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(57) ABSTRACT 

A semi-insulating bulk single crystal of silicon carbide is 
disclosed that has a resistivity of at least 5000 Q-crn at room 

temperature and a concentration of deep level trapping 
elements that is beloW the amounts that Will affect the 

resistivity of the crystal, preferably beloW detectable levels. 
Arnethod of forming the crystal is also disclosed, along With 
some resulting devices that take advantage of the microwave 
frequency capabilities of devices formed using substrates 
according to the invention. 
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FIG. 6. FIG. 7. 
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FIG. 11. FIG. 12. 
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SEMI-INSULATING SILICON CARBIDE WITHOUT 
VANADIUM DOMINATION 

FIELD OF THE INVENTION 

[0001] The present invention relates to the growth of high 
quality silicon carbide crystals for speci?c purposes, and in 
particular relates to the production of high quality semi 
insulating silicon carbide substrates that are useful in micro 
Wave devices. This invention Was made under Department 
of the Air Force Contract Number F33615-95-C-5426. The 
government may have certain rights in this invention. 

BACKGROUND OF THE INVENTION 

[0002] The term “microwaves” refers to electromagnetic 
energy in frequencies covering the range of about 0.1 
gigahertZ (GHZ) to 1,000 GHZ With corresponding Wave 
lengths from about 300 centimeters to about 0.3 millimeters. 
Although “microwaves” are perhaps most Widely associated 
by the layperson With cooking devices, those persons famil 
iar With electronic devices recogniZe that the microWave 
frequencies are used for a large variety of electronic pur 
poses and in corresponding electronic devices, including 
various communication devices, and the associated circuit 
elements and circuits that operate them. As is the case With 
many other semiconductor electronic devices and resulting 
circuits, the ability of a device (or circuit) to exhibit certain 
desired or necessary performance characteristics depends to 
a large extent, and often entirely, upon the material from 
Which it is made. One appropriate candidate material for 
microWave devices is silicon carbide, Which offers a primary 
advantage for microWave applications of a very high electric 
breakdoWn ?eld. This characteristic of silicon carbide 
enables devices such as metal semiconductor ?eld effect 
transistors (MESFETs) to operate at drain voltages ten times 
higher than ?eld effect transistors formed in gallium ars 
enide (GaAs). 

[0003] Additionally, silicon carbide has the signi?cant 
advantage of a thermal conductivity of 4.9 Watts per degree 
Kelvin per centimeter (W/K-cm) Which is 3.3 times higher 
than silicon and ten times higher than either gallium arsenide 
or sapphire. These properties give silicon carbide a high 
poWer density in terms of gate periphery measured in terms 
of Watts per millimeter (W/mm) and also an extremely high 
poWer handling capability in terms of die area This 
is particularly advantageous for high poWer, high frequency 
applications because die siZe becomes limited by Wave 
length. Accordingly, because of the excellent thermal and 
electronic properties of silicon carbide, at any given fre 
quency, silicon carbide MESFETs should be capable of at 
least ?ve times the poWer of devices made from gallium 
arsenide. 

[0004] As recogniZed by those familiar With microWave 
devices, they often require high resistivity (“semi-insulat 
ing”) substrates for coupling purposes because conductive 
substrates tend to cause signi?cant problems at microWave 
frequencies. As used herein, the terms “high resistivity” and 
“semi-insulating” can be considered synonymous for most 
purposes. In general, both terms describe a semiconductor 
material having a resistivity greater than about 1500 ohm 
centimeters (Q-cm). 

[0005] Such microWave devices are particularly important 
for monolithic microWave integrated circuits (MMICs) 
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Which are Widely used in communications devices such as 
pagers and cellular phones, and Which generally require a 
high resistivity substrate. Accordingly, the folloWing char 
acteristics are desirable for microWave device substrates: A 
high crystalline quality suitable for highly complex, high 
performance circuit elements, good thermal conductivity, 
good electrical isolation betWeen devices and to the sub 
strate, loW resistive loss characteristics, loW cross-talk char 
acteristics, and large Wafer diameter. 

[0006] Given silicon carbide’s Wide bandgap (3.2 eV in 
4H silicon carbide at 300K), such semi-insulating charac 
teristics should be theoretically possible. As one result, an 
appropriate high resistivity silicon carbide substrate Would 
permit both poWer and passive devices to be placed on the 
same integrated circuit (“chip”) thus decreasing the siZe of 
the device While increasing its ef?ciency and performance. 
Silicon carbide also provides other favorable qualities, 
including the capacity to operate at high temperatures With 
out physical, chemical, or electrical breakdown. 

[0007] As those familiar With silicon carbide are aWare, 
hoWever, silicon carbide groWn by most techniques is gen 
erally too conductive for these purposes. In particular, the 
nominal or unintentional nitrogen concentration in silicon 
carbide tends to be high enough in sublimation groWn 
crystals (1-2><1017 cm_3) to provide suf?cient conductivity 
to prevent such silicon carbide from being used in micro 
Wave devices. 

[0008] Some recent efforts have attempted to compensate 
the effective level of nitrogen by adding a p-type (i.e., 
acceptor) dopant such as boron. In practice, hoWever, SiC 
based devices made using boron to obtain high resistivity 
have exhibited unexpectedly poor results at high poWer 
levels. Additionally, in comparison to some other elements, 
boron tends to diffuse relatively Well in SiC, giving it an 
undesirable tendency to migrate into adjacent device layers 
and unintentionally affect them. 

[0009] In order to be particularly useful, silicon carbide 
devices should have a substrate resistivity of at least 1500 
ohm-centimeters (Q-cm) in order to achieve RF passive 
behavior. Furthermore, resistivities of 5000 Q-cm or better 
are needed to minimiZe device transmission line losses to an 
acceptable level of 0.1 dB/cm or less. For device isolation 
and to minimiZe backgating effects, the resistivity of semi 
insulating silicon carbide should approach a range of 50,000 
Q-cm or higher. Present Work tends to assert that the 
semi-insulating behavior of a silicon carbide substrate is the 
result of energy levels deep Within the band gap of the 
silicon carbide; i.e., farther from both the valence band and 
the conduction band than the energy levels created by p-type 
and n-type dopants. These “deep” energy levels are believed 
to consist of states lying at least 300 meV aWay from the 
conduction or valence band edges, e.g., US. Pat. No. 
5,611,955 Which is representative of current conventional 
thinking in this art. According to the ’955 patent, the deep 
levels in the silicon carbide betWeen the valence and con 
duction bands can be produced by the controlled introduc 
tion of selected elements such as transition metals or pas 
sivating elements such as hydrogen, chlorine or ?uorine, or 
combinations of these elements into the silicon carbide to 
form the deep level centers in the silicon carbide; e.g., 
column 3, lines 37-53. See also, Mitchel, The 1.1 eVDeep 
Level in 4H-SiC. SIMC-X, Berkley Calif., June 1998; Hob 
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good, Semi-Insulating GH-SiC Grown by Physical Vapor 
Transport, Appl. Phys. Lett. Vol. 66, No. 11 (1995); WO 
95/04171; Sriram, RF Performance of SiC MESFETs on 
High Resistivity Substrates, IEEE Electron Device Letters, 
Vol. 15, No. 11 (1994); EvWaraye,Examination ofElectrical 
and Optical Properties of Vanadium in Bulk n-type Silicon 
Carbide, J. Appl. Phys. 76 (10) (1994); Schneider, Infrared 
Spectra and Electron Spin Resonance of Vanadium Deep 
Level Impurities in Silicon Carbide, Appl. Phys. Lett. 56(12) 
(1990); and Allen, Frequency and Power Performance of 
Microwave SiC FET’s, Proceedings of International Con 
ference on Silicon Carbide and Related Materials 1995, 
Institute of Physics. 

[0010] Further to the conventional thinking, these deep 
level elemental impurities (also knoWn as deep level trap 
ping elements) can be incorporated by introducing them 
during high temperature sublimation or chemical vapor 
deposition (CVD) groWth of high purity silicon carbide. In 
particular, vanadium is considered a desirable transition 
metal for this purpose. According to the ’955 patent and 
similar art, the vanadium compensates the silicon carbide 
material and produces the high resistivity (i.e., semi-insu 
lating) characteristics of silicon carbide. 

[0011] The introduction of vanadium as a compensating 
element to produce semi-insulating silicon carbide, hoW 
ever, also introduces certain disadvantages. First, the pres 
ence of electronically signi?cant amounts of any dopant, 
including vanadium, can negatively affect the crystalline 
quality of the resulting material. Accordingly, to the extent 
that vanadium or other elements can be signi?cantly reduced 
or eliminated, the crystal quality of the resulting material, 
and its corresponding electronic quality, can be increased. In 
particular, the present understanding is that compensating 
amounts of vanadium can cause groWth defects such as 
inclusions and micropipes in silicon carbide. 

[0012] As a second disadvantage, the introduction of 
compensating amounts of vanadium can reduce the yield 
and add expense to the production of semi-insulating silicon 
carbide substrates. Third, the proactive compensation of 
silicon carbide, or any other semiconductor element, can be 
someWhat complex and unpredictable and thus introduces 
manufacturing complexity that can be desirably avoided if 
the compensation can be avoided. 

OBJECT AND SUMMARY OF THE INVENTION 

[0013] Therefore, it is an object of the present invention to 
provide a semi-insulating silicon carbide substrate that offers 
the capabilities that are required and advantageous for high 
frequency operation, but While avoiding the disadvantages 
of prior materials and techniques. 

[0014] The invention meets this object With a semi-insu 
lating bulk single crystal of silicon carbide having a resis 
tivity of at least 5000 Q-cm at room temperature and a 
concentration of deep level trapping elements that is beloW 
detectable levels or that does not affect the electronic prop 
erties of the material. 

[0015] In another aspect, the invention is a method of 
producing a semi-insulating bulk single crystal of silicon 
carbide. The method comprises heating a silicon carbide 
source poWder to sublimation While heating and then main 
taining a silicon carbide seed crystal to a temperature beloW 
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the temperature of the source poWder at Which temperature 
sublimed species from the source poWder Will condense 
upon the seed crystal; and continuing to heat the silicon 
carbide source poWder until a desired amount of single 
crystal bulk groWth has occurred upon the seed crystal. The 
method is characterized in that the amounts of deep level 
trapping elements in the source poWder are beloW detectable 
levels; and in that during sublimation groWth, the source 
poWder and the seed crystal are maintained at respective 
temperatures high enough to signi?cantly reduce the amount 
of nitrogen that Would otherWise be incorporated into the 
bulk groWth on the seed crystal and to increase the number 
of point defects in the bulk groWth to an amount that renders 
the resulting silicon carbide bulk single crystal semi-insu 
lating. 

[0016] In yet another aspect, the invention comprises 
devices that incorporate the semi-insulating silicon carbide 
according to the claimed invention, including MESFETs, 
certain MOSFETs, and HEMTs (High Electron Mobility 
Transistors). 
[0017] The foregoing and other objects and advantages of 
the invention and the manner in Which the same are accom 
plished Will become clearer based on the folloWing detailed 
description taken in conjunction With the accompanying 
draWings in Which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIGS. 1 through 3 are the plots of the Hall effect 
measurements carried out on Wafers made according to the 
present invention. 

[0019] FIG. 4 is a plot of the natural log of the carrier 
concentration against the reciprocal temperature (degrees 
Kelvin) for semi-insulating silicon carbide according to the 
present invention. 

[0020] FIG. 5 is a plot of the natural log of the resistivity 
as against reciprocal temperature for semi-insulating silicon 
carbide according to the present invention; 

[0021] FIGS. 6 through 8 are the same measurements as 
represented in FIGS. 1 through 3, but taken from a different 
portion of the substrate Wafer; 

[0022] FIG. 9 is another plot of the natural log that carrier 
concentration versus reciprocal temperature for the samples 
illustrated in FIGS. 6 through 8; 

[0023] FIG. 10 is another plot of the natural log of 
resistivity versus reciprocal temperature and again corre 
sponding to the sample measurements of FIGS. 6 through 

a 

[0024] FIGS. 11 through 13 are yet another set of plots 
identical to FIGS. 1 through 3 and 6 through 8 for yet 
another measurement on a different portion of the semi 
conducting silicon carbide material; 

[0025] FIG. 14 is another plot of the natural log of 
resistivity as against reciprocal temperature for the samples 
illustrated in FIGS. 11 through 13; and 

[0026] FIGS. 15, 16, and 17 are plots of Secondary Ion 
Mass Spectroscopy (SIMS) for various samples of materials 
according to the present invention and prior art material. 
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DETAILED DESCRIPTION 

[0027] In a ?rst embodiment, the invention is a semi 
insulating bulk single crystal of silicon carbide having 
concentration of deep level trapping elements that is beloW 
a level at Which such elements dominate the resistivity of the 
crystal and preferably at a concentration that is beloW 
detectable levels. 

[0028] As used herein the term “deep level trapping ele 
ment” refers to those elements from the periodic table 
Which, When incorporated as dopants in silicon carbide form 
states at levels betWeen the valence and conduction bands of 
silicon carbide that are much farther removed (i.e., at least 
300 MeV) from both the conduction and valence bands than 
are more conventional p-type or n-type dopants. As set forth 
in the Field and Background, common deep level trapping 
elements include vanadium and other transition metals. 

[0029] As further used herein, the concentration that is 
de?ned as “beloW detectable levels,” refers to elements that 
are present in amounts that cannot be detected by modern 
sophisticated analytical techniques. In particular, because 
one of the more common techniques for detecting elements 
in small amounts is secondary ion mass spectroscopy 
(“SIMS”), the detectable limits referred to herein are those 
amounts of elements such as vanadium and other transition 
metals that are present in amounts of less than 1><1016 cm'3 
(1E16), or in other cases, less than about 1E14. These tWo 
amounts represent typical detection limits for most trace 
elements (particularly vanadium) using SIMS techniques; 
e.g., SIMS Theory—Sensitivity and Detection Limits, 
Charles Evans & Associates (1995), WWW.cea.com. 

[0030] As noted above, vanadium (V) is one of the more 
common elements for producing deep level traps in silicon 
carbide. Accordingly, the invention is characteriZed in that 
vanadium is either absent, or if present, is present in amounts 
beloW those Which Will substantially affect the resistivity of 
the crystal, and preferably beloW the amount that can be 
detected by SIMS. 

[0031] Although other polytypes (i.e., crystal structures) 
are possible, the silicon carbide single crystal according to 
this embodiment of the invention preferably has a polytype 
selected from the group consisting of the 3C, 4H, 6H and 
15R polytypes. 

[0032] Furthermore, in order to avoid the problems asso 
ciated With the presence of nitrogen, and the resulting 
necessity to attempt to compensate for the nitrogen, silicon 
carbide single crystals according to this embodiment of the 
invention preferably have a concentration of nitrogen atoms 
beloW about 1><1017 cm-3 (1E17). More preferably, the 
silicon carbide semi-insulating single crystal according to 
the present invention Will have a concentration of nitrogen 
of SE16 or less. Because the concentration of vanadium is 
beloW the level that affects the electrical characteristics of 
the crystal, and preferably less than can be detected by 
secondary ion mass spectroscopy, the concentration of vana 
dium is accordingly less than 1E16 atoms per cubic centi 
meter, and most preferably less than 1E14 atoms per cubic 
centimeter. Additionally, the resulting bulk silicon carbide 
single crystal Will preferably have a resistivity of at least 
10,000 Q-cm at room temperature, and most preferably a 
resistivity of at least 50,000 Q-cm at room temperature. 

[0033] For purposes of providing semi-insulating silicon 
carbide substrates for high frequency MESFETs, the 4H 
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polytype is preferred for, its higher bulk electron mobility. 
For other devices, the other polytypes may be preferred. 
Accordingly, one of the more preferred embodiments of the 
invention is a semi-insulating bulk single crystal of 4H 
silicon carbide that has a resistivity of at least 10,000 Q-cm 
at room temperature and concentration of vanadium atoms 
of less than 1E14. 

[0034] In another embodiment, the invention comprises a 
method of producing a semi-insulating bulk single crystal of 
silicon carbide. In this embodiment, the method comprises 
heating a silicon carbide source poWder to sublimation 
While, heating and then maintaining a silicon carbide seed 
crystal to a temperature beloW the temperature of the source 
poWder, and at Which temperature sublimed species from the 
source poWder Will condense upon the seed crystal. There 
after, the method includes continuing to heat the silicon 
carbide source poWder until a desired amount of single 
crystal bulk groWth has occurred upon the seed crystal. The 
method is characteriZed in that (1) the amounts of deep level 
trapping elements in the source poWder (as described above) 
are beloW the relevant amounts, (2) the source poWder 
contains SE16 or less nitrogen, and (3) during sublimation 
groWth, the source poWder and the seed crystal are main 
tained at respective temperatures high enough to signi? 
cantly reduce the amount of nitrogen that Would otherWise 
be incorporated into the bulk groWth on the seed crystal and 
to increase the number of point defects (sometimes referred 
to as intrinsic point defects) in the bulk groWth on the seed 
crystal to an amount that renders the resulting silicon carbide 
bulk single crystal semi-insulating. Preferably and concep 
tually, by keeping the amounts of nitrogen or other dopants 
as loW as possible, the number of point defects required to 
make the crystal semi-insulating can also be minimiZed. 
Presently, the preferred number of point defects appears to 
be in the range of 1E15-5E17. 

[0035] Although the inventors do not Wish to be bound by 
any particular theory, the resulting deep traps in the silicon 
carbide that render it semi-insulating appear to result from 
vacancies, interstitials or other intrinsic point defects rather 
than the presence of vanadium, other transition metals, or 
other elements. In order to produce the semi-insulating 
silicon carbide according to the invention, the source poW 
der that is used must be free of vanadium, or if vanadium is 
present, it must be beloW detectable levels. As noted above, 
the detectable levels are typically characteriZed as those that 
can be measured using SIMS. Stated differently, the amount 
of vanadium in the source poWder is preferably less than 
1E16 atoms per cubic centimeter, and most preferably less 
than 1E14 atoms per cubic centimeter. 

[0036] It has been further discovered according to the 
present invention that the amount of nitrogen in the resulting 
bulk single crystal can be reduced, not only by using the high 
purity techniques referred to in the prior art (Which are 
certainly acceptable as part of the inventive technique), but 
also by carrying out the sublimation at relatively higher 
temperatures, While keeping the temperature of the seed 
crystal, and any bulk groWth on the seed crystal at a 
temperature beloW the temperature of the source poWder. A 
preferred technique for sublimation groWth (other than as 
modi?ed as described herein) is set forth in US. Pat. No. RE 
34,861, the contents of Which are incorporated entirely 
herein by reference (“the ’861 patent”). 
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[0037] The sublimation is carried out in an appropriate 
crucible that, as set forth in the ’861 patent, is typically 
formed of graphite. The crucible includes a seed holder, and 
both are positioned inside of a sublimation furnace. In the 
method of the present invention, the SiC source poWder is 
selected and puri?ed as necessary to have a nitrogen con 
centration of less than about 1E17 and preferably less than 
about SE16. Furthermore, the source poWder has a concen 
tration of vanadium, or other heavy metals or transition 
elements, that is beloW the amount that Would affect the 
electrical characteristics of the resulting crystal. Such 
amounts include those beloW SIMS-detectable levels, mean 
ing that using currently available SIMS, they are at least 
beloW 1E16 and preferably beloW 1E14 atoms per cubic 
centimeter. The source poWder also preferably meets the 
other advantageous characteristics set forth in the ’861 
patent. 
[0038] From a practical standpoint, silicon carbide subli 
mation can be carried out With source temperatures ranging 
from about 2100° C. to 2500° C. With the temperature of the 
seed crystal being kept proportionally loWer. For the mate 
rials described herein, the source Was kept at betWeen about 
2360 and 2380° C. With the seed being 300-350° C. loWer. 
As knoWn to those familiar With such procedures and 
measurements, the indicated temperatures can depend on 
hoW and Where the system is measured and may differ 
slightly from system to system. 

[0039] Because vanadium has been the deep level trapping 
element of choice for prior attempts to produce compen 
sated-type semi-insulating silicon carbide, the invention can 
be expressed as the bulk SiC single crystal, and the method 
of making it, in Which vanadium is beloW the detectable and 
numerical levels recited above. It Will be understood, hoW 
ever, by those familiar With the groWth of silicon carbide and 
the characteristics of silicon carbide as used for semicon 
ductor purposes, hoWever, that the invention likeWise con 
templates the absence of any other elements Which Would 
produce deep level traps. 
[0040] By avoiding the use of elements to create the deep 
level traps, the invention likeWise eliminates the need to 
compensate the trapping elements With other elements and 
correspondingly reduces the complications that such com 
pensation introduces into the crystal groWth processes. 
[0041] FIGS. 1 through 17 illustrate various measure 
ments carried out on the semi-insulating substrates accord 
ing to the present invention, along With some comparisons 
With more conventional compensated and uncompensated 
silicon carbide material. 

[0042] FIGS. 1 through 3 represent a corresponding set 
of measurements taken on a substrate Wafer groWn at Cree 
Research Inc., Durham, NC, in accordance With the present 
invention. As set forth in the “Experimental” portion herein, 
the characteristics of these materials Were tested by the Air 
Force Research Laboratory in Dayton, Ohio. FIG. 1 plots 
the carrier concentration as against reciprocal temperature 
(With the concentration being on a logarithmic scale) for a 
semi-insulating substrate Wafer according to the present 
invention. The slope of the resulting line gives the activation 
energy Which is approximately 1.1 electron volts (eV). 
[0043] FIG. 2 shoWs that the resistivity increases as the 
temperature decreases in a manner consistent With the other 
expected properties of the semi-insulating material accord 
ing to the present invention. 
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[0044] FIG. 3 represents the mobility plotted against the 
temperature in degrees Kelvin. FIG. 4 is a plot of the natural 
logarithm (In) of the carrier concentration plotted against 
reciprocal temperature (degrees Kelvin). As knoWn to those 
familiar With these measurements, the slope of the natural 
log of the carrier concentration against reciprocal tempera 
ture gives the activation energy. As indicated by the inset 
box in FIG. 4, the activation energy for this sample accord 
ing to the invention is on the order of 1.1 eV, i.e., consistent 
With the results in FIG. 1. By comparison, and as likeWise 
knoWn to those familiar With semi-insulating silicon carbide, 
the activation energy for the semi-insulating silicon carbide 
When vanadium is used as the deep level trapping element 
Would be about 1.6 eV under the same circumstances. 

[0045] The data Was measured under a magnetic ?eld of 4 
kilogauss on a sample thickness of 0.045 centimeters and 
over a temperature range from about 569 K to about 1,012 
K. 

[0046] FIG. 5 is a plot of the natural log of resistivity as 
against reciprocal temperature in degrees Kelvin. This data 
and this plot can likeWise be used to determine the activation 
energy of the semi-insulating silicon carbide material. The 
value of 1.05667 eV determined from this plot helps con?rm 
the 1.1 eV activation energy measured earlier. Stated differ 
ently, the difference betWeen the activation energies as 
measured in FIGS. 4 and 5 is Within expected experimental 
limits, and the data con?rm each other. 

[0047] FIGS. 6 through 10 represent the same types of 
measurements and plots as do FIGS. 1 through 5, but taken 
from a different sample; speci?cally a different area of the 
same Wafer as that measured for FIGS. 1 through 5. It Will 
accordingly be seen that FIGS. 6 through 8 are consistent 
With the results plotted in FIGS. 1 through 3. More spe 
ci?cally, FIG. 9, Which is another plot of the natural log of 
carrier concentration against reciprocal temperature, shoWs 
a calculated activation energy of 1.00227 eV. Again, this is 
Within experimental limits of the 1.1 eV measured earlier. 

[0048] In a similar manner, FIG. 10 plots the natural log 
of resistivity against the reciprocal temperature and similarly 
provides an activation energy of 1.01159, Which likeWise is 
Within experimental limits of 1.1 eV. FIGS. 11 through 13 
shoW results from yet another portion of the Wafer, but 
Which are considered less favorable than the results seen in 
the prior measurements. In particular, the plot of FIG. 11 
fails to form a straight line in the manner desired, and the 
data is less favorable than Were the earlier results. Similarly, 
FIG. 14, Which plots the natural log of resistivity against 
reciprocal temperature shoWs a calculated activation energy 
of only 0.63299, a value Well removed from 1.1 eV, regard 
less of the experimental uncertainty. 

[0049] FIGS. 15, 16, and 17 represent the secondary ion 
mass spectra (SIMS) of various comparative samples and 
tend to shoW the elemental impurities and other materials in 
the semi-insulating silicon carbide substrates. FIG. 15 is the 
SIMS spectra of the semi-insulating silicon carbide material 
according to the present invention and con?rms the absence 
of vanadium or any other transition metals in the sample. 
This con?rms that the activation energy and deep level states 
present in the invention do not result from the presence of 
vanadium or other transition metals. 

[0050] FIG. 16 is included for comparison purposes and is 
the SIMS spectrum of an N-type Wafer of silicon carbide that 
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is neither semi-insulating nor made according to the present 
invention, but instead represents a conductive silicon car 
bide sample. Because no reason exists to include vanadium 
for N-type substrates, vanadium is absent from the mass 
spectrum. 

[0051] FIG. 17 provides a comparison of a prior version 
of semi-insulating silicon carbide Which is compensated 
With vanadium. The vanadium peak is strongly present at 
approximately 51 atomic mass units in the spectrum. This 
vanadium peak is conspicuously absent from both FIGS. 15 
and 16. 

[0052] It Will be understood, of course, by those familiar 
With these materials, that although the phrase “beloW detect 
able amounts,” is an entirely appropriate description of the 
invention, these amounts can also be understood as those 
that are beloW the amount that affects the electronic char 
acteristics, and particularly the resistivity, of the silicon 
carbide crystal. 

[0053] Accordingly, in another aspect, the invention com 
prises a semi-insulating silicon carbide single crystal With 
shalloW donor dopants, shalloW acceptor dopants, and intrin 
sic point defects. In this aspect of the invention, the number 
of shalloW donor dopants (Nd) in the silicon carbide crystal 
is greater than the number of shalloW acceptor dopants (Na), 
and the number of intrinsic point defects (Ndl) in the silicon 
carbide that act as acceptors is greater than the numerical 
difference betWeen the number of these donor and acceptor 
dopants. Further to this aspect, the concentration of elements 
selected from the group consisting of transition elements and 
heavy metals is less than the concentration that Would affect 
the electrical properties of the silicon carbide single crystal. 
The resulting silicon carbide single crystal has a resistivity 
of at least 5000 Q-cm at room temperature. 

[0054] This aspect of the invention also applies to the 
complementary situation in Which the number of acceptor 
dopant atoms is greater than the number of donor dopant 
atoms. In such a case, the number of intrinsic point defects 
that act as donors is greater than the numerical difference 
betWeen the number of the shalloW donor impurities and the 
shalloW acceptor impurities. 

[0055] Stated differently, the shalloW n-type and p-type 
dopants compensate each other With one or the other pre 
dominating to a certain extent. The number of intrinsic point 
defects in the crystal that are electrically activated is greater 
than the net amount of n-type or p-type dopant atoms that 
predominate over the other in the crystal. Stated as a 

formula, 

Nd1>(Nd_ a) 

[0057] Where donors predominate over acceptors, or 

[0058] Where acceptors predominate over donors. In the 
?rst case, the crystal Would be compensated n-type based on 
dopant atoms. These net donors are compensated again, 
hoWever, by acceptor-type point defects to produce the 
semi-insulating crystal. In the second case, the point defects 
act as donor type and compensate the net excess of acceptors 
in the crystal. 

[0059] As used herein, the term “dopant” is used in a 
broad sense; i.e., to describe an atom other than silicon (Si) 
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or carbon (C) present in the crystal lattice and providing 
either an extra electron (a donor) or an extra hole (an 
acceptor). In the invention, the dopants can be present either 
passively or proactively; i.e., the term “dopant” implies 
neither a “doping” step nor the absence of one. 

[0060] It is expected that the number of point defects can 
be controlled to some extent by irradiating silicon carbide 
With neutrons, high energy electrons, or gamma rays to 
create the desired number of point defects to achieve the 
results consistent With the formulas set forth above. 

[0061] Although an exact number of point defects is 
dif?cult to measure, techniques such as electron paramag 
netic resonance (EPR), deep level transient spectroscopy 
(DLTS), and position annihilation spectroscopy give the best 
available indications of the numbers present. As further set 
forth herein, Hall effect measurements also con?rm the 
desired characteristics of the crystal. 

[0062] In another aspect, the invention can be incorpo 
rated into active devices, particularly active microWave 
devices, that take advantage of the semi-insulating silicon 
carbide substrate. As noted above and as recogniZed by those 
familiar With active semiconductor microWave devices, the 
frequency With Which a microWave device can operate can 
be signi?cantly hindered by any interaction of carriers With 
the substrate, as opposed to the ideal situation When the 
carriers are limited to a particular channel and other func 
tional portions of the microWave device. 

[0063] The nature of the silicon carbide semi-insulating 
material according to the present invention is such that it has 
excellent performance characteristics in the appropriate 
devices. These include, but are not limited to MESFETs, 
certain MOSFETS, and other devices such as those 
described in current US. patents and pending applications 
Nos. 5,270,554; 5,686,737; 5,719,409; 5,831,288; Ser. No. 
08/891,221, ?led Jul. 10, 1997; and Ser. No. 09/082,554, 
?led May 21, 1998, both for “Latch-up Free PoWer UMOS 
Bipolar Transistor”; Ser. No. 08/797,536, ?led Feb. 7, 1997 
for “Structure for Increasing the Maximum Voltage of 
Silicon Carbide PoWer Transistors”; Ser. No. 08/795,135, 
?led Feb. 7, 1997 for “Structure to Reduce the On-resistance 
of PoWer Transistors”; and International Application. No. 
PCT/US98/13003, ?led Jun. 23, 1998 (designating the 
United States), for “PoWer Devices in Wide Bandgap Semi 
conductors”; the contents of all of Which are incorporated 
entirely herein by reference. 

EXPERIMENTAL 

[0064] TWo Wafers of semi-insulating SiC Were examined 
at the Air Force Research Laboratory at Dayton, Ohio 
(Wright-Patterson Air Force Base), With high temperature 
Hall effect and SIMS. No understandable results Were avail 
able from one of the Wafers (possibly because of unsatis 
factory ohmic contacts), but tWo Hall samples from the 
second Wafer both gave the same results, giving a reasonable 
con?dence level in those results. 

[0065] Both Wafers Were insulating at room temperature. 
The measurable Wafer Was thermally activated at elevated 
temperatures and the carrier concentration Was measurable, 
Which is not alWays possible in semi-insulating material 
because of the loW mobilities due to the high temperatures 
involved. The carrier concentration Was around 1015 cm'3 at 
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1000K Where the resistivity Was about 103 Q-cm. Such 
carrier concentration is about one to tWo orders of magni 
tude loWer than that seen in conventional semi-insulating 
material or vanadium doped material at the same tempera 
ture. No ?t of the n vs 1/T curve could be made, hoWever, 
so the total concentration for the active layer remained 
unavailable. The activation energy Was around 1.1 eV. 

[0066] SIMS Was carried out on the sample With a high 
resolution system. Nothing Was seen other than some copper 
near the detection limit along With some hydrogen, Which 
Was surmised from the height of the mass 47 peak. The mass 
47 peak Was accordingly attributed to SiOH. The mass scan 
for the invention along With the scans for tWo comparative 
samples are included hereWith as FIGS. 18-20, respectively. 
Titanium (Ti) is apparent at around 1x 1016 cm-3 in FIGS. 
19 and 20, but not in the sample of the invention (FIG. 18). 
Vanadium also appears in the standard semi-insulating 
sample (FIG. 20) along With the SiOH line indicating 
hydrogen. 
[0067] From these results, the ?rst Wafer Was considered 
to be very high purity material, and is considered insulating 
because any residual vanadium impurities along With What 
other defect makes up the 1.1 eV level are present in 
concentrations larger than the sum of the shalloW impurities 
and so the 1.1 eV levels compensates the shalloW impurities. 
The Fermi level is pinned at the deep level, thus making the 
material semi-insulating. The presence of hydrogen, if any, 
could mean that hydrogen compensation is taking place, but 
such Would not be eXpected to selectively compensate or 
neutraliZe the shalloW impurities and not the deep levels. 

[0068] In the draWings and speci?cation, there have been 
disclosed typical embodiments of the invention, and, 
although speci?c terms have been employed, they have been 
used in a generic and descriptive sense only and not for 
purposes of limitation, the scope of the invention being set 
forth in the folloWing claims. 

That Which is claimed is: 
1. A semi-insulating bulk single crystal of silicon carbide 

having a resistivity of at least 5000 Q-cm at room tempera 
ture and a concentration of deep level trapping elements that 
is beloW the amount that affects the electrical characteristics 
of the crystal. 

2. A silicon carbide single crystal according to claim 1 
Wherein the polytype of the silicon carbide is selected from 
the group consisting of the 3C, 4H, 6H and 15R polytypes. 

3. A silicon carbide single crystal according to claim 1 
having a concentration of nitrogen atoms beloW 1><1017 
cm_3. 

4. A silicon carbide single crystal according to claim 1 
Wherein the concentration of nitrogen is 5><1016 cm'3 or less. 

5. A silicon carbide single crystal according to claim 1 
Wherein the concentration of deep level trapping elements is 
beloW the level that can be detected by secondary ion mass 
spectroscopy (SIMS). 

6. A silicon carbide single crystal according to claim 1 
Wherein the concentration of vanadium is beloW the level 
that can be detected by secondary ion mass spectroscopy 

(SIMS). 
7. A silicon carbide single crystal according to claim 1 

Wherein the concentration of vanadium is less than 1><1016 
CH1 
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8. A silicon carbide single crystal according to claim 1 
Wherein the concentration of vanadium is less than 1><1014 
cm' 

9. A silicon carbide single crystal according to claim 1 
having a resistivity of at least 10,000 Q-cm at room tem 
perature. 

10. A silicon carbide single crystal according to claim 1 
having a resistivity of at least 50,000 Q-cm at room tem 
perature. 

11. Atransistor having a substrate that comprises the bulk 
single crystal according to claim 1. 

12. A transistor according to claim 11 selected from the 
group consisting of: metal-semiconductor ?eld-effect tran 
sistors, metal-insulator ?eld effect transistors, and high 
electron mobility transistors. 

13. A method of producing a semi-insulating bulk single 
crystal of silicon carbide, the method comprising: 

heating a silicon carbide source poWder in Which the 
amounts of deep level trapping elements in the source 
poWder are beloW detectable levels to sublimation 
While, 

heating and then maintaining a silicon carbide seed crystal 
to a temperature beloW the temperature of the source 
poWder at Which temperature sublimed species from 
the source poWder Will condense upon the seed crystal; 
and 

continuing to heat the silicon carbide source poWder until 
a desired amount of single crystal bulk groWth has 
occurred upon the seed crystal; and While 

maintaining the source poWder and the seed crystal during 
sublimation groWth at respective temperatures high 
enough to signi?cantly reduce the amount of nitrogen 
that Would otherWise be incorporated into the bulk 
groWth on the seed crystal and to increase the number 
of point defects in the bulk groWth to an amount that 
renders the resulting silicon carbide bulk single crystal 
semi-insulating. 

14. A method according to claim 13 in Which the amount 
of vanadium in the source poWder is beloW detectable levels. 

15. A method according to claim 13 in Which the amount 
of vanadium in the source poWder is less than 1><1016 cm_3. 

16. A method according to claim 13 in Which the amount 
of vanadium in the source poWder is less than 1><1014 cm_3. 

17. A method according to claim 13 in Which the con 
centration of transition metals in the source poWder is less 
than 1><1014 cm_3. 

18. A semi-insulating silicon carbide single crystal com 
prising: 

shalloW donor dopants, shalloW acceptor dopants, and 
intrinsic point defects in said silicon carbide single 
crystal; 

Wherein the number of shalloW dopants of a ?rst conduc 
tivity type is greater than the number of shalloW 
dopants of a second conductivity type; and 

the number of intrinsic point defects in said silicon 
carbide crystal that act to compensate the predominat 
ing ?rst type dopant is greater than the numerical 
difference by Which said ?rst type of shalloW dopant 
predominates over said second type of shalloW dopant; 
and 
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the concentration of elements selected from the group 
consisting of transition elements and heavy metals is 
less than the concentration that Would affect the elec 
trical properties of the silicon carbide single crystal; 

said silicon carbide single crystal having a resistivity of at 
least 5000 ohm-cm at room temperature. 

19. A semi-insulating silicon carbide crystal according to 
claim 18 Wherein said ?rst type dopants are donors, said 
second type dopants are acceptors and said intrinsic point 
defects act as acceptors. 

20. A semi-insulating silicon carbide crystal according to 
claim 18 Wherein said ?rst type dopants are acceptors, said 
second type dopants are donors and said intrinsic point 
defects act as donors. 

21. A silicon carbide single crystal according to claim 18 
Wherein the polytype of the silicon carbide is selected from 
the group consisting of the 3C, 4H, 6H and 15R polytypes. 

22. A silicon carbide single crystal according to claim 18 
Wherein the concentration of nitrogen is 5><1016 cm-3 or less. 

23. A silicon carbide single crystal according to claim 18 
Wherein the concentration of vanadium is beloW the level 
that can be detected by secondary ion mass spectroscopy 
(SIMS). 

24. A silicon carbide single crystal according to claim 18 
Wherein the concentration of vanadium is less than 1><1014 
cm_3. 

25. A silicon carbide single crystal according to claim 18 
having a resistivity of at least 10,000 Q-cm at room tem 
perature. 

26. A silicon carbide single crystal according to claim 18 
having a resistivity of at least 50,000 Q-cm at room tem 
perature. 

27. A transistor having a substrate that comprises the bulk 
single crystal according to claim 18. 

28. A transistor according to claim 27 selected from the 
group consisting of: metal-semiconductor ?eld-effect tran 
sistors, metal-insulator ?eld effect transistors, and high 
electron mobility transistors. 

29. Asemi-insulating silicon carbide single crystal having 
a concentration of nitrogen atoms of 5><1016 cm'3 or less and 
a concentration of point defects greater than the concentra 
tion of nitrogen but less than the concentration of point 
defects that begins to substantially reduce the thermal con 
ductivity and other desirable properties of the crystal. 

30. Asemi-insulating bulk single crystal of silicon carbide 
according to claim 29 having a resistivity of at least 5000 
Q-cm at room temperature and a concentration of deep level 
trapping elements that is beloW the amount that affects the 
electrical characteristics of the crystal. 

31. A silicon carbide single crystal according to claim 29 
Wherein the polytype of the silicon carbide is selected from 
the group consisting of the 3C, 4H, 6H and 15R polytypes. 

32. A silicon carbide single crystal according to claim 29 
Wherein the concentration of deep level trapping elements is 
beloW the level that can be detected by secondary ion mass 
spectroscopy (SIMS). 

33. A silicon carbide single crystal according to claim 29 
Wherein the concentration of vanadium is beloW the level 
that can be detected by secondary ion mass spectroscopy 

(SIMS). 
34. A silicon carbide single crystal according to claim 29 

Wherein the concentration of vanadium is less than 1><1016 
CH1 
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35. A silicon carbide single crystal according to claim 29 
Wherein the concentration of vanadium is less than 1><1014 

36. A silicon carbide single crystal according to claim 29 
having a resistivity of at least 10,000 Q-cm at room tem 
perature. 

37. A silicon carbide single crystal according to claim 29 
having a resistivity of at least 50,000 Q-cm at room tem 
perature. 

38. A semi-insulating silicon carbide single crystal 
according to claim 29 Wherein the concentration of point 
defects does not eXceed 5><1017 cm_3. 

39. A transistor having a substrate that comprises the bulk 
single crystal according to claim 29. 

40. A transistor according to claim 39 selected from the 
group consisting of: metal-semiconductor ?eld-effect tran 
sistors, metal-insulator ?eld effect transistors, and high 
electron mobility transistors. 

41. A method of producing a high resistivity silicon 
carbide single crystal substrate comprising: 

irradiating a single crystal of silicon carbide, 

in Which the concentration of deep level trapping ele 
ments is beloW the amount that Would affect the elec 
trical properties of said silicon carbide single crystal, 

With an irradiating source selected from the group con 

sisting of neutrons, electrons, and gamma radiation, 
and 

until the number of compensating point defects in the 
crystal is greater than the net amount of dopant atoms 
of one conductivity type that predominate over the 
dopant atoms of the other conductivity type in the 
crystal. 

42. A method according to claim 41 comprising irradiat 
ing a silicon carbide single Wherein the polytype of the 
silicon carbide is selected from the group consisting of the 
3C, 4H, 6H and 15R polytypes. 

43. A method according to claim 41 comprising irradiat 
ing a silicon carbide single crystal having a concentration of 
nitrogen atoms beloW 1><1017 cm_3. 

44. A method according to claim 41 comprising irradiat 
ing A silicon carbide single crystal according to claim 1 
Wherein the concentration of nitrogen is 5><1016 cm'3 or less. 

45. A method according to claim 41 comprising irradiat 
ing a silicon carbide single crystal Wherein the concentration 
of deep level trapping elements is beloW the level that can 
be detected by secondary ion mass spectroscopy (SIMS). 

46. A method according to claim 41 comprising irradiat 
ing a silicon carbide single crystal Wherein the concentration 
of vanadium is beloW the level that can be detected by 
secondary ion mass spectroscopy (SIMS). 

47. A method according to claim 41 comprising irradiat 
ing a silicon carbide single crystal Wherein the concentration 
of vanadium is less than 1><1016 cm_3. 

48. A method according to claim 41 comprising irradiat 
ing a silicon carbide single crystal Wherein the concentration 
of vanadium is less than 1><1014 cm_3. 


