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(57) ABSTRACT 

NeW Group III based diodes are disclosed having a low on 
state voltage (Vf) and structures to keep reverse current (lrev) 
relatively loW. One embodiment of the invention is Schottky 
barrier diode made from the GaN material system in Which 
the Fermi level (or surface potential) of is not pinned. The 
barrier potential at the metal-to-semiconductor junction var 
ies depending on the type of metal used and using particular 
metals loWers the diode’s Schottky barrier potential and 
results in a Vf in the range of 0.1-0.3V. In another embodi 
ment a trench structure is formed on the Schottky diodes 
semiconductor material to reduce reverse leakage current. 
and comprises a number of parallel, equally spaced trenches 
With mesa regions betWeen adjacent trenches. A third 
embodiment of the invention provides a GaN tunnel diode 
With a 10W Vf resulting from the tunneling of electrons 
through the barrier potential, instead of over it. This embodi 
ment can also have a trench structure to reduce reverse 

leakage current. 
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GALLIUM NITRIDE BASED DIODES WITH LOW 
FORWARD VOLTAGE AND LOW REVERSE 

CURRENT OPERATION 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates to diodes, and more particu 
larly to gallium nitride (GaN) based diodes exhibiting 
improved forWard voltage and reverse leakage current char 
acteristics. 

[0003] 2. Description of the Related Art 

[0004] Diode recti?ers are one of the most Widely used 
devices for loW voltage sWitching, poWer supplies, poWer 
converters and related applications. For ef?cient operation it 
is desirable for diodes to have loW on-state voltage (0.1-0.2V 
or loWer), loW reverse leakage current, high voltage block 
ing capability (20-30V), and high sWitching speed. 
[0005] The most common diodes are pn-junction diodes 
made from silicon (Si) With impurity elements introduced to 
modify, in a controlled manner, the diode’s operating char 
acteristics. Diodes can also be formed from other semicon 
ductor materials such as Gallium Arsenide (GaAs) and 
silicon carbide (SiC). One disadvantage of junction diodes is 
that during forWard conduction the poWer loss in the diode 
can become excessive for large current ?oW. 

[0006] Schottky barrier diodes are a special form of diode 
recti?er that consist of a rectifying metal-to-semiconductor 
barrier area instead of a pn junction. When the metal 
contacts the semiconductor a barrier region is developed at 
the junction betWeen the tWo. When properly fabricated the 
barrier region Will minimiZe charge storage effects and 
improve the diode sWitching by shortening the turn-off time. 
[L. P. Hunter, Physics of Semiconductor Materials, Devices, 
and Circuits, Semiconductor Devices, Page 1-10 (1970)] 
Common Schottky diodes have a loWer turn-on voltage 
(approximately 0.5V) than pn-junction diodes and are more 
desirable in applications Where the energy losses in the 
diodes can have a signi?cant system impact (such as output 
recti?ers in sWitching poWer supplies). 

[0007] One Way to reduce the on-state voltage beloW 0.5V 
in conventional Schottky diodes is to reduce their surface 
barrier potential. This, hoWever, results in a trade-off of 
increased reverse leakage current. In addition, the reduced 
barrier can degrade high temperature operation and result in 
soft breakdoWn characteristics under reverse bias operation. 

[0008] Also, Schottky diodes are commonly made of 
GaAs and one disadvantage of this material is that the Fermi 
level (or surface potential) is ?xed or pinned at approxi 
mately 0.7 volts. As a result, the on-state forWard voltage 
(Vf) is ?xed. Regardless of the type of metal used to contact 
the semiconductor, the surface potential cannot be loWered 
to loWer the Vf. 

[0009] More recently, silicon based Schottky recti?er 
diodes have been developed With a someWhat loWer Vf. 
[IXYS Corporation, Si Based PoWer Schottky Recti?er, Part 
Number DSS 20-0015B; International Recti?er, Si Based 
Shottky Recti?er, Part Number 11DQ09]. The Shottky bar 
rier surface potential of these devices is approximately 0.4V 
With the loWer limit of Vf being approximately 0.3-0.4 volts. 
For practical purposes the loWest achievable Shottky barrier 
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potential is around 0.4 volts With regular metaliZation using 
titanium. This results in a Vf of approximately 025V With a 
current density of 100 A/cm2. 

[0010] Other hybrid structures have been reported With a 
Vf of approximately 025V (With a barrier height of 058V) 
With operating current density of 100 A/cm2. [M. Mehrotra, 
B. J. Baliga, “The Trench MOS Barrier Shottky (TMBS) 
Recti?er”, International Electron Device Meeting, 1993]. 
One such design is the junction barrier controlled Schottky 
recti?er having a pn-junction used to tailor the electric ?elds 
to minimiZe reverse leakage. Another device is the trench 
MOS barrier recti?er in Which a trench and a MOS barrier 
action are used to tailor the electrical ?eld pro?les. One 
disadvantage of this device is the introduction of a capaci 
tance by the pn-junction. Also, pn-junctions are someWhat 
dif?cult to fabricate in Group III nitride based devices. 

[0011] The Gallium nitride (GaN) material system has 
been used in opto-electronic devices such as high ef?ciency 
blue and green LEDs and lasers, and electronic devices such 
as high poWer microWave transistors. GaN has a 3.4 eV Wide 
direct bandgap, high electron velocity (2x107 cm/s), high 
breakdoWn ?elds (2x106 V/cm) and the availability of het 
erostructures. 

SUMMARY OF THE INVENTION 

[0012] The present invention provides neW Group III 
nitride based diodes having a loW Vf. Embodiments of the 
neW diode also include structures to keep reverse current 

(IISV) relatively loW. 
[0013] The neW diode is preferably formed of the GaN 
material system, and unlike conventional diodes made from 
materials such as GaAs, the Fermi level (or surface poten 
tial) of GaN is not pinned at its surface states. In GaN 
Schottky diodes the barrier height at the metal-to-semicon 
ductor junction varies depending on the type of metal used. 
Using particular metals Will loWer the diode’s Schottky 
barrier height and result in a Vf in the range of 0.1-0.3V. 

[0014] The neW GaN Schottky diode generally includes an 
n+ GaN layer on a substrate, and an n— GaN layer on the n+ 
GaN layer opposite the substrate. Ohmic metal contacts are 
included on the n+ GaN layer, isolated from the n- GaN 
layer, and a Schottky metal layer is included on the n— GaN 
layer. The signal to be recti?ed is applied to the diode across 
the Schottky metal and ohmic metal contacts. When the 
Schottky metal is deposited on the n— GaN layer, a barrier 
potential forms at the surface of said n— GaN betWeen the 
tWo. The Schottky metal layer has a Work function, Which 
determines the height of the barrier potential. 

[0015] Using a metal that reduces the Schottky barrier 
potential results in a loW Vf, but can also result in an 
undesirable increase in IreV. A second embodiment of the 
present invention reduces Irev by including a trench structure 
on the diode’s surface. This structure prevents an increase in 
the electric ?eld When the neW diode is under reverse bias. 
As a result, the Schottky barrier potential is loWered, Which 
helps reduce IIeV. 

[0016] The trench structure is preferably formed on the n 
GaN layer, and comprises a number of parallel, equally 
spaced trenches With mesa regions betWeen adjacent 
trenches. Each trench has an insulating layer on its sideWalls 
and bottom surface. A continuous Schottky metal layer is on 
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the trench structure, covering the insulating layer and the 
mesas betWeen the trenches. Alternatively, the sideWalls and 
bottom surface of each trench can be covered With metal 
instead of an insulator, With the metal electrically isolated 
from the Schottky metal. The mesa regions have a doping 
concentration and Width chosen to produce the desired 
redistribution of electrical ?eld under the metal-semicon 
ductor contact. 

[0017] A third embodiment of the invention provides a 
GaN tunnel diode With a loW Vf resulting from the tunneling 
of electrons through the barrier potential, instead of over it. 
This embodiment has a substrate With an n+ GaN layer 
sandWiched betWeen the substrate and an n— GaN layer. An 
AlGaN barrier layer is included on the n— GaN layer 
opposite the n+ GaN layer. An Ohmic contact is included on 
the n+ GaN layer and a top contact is included on the AlGaN 
layer. The signal to be recti?ed is applied across the Ohmic 
and top contacts. 

[0018] The barrier layer design maXimiZes the forWard 
tunneling probability While the different thickness and Al 
mole fraction of the barrier layer result in different forWard 
and reverse operating characteristics. At a particular thick 
ness and Al mole fraction, the diode has a loW Vf and loW 
IIeV. Using a thicker barrier layer and/or increasing the Al 
mole concentration decreases Vf and increases IreV. As the 
thickness or mole fraction is increased further, the neW diode 
Will assume ohmic operating characteristics, or become a 
conventional Schottky diode. 

[0019] These and other further features and advantages of 
the invention Would be apparent to those skilled in the art 
from the folloWing detailed description, taking together With 
the accompanying draWings, in Which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1 is a sectional vieW of a GaN Schottky diode 
embodiment of the invention; 

[0021] FIG. 2 is a diagram shoWing the Work function of 
common metals verses their atomic number; 

[0022] FIG. 3 is a band diagram for the diode shoWn in 
FIG. 1; 

[0023] FIG. 4 is a sectional vieW of another embodiment 
of the GaN Schotty diode of FIG. 1, having a trench 
structure to reduce reverse current leakage; 

[0024] FIG. 5 is a sectional vieW of a tunnel diode 
embodiment of the invention; 

[0025] FIG. 6 is a band diagram for the tunnel dioode of 
FIG. 5 having a barrier layer With a thickness of 22 A and 
30% Al mole fraction; 

[0026] FIG. 7 is a diagram shoWing the voltage/current 
characteristics of the neW tunnel diode having the band 
diagram of FIG. 6; 

[0027] FIG. 8 is a band diagram for the tunnel dioode of 
FIG. 5 having a barrier layer With a thickness of 30 A and 
30% Al mole fraction; 

[0028] FIG. 9 is a diagram shoWing the voltage/current 
characteristics of the neW tunnel diode having the band 
diagram of FIG. 8; 
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[0029] FIG. 10 is a band diagram for the tunnel diode of 
FIG. 5 having a barrier layer With a thickness of 38 A and 
30% Al mole fraction; 

[0030] FIG. 11 is a diagram shoWing the voltage/current 
characteristics of the neW tunnel diode having the band 
diagram of FIG. 10; and 

[0031] FIG. 12 is a sectional vieW of a tunnel diode 
embodiment of the invention having a trench structure to 
reduce reverse current leakage. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0032] FIG. 1 shoWs a Schottky diode 10 constructed in 
accordance With the present invention having a reduced 
metal-to-semiconductor barrier potential. The neW diode is 
formed of the Group III nitride based material system or 
other material systems Where the Fermi level is not pinned 
at its surface states. Group III nitrides refer to those semi 
conductor compounds formed betWeen nitrogen and the 
elements in Group III of the periodic table, usually alumi 
num (Al), gallium (Ga), and indium (In). The term also 
refers to ternary and tertiary compounds such as AlGaN and 
AlInGaN. The preferred materials for the neW diode are 
GaN and AlGaN. 

[0033] The neW diode 10 comprises a substrate 11 that can 
be either sapphire (A1203), silicon (Si) or silicon carbide 
(SiC), With the preferred substrate being a 4H polytype of 
silicon carbide. Other silicon carbide polytypes can also be 
used including 3C, 6H and 15R polytypes. An AlXGa1_N 
buffer layer 12 (Where X in betWeen 0 and 1) is included on 
the substrate 11 and provides an appropriate crystal structure 
transition betWeen the silicon carbide substrate and the 
remainder of the diode 10. 

[0034] Silicon carbide has a much closer crystal lattice 
match to Group III nitrides than sapphire and results in 
Group III nitride ?lms of higher quality. Silicon carbide also 
has a very high thermal conductivity so that the total output 
poWer of Group III nitride devices on silicon carbide is not 
limited by the thermal dissipation of the substrate (as is the 
case With some devices formed on sapphire). Also, the 
availability of silicon carbide substrates provides the capac 
ity for device isolation and reduced parasitic capacitance 
that make commercial devices possible. SiC substrates are 
available from Cree Research, Inc., of Durham, NC. and 
methods for producing them are set forth in the scienti?c 
literature as Well as in a US. Pat. Nos. Re. 34,861; 4,946, 
547; and 5,200,022. 

[0035] The neW diode 10 has an n+ GaN layer 12 on a 
substrate 11 and an n- layer of GaN 13 on the n+ GaN layer 
12, opposite the substrate 11. The n+ layer 12 is highly 
doped With impurities to a concentration of at least 1018 per 
centimeter cubed (cm3), With the preferable concentration 
being 5 to 10 times this amount. The n— layer 13 has a loWer 
doping concentration but is still n- type and it preferably has 
an impurity concentration in the range of 5><1014 to 5><1017 
per cm3. The n-layer 13 is preferably 0.5-1 micron thick and 
the n+ layer 12 is 0.1 to 1.5 microns thick, although other 
thicknesses Will also Work. 

[0036] Portions of the n— GaN layer 13 are etched doWn 
to the n+ layer and ohmic metal contacts 14a and 14b are 
included on the n+ GaN layer in the etched areas so that they 
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are electrically isolated from the n— GaN layer 13. In an 
alternative embodiment, one or more ohmic contacts can be 
included on the surface of the substrate that is not covered 
by the n+ GaN layer 12. This embodiment is particularly 
applicable to substrates that are n-type. A Schottky metal 
layer 16 is included on the n— GaN layer 13, opposite the n+ 
GaN layer 12. 

[0037] The Work function of a metal is the energy needed 
to take an electron out of the metal in a vacuum and the 
Fermi level of a material is the energy level at Which there 
is a 50% probability of ?nding a charged carrier. A semi 
conductor’s electron af?nity is the difference betWeen its 
vacuum energy level and the conduction band energy level. 

[0038] As described above, the surface Fermi level of GaN 
is unpinned and as a result, Schottky metals With different 
Work functions result in different barrier potentials. The 
barrier potential is approximated by the equation: 

Work function — 

Barrier Height : 
the Semiconductor's electronaffinity 

[0039] FIG. 2 is a graph 20 shoWing the metal Work 
function 21 for various metal surfaces in a vacuum, verses 
the particular metal’s atomic number 22. The metal should 
be chosen to provide a loW Schottky barrier potential and 
loW Vf, but high enough so that the reverse current remains 
loW. For example, if a metal Were chosen having a Work 
function equal to the semiconductor’s electron af?nity, the 
barrier potential approaches Zero. This results in a Vf that 
approaches Zero and also increases the diode’s reverse 
current such that the diode becomes ohmic in nature and 
provides no recti?cation. 

[0040] Many different metals can be used to achieve a loW 
barrier height, With the preferred metals including Ti(4.6 
Work function) 23, Cr(4.7) 24, Nb(4.3) 25, Sn(4.4) 26, 
W(4.6) 27 and Ta (4.3) 28. Cr 24 results in an acceptable 
barrier potential and is easy to deposit by conventional 
methods. 

[0041] FIG. 3 shoWs a typical band diagram 30 for the 
neW Schottky barrier diode taken on a vertical line through 
the diode. It shoWs the energy levels of Schottky metal 31, 
the GaN semiconductor layers 32, and the Shottky barrier 
potential 33. 

[0042] Prior to contact of the GaN semiconductor material 
by the Schottky metal, the Fermi energy levels of the tWo are 
not the same. Once the contact is made and the tWo materials 
become a single thermodynamic system, a single Fermi 
level for the system results. This is accomplished by the How 
of electrons from the semiconductor material, Which has a 
higher Fermi level, to the Schottky metal, Which has a loWer 
Fermi level. The electrons of the semiconductor loWer their 
energy by ?oWing into the metal. This leaves the ioniZed 
donor levels of the semiconductor someWhat in eXcess of the 
number of its free electrons and the semiconductor Will have 
a net positive charge. Electrons that have ?oWed from the 
semiconductor into the metal cause the metal have a nega 
tive electrostatic charge. The energy levels of the semicon 
ductor are accordingly depressed, and those of the metal are 
raised. The presence of this surface charge of electrons and 
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the presence of unneutraliZed charge ioniZed donor levels of 
the semiconductor create the dipole layer Which forms the 
barrier potential. 

[0043] In operation, the signal to be recti?ed by the neW 
Schottky diode 10 is applied across the Schottky metal 14 
and the ohmic contacts 14a and 14b. The recti?cation of the 
signal results from the presence of the barrier potential at the 
surface of the n— GaN layer 13, Which inhibits the How of 
charged particles Within the semiconductor. When the Schot 
tky metal 16 is positive With respect to the semiconductor 
(forWard bias), the energy at the semiconductor side of the 
barrier is raised. A larger number of free electrons on the 
conduction band are then able to How into the metal. The 
higher the semiconductor side is raised, the more electrons 
there are at an energy above the top of the barrier, until 
?nally, With large bias voltages the entire distribution of free 
electrons in the semiconductor is able to surmount the 
barrier. The voltage verses current characteristics become 
Ohmic in nature. The loWer the barrier the loWer the Vf 
necessary to surmount the barrier. 

[0044] HoWever, as discussed above, loWering the barrier 
level can also increase the reverse leakage current. When the 
semiconductor is made positive With respect to the metal 
(reverse bias), the semiconductor side of the barrier is 
loWered relative to the metal side so that the electrons are 
free to How over the top of the barrier to the semiconductor 
unopposed. The number of electrons present in the metal 
above the top of the barrier is generally very small compared 
to the total number of electrons in the semiconductor. The 
result is a very loW current characteristic. When the voltage 
is large enough to cut-off all How of electrons, the current 
Will saturate. The loWer the barrier potential, the smaller 
reverse biases needed for the current to saturate. 

[0045] FIG. 4 shoWs another embodiment of the neW GaN 
Schottky diode 40 that addresses the problem of increased 
reverse current With decreased barrier height. The diode 40 
is similar to the above embodiment having a similar sub 
strate 41, n+ GaN layer 42, and Ohmic metal contacts 43a 
and 43b, that can alternatively be included on the surface of 
the substrate. It also has an n— GaN layer 44, but instead of 
this layer being planar, it has a tWo dimensional trench 
structure 45 that includes trenches 46 in the n— GaN layer. 
The preferred trench structure 45 includes trenches 46 that 
are parallel and equally spaced With mesa regions 49 
remaining betWeen adjacent trenches. Each trench 46 has an 
insulating layer 47 covering its sideWalls 46a and bottom 
surface 46b. Many different insulating materials can be used 
With the preferred material being silicon nitride (SiN). A 
Schottky metal layer 48 is included over the entire trench 
structure 45, sandWiching the insulating layer betWeen the 
Schottky metal and the trench sideWalls and bottom surface, 
and covering the mesa regions 49. The mesa regions provide 
the direct contact area betWeen the Schottky metal and the 
n— GaN layer 44. Alternatively, each trench can be covered 
by a metal instead of an insulator. In this embodiment, the 
Schottky metal should be insulated and/or separated from 
the trench metal. 

[0046] The mesa region 49 has a doping concentration and 
Width chosen to produce a redistribution of electrical ?eld 
under the mesa’s metal-semiconductor junction. This results 
in the peak of the diodes electrical ?eld being pushed aWay 
from the Schottky barrier and reduced in magnitude. This 
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reduces the barrier lowering With increased reverse bias 
voltage, Which helps prevent reverse leakage current from 
increasing rapidly. 
[0047] This redistribution occurs due to the coupling of 
the charge in the mesa 49 With the Schottky metal 48 on the 
top surface and With the metal on the trench sideWalls 46a 
and bottom surface 46b. The depletion then extends from 
both the top surface (as in a conventional Schottky recti?er) 
and the trench sideWalls 46a, depleting the conduction area 
from the sideWalls. The sideWall depletion reduces the 
electrical ?eld under the Schottky metal layer 48 and can 
also be thought of as “pinching off” the reverse leakage 
current. The trench structure 45 keeps the reverse leakage 
current relatively loW, even With a loW barrier potentials and 
a loW Vf. 

[0048] The preferred trench structure 45 has trenches 46 
that are one to tWo times the Width of the Schottky barrier 
area. Accordingly, if the barrier area is 0.7 to 1.0 microns, 
the trench Width could be in the range of 0.7 to 2 microns. 

[0049] The above diodes 10 and 40 are fabricated using 
knoWn techniques. Their n+ and n— GaN layers are depos 
ited on the substrate by knoWn deposition techniques includ 
ing but not limited to metal-organic chemical vapor depo 
sition (MOCVD). For diode 10, the n— GaN layer 13 is 
etched to the n+ GaN layer 12 by knoWn etching techniques 
such as chemical, reactive ion etching (RIE), or ion mill 
etching. The Schottky and Ohmic metal layers 14, 14b and 
16 are formed on the diode 10 by standard metalliZation 
techniques. 
[0050] For diode 40, after the n+ and n— layers 42 and 44 
are deposited on the substrate, the n— GaN layer 44 is etched 
by chemical or ion mill etching to form the trenches 46. The 
n— GaN layer 44 is further etched to the n+ GaN layer 42 for 
the ohmic metal 43a and 43b. The SiN insulation layer 47 is 
then deposited over the entire trench structure 45 and the 
SiN layer is etched off the mesas 49. As a ?nal step, a 
continuous Schottky metal layer 48 is formed by standard 
metaliZation techniques over the trench structure 45, cover 
ing the insulation layers 47 and the exposed trench mesas 49. 
The ohmic metal is also formed on the n+ GaN layer 42 by 
standard metaliZation techniques. In the embodiments of the 
trench diode Where the trenches are covered by a metal, the 
metal can also be deposited by standard metaliZation tech 
niques. 
[0051] Tunnel Diode 
[0052] FIG. 5 shoWs another embodiment 50 of the neW 
diode Wherein Vf is loW as a result of electron tunneling 
through the barrier region under forWard bias. By tunneling 
through the barrier electrons do not need to cross the barrier 
by conventional thermionic emission over the barrier. 

[0053] Like the embodiments in FIGS. 1 and 4, the neW 
tunnel diode 50 is formed from the Group III nitride based 
material system and is preferably formed of GaN, AlGaN or 
InGaN, hoWever other material systems Will also Work. 
Combinations of polar and non-polar materials can be used 
including polar on polar and polar on non-polar materials. 
Some examples of these materials include complex polar 
oxides such as strontium titanate, lithium niobate, lead 
Zirconium titanate, and non-complex/binary oxides such as 
Zinc oxide. The materials can be used on silicon or any 
silicon/dielectric stack as long as tunneling currents are 
alloWed. 
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[0054] The diode 50 has a substrate 51 comprised of either 
sapphire, silicon carbide (SiC) or silicon Si, With SiC being 
the preferred substrate material for the reasons outlined 
above. The substrate has an n+ GaN layer 52 on it, With an 
n— GaN layer 53 on the n+ GaN layer 52 opposite the 
substrate 51. An AlGaN barrier layer 54 is included on the 
n— GaN layer opposite the n+ GaN template layer 52. At the 
edges of the diode 50, the barrier layer 54 and n— GaN layer 
53 are etched doWn to the n+ GaN layer 52 and ohmic metal 
contacts 55a and 55b are included on the layer 52 in the 
etched areas. As With the above structures, the ohmic 
contacts can also be included on the surface of the substrate. 
A metal contact layer 56 is included on the AlGaN barrier 
layer 54, opposite the n— GaN layer 53. The signal to be 
recti?ed is applied across the ohmic contacts 55a and 55b 
and top metal contact 56. 

[0055] The AlGaN barrier layer 54 serves as a tunnel 
barrier. Tunneling across barriers is a quantum mechanical 
phenomenon and both the thickness and the Al mole fraction 
of the layer 54 can be varied to maximiZe the forWard 
tunneling probability. The AlGaN—GaN material system a 
has built in pieZoelectric stress, Which results in pieZoelec 
tric dipoles. Generally both the pieZoelectric stress and the 
induced charge increases With the barrier layer thickness. In 
the forWard bias, the electrons from the pieZoelectric charge 
enhance tunneling since they are available for conduction so 
that the number of states from Which tunneling can occur is 
increased. Accordingly the neW tunnel diode can be made of 
other polar material exhibiting this type of pieZoelectric 
charge. 
[0056] HoWever, under a reverse bias the pieZoelectric 
charge also alloWs an increase in the reverse leakage current. 
The thicker the barrier layer or increased Al mole fraction, 
results in a loWer Vf but also results in an increased Irev. 
Accordingly, there is an optimum barrier layer thickness for 
a particular Al mole fraction of the barrier layer to achieve 
operating characteristics of loW Vf and relatively loW Irev 
[0057] FIGS. 6-11 illustrate the neW diode’s recti?cation 
characteristics for three different thicknesses of an AlGaN 
barrier layer With 30% Al. For each thickness there is a band 
energy diagram and a corresponding voltage vs. current 
graph 
[0058] FIG. 6 shoWs the band diagram 60 for the tunnel 
diode 50 having 22 A thick barrier layer 54. It shoWs a 
typical barrier potential 61 at the junction betWeen the 
barrier layer 63 and the n— GaN semiconductor layer 62. The 
top contact metal 64 is on the barrier layer 63, opposite the 
semiconductor layer. FIG. 7 shoWs a graph 70 plotting the 
corresponding current vs. voltage characteristics of the 
diode in FIG. 6. It has a Vf 71 of approximately 0.1V and loW 
reverse current (Irev) 72. 

[0059] FIG. 8 shoWs a band diagram 80 for the same 
tunnel diode With a 30 A thick barrier layer. The increase in 
the barrier layer thickness increases the barrier region’s 
pieZoelectric charge, thereby enhancing tunneling across the 
barrier. This ?attens the barrier potential 81 at the junction 
betWeen the barrier layer 82 and the n— GaN layer 83. 
Charges do not need to overcome the barrier When a forWard 
bias is applied, greatly reducing the diode’s Vf . HoWever, 
the ?attened barrier also alloWs for increase reverse leakage 
current (Irev). FIG. 9 is a graph 90 shoWing the Vf 91 that is 
lower than the Vf In AlSO, I 
in FIG. 7. 

rev 92 is increased compared to Irev 
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[0060] FIG. 10 shows a band diagram 100 for the same 
tunnel diode With a 38 A thick barrier layer. Again, the 
increase in the barrier layer thickness increases the pieZo 
electric charge. At this thickness, the barrier potential 101 
betWeen the barrier layer 102 and n- GaN layer tails doWn 
near the junction betWeen the barrier layer and n- GaN 
layer, Which results in there being no barrier to charges in 
both forward and reverse bias. FIG. 11 shoWs a graph 110 of 
the corresponding current vs. voltage characteristics. The 
diode 100 experiences immediate forWard and reverse cur 
rent in response to forWard and reverse bias such that the 
diode becomes ohmic in nature. 

[0061] In the case Where the mole concentration of alu 
minum in the barrier layer is different, the thicknesses of the 
layers Would be different to achieve the characteristics 
shoWn in FIGS. 6 through 11. 

[0062] FIG. 12 shoWs the neW tunneling diode 120 With 
a trench structure 121 to reduce reverse current. Like the 
Schottky diode 40 above, the trench structure includes a 
number of parallel, equally spaced trenches 122, but in this 
diode, they are etched through the AlGaN barrier layer 123 
and the n— GaN layer 124, to the n+ GaN layer 125 (AP GaN 
Template). There are mesa regions 126 betWeen adjacent 
trenches 122. The trench sideWalls and bottom surface have 
an insulation layer 127 With the top Schottky metal layer 128 
covering the entire trench structure 121. The trench structure 
functions in the same Way as the embodiment above, reduc 
ing the reverse current. This is useful for the tunnel diodes 
having barrier layers of a thickness that results in immediate 
forWard current in response to forWard voltage. By using 
trench structures, the diode could also have improved 
reverse current leakage. Also like above, the trench side 
Walls and bottom surface can be covered by a metal as long 
as it is isolated from the Schottky metal layer 128. 

[0063] Although the present invention has been described 
in considerable detail With reference to certain preferred 
con?gurations thereof, other versions are possible. There 
fore, the spirit and scope of the appended claims should not 
be limited to the preferred versions described in the speci 
?cation. 

We claim: 
1. A group III nitride based diode, comprising: 

an n+ doped GaN layer; 

an n- doped GaN layer on said n+ GaN layer; 

a Schottky metal layer on said n- doped GaN layer having 
a Work function, said n- GaN layer forming a junction 
With said Schottky metal, said junction having a barrier 
potential energy level that is dependent upon the Work 
function of said Schottky metal. 

2. The diode of claim 1, Wherein said barrier potential 
varies directly With said Schottky metal Work function. 

3. The diode of claim 1, Wherein said n- doped GaN layer 
has an electron af?nity, said barrier potential being generally 
equal to said Schottky metal Work function minus said 
electron af?nity. 

4. The diode of claim 1, further comprising a substrate 
adjacent to said n+ GaN layer, opposite said n- doped GaN 
layer. 

5. The diode of claim 4, Wherein said substrate is sapphire 
(A1203), silicon carbide (SiC) or silicon (Si) 
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6. The diode of claim 1, Wherein said Schottky metal is 
one of the metals from the group comprising Ti, Cr, Nb, Sn, 
W, Ta and Ge. 

7. The diode of claim 1, Wherein said n+ doped GaN layer 
is doped With impurities to a concentration of at least 1018 
per centimeter cubed (cm3) 

8. The diode of claim 1, Wherein the n— doped GaN layer 
is doped with impurities to a concentration in the range of 
5x10 to 5><1017 per cm3. 

9. The diode of claim 1, further comprising a trench 
structure in said n- doped GaN layer, said diode experienc 
ing a reverse leakage current under reverse bias, said trench 
structure reducing said reverse leakage current. 

10. The diode of claim 9, Wherein said trench structure 
comprises a plurality of trenches With mesa regions betWeen 
adjacent trenches, said trenches having sideWalls and a 
bottom surface coated by an insulating material, said Schot 
tky metal layer covering said trenches and mesa regions, 
said insulating material sandWiched betWeen said Schottky 
metal layer and said sideWalls and bottom surfaces. 

11. The diode of claim 10, Wherein said plurality of 
trenches are parallel and equally spaced. 

12. The diode of claim 10, Wherein said insulating mate 
rial is SiN. 

13. The diode of claim 10, Wherein said insulating mate 
rial is replaced by a metal With a high Work function. 

14. The diode of claim 1, further comprising an ohmic 
contact on said n+ GaN layer, a signal applied to said device 
across said ohmic contact and said Schottky metal layer. 

15. A diode, comprising: 

a layer of highly doped semiconductor material having an 
unpinned surface potential; 

a layer of loWer doped semiconductor material adjacent to 
the highly doped semiconductor material; and 

a Schottky metal layer on said loWer doped semiconduc 
tor material, said loWer doped semiconductor material 
forming a junction With said Schottky metal having a 
barrier potential energy level that is dependent upon the 
type of Schottky metal. 

16. The diode of claim 15, Wherein said doped layers are 
doped n type. 

17. The diode of claim 15, Wherein said semiconductor 
material is a Group III nitride. 

18. The diode of claim 15, Wherein said highly doped 
semiconductor is n+ doped GaN layer and said loWer doped 
semiconductor is n- doped GaN layer. 

19. The diode of claim 15, Wherein said Schottky metal 
contact has a Work function, said barrier potential having an 
energy level that varies directly With the Work function of 
said Schottky metal. 

20. The diode of claim 15, further comprising a substrate 
adjacent to said n+ doped GaN layer, opposite said n- doped 
GaN layer. 

21. The diode of claim 20, Wherein said substrate is 
sapphire (A1203), silicon carbide (SiC) or silicon (Si) 

22. The diode of claim 15, Wherein said Schottky metal is 
one of the metals in the group comprising Ti, Cr, Nb, Sn, W, 
Ge and Ta. 

23. The diode of claim 18, Wherein said n+ doped GaN 
layer is doped With impurities to a concentration of at least 
1018 per centimeter cubed (cm3). 
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24. The diode of claim 18, wherein the n— doped GaN 
layer is doped With impurities to a concentration in the range 
of 5><1014 to 5><1017 per cm3. 

25. The diode of claim 15, further comprising a trench 
structure on the surface of said loWer doped semiconductor 
material, said diode experiencing a reverse leakage current 
under reverse bias, said trench structure reducing the amount 
of reverse leakage current. 

26. The diode of claim 25, Wherein said trench structure 
comprises a plurality of trenches With mesa regions betWeen 
adjacent trenches, each of said trenches having sideWalls and 
a bottom surface coated by an insulating material, said 
Schottky metal layer covering said trenches and mesa 
regions, said insulating material sandWiched betWeen said 
Schottky metal layer and said sideWalls and bottom surfaces. 

27. The diode of claim 26, Wherein said insulating mate 
rial is replaced by a metal With a high Work function. 

28. The diode of claim 15, further comprising an ohmic 
contact on said higher doped semiconductor material. 

29. A tunneling diode comprising: 

an n+ doped layer; 

an n— doped layer adjacent to said n+ doped layer; 

a barrier layer adjacent to said n— doped layer, opposite 
said n+ layer; and 

a metal layer on said barrier layer, opposite said n-doped 
layer, said n— doped layer forming a junction With said 
barrier layer that has a barrier potential Which causes 
said diode’s on state voltage to be loW as a result of 
electron tunneling through the barrier potential under 
forWard bias. 

30. The diode of claim 29, Wherein said barrier layer has 
pieZoelectric dipoles that loWer the diode’s on state voltage 
by enhancing electron tunneling. 

31. The diode of claim 29, Wherein the number of 
pieZoelectric dipoles increases as the thickness of said 
barrier layer increases, While still alloWing tunneling cur 
rents. 

32. The diode of claim 29, further comprising a substrate 
adjacent to said n+ doped layer opposite said n— doped layer, 
said substrate comprising sapphire, silicon carbide or sili 
con. 

33. The diode of claim 29, Wherein said n+ doped layer, 
n— doped layer and barrier layer comprise polar materials. 

34. The diode of claim 29, Wherein said n+ doped layer, 
n— doped layer and barrier layer are from the Group III 
nitride material system. 

35. The diode of claim 29, Wherein said n+ doped layer is 
GaN, said n— doped layer is GaN, and said barrier layer is 
AlGaN. 

36. The diode of claim 29, Wherein said n+ doped layer, 
n-doped layer and barrier layer are formed from polar or 
non-polar materials, or combinations thereof. 

37. The diode of claim 29, Wherein said n+ doped layer, 
n-doped layer and barrier layer are formed from complex 
polar oXides such as strontium titanate, lithium niobate, lead 
Zirconium titanate, or combinations thereof. 
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38. The diode of claim 29, Wherein said n+ doped layer, 
n-doped layer and barrier layer from binary polar oXides 
such as Zinc oxide. 

39. The diode of claim 29, further comprising a trench 
structure in said barrier and n— doped layers, said diode 
experiencing a reverse leakage current under reverse bias, 
said trench structure reducing the amount of said reverse 
leakage current. 

40. The diode of claim 29, Wherein said trench structure 
comprises a plurality of trenches in said barrier and said n 
layers having mesa regions betWeen adjacent trenches, each 
of said trenches having sideWalls and a bottom surface 
coated by an insulating material, said Schottky metal layer 
covering said trenches and mesa regions, said insulating 
material sandWiched betWeen said Schottky metal layer and 
said sideWalls and bottom surfaces. 

41. The diode of claim 40, Wherein said insulating mate 
rial is replaced by a metal With a high Work function. 

42. The diode of claim 29, further comprising an ohmic 
contact on said n+ doped layer. 

43. A Schottky diode, comprising: 
a semiconductor material having an unpinned surface 

potential; and 
a Schottky metal having a Work function and forming a 

junction With said semiconductor material that has a 
barrier potential, the height of said barrier potential 
depending upon said Work function. 

44. The diode of claim 43, Wherein said semiconductor 
material is Group III nitride based. 

45. The diode of claim 43, Wherein said semiconductor 
layer comprises adjacent n— doped GaN and n+ doped GaN 
layers. 

46. The diode of claim 45, further comprising an ohmic 
contact on said n+ doped GaN layer, With said Schottky 
metal contacting said n— GaN layer. 

47. The diode of claim 43, Wherein the height of said 
barrier potential varies positively With the Work function of 
said Schottky metal. 

48. The diode of claim 45, further comprising a substrate 
made of sapphire (A1203), silicon carbide (SiC) or silicon 
(Si), adjacent to the said n+ GaN layer, opposite said n— GaN 
layer. 

49. The diode of claim 43, Wherein said Schottky metal is 
one of the metals in the group comprising Ti, Cr, Nb, Sn, W, 
Ta, Ge and other metals With similar Work functions. 

50. The diode of claim 43, further comprising a trench 
structure in said semiconductor material, said diode eXpe 
riencing a reverse leakage current under reverse bias, said 
trench structure reducing said reverse leakage current. 

51. The diode of claim 43, Wherein said trench structure 
comprises a plurality of trenches With mesa regions betWeen 
adjacent trenches, said trenches having sideWalls and a 
bottom surface coated by an insulating material, said Schot 
tky metal layer covering said trenches and mesa regions, 
said insulating material sandWiched betWeen said Schottky 
metal layer and said sideWalls and bottom surfaces. 

* * * * * 


