may be several hundred efficiently converted light int %
either into the sur- microns from the junction at the o 0= oY “SRRTEE EY th (2] N §~
face of the substrate surface of the silicon substrate. ¥ Y gt : 5;: o
Thus, electrons must diffuse, or XN

or built on top of the
surface. Thus, the
bulk of the substrate
contains no junctions
and is essentially in-

travel, a significant distance to
the junction and many are lost 'b
due to recombination with holes .

prior to reaching the junction.
By contrast, in volumetric sub-
strates, with junctions distri- P
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active. It simply acts buted throughout the volume of Ll
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Despite the disappointing
results of these first eutectic
devices, the composite approach
seemed to be the most promising
of the two and is the approach
pursued by GTE. The basic cun-
cept of forming devices from
multi-component materials with
grown-in junctions is sound.
Eutectic devices would break
new ground in materials
technology and have many
potential applications in addi-
tion to photodetection. Previous
difficulties arose due to the in-
herent limitations of the eutectic
systems chosen.

In the first case, the carrier
concentration of each component
of the composite material could
not be independently controlled
or tailored to specific device
needs. This was because the con-
centration of carriers in each
component was determined by
the mutual solubilities of the
phases. A similar mutual doping
of the phases occurred in the se-
cond system. Additional dif-
ficulties resulted from the
lamellar distribution of phases.
This microstructure complicated
the analysis of the transport
properties of each phase and
frustrated efforts to form
separate contacts to each
semiconductor.

Y e,

A FRESH APPROACH

GTE Laboratories’ approach
avoids many of these problems
by using a rod-like, semicon-
ductor-metal eutectic (SME)
structure [3]. The SME com-
posite incorporates Schottky
rather than p-n junctions and
the metallic phase appears in
the form of rods. More than one
million rods per square centi-
meter extend through the sur-
face of each typical wafer. Since
electrons are transported only
within the semiconductor
material, this geometry makes it
possible to measure such proper-
ties as carrier concentration and
Schottky barrier height. In addi-
tion, as long as high-purity
metals are available, the carrier
concentration of the semiconduc-
tor is controllable by using ap-
propriate dopants.
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GTE’s approach represents a
major departure from current
electronic materials practices.
Never before have two such
dissimilar materials been used
to create a material of electronic
quality. In the past, conven-
tional wisdom dictated that
defects resulting from thermal
expansion and lattice mismatch
differences of the components
would preclude their operation
in electronic devices.
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SUBSTRATE GROWTH MIR-
RORS SILICON PROCESS

The primary SME system
examined by GTE is the silicon/
tantalum disilicide eutectic. This
system is particularly attractive
because the boules, the cylinder
shaped masses from which
wafers are sliced and polished,
can be grown in much the same
manner as silicon crystals.
Growth of a silicon boule begins
by melting chunks of silicon in
a quartz crucible. A single cry-
stal of silicon is lowered onto
the surface of the molten silicon
and slowly pulled out to solidify
the melt onto the single silicon
crystal.

Adding tantalum (equal to
5.5 percent of the weight of the
silicon) to the mixture and
reproducing the crystal pulling
process, produces a composite
boule with a high density of tan-
talum disilicide rods in a single
crystal silicon matrix.

EVAVIR Y IFAT YT M PR AR
» |.. g ’ ooy l.! X <

Only minor adjustments
need to be made between the
two processes. The solidification
temperature for the composite,
called the eutectic temperature,
is about 10 degrees Celcius
below the melting point of
silicon. Also, to avoid degenera-
tion of the metallic rod structure
into an irregular structure, the
melt must be solidified at a
temperature gradient exceeding
a predetermined critical value.

Although the process is
mechanically similar to stan-
dard silicon crystal growth, the
atomic motion at the solid-liquid
interface is very different. Dur-
ing the growth of a single type
material, like silicon, the com-
position of the melt at the solid-
liquid interface is laterally
uniform. Differences in the
solubility of certain impurities
in the solid versus the liquid
create small compositional gra-
dients at the interface along the
growth direction, but not in the
growth plane.

During eutectic growth,
however, nucleation of the solid
tantalum disilicide lowers the
concentration of tantalum in the
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melt. Similarly, nucleation of
solid silicon adjacent to the tan-
talum discilicide causes rejection
of excess tantalum in the melt.
Thus, during eutectic growth, a
diffusion couple is created in the
plane of the solid-liquid inter-
face. This diffusion process ties
the spacing of the rods to the
growth rate of the material.

In all rod-like eutectics, the
interrod spacing is inversely pro-
portional to the square root of
the growth rate. Therefore, the
higher the growth rate, the
smaller the interrod spacing and
the higher the density of rods. A
growth rate typical for silicon (5
centimeters per hour) yields an
interrod spacing of about 16
micrometers. By simply apply-
ing a growth rate of 20 cen-
timeters per hour, a rod spacing
of 8 micrometers, which is
suitable for electronic devices,
can be produced [4].

A typical microstructure of a
silicon-tantalum disilicide com-
posite grown at 20 centimeters
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per hour is illustrated in Figure
1. The rods are 1 micrometer in
diameter and constitute 2 per-
cent of the volume of the com-
posite. Unlike most ‘electronic
materials where lithographic
techniques are used to space
junctions, the natural process of
eutectic growth does not preduce
a material with lattice-like
distribution of junctions. In-
stead, the turbulent melt flow
and the crystallographic
dependence of the surface
energies on the composite
materials produce some
misalignment of the rods and a
structure which is neither
regular nor completely random.

Doping of the semiconductor
matrix is accomplished by using
doped silicon as a charge and by
adding n-type and p-type ele-
ments to the melt in cases
where high doping levels are
desired. The effectiveness of the
doping procedure is determined
by measuring the resistivity and
Hall coefficient of the composite
samples in which the rods are
oriented perpendicular to the
axis of current flow. Using this
approach, both n-type and p-type
composites have been obtained
with carrier concentrations bet-
ween 10" ¢cm*® and 10" em?®,

These transport measure-
ments reveal several important
characteristics about the com-
posites. First, the mobility of the
carriers in any given concentra.
tion is characteristic of single
crystal silicon and the carrier
mobility is not degraded by the
metallic rods.

Figure 1. A scanning electron
micrograph showing the two phase
microstructure of a silicon/tantalum
disilicide composite. The white areas
represent the tantalum disilicide rods.
The dark background is the silicon
matrix.

Secondly, the segregation of
the p-type and n-type dopants
along the length of the boules
also is characteristic of single
crystal silicon growth. For exam-
ple, tantalum in the melt does
not significantly alter the parti-
tioning of the composite between
its solid and liquid phases.
Finally, the minimum carrier
concentrations observed (10"
cm?) is suitable for the fabrica-
tion of many devices that would
utilize Schottky junctions.

Not surprisingly, defect den-
sities in the silicon matrix have
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been found to be high. Examina-
tion of the material through
electron microscopy and x-ray
diffraction indicates that the
silicon matrix contains between
10° and 10’ lattice dislocations
per square centimeter. These
defects are a result of stresses
caused by the thermal expansion
mismatch of the silicon and tan-
talum disilicide phases.
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SUBSTRATE
CHARACTERISTICS
EXAMINED

At the junction of any two
materials, the electron free
energy, called the Fermi energy,
must remain constant. Any
change in the Fermi energy
causes a net movement of car-
riers until an equilibrium is
achieved. Establishing this elec-
tron equilibrium between a
metal and a semiconductor
results in the Schottky barrier.
Due to the initial displacement
of carriers in the semiconductor
upon the joining of the two
phases, a region in the semicon-
ductor extending outward from
the potential barrier at the
metal/semiconductor interface is
depleted from carriers. This
region, called the depletion zone,
is characteristic of any Schottky
junction and contains a built-in
electric field that keeps free car-
riers out of the region.

It is already well known
that a polycrystalline film of
tantalum disilicide on silicon
yields a S:hottky barrier of 0.6
electron volts (eV). GTE scien-
tists did not know, however, if a
junction formed in a silicon-
tantalum disilicide eutectic
would exhibit the same charac-
teristics. Consequently, GTE
researchers sought to character-
ize the interface as fully as
possible.

Three techniques commonly
used to examine planar junc-
tions were employed. The techni-

AT R N A b
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ques used were current-voltage,
capacitance-voltage, and
electron- beam-induced current
(EBIC). Together, these examin-
ation techniques demonstrated
that the perpendicular junctions
are very similar to more conven-
tionally formed thin-film
junctions.

Fabrication of test devices
required the development of
methods for creating Schottky
contacts for connecting the rods
and for obtaining an ohmic con-
tact. An ohmic contact was pro-
duced as it is in silicon devices
by forming a metallic film on
top of a heavily doped surface
layer of silicon. This was accom-
plished using an Au-Sb film.

The contact to the rods had
to be made without forming an
ohmic contact to the silicon
matrix between the rods. A
metallic film could be used if it
formed a Schottky contact to the
silicon matrix with a barrier ex-
ceeding the barrier height of the
silicon-tantalum disilicide inter-
facc and if it had a relatively
small junction area. A metallic
film of cobalt disilicide with a
Schottky barrier of 0.64 eV,
lithographically patterned on
the composite surface to cover a
known number of rods, was
used. For the 500 micrometer
thick wafer, a silicon-cobalt
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disilicide junction area was just
three percent of the silicon-
tantalum disilicide junction
area. The fabrication technique
employed is schematically
shown in Figure 2 (page 8).

Using this contact procedure
with a 125 micrometer diameter
cobalt disilicide surface contact,
the voltage necessary to force a
given current of electrons across
the junction was measured.
When electrons are directed
from the silicon to the silicide,
the forward voltage reduces the
barrier and current readily
flows. When electron flow is
from the silicide to the silicon,
currents remain small since the
barrier that electrons must over-
come is fixed and independent of
the reverse voltage. For this
reason, the current is a reflec-
tion of the ability of electrons to
be activated over the built-in
Schottky barrier. The magnitude
of the current within this limit
indicates that the tantalum
disilicide-silicon junction has a
Schottky barrier height of 0.62
eV, a value very close to the
planar, thin-film value [5].
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Due to the separation of
charge upon formation of the
junction, the interface also has a
capacitance associated with it.
This capacitance, dependent on
the depletion zone width or
charge separation, is an impor-
tant factor in determining the
speed of devices. A planar junc-
tion, modeled after a parallel
plate capacitor, has a capaci-
tance which decreases inversely
with the depletion zone width.
This simple relationship was not
obtained in the composite diode.
As a result of the rod-like
geometry of the junctions, the
capacitance behaves like a coax-
ial capacitor, decreasing more
slowly with applied bias than it
would for a planar junction.

The Electron-Beam-Induced
Current (EBIC) technique, also
used to chearacterize the junc-
tions, actually enabled imaging
the depletion zones [6]. In this
technique, the plane of the
wafer opposite the surface cobalt
disilicide is scanned with a scan-
ning electron microscope (SEM).
As the electron beam is scanned,
electrons and holes are gener-
ated in the silicon. Electrons
and holes that are separated
prior to recombination by the
electric field associated with the
junctions contribute a short-
circuit current, just as with
photogenerated electron-hole
pairs. By synchronizing the
short-circuit current with the
position of the scanning beam,
an image of the composite is
formed in which contrast is
determined by the charge-
collection efficiency.

e |

DIODE FABRICATION

Step 1. Oxidize, open gate window and deposit Co

<— OXIDE

COMPOSITE

| | } REEER
1 Li\ ’ I l

excess Co and make ohmic contact

i
|
& Step 2. Anneal (800°C - 12s) to form CoSi,. remove
!

CoSiy

OHMIC
CONTACT

COMPOSITE

<L

TaSiy

Figure 2. A schematic showing the pro-
cessing steps required to form the gate
contoct to the junctions.

Thus, in the composite
diode, the short-circuit current
will be zero when the electron
beam is on the tantalum disili-
cide rod and the image appears
dark. When the beam is incident
on the silicon included in the
depletion zone, the charge-
collection efficiency is at its
highest and the EBIC image ap-
pears the brightest. This is
because the built-in electric field
effectively separates electron-
hole pairs. Less current is col-
lected when the beam is inci-
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dent on silicon outside the

depletion zone since some recom-

bination occurs before the elec-
trons and holes diffuse to the
junction.

A secondary electron image
of a small area containing five
rods and a EBIC image of the
same area when the diode is un-
biased and biased at five volts is
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semiconductors

illustrated in Figure 3. Around
each rod, a bright halo, indicat-
ing the depletion zone, is ob-
served. Biasing the rods causes
the depletion zones to expand
and interpenetrate.

LIGHT-DETECTING ABILITIES
DEMONSTRATED

Since the depletion zones are
the active regions of any device
processed using this eutectic
composite substrate, the ability
to image them in the EBIC
mode is important. EBIC, in
conjunction with other charac-
terization technigues, demon-
strate that the substrates are
truly “volumetric.” EBIC also
demonstrates that the composite
substrate could also act as a
photodetector with an inherent
spatial resolution limited only
by the spacing of the rods.

The efficiency of any photo-
diode is its most critical feature.
As previously discussed, the
wavelength dependence of the
absorption of light in a silicon
photodiode makes it advanta-
geous to have a volumetric
distribution of junctions to
separate the electron-hole pairs.
In a silicon-tantalum disilicide
rod-like eutectic photodiode, in-
dependent of wavelength bet-
ween the far ultraviolet (400
nanometers or 400 nm) and the
near infrared (1000 nm), the
distance that electrons or holes
must diffuse to be collected is
fixed at approximately half the
interrod spacing. Therefore, the

SEI

EBIC
oV

EBIC
-5V

Figure 3. Scanning electron micrographs
of a portion of the Si-TaSi, eutectic
diode. a) Animage of 5 TaSi, rods in a Si
matrix. b) The corresponding EBIC im-
age for the gate without a bias voitage
to the rods. The bright halos around the
rods outline the depletion zones. ¢) EBIC
image at reverse bias voitage of 5V. The
bias voltage expands the depletion
20nes.

quantum efficiency (i.e., the frac-
tion of electrons collected per
incident photon) should be inde-
pendent of wavelength. This
characteristic was in fact observ-
ed during GTE research

. - %
demonstrations. cessed using the same, simple -
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During GTE'’s research, un-
biased photodiodes (shown in
Figure 4) yielded a quantum ef-
ficiency of approximately 50 per-
cent throughout the wavelength
range. Biasing the photodiodes
further improves efficiency by
expanding the device’s depletion
zone. Compared to conventional
planar junction photodiodes, the
eutectic diodes display a cons-
tant quantum efficiency over a
much wider range and perform
much more efficiently in the
near infrared light range [7]. ..
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Although performance of
these active substrates already
is quite good, improvements can
be expected by reducing the
number of defects and hence the
number of electron-hole recom-
bination centers located in the
silicon matrix and/or by enlarg-
ing the depletion zones.

GROWING TRANSISTORS Y

As previously discussed, the
depletion zones surrounding the
tantalum disilicide rods in the
composite can be expanded with .
a bias voltage. Because the sili- “:
con regions between the rods
represent a conductive channel,

<

use of a voltage to narrow or “:z

completely close-off this channel ~
creates a voltage-controlled re-

sistor. Such a resistor represents -

. I L

the operational definition of a <

field effect transistor (FET).

These transistors were pro- "
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contact procedure which was
developed for diodes and differs
from the prucessing of conven-
tional transistors in that junc-
tions do not need to be formed.
The junctions are already pre-
sent in the substrate just wait-
ing to be tapped.

A simple concentric ring
design was employed to demon-
strate such a transistor. Ohmic
contacts, which employ the Au-
Sb films, are located on a small
dot at the center of the ring and
on an outer ring which circles
the dot. These, respectively, pro-
vide the transistor’s source and
drain contacts. Another ring
located between the source and
drain forms the gate, which was
contacted using a cobalt
disilicide film. The gate provides
voltage control for the device.
Current flows from the source,
through the silicon channels bet-
ween the rods, under the gate
contact and toward the drain.

Expansion of the depletion
zones around the rods under the
gate contact increases the
source-to-drain channel resis-
tance. When the bias voltage is
sufficient to cause the depletion
zones from adjacent rods to over-
lap, the channel is “pinched-off.”
Thus, the built-in electric field
blocks current flow and the
device is in its “off-state.”

Fabrication of such tran-
sistors benefit from the advan-
tage of both simplicity and
three-dimensionality. The
devices are simpler to process
than conventional devices

0.g. SiTaSiz EUTECTIC PHOTODIODE g
! /
7- e
0.7 o
0“QC>/
0.6- Sk
p
s

yd
0.5- e

CORRECTED £

SPECTRAL SENSITIVITY (A/W)

FOR REFLECTION

A

Figure 4. The spectral sensitivity of a
eutectic photodiode. The raw data (un-

corrected) is also shown after correction

for reflection losses. The quantum etffi-
ciency of the detector is approximately
constant between 450 nm and 1000
nm due to the invariance of the
distance between electron-hole pair
generation and collection.

because the gate structure is
already built into the material.
This makes traditional process-
ing steps, such as epitaxial
growth, diffusion and/or implan-
tation, unnecessary. Another
step, fine-line lithography, also

is unnecessary because the spac-
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7 8 9

{100 nm)

ing of the gates is determined
by the growth rate of the boule.
In addition, the metallic rods ex-
tending through the wafer give
the device a distinctly nonplanar
design that will be useful in
designing high-power devices.
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As illustrated in Figure 5,
the characteristics displayed by
the first transistors processed
are remarkably good and are
very similar to the characteris-
tics of a junction field effect
transistor (JFET). The output of
the transistor is determined by
the maximum current (30 mA)
and maximum voltage (330 V).
This translates into an output
power of 9 watts, which is in
the operating realm of power
transistors.

The potential for SME
devices to switch high power
will depend on a number of fac-
tors, the most important factor
being the breakdown voltage.
The maximum source-to-drain
voltage of any solid state device
is limited by the voltage that in-
duces avalanche breakdown. The
device must always be operated
below this voltage. Avalanche
breakdown results when free
carriers activated over the
Schottky barrier are accelerated
into the semiconductor by an
electric field sufficient to cause
impact ionization of electrons
and holes. When this happens,
the device resistance becomes
small and it cannot support ad-
ditional voltage.

Interestingly, SME materials
appear to be unusually resistant
to this type of breakdown. For
example, avalanche breakdown
in a conventional device with an
electron carrier concentration

N0 R A RS A SaVi,

Pér Vert.
Division’

Per Horiz.
Division 20V

PerStep 2v

g gmper -
Division 25m

Figure 5. The transistor characteristics of
a typicai eutectic composite transistor.

equal to the device illustrated in
Figure 5 would limit maximum
operating voltage to 200 V. The
eutectic device enables this limit
to be exceeded by 100 V. GTE
researchers hypothesize that the
built-in electric field associated
with junctions that neighbor the
gate may ’soften’ the electric

90

field at the biased junction,
thereby extending the maximum
device voltage. Optimization of
this affect could yield very high
voltage devices [8].
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A SPRINGBOARD FOR
FUTURE RESEARCH

Device applications pre-
sented in this article for active
substrates represent only the
beginning of possible uses for
such materials. As the science
and technology of these new
materials and devices develop,
many new, versatile applications
will emerge. The first demon-
stration by GTE scientists that
two-phase, equilibrium semi-
conductor-based alloys can be
fabricated simply into useful
electronic devices serves as a
springboard for the development
of other novel devices and new
research areas.
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Initial applications likely
will begin with the basic silicon-
tantalum disilicide eutectic
substrate as the building block
and include large-area, near in-
fared photodectors or simple
voltage controlled resistors and
current limiting devices. Fur-
ther development of the
material will unfold more soph-
isticated applications. For exam-
ple, reduction of the silicon
matrix carrier concentration
could expand applications of
SME devices as high-voltage
transistors.

In addition, the ability to
deposit epitaxiai layers of silicon
or other semiconductors onto the
material could create tandem
devices that would benefit from
the properties of both the SME
substrate and the surface semi-
conductor layer. For example,
the output of photodiode arrays
in the eutectic composite could
be directed into a conventional
epitaxial film to form high
resolution, low crosstalk arrays
at wavelengths of approximately
one micrometer. Conventional

silicon devices suffer from exten-

sive crosstalk between pixels at
these wavelengths. Work on
such tandem concepts is cur-
rently being pursued by GTE
researchers.

9
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The development of similar
SME composites based on ger-
manium or gallium arsenide
would open up additional possi-
bilities. For example,
germanium-based SME photo-
detectors would result in high-
speed, high quantum efficiency
detectors at 1.3 and 1.55 micro-
meters, the wavelengths of
importance for optical communi-
cation systems. Gallium
arsenide-based eutectic com-
posites would further extend the
high power, high frequency
characteristics of SME tran.
sistors.

In a broader sense, these
developments may change the
direction of semiconductor
research to include equilibrium
semiconductor alloy structures.
Previous tenets of semiconductor
science disregarded equilibrium
microstructures because o, tears
that high defect densities or
unacceptable impurity levels
would result. GTE’s work sug-
gests, however, that the fears
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concerning impurities are un-
founded. Further, the beneficial

effects of the eutectic microstruc-
ture may override any disadvan-

tages. The eutectic photodiode,
for example, yields high quan-
tum efficiencies by compen-
sating for the defect-reduced
carrier lifetime with closely
spaced junctions that reduce the
need for long diffusion distances.
Thus, the same features that
create a potential problem also
create a solution.

In summary, silicon-based
substrates with active grown-in
Jjunctions have been used to

fabricate novel photodiodes and
transistors. The work signifies
the emergence of a new class of
materials that can act as active
electronic substrates. The

number of new materials in this
class is large. The eutectic phase

diagram is perhaps the most
common of all and alone pro-
vides more than 10 systems bet-
ween silicon and silicides which
may be explored. Many addi-
tional gallium arsenide-based
semiconductor-metal eutectics
remain to be discovered and
developed. Full research into
these electronic composite
materials will require a signifi-
cant effort. GTE researchers
believe, however, that the
momentum for further research
exists and that the rewards will
be great.
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ABSTRACT .:a:,:o:.
AR
(] €
A novel electronic material, a Si-TaSi, semiconductor-metal eutectic composite, offers promise in high-power switching !n:l':‘.l‘
applications. In this paper, the basic electronic properties of the material are briefly described. It is shown that the in situ Schottky —
junctions inherent to the material can be used to fabricate transistors. The advantages of these devices are their volumetric cur- ";0:';&
rent transport and their unusual resistance to avalanche breakdown. ‘.‘ Y .
W)
\J
1. INTRODUCTION ‘.::!‘2‘::2
U ™)
. . S
Pulsed power conditioning for space-based energy systems requires switches that handle currents in excess of 1 kA and block ',: Wt ,
voltages greater than 50 kV. The most attractive switches capable of meeting these requirements are either of the gaseous or [
solid-state type. The solid-state switches are generally of the photoconductive type, in which a high-resistivity (about 1000 Q-cm) (7 "o" .
slab of Si is illuminated with a pulsed laser with a wavelength near 1 um. In this approach, the laser pulse turns the switch on.! "n‘ 4!,
. . ettty
Difficulties with this switch result from high leakage currents in the “off-state’ and premature surface breakdown. A completely ',\.q', ‘;".
solid-state transistor-like switch would be an attractive alternative to the photoconductive switch because it would eliminate the Gl '0'..0'
need for a high-power laser. However, transistors based on conventional semiconductor materials that can block such large voltages " s'ﬂ(
and handle such large currents are not readily available. I: !yf\
The main obstacle to engineering devices to block voltages in excess of 1 kV is avalanche breakdown.2 Avalanche breakdown w’ 4
occurs when carriers overcoming the barrier at the gate gain sufficient energy when accelerated by the large electric field in the :.,-( n Y g
depletion zone to cause multiple ionization of bound charge carriers. r_\‘:\.
o
The maximum breakdown voltage is determined by the carrier concentration in the semiconductor. For example, a carrier ;-f\ Y
concentration less than 2.5 x 1074 cm™ is needed for a Si device to block 1000 V.2 Higher blocking voltages can only be attained >3
by lowering the carrier concentration, which has the adverse effect of lowering the current-handling ability of the device in the f ’
‘‘on-state.” In practice, for a given carrier concentration, breakdown tends to occur at a lower voltage than in the example above ®
because of field concentration at the gate edges. Although many improvements in FET design and performance have occurred RN
in recent years, the basic limitations imposed by the carrier concentration-avalanche breakdown voltage relationship have restricted :".q"' WK
the development of transistors for pulsed-power operation. This is true independent of whether the semiconductor material is | .’:.
Si or GaAs. ~ t‘:
Because of the inherent limitations of conventional devices, substantial improvements in the power-handling capabilities of % ‘0
solid-state switches will require a radically different approach. Recently, the development of a new class of electronic matenals. WO
semiconductor-metal eutectic composites, for high-power switching applications has been undertaken.?"¢ Like a bulk semicon-
ductor, this material can be applied to high-power switching using the photoconductive approach or as gate-voltage controlled Y
transistors. The main focus of the work to date has been to demonstrate transistor action in this material and to evaluate its .:',-.‘;-.'
. . . L]
applicability to pulsed-power-type switching. -fb,'s- 4
Semiconductor-metal eutectic composite materials are composed of a high density (of the order of 108 rods/cm?) of aligned f\:‘
metallic rods in a semiconducting matrix. A Schottky rectifying junction is present at the interface between each of the metallic :&&t
rods and the semiconducting matrix. These materials are radically different from conventional semiconductor wafers in several ®
ways: 1) the junctions are distributed throughout the entire volume of the wafer, thereby enabling the handling of high currents: -
2) the junctions are formed in situ upon solidification from the melt and do not have to be lithographicaity patterned on the wafer .:-“.'_-r:
surface; and 3} the rod or junction density 1s determined by the solidification rate and generally exceeds 106 cm-2. In this report, s, b
the growth, electronic properties and device physics for one of these materials, the Si-TaSi, system, are discussed. It 1s shown "% ’-\'F
that high-voltage transistors made with these materials have a three-dimensional character and. most important for high-power ;J‘.:-h_
switching applications, are resistant to avalanche breakdown. \_":-\‘:-\
2. GROWTH AND CHARACTERIZATION OF SME MATERIALS —~— T
P
2.1 Composite growth and microstructure :.::f'::*
The composite materials are grown by conventional crystal growth techniques. For example, growth of the Si-TaSi, eutectic )':‘;"J'
is similar to the growth of Si crystals. Crystals of both materials are grown by the Czochralski crystal pulling technique using -“._f:"
a Si seed crystal. The difference is in the charge: the single crystal S; boule is pulled from a pure Si melt. while the S1-TaSi, quasi- ':-.‘;'s A
single crystal 1s pulled from a meit containing both Si and Ta.3-¢ The composition of the melt is chosen such that it corresponds SN
to the eutectic composition. At this composition the homogenous melt simulianeously solidifies into two distinct phases, Si and L
TaSi,. The eutectic composition corresponds to 2 vio TaSi,. Minimization of interface energy results in the rod-like distribution b S o J,‘
of the minor phase, 1n this case TaSi,.” The interrod spacing, \. is related to the solidification rate, v, according to ':,:,,-".-
LY
A= Aviz t:\.:{:
. N "
where A is a constant dependent on the diffusion coefficient in the hiquid and the interfacial energy.® A schematic of the microstructure t:\}'.'_’
A
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posite grown at a rate of 20 cm/h. For the Si-TaSi, system, A=6.0+0.8x 10" cm™32 g-12:6 The entire composite is a quasi-single
crystal with a (111)-oriented Si matrix. Defects in the Si matrix, due to the thermal expansion mismatch stresses between the Si

of a rod-like semiconductor-metal eutectic is shown in Figure 1(a). Figure 1(b) shows the actual microstructure of a Si-TaSi, com- ﬁ
and the TaSi,, tend to be high, of the order of 108-107 dislocations/cm2-? (ﬁ
h.¥]

' [ S T ¢ ?.‘_9‘
et Lt @ b R
QA ®)
| -JI l- ; I -".
i ¢
. E
0
10 um .
5
Figure 1. (a) A schematic of the microstructure of a semiconductor-metal eutectic composite. (b) The actual microstructure show- '
ing the rod-like distribution of the Si-TaSi, eutectic composite grown at 20 cm/h.
2.2 Electronic properties o

Semiconductor-metal eutectic composites are composed of a high density of cylindrical Schottky junctions. These junctions
enable control of the current flow using a bias voltage, and they also affect the resistance to current flow even without a bias )
voltage. The in situ junctions have been characterized by current-voltage, capacitance-voltage, electron-beam-induced current (EBIC) S}
and deep-level transient spectroscopy techniques. All of thesc techmques require the availability of low-leakage diodes. These
diodes were fabricated in wafers having Si matrix carrier concentrations of the order of 1015 cm™3 by forming on the wafer surface
a metallic film that provided an ohmic contact to the TaSi, rods and a Schottky contact to the Si matrix material between the
rods. This film, composed of CoSi,, acts as the contact to the junctions. An evaporated and annealed Au-Sb ohmic contact was R
formed at a position away from the active rods contacted by the silicide surface film. This technique provided nearly ideal diodes.3? tﬂ
I-V analysis indicated that the Si/TaSi, junction was characterized by a Schottky barrier height of 0.62 eV.? The capacitance of
the junction was commensurate with the cylindrical geometry of the junction, the carrier concentration and the junction area.

sl Y | =
: Si-TaSiy

7.0 I 1.5 £ 0.1 x 106 rodwem? v,
o,
| g
.. 6.0 ot
=
)
= - DEPLETION ZONE LIMITED "’T“
b 4.0. \ TRANSPORT Ny
7 ! Cu
[7)
c
rd
! ‘_;.
LN
1.0- YT s
NO DEPLETION ZONE LIMITED TRANSPORT h‘,'
A " 2 3 4 s & 71 8 e
(c
-5 V) nepic (x 1015 cm'3)
< : : . . ~
1 um Figure 3. The increase in the resistivity of the composite .
relative to the resistivity of the Si matnx .
Figure 2. Scanning electron microaraphs of the portion material as a function of the actual carr:er con-
of the Si-TaSi, eutectic diode. (a) Secondary centration in the Si matrix measured using the .
electron image of TaSi, rods embedded in a Si EBIC technique. The significant increase in }\'.4
matrix. (b) Corresponding EBIC image composite resistivity below a carmer concentra- ':}
(unbiased). (c) EBIC image at a reverse bias of tion of about 2 x 105 cm™3 1s due to depietion
SV. zone limited transport. o
L}
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A reverse bias applied to the junction reduced the capacitance due to expansion of the depletion zone. The expansion of the deple-
tion zone around the rods was graphically demonstrated using the EBIC technique.* Figure 2 shows a set of rods imaged in the
scanning electron microscope using a) secondary electron imaging, b) the EBIC mode without a bias voltage, and c) the EBIC
mode with a reverse bias voltage of -5 V. The depletion zone is indicated by the bright halo around the rods in the EBIC images.
The increased diameter of the halo with the reverse bias indicates expansion of the depletion zone. These results are important
in a number of ways. First, they demonstrate that the application of a bias voitage to the silicide rods causes an expansion of
the depletion zones to the point of overlap. Overlap of depletion zones, corresponding to “‘pinch-off'’ in a three-terminal transistor,
represents the transformation of the material from a semiconducting to an insulating state. Second, by comparing the size of the
depletion zone as a function of bias voltage with that predicted by theory for a cylindrical junction, the carrier concentration of
the Si matrix may be accurately determined.® Finally, by comparing these carrier concentration measurements with Hall effect
carrier concentration measurements, it is possible to determine the effect of depletion zones on the composite resistivity.6

Clearly, as the volume fraction of the composite consumed by the depletion zones increases, the resistivity of the composite
material compared to the resistivity of the undepleted Si material between the rods also increases. Figure 3 shows the ratio of
composite resistivity to the Si resistivity, ¢ /e. as a function of the Si matrix carrier concentration for the case of a rod density
of 1.5 + 0.1 x 10° rods/cm?.® The resistivity of the composite is increased when the carrier concentration drops below 2 x 10! ¢m ™+
or when the depletion zone volume fraction exceeds about 7% . The resistance increase is due both to loss of carriers and current
streamlining around the rods.¢

3. TRANSISTORS

Because wafers of the SME composite material contain in situ junctions, fabrication of transistors simply requires formation
of three surface contacts for the source, drain, and gate. Using wafers cut transverse to the growth direction so that the rods
were normal to the plane of the wafers, contacts were lithographically patterned in a concentric ring design. Figure 4 shows a
quarter section of the ring pattern, and Figure 5 shows several wafers patterned with devices.

To fabricate the device, the wafers were thermally oxidized at 1000°C to grow a 0.3-um-thick oxide. Vias in the oxide were
opened for the surface contacts. The central gate contact ring, similar to the diode contact, was a 0.2-um-thick CoSi, film. The
source and drain contacts were annealed Au-Sb films. In certain cases, CoSi,/n* contacts were used for the source and drain.

Figure 4. A quarter section of the concentric ring pattern Figure 5. Several eutectic composite wafers with arrays
of source, gate, and drain contacts used to of discrete transistors.
fabricate the transistor.

Figure 6. Typical charactenstics of a eutectic composite
transistor.
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Figure 7. The characteristics of a eutectic composite device tested with a wafer thickness of (a) 260 um, and (b) after thinning :
to a wafer thickness of 125 um. :
An example of the current-voltage characteristics of a eutectic composite transistor with the drain current plotted against o .'::'
the drain voltages for different gate voltage is shown in Figure 6. The carrier concentration of the Si matrix is 2 x 10?5 cm-?, and e
the resistivity of the composite along the direction perpendicular to the rod axis is 20 Q-cm. The substrate is 250 um thick and ; f
has the surface contact dimensions shown in Figure 4. The basic characteristics of the device are similar to those of a conventional .
metal-semiconductor field effect transistor (MESFET) in that they display a linear region at drain voltages less than the *‘pinch-off"’
voltage and a saturation region when the drain voltage exceeds the '‘pinch-off’ voltage. For this device the “pinch-off"’ voltage oS
is -10 V. Y
. »
The device shown in Figure 6 readily blocks a drain voltage of 240 V; avalanche breakdown is expected at 190 V for this car- n? '0‘ !
rier concentration. Thus the microstructure of the eutectic device delays avalanche breakdown beyond the value expected for
a guarded planar device. The device ultimately failed just above 325 V. Failure was not by avalanche breakdown but by a mechanism
that destroyed the device charactenstics. Unlike avalanche breakdown, this mechanism is not an inherent materials limitation ?3 3
but depends on such parameters as the spacing between the gate and drain contacts and the thickness of the wafer. ®
To examine the effect of thickness on device performance, a 500-um-thick wafer with a device that failed prematurely at 45 V .\{‘)
was thinned to 250 um and retested. The wafer had a Si matrix carrier concentration of 3 x 10?5 ¢cm~?. Thinning the wafer resuited \\_\ k
in recovery of the same device and yielded the characteristics displayed in Figure 7(a). The device characteristics show a drain b A
voltage of 300 V at a gate voltage of -10 V. Some leakage is observed at the high drain voltages. The unbiased curve is cut off o
at low voitages because a high series resistor was used in the curve tracer to minimize heating effects. The device failed cata- -
strophically at a drain voltage of 325 V. The wafer was thinned further to 125 um, and the device was retested. The characteristics o v
of the same device in the thinner wafer are shown in Figure 7(b). Again, the device recoved and operated with a drain voltage o »
of 600 V. This vaiue is at least three times the blocking voitage of a conventional planar device in a wafer of the same carrier t
concentration. The high-current portion of these characteristics is similarly cut off to avoid heating effects. For this device the NN
gate-to-drain contact separation is 135 pgm. With a 600 V drop over this distance, the average field exceeds 4 x 104 Viem. \.:f .\
b Y
b
These experiments reveal two key features of these devices. Most importantly, the experiments demonstrated that SME matenals — r.-
are usually resistant to avalanche breakdown. To our knowledge. the critical voltage for avalanche breakdown has never been - .
exceeded with conventional devices. Thus, for the first eutectic devices to exceed the threshold for avalanche breakdown by a b "
factor of 3 1s very promising. In addition, 1t was found that the saturation current (for the unbiased case) was approximately :.' ¥
proportional to the wafer thickness, venfying that the current channel of the eutectic device occuples the wafer thickness. o .~:.
The mechanism whereby avalanche breakdown 1s delayed and the actual mechanism causing device failure have yet to be 2 ;'."
determined. The resistance to avalanche breakdown is probably related to the presence of cylindrical junctions between the gate
and drain. This 1s the primary difference between these devices and conventional devices. It is suggested that the depletion zones «, "
around these floating rods interact with the depletion zone extending outward from the gate rods with the net effect of reducing o
the maximum electric field. A reduction in the field for a given carnier concentration is required to explain this effect. Numerncal o \.‘:_
modeling studies are under way to test this hypothesis. e
The actual voltage limiting device operation has been found to depend on wafer thickness and the spacing between gate “ '-:
and drain contacts. These two vanables are related. Because the rods tend to diverge (EBIC measurements indicate a maximum ~ -
divergence angle of 6°),* the TaSi, extension of the gate and drain contacts are more closely spaced on the back side of the wafer ®
than on the side with the surface contacts. It is therefore likely that failure 1s related to punch-through of the gate depletion zone LY
to the drain contact. Thinning the wafer has the effect of increasing the back surface spacing between gate and drain, thereby o :.1-
increasing the drain voltage necessary to expand the depletion zone to the point of punch-through. If this i1s applicable, the drain ' ’: "
voltage of devices can be increased without thunning the wafer (and therefore losing current density) by increasing the gate to &
drain distance at the expense of the source-to-gate distance. Y
- .
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4. DISCUSSION

The Si-TaSi, system, a semiconductor-metal eutectic composite material, is representative of a new class of electronic materials
that appears to hold great promise in solid-state pulsed-power switching. Due to the unique geometry of grown-in cylindrical
junctions that are oriented perpendicular to the wafer surface, eutectic composite transistors are not subject to the same limita-
tions as conventional planar junction transistors. The volumetric nature of these new devices enables the handling of increasing
current density (per unit wafer surface area) with an increase of the wafer thickness. Furtherrnore, the material's inherent resistance
to avalanche breakdown may enable significant improvements in the maximum blocking voltage that is possible with solid-state
transistor devices. Analysis of present device parameters indicates that blocking voltages exceeding 1000 V and current densities
as high as 40 A/cm? can be expected. Additional optimization in the processing of this and other SME materials, along with better

understanding of the mechanisms limiting avalanche breakdown, may lead to substantial improvements in their power switching
capabilities.
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Depletion zone Ilmited transport in SI-TaSIz eutectic composutes

B. M. Ditchek, B. G. Yacobi, and M. Levinson

GTE Laboratories, Inc., 40 Sylvan Road, Waltham, Massachusetts 02254
- (Received 22 June 1987; accepted for publication 9 November 1987)

Depletion zones surrounding aligned, cylindrical, metal-semiconductor junctions formed
during the directional solidification of a eutectic mixture are shown to influence the transport
properties of the composite. Hall-effect and direct depletion zone width measurements made
using the electron beam induced current technique of the scanning electron microscope have
demonstrated that a relatively small total volume fraction (~10%) of depleted material can
lead to a significant increase in resistivity. The sensitivity of the resistivity of the composite to
the depleted zone volume is attributed to a cellular distribution of the TaSi, rods which causes
substantial current streamlining. An analysis of the dopant segregation that occurs in the Si
matrix of the composite boule during solidification supports the depletion zone limited ,
transport model. The dependence of the resistivity on the depleted zone volume fraction of the
composite indicates that the switching action in this novel material is achievable by increasing
the volume fraction of depleted material between a source and drain contact.

1. INTRODUCTION

Semiconductor-metal eutectic (SME) composites com-
prise an interesting new class of electronic materials. The
unique microstructure exhibited by these composites con-
sists of aligned arrays of metallic rods embedded in a semi-
conducting matrix. At each rod-matrix interface a cylindri-
cal rectifying junction is formed. Consequently, the
electronic structure can be depicted as a three-dimensional

or “volumetric” aligned array of Schottky junctions and is
suggmtxve of several new and potentially advantageous ap-
plications.

High-power switching is one example of an application
in which the volumetric character of SME materials appears
to offer distinct advantages. As envisioned in a SME switch-
ing device, current flows through the volume of the material
perpendicular to the rods. Switching action is obtained when
the semi-insulating depletion zones associated with the
Schottky junctions are expanded to the point of overlap by
the application of a sufficiently large reverse-bias voltage to
the rods. In the unbiased state, the depletion zones occupy
only a small volume fraction of the semiconducting matrix
and the resistivity of the device is determined by the bulk
resistivity of the semiconducting phase. The application of a
reverse-bias voltage causes the depletion zones to expand
and eventually interpenetrate. With a bias the depletion-
zone volume fraction approaches unity and the resistivity of
the material increases by orders of magnitude.

Semiconductor-metal eutectic composites displaying a
rodlike microstructure have been prepared by directional
solidification in Ge, Si, and several I1I-V based systems. Hel-
bren and Hiscock s surveyed several Ge- and Si-based eutec-
tics." Reis and Renner similarly prepared GaAs-based eutec-
tics.2 Until recently, however, very little work has been done
on the electrical and electronic properties of these materials.
Levinson examined the electrical resistivity of a silicon-sili-
cide eutectic.’ He observed a significant anisotropy in the
resistivity of the Si-CrSi, composite due to the alignment of
the rods along the growth axis. A similar anisotropy has been

found in the Ge-TiGe, eutectic.* This investigation consid-
ered the effect of depletion zones surrounding the rods on the
transport in the semiconductor perpendicular to the rod axis
for the first time. The anomalously high resistivity observed
at low temperatures, however, was shown to be unrelated to
the depletion zones; the effect was traced to structural de-
fects, such as grain boundaries and dislocations in the poly-
crystalline Ge matrix.**

Recently, interest in the electronic properties of semi-
conductor-metal eutectic composites has been heightened by
the availability of materials with single-crystal matrices.
Particular attention has been focused on Si-TaSi, compo-
sites. Transport measurements have shown that the carrier
concentration in the Si matrix of these composites can be
controlled by doping the melt. Electron and hole mobilities
have been found to be typical of the values expected for sin-
gle-phase, single-crystal Si. The grown-in metal-semicon-
ductor junctions have been characterized by current-voltage
(I-¥) and capacitance-voltage (C-V) techniques and shown
to display nearly ideal diode characteristics. The Schottky
barrier height of the grown-in TaSi, n-type Si junction was
found to be 0.62 eV.® Electron beam induced current
(EBIC) analysis has demonstrated graphically the presence
of a depletion zone around each TaSi, rod and has provided
a measurement of the depletion-zone width as a function of
voltage.” In addition, the presence of deep levels in the Si
matrix due to Ta was investigated using deep-level transient
spectroscopy (DLTS). No electrically active Ta was detect-
ed indicating that the concentration does not exceed the
minimum experimental sensitivity of 6x 10'' cm ~* (Ref.
8). Together these studies have established that the material
and electronic properties of the Si-TaSi, system are suitable
for the development of electronic devices.

Device applications invariably involve the transport of
current through the material. In this report the influence of
the cylindrical depleted regions surrounding the rods on the
resistivity of a semiconductor-metal eutectic composite is
established. The results are interpreted in the context of the
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growth history, microstructure, and other transport proper-
ties of the Si-TaSi, eutectic.

(Il. EXPERIMENTAL METHODS
A. Composite growth

The composites were prepared by directional solidifica-
tion via Czochralski crystal growth techniques using a
(111)Si seed and a crucible charged with Wacker float-zone
Si and Gallard-Schlesinger float zone Ta of 99.996% purity.
The crystal growth system has been used previously to grow
single-crystal Ge-matrix eutectic composites and is based on
f induction heating of a graphite susceptor lined with a
quartz crucible.® Although the composite could be grown
with either p- or n-type matrix, most of the studies were
performed on boules with a P doped, n-type Si matrix. This
choice was made based on the earlier observations of a high
Schottky barrier of 0.62 eV at the n-type Si/TaSi, in situ
junctions.

Optimization of the growth technique has resuited in
eutectic composites with grain-boundary-free Si matrices
with the same (111) orientation as the Si seed. The yield of
quasi-single-crystal comppsites depends sensitively on the
ability to solidify from the exact eutectic composition of Si—
5.5 wt. % Ta. Although growth rates between 2 and 20 cm/h
have been used, the yield of quasi-single crystals is much
greater for growth rates at the upper end of this range. Com-
posites grown at rates above 20 cm/h tend to degenerate into
a dendritic, polycrystalline structure. All the electrical mea-
surements were performed on samples prepared from boules
with a single-crystal (111)Si matrix.

B. Electrical measurements

The electrical transport properties of the composites
have been characterized by resistivity, Hall-effect, and EBIC
measurements. The resistivity and Hall coefficient measure-
ments were performed on standard bridge-type samples ul-
trasonically cut from grain-boundary-free Si-TaSi, wafers
sliced perpendicular to the (111) growth direction. Samples
were 0.64 mm thick. The rods which run parallel to the
growth direction were oriented perpendicular to the plane of
the wafer. All resistivities reported in this paper for the an-
isotropic composite are perpendicular resistivities, mea-
sured with current flow perpendicular to the rods. Resistiv-
ity and Hall measurements were made on several wafers
selected from different positions along the boule. The vol-
ume fraction of the boule solidified to that point, f,, was
calculated for each wafer. The Hall carrier concentrations
were plotted as a function of position in the boule, as in Fig.
5, so that wafers with a known value of £, could be assigned a
Hall carrier concentration and then be used for other mea-
surements. The Hall carrier concentrations reported in Sec.
IV B for wafers in which diodes were fabricated and EBIC
measurements were made were obtained in this way.

Contacts to the Hall samples were formed by evaporat-
ing Au-Sb films on the n-type wafers and annealing at
400 °C. All measurements were performed with a 6-kG mag-
netic field parallel to the rod axis and the electric field per-
pendicular to the rod axis. In this geometry, both the current
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and Hall voltage were perpendicular to the rod axis.

In addition to the Hall measurements, it is desirable to
have an independent measure of the carrier concentration in
the Si matrix between the rods The EBIC technique can
provide such a measurement.’” To extract a value of the car-
rier concentration from EBIC data, EBIC measurements of
the depletion zone width W as a function of reverse-bias vol-
tage V, are compared to W vs ¥, curves calculated for differ-
ent carrier concentrations from Poisson’s equation. The car-
rier concentration giving the best fit to the data are
considered a measure of the actual matrix carrier concentra-
tion n and are denoted nggyc to label the procedure used to
generate the value. This technique was utilized to obtain the
Si matrix carrier concentration over a wide range of carrier
concentrations.

The EBIC measurements required the fabrication of di-
odes that utilize the in situ junctions in the composite. The
same diode contact procedures used in the original EBIC
studies were repeated here.®’ Briefly, contacts were made to
the TaSi, rods by the formation of a 0.2-um-thick surface
metallic film of CoSi, . This film provided a Schottky contact
to the Si but an ohmic contact to the rods. Ohmic contacts
were formed at the edges of the wafers by the deposition and
alloying of a Au-Sb film. EBIC observations were made on
the face of the wafer opposite the CoSi, contact.

lll. MICROSTRUCTURE

The microstructure of the Si-TaSi, eutectic composite is
similar to the idealized structure discussed in the introduc-
tion: an aligned array of metallic TaSi, rods in a Si matrix.
The eutectic composition corresponds to about 2 vol % of
the TaSi, phasein Si. A micrograph of a polished surface of a
composite grown at 20 cm/h is shown in Fig. 1. The rodlike
structure of the TaSi, phase is evident in Fig. 2, which shows
a polycrystalline wafer of the composite after the Si matrix
has been etched back in NaOH/NaOQCl solution.

10um

FIG. 1. A scanning electron micrograph of a transverse Si-TaSi, eutectic
wafer.
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FIG. 2. A scanning electron micrograph of a transverse Si-TaSi, eutectic
wafer after etching the Si surface to reveal the TaSi, rods.

According to models of eutectic solidification, the inter-
rod spacing A depends on the growth rate according to

A=Ap~"? n

where 4 is a constant for a particular eutectic system and v is
the growth rate.” The interrod spacing has been measured
over the range of accessible pull rates (2-20 cm/h) by deter-
mining the rod density /V, and defining

A= (N,)""2 (2)

This definition establishes A as an average interrod spacing.
The results are shown in Fig. 3. It is clear that over this
limited range of growth rates, the data are consistent with
Eq. (1) with A =6.0+0.8X10"° ¢cm*?s~ "2 For the
composite grown at 20 cm/h and shown in Fig. 1, the rod
density is 1.6 X 10° rods/cm?® and A = 7.9 um. No attempt
has been made to correct the growth rate for the change in
melt level during growth or for the occasional changes due to
adjustments in the rf power level needed to control the boule
diameter. This accounts for some of the scatter observed in
these data.

Within a given transverse plane ot a boule, vanations in
rod density and therefore, interrod spacing, are small; values
of N, measured over areas containing about 100 rods vary
only by about 2%. Comparisons of N, in boules grown at the
same pull rate and in different wafers within the same boule,
however, reveal fluctuations of as much as + 15%.

100 T T T
< 172
E ol =<
3 S
~<
Si-Tasl,
Ll R i | ]
103 102 10~ 10°
V (em/s)

FIG. 3. The dependence of the interrod spacing on the growth rate.
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The length of the rods has been previously investigated
using EBIC techniques. Although the maximum length was
not established, it was verified that all the rods do run con-
tinuously through wafers 1.25 mm thick, approximately
twice the thickness of the Hall samples.’

The typical transverse section displayed in Fig. 1 shows
that rods in the eutectic are neither arranged in a regular
latticelike array nor distributed in a strictly random pattern.
Examination of many such sections has revealed a kind of
cellular structure. The interrod spacing in the cell walls is
less than the average interrod spacing given by Eq. (2). For
the case of an average interrod spacing of 7.9 gm, the rods in
the cell walls have an average spacing of ~4.5 um. The inte-
rior of the cells exhibits a very low rod density and covers an
area with a diameter several times the average interrod spac-
ing. The cellular nature of the rod distribution will be shown
to be important in analyzing the effect of depletion zones on
transport in these composites.

Many of the TaSi, rods are not circular in cross section,
but are faceted. Some displayed the arrowhead shape ob-
served by Helbren and Hiscocks in the Si-NbSi, eutectic.’
The degree of anisotropy in rod cross section decreases as the
growth rate is increased from 2 to 20 cm/h. Thus, in the high
rod density composites of interest in this study, the deviation
of the rods from a circular cross section is minimal.

IV. TRANSPORT MEASUREMENTS
A. The resistivity and Hall effect analysis

The resistivity of an n-type semiconductor is

p=(qun)~", (3)
where p is the mobility, » is the carrier concentration, and ¢
is the unit of elementary charge. If an array of aligned metal.
lic rods is embedded in the semiconductor, then the resistiv-
ity of the composite structure will not, in general, be the
same as the resistivity of its semiconducting matrix. Each
rod will be surrounded by a semi-insulating depletion zone
as a consequence of the Schottky barrier established by the
metal/n-type semiconductor junction. The depletion zone
will isolate the rod from the matrix. Therefore, the material
can be considered to be a composite of a semiconductor and a
semi-insulator, rather than a semiconductor and a metal.

The perpendicular resistivity (i.e., current flow perpen-
dicular to the rod axes) of such a composite material will
depend on the fraction of the volume occupied by the semi-
insulating material and metallic rods, €. In the limit of small
€, the composite resistivity will be nearly unaffected by the
depleted zones and the resistivity of the composite will be
similar to that of the semiconductor. If the depleted volumes
expand to the point where the semiconducting regions are no
longer interconnected, then the resistivity of the composite
will be orders of magnitude higher than the resistivity of the
semiconductor.

The following analysis of the transition from one limit to
the other is based on Read’s analysis of the resistivity and
Hall effect of a semiconductor with an array of parallel space
charge cylinders in a semiconducting matrix.'® Read con-
cluded that the space-charge cylinders can affect transport
by (i) scattering directly from the space-charge cvlinders,
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(ii) a reduction in the average concentration of charge carri-
ers, and (iii) a distortion of current streamlines.

The first effect is negligible in the present case because
the average interrod spacing is orders of magnitude larger
than the electron mean-free path. Hence, the actual mobility

_of the electrons will not be affected by the depleted zones
around the rods. The second effect can be related directly to
the fraction of the composite occupied by the depleted vol-
ume. In a composite with rods of radius 7, and a rod density,
N,

€= ﬂ'(l‘o + W)ZN’.
The average carrier concentration is given by
(n) =n(1—e¢). (5

Read included the final effect of current streamlining around
the space-charge cylinders by defining the function

g(e) = (E,),/{E,), (6)

where the x direction is the direction of current flow, {E, ),
is the electric field in the x direction averaged over the nor-
mal n-type material between the space-charge cylinders, and
(E,) is the applied electric field in the x direction averaged
over the entire composite volume. In the limit of very small
€, g(€) = 1. However, when € approaches unity and adja-
cent depletion zones overlap, the voltage drop occurs pri-
marily over the depleted volume and g(€) approaches 0. The
actual functional dependence of g(€) on € will depend on the
details of the distribution of space-charge cylinders. Read
has shown that when € is small, a regular lattice of space-
charge cylinders will yield g(e) ~1 — €.

In such a composite, the current density averaged over
the entire composite volume, (J, ),is given by

(J,.) =qu(n)({E,),. (N

In terms of the measurable quantity (E,) and the semicon-
ductor-matrix carrier concentration n,

4)

() =qun(l —e)g(e)(E,). (8)
Thus the composite resistivity p, is
p-'=qun(l —e€)g(e). (9)

The composite resistivity relative to the resistivity of the
semiconductor matrix is

plp =11 —e)gle)] ™" (10)
Hence, the increase in resistivity due to depletion-zone-lim-
ited transport will depend on the form of g(¢), a function
predominantly affected by the geometric distribution of the
space-charge cylinders, or in this case, the TaSi, rods. For a
regular hexagonal array of depleted cylinders, Read showed
that g(€) ~ (1 — €) when € is small.

Read also showed that the Hall effect, performed with
the magnetic field along the axis of the space-charge cylin-
ders will yield the Hall parameters, n, and u, which are
related to the actual n and u of the semiconductor matrix
material by

n=nyl(1 ~e)gle)] " (1

and

H=py. (12)
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The mobility determined from the Hall effect represents the
physical mobility of electrons in the semiconducting matrix.
However, the carrier concentration derived from the Hall
effect will actually underestimate the semiconductor-matrix
carrier concentration by the factor (1 — €)g(€). Conse-
quently, when € is small, the Hall effect should yield a carrier
concentration approximately equal to the carrier concentra-
tion in the semiconductor matrix. When € is large, however,
the Hall effect will yield a much lower carrier concentration
than the actual carrier concentration of the semiconductor
matrix, indicative of the depletion zones causing a signifi-
cant increase in the composite resistivity.

B. Depletion-zone effects

The above analysis indicates that to determine the effect
of the depletion zones on the resistivity of the composite it is
necessary to measure both 1, and n. The actual concentra-
tion of carriers in the Si matrix 7 can be measured using the
EBIC mode of the scanning electron microscope as outlined
in Sec. II B. In this technique, EBIC is used to determine the
depletion-zone width over a range of bias voltages for a given
diode. The depletion zone-bias voltage relationship (#-¥,)
calculated from Poisson’s equation in cylindrical coordi-
nates is fit to the EBIC data using the carrier concentration
as an adjustable parameter. Poisson’s equation yields

Lo+ W2 =7 =2(rg+ W) In[(ry + W /ry) 1}
= —4¢,/qn(V, + V,), (13)

where with ¢, as the Schottky barrier height, ¥V, = &,/¢, V,
is the reverse bias voltage, and €, is the dielectric constant of
the semiconductor. The solid lines i1 Fig. 4 show the theo-
retical W-V_ curves over a wide range of carrier concentra-
tions for a 1.0-um-diam rod and a Schottky barrier height of
0.62 eV. The calculation indicates that the depletion zone
width around a metallic rod is very sensitive to the carrier
concentration. Also plotted in this figure are the EBIC mea-
surements of Wvs V, for two different samples with signifi-
cantly different Hall carrier concentrations, but nearly iden-
tical interrod spacing. Fitting the theoretical curves to the
experimental data provides ngg,, which, since it depends

3.0

et
3
T

N
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/0///
o ny = 1.583 x 10" cm-3

Q hy= 2.60 x W‘s cm'J

e
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i
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o
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] 2 4 6 8 10

FIG. 4. The dependence of the depletion-zone width ( W) on the applied
reverse-bias voltage (¥, ). The rod diameter is 1.0 um. The sclid iines repre-
sent the theoretical relationship calculated from Eq. (13) ior different Si-
matrix carrier concentrations. The points correspond to EBIC measure-
ments made on two different wafers of widely differing Hall carrer
concentration.
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only on the carrier concentration between the rods, is a mea-
sure of n.

Depletion zone width measurements in the wafer with
ny = 2.6X 10" cm ™3 yielded nggc = 3.6 10'%cm ~ % The
agreement between n; and ngg.-~ is good for this carrier
concentration range. In contrast, measurements in the wafer
with n,, = 1.5x 10" cm ~* gave nggc = 1.1X 10" cm 3.
This difference is too large to be explained by uncertainties in
the depletion-zone measurement. For example, if
n=1.5x10" cm > then the unbiased depletion width
should be 1.75 zm, a value more than twice the 0.8 um mea-
sured. At a 10-V reverse bias the difference between the ex-
pected and measured value becomes 4.25 um. The diver-
gence of n, and ngg, at low carrier concentrations is
significant and reflects the increase in resistivity due to de-
pletion zone limited transport.

The ratio nggc/ny, which reflects the relative increase’
in resistivity caused by the depletion zones, is plotted versus
nepic in Fig. 5. These data show that when ngg exceeds
2% 10" cm~* and € is less than about 0.05, the depletion
zones have a minimal effect on resistivity. Below ngg,c

= 2x 10" cm ~?, however, ¢ becomes sufficiently large to
cause the composite resistivity to significantly exceed that of
the semiconductor matrix. Since the maximum value ob-
served for eis only 0.1, the analysis suggests that itis g(¢€), or
the current streamlining effect, that is primarily responsible
for the increase in resistivity.

Also plotted in Fig. 5 is the Read approximation for
small vaues of € of n/ny = (1 — €) ~2 Comparison of the
data with the theoretical (1 — €) ~2 curve shows that th-
increase in resistivity occurs at a much higher carrier con-
centration than would be expected for the close packed, reg-
ular distribution of rods considered by Read. The reasons for
this will be discussed in Sec. V.

The carrier concentration data are compiled in Table I
along with data on wafer resistivity, electron mobility, and
the unbiased depletion-zone width. Despite the significant
increase in resistivity at low carrier concentration, the Hall
electron mobility, as expected from Read’s analysis, is unaf-
fected. The table also includes a calculation of g(€) based on
Eq.(11).

C. Segregation analysis

The carrier concentration within a given Si-TaSi, eutec-
tic boule increases systematically from the seed end to the

TABLE 1. Depletion zone limited transport.

Si-Tas:,
2
7.0 1.5 £ 0.1 x 108 roda/iem?
—~ 6.0f
<&
)
& 5.0
F DEPLETION ZONE LIMITED
O 4.0 TRANSPORT
o
¢
3.0}
)
2.0k
h
* \(1 -a-2
1.0-- ‘:'::\'_'_' ST Iss-e--—oSTesToSTET
NO DEPLETION ZONE LIMiTED TRANSPORT
1 i 1 1 A 1 - H

1 2 3 4 5 [ ] 7 8
ngpic (* 1018 cm'3)

FIG. 5. Correlation of the EBIC and Hall carrier concentration ratio
{nepic/ny ) [equivalently the ratio of composite to matrix (p_/p)] as a
function of the matrix carrier concentration ngg,. The significant increase
in this ratio below 2 X 10'* cm ~’ is due to depletion zone limited transport.

tail end. The axial profile of the carrier concentration of nu-
merous boules have been analyzed according to the expected
segregation of dopants during Czochralski growth. The
analysis provides additional support for the interpretation of
the Hall and EBIC carrier concentrations and, therefore, for
the observations of depletion zone limited transport.

In a Czochralski-grown boule, the axial distribution of a
dopant having a segregation coefficient k is given by

Csqu)(l -f;)k_l’ (14)

where C, is the initial melt concentration of the dopant, C, is
the dopant concentration in the solid, and f, is the volume
fraction of the boule solidified.'' The segregation coefficient
of the P dopant in Si is 0.35.'? Segregation analysis is usually
performed using the Hall effect to measure the concentra-
tion of the shallow dopant assuming temperatures are suffi-
ciently high to ionize the shallow donor levels and no deep
levels are present that might compensate the donors. In the
case of eutectic boules, deep levels associated with Ta have
previously been shown to be too low® to affect the relation-
ship between carrier concentration and P concentration. A
plot of log n, vs log(1 — f,) yields a straight line with a
slope of k — 1if Eq. (14) is obeyed.

The phosphorous concentration C, has been deter-
mined as a function of £, from Hall measurements on the
eutectic boules and on a control boule of P-doped single-

[}
g

ny Repic ( "u! (p.)
Sample*® p.(flcm) P VALY (x10%cm™Y) (x10%em ™Y Memd P € gle)

1 1.0 800 7.50 8.50 1.1 0.040 (]
2 2.9 820 2.60 3.40 1.3 0.045 u 8l
3 30 830 2.50 3.60 1.4 0.045 0.73
4 44 940 1.50 2.20 1.5 0.060 0.7
5 9.0 900 0.77 1.50 1.9 0.085 0.58
6 15.7 950 0.42 1.25 30 0.090 0.37
7 44.6 935 0.15 1.10 7.3 0.10 01s

* Wafers from three different boules.

N, = 1.4-1.6 X 10° rods/cm®.
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phase Si grown in the same crystal puller. Phosphorous seg-
regation in the control boule obeyed Eq. (14) and analysis
yielded a segregation coefficient in good agreement with the
accepted value of 0.35. In contrast, alt the Si-TaSi, eutectic
boules exhibited anomalous results.

Figure 6 depicts the analysis of a typical eutectic boule.
Curves of n,, vs log(1 — f,) exhibit pronounced nonlinear
slopes varying from — 0.65 at the seed end of the boule to
values in excess of — 1 at the tail. Although k might differ
from the accepted value of 0.35 due to the high concentra-
tion of Ta in the eutectic melt, the inability of Eq. (14) to
describe the Hall data suggests that the measurement does
not accurately determine the P concentration in these mate-
rials. Better agreement with Eq. (14) might be obtained by
using ngg,c in place of the Hall-derived n,,. The results in
Table I can be used to convert the Hall data to the actual
carrier concentration derived from EBIC. The corrected
data plotted in Fig. 6, does yield the expected straight line
but with a segregation coefficient of 0.5.

Segregation analyses of several other eutectic boules has
yielded segregation coefficients between 0.4 and 0.7. This
variation in the segregation coefficient is an artifact; the seg-
regation mode is not varying from boule to boule. The range
of segregation coefficients is traceable to small variations in
the boule-rod density and distribution. The relationship
between n, and ngg in Fig. 5 and Table I is specific to
composites with a rod density of 1.5 + 0.1 10° cm ~2. The
segregation analysis can only be made for wafers within this
limited rod density range because the relationship between
ny and ngg is very sensitive to V,. A rod density exceeding
1.5 10° cm ~ 2 will lead to an increase of ngg, /ny at a high-
er value of ngg,; similarly, a lower rod density will cause the
ratio to significantly exceed one at a lower value of ngg .
Furthermore, the rod distribution may significantly affect
the conversion factor between n,, and the actual carrier con-
centration. In light of the observed variations in rod density
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FIG. 6. A segregation analysis of the P dopant in the composite boule using
both Hall and EBIC carrier concentrations.
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noted in Sec. I1I, the observed uncertainty in k is not surpris-
ing. The segreation analysis clearly indicates that ngg is 2
more accurate measurement of the dopant concentration
thanis n,, and is further evidence of the validity of the deple-
tion-zone-limited transport analysis presented in this paper.

V. DISCUSSION

The anulysis presented in Sec. IV demonstrates that the
depletion zones surrounding the TaSi, rods in the Si-TaSi,
eutectic composite can influence the resistivity of the com-
posite. Composites with rod densities of 1.5 x 10° rods/cm?
and depletion-zone widths less than ~0.5 um (n>3.5x 10"
cm " *) exhibit a resistivity approximately that of the semi-
conductor matrix. Composites with a similar rod density,
but with depletion zone widths exceeding ~0.8 um
(n<1.3%x 10" cm ~?), display a significantly increased resis-
tivity caused primarily by current streamlining. It is expect-
ed that similar changes in resistivity can be obtained by ex-
panding the depletion-zone size with a bias voltage.

The results of the analysis are in reasonable agreement
with the Read model although the onset of the resistivity
increase occurs at a much smaller value of € than expected
for a regular hexagonal array of space-charge cylinders. The
Si-TaSi, eutectic microstructure shown in Fig. 1 is clearly
not composed of a regular close packed distribution of metal
rods. The current streamline function g(e) is very sensitive
to the details of the distribution of space-charge cylinders.
Read'® discussed the form of g(€) and showed the results of
resistance measurements made on a resistive film with a reg-
ular hexagonal array of holes as a function of the diameter of
the holes. For this close-packed distribution, interpenetra-
tion of the depletion zones, or pinch-off of current flow, oc-
curs when € = 0.91.

Presumably, it is the absence of a close-packed, regular
distribution of rods that causes g{¢) for the eutectic system
to decrease so rapidly at small values of €. The rods tend to
segregate into the walls of a cellular structure with an aver-
age interrod spacing in the walls of ~4.5 um. For such a
cellular structure, the packing of rods is open and the value
of W and e that results in current pinch-off is reduced from
that expected from the average interrod spacing given by Eq.
(2). Consider, for example, the arrays of rods in Fig. 7. The
dimensions of all the structures are such that the average rod
density is 1.6 X 10° rods/cm®. For the square array inherent
in the assumption behind Eq. (2),4 = 7.9 um. Hence, for an
average 1.2-um-diameter rod. corresponding to the eutectic
composition, interpenetration of the depletion zones occur
at W= 3.35umor e = 0.785. For the close packed hexagon-
al array discussed above, g(¢) =0 at W =3.65 um or
€ = 0.91. As the packing density is reduced to the structure
denoted as a 3-hex cell, the spacing between rod centers in
the wall is 4.6 um and g(€) =0 when W = 1.72 um and
€ = 0.27. Thus, depending on the packing of the rods. g(¢)
can go to zero when € is small.

Because the average interrod spacing in the walls of the
cell structure is ~4.5 um, it is probable that pinch-off will
result at a similarly small value of the depletion-zone volume
fraction. The variation of the interrod spacing in the wall
may also result in a more gradual drop in g(€) relative to
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FIG. 7. The effect of rod distribution on the values of the depletion-zone
width (W) and depletion-zone volume fraction (€) necessary to obtain
pinch-off. The array dimensions correspond to N, = 1.6 x 10° rods/cm ~2.

that expected for a regular distribution. Therefore a signifi-
cant increase in resistivity should be evident, even when € is
significantly less than the value needed for pinch-off. The
discussion is intended to clarify the relationship between
g(€) and the rod distribution; a theoretical derivation of
g(¢€) would require a reasonable mathematical model of the
rod distribution function.

VI. CONCLUSION

The influence of depletion zones on current transport in
a semiconductor metal-eutectic composite has been estab-
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lished. It was found that the resistivity of the composite is ‘ .:h.,,
essentially that of the matrix when the depletion-zone vol- ®
ume fraction is less than 0.05. Further, it was shown that the . 'n,‘:;‘
resistivity increases significantly relative to that of the ma- 34 .c:
trix when the depletion zone volume fraction is raised to 0.1. ¥ Ny
The sensitivity of the resistivity to a relatively small fraction 2
of depleted volume is a consequence of the open, cellular m;
distribution of the rods. The observation of depletion-zone- o
limited transport in these composites indicates that switch- bty
ing action in this material can be realized by manipulating \ |:"|:
the depletion-zone volume fraction via a bias voltage applied . .:::”
to the rods. W
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Appendix H

Novel High Voltage Transistor Fabricated Using the In Situ
Junctions in a Si-TaSi, Eutectic Composite
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Novel high voltage transistor fabricated using the /n situ junctions

in a Si-TaSi, eutectic composite

B. M. Ditchek, T. R. Middleton, P. G. Rossoni, and B. G. Yacobi
GTE Laboratories, Inc., 40 Sylvan Road, Waltham, Massachusetts 02254

(Received 10 December 1987; accepted for publication 2 February 1988)

Transistor action has been observed for the first time in a Si-TaSi, eutectic composite. These
devices, utilizing the in situ cylindrical Schottky junctions between the Si matrix and the TaSi,
rod phase, have characteristics typical of a metal-semiconductor field-effect transistor
(MESFET). However, unlike a conventional planar device like a MESFET, eutectic
transistors are resistant to avalanche breakdown. A device is demonstrated that blocks 600 V, a
value that is three times larger than would be expected for a planar device of the same carrier

concentration.

Directional solidification of eutectic mixtures can yield
a composite material with a rodlike or lamellar distribution
of phases. The aligned structures produced by the direction-
al solidification of semiconductor-semiconductor' or semi-
conductor-metal®* eutectic systems have long been consid-
ered to hold great promise for electronic devices benefiting
from a three-dimensional distribution of p-n or Schottky
junctions. Nevertheless, significant progess was slow to
achieve primarily because of problems growing electronic
quality material and in characterizing the two phase materi-
als. Recently, however, a eutectic composite material of
semiconducting Si with aligned metallic rods of TaSi, has
been shown to contain in situ Schottky junctions in a single-
crystal matrix of good electronic quality.>’ Using these
junctions nearly ideal diodes and efficient photodiodes have
been fabricated.*® The microstructural and electronic prop-
erties of this material have indicated that it also might be
used to fabricate field-effect transistors. >’

It is the purpose of this letter to demonstrate that eutec-
tic composite substrates can be used to fabricate field-effect
transistors and to characterize these initial devices.

Transistor action in this material depends on using the
in situ Schottky junctions at the interface between the metal-
lic phase and the semiconducting phase to control the flow of
current between a source and a drain. The eutectic compos-
ite material possesses the basic requirements for such a de-
vice. The composite can be grown with a low n-type carrier
concentration in a single crystalline Si matrix.’ The rods can
be spaced such that the depletion zones around the rods can
be expanded to the point of overlap with a small reverse bias
voltage.® Finally, electron beam induced current studies
have indicated that the rods run continuously through the
thickness of a wafer and should therefore provide a complete
barrier to the flow of current.®

Boules, approximately 2 cm in diameter, were pulled
from a melt with the eutectic composition, Si 5.5 wt. % Ta,
at a rate of 20 cm/h to yield a composite with about 2 x 10°
rods/cm?. The Si was phosphorus doped to a level of about
10" cm ~°. Wafers were cut transverse to the growth direc-
tion and had the TaSi, rods running through its thickness
normal to the plane of the section. A simple concentric ring
design was used for the contacts. As shown in Fig. 1(a), the
outside ring acted as the source and the inside dot as the
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drain. Current moving from the source to the drain passes
under the centrally located gate contact.

In the first fabrication step, the wafers were thermally
oxidized at 1000 °C to grow a 0.3-um-thick oxide. Vias in the
oxide were opened for the surface contacts. The gate contact
was formed by the direct silicidation of an evaporated Co
film at 800 °C to form a surface film of CoSi,. The silicide
forms an ohmic contact to the TaSi, gate rods and a rectify-
ing contact to the Si matrix. Figure 1(b) shows a scanning
electron micrograph of the CoSi, gate contact film with the
TaSi, beneath it. The source and drain contacts were fabri-
cated using annealed, evaporated Au-Sb films. In certain
cases, CoSi,/n™* contacts were used for the source and
drain. The distribution of the rods in the composite substrate
and, particularly, under the narrow gate region, does not
exhibit lithographic regularity. Devices were fabricated with
gate contact widths varying between 20 and 125 um.

A determination of the carrier concentration of the Si
matrix was performed using the Hall effect and electron
beam induced current (EBIC) measurements. As discussed
in earlier work, while the Hall effect underestimates the Si
matrix carrier concentration, using EBIC to fit a curve of the
depletion zone width around a rod with reverse bias voltage
provides a much more accurate determination of the carrier
concentration.” It is this technique that is used to specify
the Si matrix carrier concentration for the wafers used in this
study.

An example of the current-voltage characteristics of a
eutectic composite transistor with the drain current plotted
against the drain voltage for different gate voltages is shown
in Fig. 2. The carrier concentration of the Si matrix of this
device is 2 10'* cm ~ * and the resistivity of the composite
along the direction perpendicular to the rod axis is 20 {2 cm.
The substrate is 250 um thick and has the surface contact
dimensions shown in Fig. 1. The basic characteristics of the
device are similar to those of a conventional metal-semicon-
ductor field-effect transistor (MESFET) in that they dis-
play a linear region and a saturation region.'® The series re-
sistance of the device, taken as the siope of the unbiased
curve in the limit of small drain voltages, is 400 (). In light of
the composite resistivity and the device dimensions, this val-
ue indicates that the entire thickness of the device is being
used for the current channel.
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0.4 mm

CoSi, GATE
CONTACT

(a)

(b) b
40 um

F1G. 1. Quarter section of a S$i-TaSi, eutectic composite transistor is shown
in part (a). In this device the source s and drain d contacts are made with a
Au-Sb contact and the gate g contact is a CoSi, film. Part (b), a close-up of
the gate ring, shows the size and distribution of the TaSi, rods.

The “pinch-off’ condition corresponds to — 10 V. This
particular wafer had an average interrod spacing of 6.9 um.
Thus for the average 1-um-diam rod, an average of 4.9 um of
Si matrix separates two rods spaced exactly by the average
interrod spacing. With the 10 V pinch-off voltage, the deple-
tion zone around each rod should extend 2.0 um from each
rod/matrix interface. Thus a 10 V bias, leaving 0.9 um of
undepleted Si between channels, should not enable pinch-
off. This simple analysis suggests that the pinch-off condi-
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FIG. 2. Characteristics of a Si-TaSi, eutectic composite transistor. A 10V
reverse bias is required to pinch off the device.

tion may not be determined solely by the average interrod
spacing but by the spacing of the nearest neighbor rods. A
similar conclusion was made in a study of the effect of deple-
tion zone size on the composite transport properties.’

As illustrated in Fig. 2 the device readily blocks a drain
voltage of 240 V. For this carrier concentration, avalanche
breakdown is expected at 190 V for a planar one-sided
abrupt junction.'® Thus, the microstructure of this eutectic
device is such that it delays avalanche breakdown beyond
the expected value for a planar device with a guard ring to
minimize junction curvature effects. It was observed that the
device failed just above 325 V. Failure was not by avalanche
breakdown, but by a catastrophic mechanism that destroyed
the device characteristics. Interestingly, the device still func-
tioned if the polarity of the source and drain contacts were
reversed. This suggests that the device as originally operated
failed in between the gate and drain contacts.

To analyze further the high voltage capabilities of eutec-
tic devices, a 500-um-thick wafer with a device that failed
prematurely at 45 V was thinned to 250 um and retested with
the same polarity. The wafer had a Si matrix carrier concen-
tration of 3 10'* cm . Surface contacts were arranged in
concentric rings as in Fig. 1(a). The width of the gate con-
tact ring was 130 um (more than six times wider than the
device in Fig. 1) and had a smaller gate contact to drain
contact spacing of 140 um. Thinning the wafer resulted in
recovery of the device and yielded the characteristics shown
in Fig. 3(a). Though leaky at the high drain voltages, the
device is shown with a drain voltage of 300 V and with a gate
voltage of — 10 V. The unbiased curve is cut off at low vol-
tages because a high series resistor was used in the curve
tracer to minimize heating effects. This device failed catas-
trophically when taken to a drain voltage of 325 V. The wa-
fer was thinned further to 125 um and the device was retest-
ed. The characteristics of the same device in the thinner
wafer are shown in Fig. 3(b). Again the device recovered
and operated with a drain voltage of 600 V. This value is at
least three times the blocking voltage of a conventional
planar device in a wafer of the same carrier concentration.
The high current portions of these characteristics are simi-
larly cut off to avoid heating effects. The saturation current
{for the unbiased case) was 27 mA in the 250-um-thick wa-
fer and 16 mA in the same wafer after thinning. The approxi-
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FIG. 3. Characteristics of the same eutectic composite device tested with a
wafer thickness of 250 um (a) and after thinning to a wafer thickness of 125
um (b). After taking the device in (a) to 325 V, it failed catastrophically.
Thinning the device enabled it to recover and operate at collector voltages as
high as 600 V. The low bias voltage cases were not examined to avoid heat-
ing effects.

mate proportionality between the current and the thickness
verifies that the current channel of the eutectic device is in-
deed the wafer thickness.

The above experiments suggest that eutectic composite
transistors are unusually resistant to avalanche breakdown.
None of the many devices fabricated has failed by this mech-
anism. The mechanism whereby impact ionization is inhibit-
ed has not been established yet but it must be related to the
interaction of the depletion zone extending outward from
the gate rods with the depletion zones around the floating
rods between the gate and drain contacts. These floating
rods may act to keep the electric field at the gate rods below
the critical value for avalanche breakdown. The dependence
of the maximum blocking voltage on the wafer thickness is
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less clear. The polarity and thickness experiments indicate
that the device fails when a damage layer is formed at the
bottom surface of the wafer between the gate and drain re-
gions. Further analysis is needed to determine the nature of
this damage zone.

The potential advantages of these devices stem not only
from their high current and voltage switching ability, but
also from the simplicity of the device. Due to the presence of
closely spaced in situ junctions in these wafers, fine line lith-
ography is unnecessary. Also since the Schottky junctions
are mostly protected inside the wafer, the devices are less
sensitive to contamination. It is also interesting to note the
excellent saturation characteristics of these devices, despitea
gate structure that is not spaced with lithographic precision.
These results may require a better understanding of the im-
portance of uniformly spaced gates in determining device
behavior.

In summary, transistor actica in a eutectic composite
substrate has been demonstrated for the first time. It has
been shown that the device has characteristics similar (c a
MESFET and that the entire thickness of the wafer acts as
the current channel. More important, these devices have
been shown to be capable of blocking high voltages due to an
unusual resistance to avalanche breakdown.
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