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LOWER BANDGAP, LOWER RESISTIVITY, SILICON CARBIDE HETEROEPITAZIAL 
MATERIAL, AND METHOD OF MAKING SAME 

Specification 

Background of the Invention 

Silicon Carbide is a wide band-gap semiconductor which is 

attractive for fabrication of high temperature devices (e.g. 

diodes, field effect transistors, bipolar transistors, etc.), 

optoelectronic devices (green, blue, violet or violet light- 

emitting diodes, etc.) and high power microwave devices. While 

silicon carbide exists in over 170 polytypes, the most common are 

3C-silicon carbide (cubic) and 6H-silicon carbide (hexagonal). 

Currently, most silicon carbide devices are fabricated from the 6H- 

silicon carbide polytype. Fabrication of 6H-silicon carbide devices 

is done at high temperature. On the other hand, most work with 

silicon-based semiconductors is done at relatively low temperature, 

1200*C or less. For this reason, 6H-silicon carbide fabrication 

requires specialized machinery for crystal growth, and, for 

example, cannot use the less expensive and more readily available 

chemical vapor deposition apparatus used for silicon. 

Moreover, the performance of semiconductor devices made of 6H- 

silicon carbide is often limited by high contact resistance. 

Numerical simulation of silicon carbide metal-semiconductor field 

effect transistors and IMPATT diodes shows that high power, high 
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frequency, devices require ohmic contacts with a resistivity of 

less than 10"5 ncm2. Currently, the best known values of specific 

contact resistance for 6H-silicon carbide are 2(10)** ncm" for 

contacts to n-type silicon carbide, and 4(10)** ncm for p-type 

contacts. The lower contact resistances obtained with 3C-silicon 

carbide are probably related to the lower energy gap of this 

polytype relative to 6H-silicon carbide, and 3C-silicon carbide's 

lower effective carrier mass. 

Heteroepitaxial composites of 3C-silicon carbide and 6H- 

silicon carbide are known, and it is generally known that one can 

grow virtually unlimited thicknesses of single crystal 3C polytype 

on a 6H polytype substrate at 1400'C and above, and lesser 

thicknesses at lower temperatures. However, it has not been clear 

that one could fabricate sufficiently thick, doped, films of 3C- 

silicon carbide on a 6H-silicon carbide substrate below about 

1200*C, which would permit fabrication of these heterolayers with 

the less expensive and simpler equipment commonly used in silicon 

fabrication. 

Summary of the Invention 

Accordingly, an object of the invention is to significantly 

reduce contact resistance of silicon carbide semiconductors. 

Another object is to do so by use of 3C-6H silicon carbide 

heteroepitaxial layers. 

Another object is to permit fabrication and doping of such 

2 



Serial No. (Unassigned) Patents 
Applicants: Dmitriev et al. Attorney Docket No. 75,994 

heteroepitaxial layers at temperatures of no more than 1200*C. 

Another object is to do the foregoing in a manner which 

permits the 3C-silicon carbide film to be sufficiently thick to 

sustain attachment of effective ohmic contacts. 

Another object is to do the foregoing with equipment and 

techniques typical for use with silicon device fabrication. 

In accordance with these, and other objects made apparent 

hereinafter, the invention proceeds from the insight that, by 

analogy to gallium arsenide and silicon, heteroepitaxial films of 

different material poly types can be grown up to about 400*C below 

the temperature at which growth is unlimited. For silicon carbide, 

this is about 1000*C, which is well below the 1200*C at which one 

can use silicon equipment and techniques. Using such standard 

techniques, we have fabricated, and attached effective ohmic 

contacts to, a single crystal, n or p doped, 3C-silicon carbide 

film of up to 2(103)A on a 6H-silicon carbide substrate, at as low 

as 1150*C. 

These and other objects are further understood from the 

following detailed description of particular embodiments of the 

invention. It is understood, however, that the invention is capable 

of extended application beyond the precise details of these 

embodiments. Changes and modifications can be made to the 

embodiments that do not affect the spirit of the invention, nor 

exceed its scope, as expressed in the appended claims. The 

embodiments are described with particular reference to the 
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Brief Description of the Drawings 

Figure 1 is an x-ray diffraction plot of samples fabricated 

according to the invention, showing the presence of both 3C and 6H- 

silicon carbide. 

is a plot of current versus contact thickness, to determine 

the resistivity of a sample fabricated according to the invention. 

Detailed Description 

In accordance with the invention, a substrate of 6H-silicon 

carbide is provided initially. The crystal substrate is grown in 

any conventional manner, for example by the Lely method. It is 

etched, for example by molten potassium hydroxide, to remove 

crystal surface defects and expose silicon and carbon faces for use 

as deposition surfaces. The substrates must be singular or on-axis: 

off axis substrates will strongly favor production of 6H, rather 

than 3C, silicon carbide. The substrate is placed in a reaction 

chamber, and heteroepitaxial growth commenced. This is done 

preferably by conventional chemical vapor deposition of silicon 

carbide, mixed with the desired dopant material. Dopant material or 

concentration is not critical, so long as the dopant meets the 

universal semiconductor criteria that it be chemically compatible 

with the host material, and that dopant level not exceed the 

dopant's solubility in the host material. However, the higher the 
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dopant concentration, the lower the contact resistance. Nitrogen is 

conventional, and preferred as n-type dopant. Aluminum is preferred 

a€ p-type dopant, particularly because it facilitates especially 

good ohmic contacts, especially when capped with a titanium layer 

to prevent the aluminum from evaporating. Growth ceases prior to 

the thickness of the 3C-silicon carbide layer exceeding the 

critical thickness for a single crystal film. This critical 

thickness is temperature dependent. As discussed below, the 

critical thickness at about 1150*C is about 2000Ä, which permits 

good ohmic contact.  Because this thickness is mechanically 

effective, and is safely single crystal at higher temperatures, it 

is preferred. 

Example 

Layers of 3C-silicon carbide were grown on 6H-silicon 

carbide<0001> on axis by low pressure chemical vapor deposition. 

The equipment and growth parameters are known, and described in 

K.G. Irvine et al., Material Science Engineering, vol. B 11, 93 

(1992). To grow an epitaxial layer on the 6H-silicon carbide 

substrate, a SiH^-CjHg-Hg gas system was used. N-type layers were 

doped with nitrogen by introducing NH3 (1% in H2) gas into the 

reactor, and p-type layers were doped with aluminum by using 

trimethylaluminum. Growths were carried out at 76 Torr and the 

substrate temperature was 1150"C. The n-type 3C-silicon carbide 

were grown on n-type 6H-silicon carbide by chemical vapor 

5 



Serial No. (Unassigned) Patent« 
Applicants: Dmitriev et al. Attorney Docket No. 75,994 

deposition. The net carrier concentration of electrically active 

uncompensated donor impurities (Nd-Nd) in the substrates was 

approximately 1-2 (10)18 cm*3. Epitaxial p-type 3C-silicon carbide 

layers were grown on p-type 6H-silicon carbide layers previously 

deposited on the same Lely substrates by container-free liquid 

phase epitaxy. Before the deposition substrates ^re etched in 

molten potassium hydroxide, depositions of 3C-silicon carbide $re 

performed on both the <0001>silicon and <0001>carbon faces for n- 

type layers, and on the <0001>silicon faces for the p-type layers. 

The total growth thickness of the 3C-silicon carbide films was kept 

below 2(10)3A. The thickness of the 3C-silicon carbide layers was 

estimated by earlier calibrated growth rates, and was verified for 

a few samples by transmission electron microscopy. 

The epitaxial layers had a smooth surface, and no growth 

relief was seen using optical microscopy at 1000X magnification. 

electron channeling techniques were used to study the crystallinity 

of the 3C-silicon carbide films, which revealed a hexagonal 

channeling pattern. (A photograph of such a channeling pattern for 

one of the samples is shown in figure 1 of the paper by V.A. 

Dmitriev et al., Low Resistivity (-10"5 ncm2) Ohmic Contacts to 6H- 

Silicon Carbide Fabricated Using Cubic silicon Carbide Contact 

Layer, Applied PhysicsjH Letters,  64 (3), dated January 17, 1994, a copy of 

which is submitted with this application.) The shape of the 

channeling pattern can be due to either <0001> 6H-silicon carbide 
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or <111> 3C-silicon carbide. In order to distinguish between the 

polytypes, an x-ray diffraction study on some of the samples was 

performed, and the results presented in . The tall curve centered 

at "0" represents x-ray intensity at the angle one would expect 

from 6H-silicon carbide. The flatter curve is displaced from "0" by 

an angular distance which one would expect for the diffraction 

curve of 3C-silicon carbide to be displaced from the curve for 6H- 

silicon carbide. This indicates that the epilayers are of cubic 

polytype. The relative height of the curves in figure 1 confirms 

that the sample contains much more 6H-silicon carbide than 3C type. 

The carrier concentration of the 3C-silicon carbide films was 

estimated using Hall measurements performed on specially grown 3C- 

silicon carbide films on 6H-silicon carbide substrates with the 

opposite type conductivity. It was found to be on the order of 1- 

3(10)19 cm"3. The films of 3C-silicon carbide on 6H-silicon carbide 

were grown using the same growth conditions, but on the substrate 

with the same type conductivity. From this it is believed that 

crystalline layers of 3C-silicon carbide highly doped with nitrogen 

were grown on the 6H-silicon carbide substrates at 1150*C. 

Metallization of the 3C-silicon carbide heteroepitaxial films 

was accomplished by resistive evaporation of 1000 A of nickel for 

n-type contacts and by e-beam evaporation of 1500 A of aluminum 

followed by 150 A of titanium for the p-type contacts. The n-type 

contacts were ohmic as deposited; on the other hand, the p-type 

samples were annealed using a rapid thermal anneal at 1000'C for 30 
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seconds for the n-type contact, and at 950'C for 2 minutes for the 

p-type contact. The specific contact resistance of ohmic contacts 

to the n-type and p-type 6H-silicon carbide with a thin cap of 3C- 

silicon carbide polytype were then measured. The values of the n- 

type ohmic contacts were estimated by using a two terminal resistor 

structure introduced by Cox and Strack (see, Solid-State Electronics, 10, 

1213 (1967)), while the p-type resistivity was measured by a 

transmission line method. To implement the Cox and Strack method, 

an array of metal dots of diameters varying from 70 to 200 microns 

was fabricated on the 3C-silicon carbide cap layer, and the back 

side of the 6H-silicon carbide was fully metallized. Due to the 

difference in the front and back contact size, the current density 

varied across the contact area. The total resistance as a function 

of the front side diameter was measured using four-point probe 

measurements on a Hewlett-Packard 4145B semiconductor parameter 

analyzer, and then the values of contact resistance were extracted. 

Figure 3 shows the results as a plot of the inverse contact 

diameter verses total resistance. The slope of the plot is the 

sample's resistivity, which was 1.7 (10"5 flcm2.) Because contaet S 

density was not uniform through the wafer, this represents an upper < 

limit of the sample's true resistivity. Similar measurements made 

on a sample with a 3C-silicon carbide film on a 6H-silicon carbide 

carbon face yielded a resistivity having an upper limit of 6(10"5 

flcm2). 
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An array of nickel metal dots was also deposited directly on 

6H-silicon carbide with the 3C-silicon carbide film etched away, 

and the value of resistivity for the uncapped material measured at 

2(10"4 ncm2). This value is almost 10 times higher than that for 3C- 

silicon carbide grown on the silicon face of 6H-silicon carbide. 

Metallization of the p-type 3C-silicon carbide/6H-silicon 

carbide epitaxial films was accomplished by e-beam evaporation of 

1500 A of aluminum followed by 150 A of titanium, the p-type 

contacts became ohmic after the rapid thermal anneal in nitrogen at 

950*C for 120 seconds. Electrical isolation of the mesa for the 

transmission line methods was accomplished by the reactive ion 

etching with carbon tetrafluoride plus 02. Three-thousand A of 

aluminum was thermally evaporated as a mask. For aluminum/titanium 

contacts to the p-type 3C-silicon carbide structure, the contact 

resistance was found to be 2-3 (10*5) ncm2. 

The invention has been described in what is considered to be 

the most practical and preferred embodiments. It is recognized, 

however, that obvious modifications to these embodiments may occur 

to those with skill in this art. 
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Abstract of the Invention 

A silicon carbide semiconductor material, and method of making 

same, in which a doped film of 3C-silicon carbide is grown 

heteroepataxially on a 6H-silicon carbide material. Growth occurs 

at 1200*C or less, and produces a heterolayer having a reduced 

bandgap, and hence reduced contact resistance, but which is 

fabricatable with the less expensive equipment commonly used to 

fabricate silicon based semiconductors. 
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