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(57) ABSTRACT 

A method is disclosed for producing high quality semi 
insulating silicon carbide crystals in the absence of relevant 
amounts of deep level trapping elements. The invention 
includes the steps of heating a silicon carbide crystal having 
a ?rst concentration of point defect related deep level states 
to a temperature above the temperatures required for CVD 
groWth of silicon carbide from source gases, but less than the 
sublimation temperature of silicon carbide under the ambi 
ent conditions to thereby thermodynamically increase the 
number of point defects and resulting states in the crystal, 
and then cooling the heated crystal to approach room 
temperature at a suf?ciently rapid rate to maintain a con 
centration of point defects in the cooled crystal that remains 
greater than the ?rst concentration. 
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METHOD FOR PRODUCING SEMI-INSULATING 
RESISTIVITY IN HIGH PURITY SILICON 

CARBIDE CRYSTALS 

[0001] This is a divisional application of copending Ser. 
No. 10/064,232 ?led Jun. 24, 2002. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to the inventions set 
forth in commonly assigned US. Pat. Nos. 6,218,680 (“the 
’680 patent”); 6,396,080; 6,403,982; 6,639,247; and 6,507, 
046. 

[0003] The present invention relates to semi-insulating 
silicon carbide single crystals, and in particular, relates to a 
method of forming high purity semi-insulating silicon car 
bide single crystal substrates that have intrinsic point defects 
and resulting deep level electronic states in an amount 
greater than the net concentration of any compensating 
shalloW dopants (i.e., an amount greater than the uncom 
pensated shalloW dopants), and to maintain the semi-insu 
lating quality of the silicon carbide substrate during addi 
tional process steps of device manufacture. 

[0004] As set forth in the ’680 and related patents, it has 
been discovered that semi-insulating silicon carbide can be 
produced Without the use of vanadium as the dopant to 
create deep level states that produce the semi-insulating 
character. 

[0005] Although vanadium can produce a semi-insulating 
silicon carbide crystal, its presence has been observed to 
create a back-gating effect; i.e., the trapped negative charge 
on the vanadium acts as a groWn-in gate in devices in Which 
a vanadium-doped crystal is used as the semi-insulating 
substrate. Thus, for a number of device considerations, 
vanadium is best avoided. 

[0006] In the ’680 patent and the related applications, a 
semi-insulating silicon carbide crystal is described that 
includes donor dopants, acceptor dopants and intrinsic point 
defects that produce deep level states. When the concentra 
tion of intrinsic point defects exceeds the difference betWeen 
the concentration of donors and the concentration of accep 
tors, the states resulting from intrinsic point defects can 
provide semi-insulating characteristics in the functional 
absence of vanadium; i.e., including a minimal presence that 
is less than the presence that can affect the electronic 
properties of the crystal. 

[0007] The requirements for and the advantages of semi 
insulating substrates, their use in devices, particularly micro 
Wave devices, and the associated and particular require 
ments for silicon carbide semi-insulating substrates are set 
forth in detail in the ’680 patent and related applications, and 
are generally Well understood in the art from a background 
standpoint. Thus, they Will not be repeated in detail herein. 
For reference purposes, a relevant discussion is set forth in 
the ’680 patent at column 1, line 14 through column 3, line 
33, Which is incorporated entirely herein by reference. 

[0008] To this discussion it should be added, hoWever, that 
the ever-increasing demand for Wireless communication 
services, including high bandWidth delivery of Internet 
access and related services, drives a corresponding demand 
for devices and circuits that can support such delivery, Which 
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in turn calls for materials—such as semi-insulating silicon 
carbide—from Which devices having the required capabili 
ties can be manufactured. 

[0009] Accordingly, the ’680 patent explains that superior 
microWave performance can be achieved by the fabrication 
of silicon carbide ?eld effect transistors (FETs) and related 
devices on high purity, vanadium-free semi-insulating 
monocrystalline silicon carbide substrates. As set forth in the 
’680 patent, the substrates derive their semi-insulating prop 
erties from the presence of intrinsic (point defect related) 
deep electronic states lying near the middle of the silicon 
carbide bandgap. The intrinsic deep states generally arise 
during groWth of a crystal boule at high temperatures from 
Which substrate Wafers are cut in a manner generally Well 
understood in this art. 

[0010] In devices that incorporate these substrates, and in 
order to provide the appropriate loW-loss RF performance, 
the substrate must act as a loW-loss dielectric medium by 
continuously maintaining its semi-insulating characteristics. 
In turn, the ability to maintain semi-insulating behavior is 
dependent upon the total number of intrinsic deep states in 
the substrate. In current practice, if the density of the 
intrinsic deep levels is not sufficiently high it has been 
observed in practice that the semi-insulating characteristics 
of the substrate can become reduced or functionally elimi 
nated When subsequent steps are carried out on or using a 
semi-insulating silicon carbide Wafer. Such steps include the 
groWth of epitaxial layers at temperatures of about (for 
illustrative purposes) 1400° or above on the semi-insulating 
silicon carbide Wafer. This in turn reduces the number of 
useful devices that can be formed on or incorporating the 
Wafers. 

[0011] Although the inventors do not Wish to be bound by 
any particular theory, it appears that When semi-insulating 
silicon carbide substrate Wafers of this type are subjected to 
process steps at temperatures Within certain ranges, the 
subsequent processing can act as an anneal that reduces the 
number of point defects. This can be thought of in the 
positive sense that a higher quality crystal is created, but it 
is disadvantageous When the number of intrinsic point 
defects is the basis for the semi-insulating character of the 
substrate Wafer. 

[0012] Stated differently, if kept Within a particular tem 
perature range for a sufficient time, the crystal equilibrium or 
near-equilibrium Will shift to one in Which the number of 
point defects is reduced; i.e., the crystal becomes more 
ordered (feWer point defects) at loWer temperatures than it 
Was at higher temperatures, in a manner expected in accor 
dance With Well-understood thermodynamic principles. 

[0013] Accordingly, a need exists for silicon carbide sub 
strate Wafers that incorporate the advantages set forth in the 
’680 patent, and that can maintain these advantages during 
subsequent manufacture of devices and circuits on or incor 
porating the semi-insulating silicon carbide substrate Wafers. 

SUMMARY OF THE INVENTION 

[0014] Accordingly, it is an object of the invention to 
produce semi-insulating resistivity in high purity silicon 
carbide crystals, and to do so in a manner that results in a 
silicon carbide crystals that maintain their semi-insulating 
characteristics during and after subsequent device process 
ing and manufacture. 
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[0015] The invention meets this object With a method of 
producing high quality semi-insulating silicon carbide crys 
tals in the absence of relevant amounts of deep level trapping 
elements. The method comprises heating a silicon carbide 
crystal to a temperature above the temperatures required for 
CVD groWth of silicon carbide from source gases, but less 
than the temperatures at Which disadvantageously high rates 
of silicon carbide sublimation occur under the ambient 
conditions to thereby thermodynamically increase the con 
centration (i.e., number per unit volume) of point defects and 
resulting states in the crystal; and then cooling the heated 
crystal to approach room temperature at a sufficiently rapid 
rate to minimize the time spent in the temperature range in 
Which the defects are sufficiently mobile to disappear or be 
re-annealed into the crystal to thereby produce a silicon 
carbide crystal With a concentration of point defect states 
that is greater than the concentration of point defect states in 
an otherWise identically groWn silicon carbide crystal that 
has not been heated and cooled in this manner. 

[0016] In another aspect, the invention is the semi-insu 
lating silicon carbide crystal made by the method of the 
invention. 

[0017] In yet another aspect, the invention is a method of 
producing semiconductor device precursors on semi-insu 
lating substrates. In this aspect the invention comprises 
heating a silicon carbide substrate Wafer to a temperature of 
at least about 2000° C., then cooling the heated Wafer to 
approach room temperature at a rate of at least about 30° C. 
per minute, and then depositing an epitaXial layer of a 
semiconductor material on the substrate Wafer. 

[0018] 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 folloWed detailed 
description taken in conjunction With the accompanying 
draWings in Which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1 is a schematic diagram illustrating the 
temperature ranges referred to in the detailed description and 
several different cooling rates; and 

[0020] FIG. 2 is a plot of the change in capacitance 
against temperature in degrees Kelvin as measured by deep 
level transient spectroscopy (DLTS). 

[0021] FIG. 3 is a comparative set of three plots from 
electron paramagnetic resonance (EPR) evaluation of silicon 
carbide crystal samples. 

DETAILED DESCRIPTION 

[0022] Although the inventors do not Wish to be bound by 
any particular theory, the nature of the invention can be best 
understood in a thermodynamic sense. As noted above, one 
object of the invention is to avoid the use of vanadium to 
produce semi-insulating character in silicon carbide. 
Instead, the present invention creates a sufficiently large 
concentration of point defect states in the silicon carbide so 
that the concentration remaining after normal semiconductor 
processing and device manufacture still eXceeds the number 
necessary to produce semi-insulating character. 

[0023] Those familiar With the nature of silicon carbide 
and the basis for semi-insulating characteristics Will recog 
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niZe that there is no speci?c number or concentration of 
point defects that meets this requirement. Instead, the goal is 
to minimiZe the concentration of other dopants (including 
point defects) in the lattice that could contribute to conduc 
tive characteristics, and then eXceed that concentration With 
the concentration of items, in this case point defects and the 
resulting states they create, that create the desired semi 
insulating characteristics. 

[0024] Stated differently, in a compensated crystal the 
concentration of point defects that produce the desired deep 
level states and the resulting semi-insulating characteristics 
must be greater than the net concentration of the shalloW 
compensating dopants. Thus, a semi-insulating compensated 
crystal of silicon carbide can have a relatively high concen 
tration of both acceptor and donor atoms, provided that the 
number of point defects is in eXcess of the difference 
betWeen those concentrations. This concentration of point 
defects can also be expressed as the concentration needed to 
eXceed any uncompensated shalloW dopants. 

[0025] It has been generally found to be more efficient, 
hoWever, to minimiZe the number of potentially compensat 
ing donor and acceptor atoms and thus minimiZe the number 
of point defects required to eXceed the relevant numerical 
difference. For eXample (and for discussion purposes only), 
if the concentration of donor atoms Were 2E17 (2><1017 
cm_3) and acceptor atoms 3E17 (3><1017 cm_3), the concen 
tration of point defects Would have to be greater than 1E17 
(i.e. 3E17 minus 2E17). Thus, minimiZing the number 
(concentration) of donor and acceptor atoms is the preferred, 
although not necessary, manner of carrying out the present 
invention, because it reduces the number of states that need 
to be created to produce the semi-insulating character in the 
crystal. 

[0026] In its broadest aspect, the invention is a method of 
producing high quality semi-insulating silicon carbide crys 
tals in the absence of relevant amounts of deep level trapping 
elements. In this aspect the invention comprises heating a 
silicon carbide crystal to a temperature above the tempera 
ture required for chemical vapor deposition (CVD) groWth 
of silicon carbide from source gases, but less than the 
temperature at Which disadvantageously high rates of silicon 
carbide sublimation occur under the ambient conditions to 
thereby thermodynamically increase the concentration of 
point defects and resulting states in the crystal. 

[0027] The starting crystals are preferably of high purity 
and are produced by a seeded sublimation technique such as 
is set forth in US. Pat. No. RE34,861 (reissued from US. 
Pat. No. 4,866,005) or as discussed in Mueller, Status of SiC 
Bulk GroWth from an Industrial Point of VieW, J. Crystal. 
GroWth v. 211 No. 1 (2000) pp 325-332. 

[0028] The method then comprises cooling the heated 
crystal to approach room temperature at a sufficiently rapid 
rate to maintain a concentration of point defects in the 
cooled crystal that remains greater than the ?rst concentra 
tion. 

[0029] Stated someWhat differently, the method comprises 
the step of cooling the heated crystal to approach room 
temperature at a sufficiently rapid rate to reduce the time 
spent in the temperature range in Which the defects-includ 
ing, but not limited to, those created by the heating step—are 
suf?ciently mobile to be re-annealed into the crystal to 
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thereby produce a silicon carbide crystal With a concentra 
tion of point defect-related deep level states that is greater 
than the concentration of such states in an otherWise iden 
tically groWn silicon carbide crystal that has not been heated 
and cooled in this manner. 

[0030] In the most preferred embodiments, the crystal is 
heated to a temperature of betWeen about 2,000° C. and 
2,400° C. at atmospheric pressure. These temperatures pro 
vide a useful range at atmospheric pressure. At temperatures 
higher than 2400° C. the silicon carbide tends to sublime at 
undeniably high rates and thus temperatures above 2400° C. 
are less favored or disadvantageous at atmospheric pressure. 

[0031] It Will be understood by those familiar With the 
physical properties of silicon carbide that sublimation can 
occur over a relatively Wide range of high temperatures. At 
loWer portions of this range, the rate of sublimation is small 
enough to be of little or no concern. At higher portions of 
this range, hoWever, the rate of sublimation Will be high 
enough to be disadvantageous. Accordingly, the upper tem 
perature limit of the method of the invention Will to some 
eXtent be bounded by the subjective degree of sublimation 
found to be troublesome in particular circumstances. As 
noted above, at atmospheric pressure, 2400° C. has been 
found to be a convenient upper limit, but is not an absolute 
one. 

[0032] The purpose of raising the temperature to 2000° C. 
or greater is a thermodynamic one: in a normally eXpected 
fashion, the entropy of the crystal is higher at higher 
temperatures, and thus, more of the point defects and 
resulting states that can produce semi-insulating character 
are present at higher temperatures. Additionally, those famil 
iar With silicon carbide and the thermodynamics of crystals 
Will recogniZe that as the temperature increases, additional 
types of states can eXist that do not occur at loWer tempera 
tures. If the heated crystal is properly cooled in accordance 
With the present invention, these additional types of states 
can be preserved and Will contribute to the desired semi 
insulating properties. 
[0033] Accordingly, heating the crystals to these tempera 
tures creates a more disordered crystal, and the invention 
freeZes (in a relative sense) these desired states in the 
crystals as the crystal is returned to room temperature. The 
cooling step is signi?cant because if the crystal is alloWed to 
spend too much time in intermediate temperature ranges, 
such as those above about 1400° C., the crystal Will undergo 
the aforementioned annealing process, and can reach a 
different equilibrium or near-equilibrium condition in Which 
the states disappear (or are functionally reduced to an 
irrelevant number) as the crystal becomes more ordered. 

[0034] With respect to the preferred upper limit of 2400° 
C., it Will be understood by those familiar With silicon 
carbide and crystal groWth techniques that this is a practical 
limitation at atmospheric pressure rather than an absolute 
one. Stated differently, 2400° C. is a preferred upper tem 
perature When using relatively typical equipment operating 
at atmospheric pressure. Those having the ordinary skill 
eXpected in this ?eld could carry out the heating at higher 
temperatures Without undue experimentation, but Would 
have to add additional equipment and techniques such as 
incorporating an overlying silicon and carbon atmosphere or 
using some other high pressure technique to prevent the 
sublimation of silicon carbide that begins to occur in statis 
tically signi?cant amounts at such higher temperatures. 
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[0035] Thus, the method of the invention heats the crystal 
to a temperature as high as practical to produce as many 
states as possible in the crystal While avoiding or minimizing 
degradation or sublimation of the crystal. 

[0036] During the heating step, the crystal is preferably 
maintained at the elevated temperature for a period of at 
least about tWo minutes, an interval that has practical and 
functional considerations. From a practical standpoint, it 
Will take several minutes under most circumstances to heat 
the silicon carbide crystal to this temperature. From a 
functional standpoint, this also provides suf?cient time for 
the crystal to reach an equilibrium or near equilibrium 
condition With respect to the states that are desirably gen 
erated. The heating time is presently functionally best 
expressed as a time suf?cient to obtain a thermal equilibrium 
or near equilibrium in the crystal having the desired number 
of states. It Will be understood that the crystal does not need 
to reach a full equilibrium in the most proper or restricted 
sense of that term, but the term is used herein to describe a 
condition in Which the crystal reaches a given temperature 
and is maintained there for a time suf?cient to develop the 
desired number of states. 

[0037] The step of heating the crystal preferably com 
prises heating the crystal in an induction heater, in Which 
case the step of cooling the crystal includes (at least) 
reducing the poWer to the induction coil. Induction heaters 
and their method of operation in semiconductor manufacture 
are generally Well understood in the art and can be incor 
porated according to the invention Without undue experi 
mentation. Thus, as the particular induction heater is not 
critical to the claimed invention, it Will not be discussed in 
detail otherWise herein. Additionally, other types of heating 
can be used by those of ordinary skill in this art and Without 
undue experimentation. 

[0038] Once the crystal has been heated for the desired 
period of time at the temperature of 2000° C. or above, it is 
cooled in a manner that avoids dWelling for any signi?cant 
time period in the temperature range Where the defects are 
mobile enough to disappear or to be re-annealed into the 
system. In presently preferred embodiments, a rate of cool 
ing in eXcess of about 30° C. per minute appears to be 
preferred With a rate of 150° C. per minute appearing to be 
a useful upper limit. 

[0039] It Will be understood by those familiar With ther 
modynamics and the heating and cooling of materials, 
particularly materials at relatively high temperatures, that 
the rate of cooling need be neither constant nor eXact 
throughout the entire cooling process. Stated differently, 
While the crystal is cooling, and particularly While it is 
cooling Within temperature ranges Where re-annealing can 
occur at signi?cant rates, the rate of cooling should desirably 
range betWeen the 30° C. per minute and 150° C. per minute 
preferred limits. For the usual and Well-understood thermo 
dynamic reasons, the heat loss and thus the rate of cooling 
Will tend to be most rapid as the crystal cools from the 
highest temperatures and Will tend to moderate as the crystal 
approaches and reaches loWer temperatures. In particular, 
once the crystal is cooled beloW the temperature range in 
Which re-annealing takes place at signi?cant rates, the rate 
of cooling can become sloWer Without any functional dis 
advantage. Accordingly, as an individual crystal is cooled, 
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the rate at Which it cools can vary Within the 30°-150° C. per 
minute preferred range While still taking advantage of the 
method of the invention. 

[0040] A rate of cooling that is too sloW alloWs the crystal 
to spend too much time in the temperature range at Which the 
states Will heal and the crystal become sufficiently ordered 
to reduce the number of states beloW the number necessary 
to retain the semi-insulating characteristics. Alternatively, 
cooling at an overly-rapid rate can produce mechanical 
stresses in the crystal including fracturing if the thermal 
stress is sufficiently great. 

[0041] In preferred embodiments the cooling step includes 
both passive and active steps. As a ?rst step, the poWer to the 
induction heater is either reduced or turned off entirely. At 
the relatively high temperatures to Which the crystal has 
been heated, the initial heat loss is a radiation heat loss. As 
the temperature becomes loWer, the mechanisms of conduc 
tion and convection cooling take over. Accordingly, to 
further encourage and control the cooling rate, the heating 
chamber can be ?ooded With an inert gas, typically argon. 
Additionally, the thermal mass of the crystal and of the 
materials With Which it is placed in contact can be used to 
help control the cooling rate. Consequently, three basic Ways 
to control the rate of cooling include adjusting the poWer to 
the induction coil (or to any other relevant heating mecha 
nism Well understood in this art such as resistance heating); 
?oWing a cooling gas around and over the silicon carbide 
crystal; and controlling the thermal mass of the crystal and 
its surroundings; i.e., such as the use of a heat sink. Because 
these are thermodynamic conditions, they can be addressed 
in a number of different Ways that are not critical to the 
claimed invention and can be carried out by those of 
ordinary skill in this art Without undue experimentation. 

[0042] The preferred cooling rate of betWeen about 30° 
and 150° C. per minute can be also expressed as cooling the 
crystal to about room temperature in less than about 70 
minutes, or—at a more rapid pace—cooling the crystal to 
about room temperature in less than about 20 minutes. 

[0043] Because the invention provides a bene?cial semi 
insulating silicon carbide crystal, including substrate Wafers, 
the method of the invention can further comprise the steps 
of heating the silicon carbide substrate Wafer to a tempera 
ture of about 2,000° C. (and preferably to betWeen 2,000° 
and 2,400° C.), cooling the heated Wafer to approach room 
temperature at a rate of at least about 30° C. per minute (and 
preferably approaching 150° C. per minute), and then depos 
iting one or more epitaxial layers of semiconductor material 
on the substrate Wafer. Because the advantage of silicon 
carbide often (although not exclusively) relates to its Wide 
bandgap properties, in preferred embodiments, the step of 
depositing the epitaxial layer Will comprise depositing an 
epitaxial layer selected from the group consisting of other 
Wide bandgap semiconductors such as silicon carbide or 
Group III nitrides using chemical vapor deposition (CVD) 
techniques. In the case of silicon carbide, the step of 
depositing the epitaxial layer is typically carried out at 
temperatures greater than about 1,400° C. As noted above, 
in prior techniques steps carried out at such temperatures 
tended to reduce the number of defects to a point at Which 
the substrate Would no longer have appropriate semi-insu 
lating characteristics. Because the invention provides a 
method for controllably increasing the number of point 
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defects and resulting deep level states as compared to 
“as-groWn” crystals, these later processing steps do not spoil 
the semi-insulating character of the crystal even though 
some of the defects are expected to heal. 

[0044] Accordingly, in another aspect, the invention com 
prises the Wafer and epitaxial layer(s) produced by this 
aspect and embodiment of the invention. 

[0045] The invention can be carried out on substrate 
Wafers or single crystal boules, With substrates being the 
preferred embodiment because their large surface-to-volume 
ratio enables them to cool at the relatively rapid rates that are 
useful in the invention Without suffering undue or cata 
strophic thermal stress. Other than this practical point, 
hoWever, there is no conceptual difference betWeen the 
manner in Which the additional states can be created in a 
Wafer versus a boule. Accordingly, the invention can also 
comprise the steps of heating a silicon carbide boule to a 
temperature of at least about 2,000° C., then cooling the 
heated boule to approach room temperature at the rate of at 
least about 30° C. per minute, then slicing a silicon carbide 
Wafer from the boule and then depositing one or more 
epitaxial layers of semiconductor material on the sliced 
Wafer. 

[0046] In an alternative embodiment, the method can 
comprise the steps of slicing the silicon carbide Wafer from 
the single crystal boule, then heating the sliced Wafer to the 
temperature of at least about 2,000° degrees C. at atmo 
spheric pressure, and then cooling the heated Wafer to 
approach room temperature at a rate of at least 30° C. per 
minute, and thereafter depositing the epitaxial layer(s) of 
semiconductor material on the sliced Wafer. 

[0047] As knoWn to those familiar With the preparation of 
substrate Wafers and the groWth of epitaxial layers, the sliced 
silicon carbide Wafer is generally not used immediately after 
having been sliced, but instead is cleaned and polished to 
prepare a more favorable surface for epitaxial groWth. The 
polishing and cleaning steps for semiconductor materials in 
general and silicon carbide in particular are Well established 
in this art, can be practiced Without undue experimentation, 
and Will not be otherWise discussed in detail herein. 

[0048] In either case, the invention further comprises the 
Wafer and one or more epitaxial layers, and can further 
comprise devices that incorporate the Wafer and epitaxial 
layers formed according to the methods of the embodiments 
of the invention. 

[0049] The invention is not limited to use With any par 
ticular devices, but commonly used microWave devices that 
incorporate semi-insulating silicon carbide substrates 
include various types of ?eld effect transistors (FETs), metal 
oxide semiconductor ?eld effect transistors (MOSFETs), 
junction ?eld effect transistors (JFETs), metal-semiconduc 
tor ?eld effect transistors (MESFETs), heterostructure ?eld 
effect transistors (HFETs), high electron mobility transistors 
(HEMTs), and DMOS transistors. Those familiar With semi 
conductor devices and devices useful for microWave fre 
quency operation Will recogniZe that this list is neither 
limiting nor exhaustive. It is, hoWever, illustrative of the 
advantages provided by the invention described and claimed 
herein. 

[0050] FIG. 1 schematically illustrates the temperature 
ranges and the cooling rates used in the present invention. 
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Those familiar With these techniques Will recognize that 
FIG. 1 is explanatory in nature rather than an exact repre 
sentation of particular experiments. 

[0051] FIG. 1 is a plot of temperature versus time. Three 
general sets of temperatures are characterized. The upper 
most line designated at 10 represents the temperature, pref 
erably 2,000° C. for silicon carbide, above Which the desired 
number of point defects is produced in the manner according 
to the present invention. Stated differently, the invention 
includes the step of heating the silicon carbide crystal to the 
temperature represented by line 10 or higher. 

[0052] The second highest line is designated at 12 and 
represents a loWer temperature (Which Will be understood as 
relative rather than exact, but Which in preferred embodi 
ments is about 1200° C.) that together With the upper 
temperature line 10 de?nes a temperature range (represented 
by the arroW 11) Within Which the states created above the 
temperature line 10 Will be expected to heal if the crystal is 
alloWed to remain in this temperature range for a period of 
time sufficient to approach an equilibrium or a near equi 
librium condition. Accordingly, the invention as described 
herein minimizes the time that the crystal spends in the 
temperature range 11 once the increased number of states 
has been produced. As noted above, maintaining the cooling 
rate at betWeen about 30° C. and 150° C. per minute is 
particularly helpful While the crystal is Within the tempera 
ture range schematically illustrated at 11 in FIG. 1. 

[0053] The third line designated at 14 represents room 
temperature (25° C., 298 K) and de?nes another temperature 
range (designated by the arroW 13) betWeen room tempera 
ture and the temperature line 12. The temperature range 
symbolized by the arroW 13 represents temperatures that are 
still above room temperature, but Within Which the amount 
of reordering that may occur is statistically insigni?cant to 
the semi-insulating characteristics. 

[0054] For any number of reasons, the crystal normally 
can be expected to cool all the Way to room temperature 
Whether during pre-manufacture, storage, shipping or even 
use. It Will be understood, hoWever, that provided the crystal 
is heated to a temperature above that represented by the line 
10, and then cooled suf?ciently rapidly to a temperature 
beloW the temperature represented by the line 12, the 
bene?ts of the invention Will be accomplished, regardless of 
Whether room temperature is ever reached. 

[0055] Three cooling curves are schematically illustrated 
as the lines at 15, 16, and 17. Because FIG. 1’s abscissa 
represents time, it Will be understood that the line 15 
represents the sloWest rate of cooling, While the line 17 
represents the most rapid. In this sense, the extended curve 
15 illustrates that the crystal Would spend a much greater 
period of time in the temperature range designated by the 
arroW 11 as compared to crystals folloWing the cooling 
curves designated by the lines at 16 or 17. Thus, the curve 
15 schematically represents a prior art approach (intentional 
or unintentional) to cooling the crystal, While the lines 16 
and 17 schematically represent the more rapid cooling steps 
of the present invention. As noted previously, provided the 
cooling rate meets the functional aspects described herein, 
the rate need not be constant. 

[0056] FIG. 2 illustrates that the desired high concentra 
tions of deep-levels correlate With higher groWth tempera 
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tures. FIG. 2 plots the change in capacitance as measured by 
deep level transient spectroscopy (DLTS) against tempera 
ture. The higher amplitude (eg at 300 K) of the crystal 
samples groWn at higher temperatures (solid line) represents 
a larger concentration of deep levels as compared to a 
sample groWn at a loWer temperature (dashed line). 

[0057] Deep level transient spectroscopy is generally Well 
understood in the semiconductor arts and is a sensitive 
method used to study deep levels in semiconductors. The 
method is based on the capacitance charge of a reversed 
biased diode When deep levels emit their carriers after they 
have been charged by a forWard bias pulse. The emission 
rate is temperature dependent and characteristic for each 
type of defect. Using the temperature dependence of the 
emission rate, the activation energy of a deep level can be 
determined. See, eg ASTM International Test No. 13978-02, 
“Standard Test Method for Characterizing Semiconductor 
Deep Levels by Transient Capacitance Techniques.” Other 
techniques for evaluating the crystal can include capacitance 
versus voltage (CV) techniques, as Well as electron para 
magnetic resonance (EPR). 

[0058] FIG. 3 is a comparative set of three plots from 
electron paramagnetic resonance (EPR) evaluation of silicon 
carbide crystal samples. EPR is a Well-understood technique 
for measuring certain characteristics of materials and is also 
knoWn as electron spin resonance (ESR) or electron mag 
netic resonance (EMR). EPR represents the process of 
resonance absorption of microWave radiation by paramag 
netic ions or molecules, With at least one unpaired electron 
spin and in the presence of a magnetic ?eld. In analyzing 
crystals according to the present invention, EPR is used to 
measure the number of charges occupying deep traps in the 
crystal bandgap. By measuring the change in absorption of 
microWave energy Within a continuously varying strong 
magnetic ?eld, EPR detects the number of unpaired spins of 
electronic charges trapped at various defects in the crystal 
lattice. The EPR measurement does not, hoWever, evict the 
charges from the traps, but merely detects their presence, 
thus permitting repeated analysis of the same sample. 

[0059] The three plots of FIG. 3 represent (from left to 
right), a silicon carbide crystal groWn conventionally, a 
silicon carbide crystal heated and cooled in the range of 30° 
C. per minute according to the present invention and a 
crystal heated and cooled in the range of 150° C. per minute 
according to the present invention. 

[0060] Each of the sections of FIG. 3 is sized identically 
and the magnitude (arbitrary units) of the EPR signal of the 
carbon vacancy (Vc)—i.e. one of the types of point defects 
that provides the states that in turn provide semi-insulating 
character—is proportional to the number of defect centers 
detected by the EPR. As knoWn to those familiar With EPR, 
the “g-factor” (or “g-value”) is characteristic of the type of 
electron trap and is related to the microWave frequency and 
the magnetic ?eld strength. Accordingly, given that the 
sample sizes measured Were the same Within expected 
margins of experimental error, the magnitude of the EPR 
line for the carbon vacancies (from the trough to the peak) 
is proportional to the concentration of defects in the sample. 
Thus, FIG. 3 illustrates a signi?cant increase in the number 
of carbon vacancies (and a resulting improvement in semi 
insulating character) from the as-groWn condition (left 
panel) to the process of the invention using a 30° C. rate of 
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cooling (middle panel) to the process of the invention using 
a 150° C. rate of cooling (right hand panel). 

[0061] In the drawings and speci?cation there has been set 
forth a preferred embodiment of the invention, and although 
speci?c terms have been employed, they are used in a 
generic and descriptive sense only and not for purposes of 
limitation, the scope of the invention being de?ned in the 
claims. 

That Which is claimed is: 
1. A semi-insulating silicon carbide crystal made by the 

method of: 

heating a silicon carbide crystal having a ?rst concentra 
tion of point defect related deep level states to a 
temperature above the temperatures required for CVD 
groWth of silicon carbide from source gases, but less 
than the sublimation temperature of silicon carbide 
under the ambient conditions to thereby thermody 
namically increase the concentration of point defects 
and resulting states in the crystal; and 

cooling the heated crystal to approach room temperature 
at a sufficiently rapid rate to maintain a concentration of 
point defects in the cooled crystal that remains greater 
than the ?rst concentration. 

2. A compensated silicon carbide crystal according to 
claim 1. 

3. A compensated crystal according to claim 2 in Which 
the most concentrated dopant is present in an amount of 
about SE16 or less. 

4. A semi-insulating silicon carbide crystal made by the 
method of: 

heating a silicon carbide single crystal to a temperature of 
at least about 2000° C. to thereby thermodynamically 
increase the number of point defects and resulting deep 
level states in the crystal; and 

cooling the heated crystal to approach room temperature 
at a sufficiently rapid rate to maintain a concentration of 
point defects in the cooled crystal that remains greater 
than the ?rst concentration. 

5. A semi-insulating silicon carbide crystal according to 
claim 4 having a polytype selected from the group consisting 
of the 3C, 4H, 6H, and 15R polytypes of silicon carbide. 
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6. AWafer and epitaXial layer produced by the method of: 

heating a silicon carbide substrate Wafer to a temperature 
of at least about 2000° C.; 

cooling the heated Wafer to 1200° C. or less at a rate of 
at least about 30° C. per minute; and 

depositing an epitaXial layer of a semiconductor material 
on the substrate Wafer. 

7. A Wafer and epitaXial layer thereon formed by the 
method of 

heating a silicon carbide boule to a temperature of at least 
about 2000° C.; 

cooling the heated boule to approach room temperature at 
a rate of at least about 30° C. per minute; 

slicing a silicon carbide Wafer from the boule; and 

depositing an epitaXial layer of a semiconductor material 
on the sliced Wafer. 

8. Adevice that incorporates the Wafer and epitaXial layer 
according to claim 7. 

9. A device according to claim 8 selected from the group 
consisting of FET’s, MOSFET’s, JFET’s, MESFET’s, 
HFET’s, HEMT’s, DMOS FET’s, eXtended drain MOS 
FET’s; vertical DMOS transistors, and lateral DMOS tran 
sistors. 

10. A Wafer and epitaxial layer thereon formed by the 
method of 

slicing a silicon carbide Wafer from a single crystal silicon 
carbide boule; 

heating the sliced Wafer to a temperature of at least about 
2000° C.; 

cooling the heated Wafer to approach room temperature at 
a rate of at least about 30° C. per minute; and 

depositing an epitaXial layer of a semiconductor material 
on the sliced Wafer. 

11. A device that incorporates the Wafer and epitaXial 
layer according to claim 10. 

12. A device according to claim 11 selected from the 
group consisting of FET’s, MOSFET’s, JFET’s, MES 
FET’s, HFET’s, HEMT’s, DMOS FET’s, extended drain 
MOSFET’s; vertical DMOS transistors, and lateral DMOS 
transistors. 


