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II-NITRIDE HIGH ELECTRON MOBILITY TRANSISTOR STRUCTURES
AND METHODS FOR FABRICATION OF SAME
PRI.ORITY CLAIMS
[06_01] ‘ The\'Ij)rese_n»t application claims priority td the ,follov_wingb Singapore patcnf
applications:. 201202296—8 (filed 29 March 2012); 201202297-6 (filed 29 March
: 2012); 201202316-4 (filed 29 March 2012); 201209463-7 (filed 20 December 2012);

and 201209553-5 (filed 26 December 2012).

TECHNICAL FIELD
[0002) The present invention generally relates to transistor structures and methods
of fabrication of such structures, and more particularly relates to IIl-nitride high

‘ eléctron mobility transistor (HEMT) structures and methods of fabricéting HEMTs.

BACKGROUND
[0003] vWide-ban'd .gap semiconductors using matexjials such as Galiium nlitridev
(GaN) and aluminum gallium nitride (AlGaN) have attracted a lot éf attention
rec_entlj owing to the m_ateriél advantages for high power, high frequency, high
efficiency and high temperature applications. | Especially, in IlI-nitride Iﬁatedals, high
quality hetero-junctions can be created. Such hetero-junctions are diréctly related to a
high carrier mobility channel leading to semiconductor devicés with superior
performance. For power electronic applications, both high breakdown voltage and
low on-resistance are important for increasing output power density, operation speed
and reduced power léss. However; there is a trade-off between breékdown voltagel
and on-resistance of a given semiconductor material. Due to its beﬁeﬁcial properties,

- such as wide bandgap, high electron mobility, and good thermal ‘conductivity, GaN
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provides a useful material for high output power, high-frequency, high-efficiency, and
high—tempcr_ature operation.
[0004] While tremendoﬁs progress has been made in GaN HEMT technology, many .
challenges still rémain. 'Mostimporténtly, the_;c isr a lack of reliable threshold voltage
" modulation techniques. Conventional AlGaN/GaN HEMT have chénnels‘ fééfuring
high cgrri‘er density even without any intentional doping. In order to turn off such
devices, alncgative gate bias must be applied. As a result, conventional AIGaN/GaN
HEMTs are normally ON devices and feature negative threshold vbltages. Yet, a
drawback Qf normally ON HEMT structures is that in ofder tg turn off the channel, a
negative gate voltage i.s‘néeded. | ”
. [0005] Thus, for simpier circuit configuration énd failsafe operation, norma}ly OFF
operatioﬂ is strongly preferred as it is compatible with current Si-based Power
MOSFETs and IGBTs. Further, due to the high carrier density of 2DEG channel 1n
_ conveﬁtiona_d GaN HEMT in the OFF state, the depletion region is narrow and very
close to the gate edge. Thus, the peak of the electrical field is high and leakage
currents from the gateora buffer can easily trigger an avalanche breakdown, resulting
in a low breakdown voltage. Also, due to the strong polarization effect and unique
crystal property of the wurtzite III-nitride hetero-structufe, there are a numbef of
donor-like traf)s on top of the III-niti:ide surface arising ﬁém the Ga adatom dangling
._bonds. During the dynamic switching of HI-nitride based transistofs, these donor—like
traps can be charged and discharged, affecting the channel conductance between gate
and ‘source/drain and causing a current collapse effect which threatens the stable
‘operation of the power transistors and also limits the output current derisiiy.

-[0006] Lateral confined growth (LCG) of GaN films on patterned Si substrates can

be used to decrease defect densities and release the tensile stress of HEMT structures.
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However, due to the difference in growth rates for rhesa areasu and trench areas, the
s_u;bstrate surface cannot be fully coalesce.d,"and accordingly has gaps formed between
’ r‘nesé areas. As the area ratio of edge-to-mesa plays a very important role in the
- effectiveness of LCG techniques, the mesa area cannot be very larlgfe.'""sHowever, the
area of ‘a typical mﬁlti—ﬁnger.power device for hund_réds. of watts output powep;c;z-in
reach several mm® of more, dimensions too lérge for LCG.  Thus, applidation of LCG
growth inethods to GaN pow‘& electronics is problematic due to the large dimensions.
.[0007] ‘Thus, what is needed is GaN HEMT structures and fabrication techniques
which can overcome drawbacks of current éaN HEMT structures and fabﬁcétion
techniques. Furthennofe, otiler desirable features and charactérisﬁcs will Become.
apparent from the subsequent detailed description and the appended claims, taken in

cdnjurictibn with the accompanying drawings and this background of the disclosure.

SUMMARY

[0008] According to -the Detailed Description, a GaN high electron mobility
trémsistér (HEMT) structure is .provided.‘ The GaN HEMT structure includes a
substrate, an AlGaN/GaN heterostructure grown on the substrate, and a normally-off
GaN device fabricated on the AlGaN/GaN heterostructure. The AlGaN/GaN
'_heterostmc_:mr‘e includes 2 GaN buffer layer and an AlGaN barrier layer.

[0009] Also, a native-off ITl-nitride lateral diod¢ struéture is provided. The lateral
diode structure includes a substrate, an A1GaN/GaN heterostructure grown on the
substrate, and a- normally-off GaN device fabricated on the AlGaN/GaN
heterostructure. |

[06010] Further, an integrated chip-lével' power system is provided. The integrated

chip-levél power system includes a substrate, an AlGaN/GaN heterostructure layer



WO 2013/147710 _ , PCT/SG2013/000125

grown on the substrate and a plurality of GaN ‘devices.. The AlGaN/GaN
heterostrucnlre layer includes a GaN buffer layer and an AlGaN barrier'layer and is
fo_rmed into mesa areas and valley areas. Each of the plurality of GaN devices ‘are
fabricated on a separate one of the mesa areas. |

[0011] In éddition, a method is provided for fabfication of 4 GaN structure. The
method includes providing a substrate, growing a A1GaN/GaN heterostructure having
a GsN buffer 1ayef and a AlGaN barrier layer on the substrate, and fabricating a

normally-off GaN device on the AlGaN/GaN heterostructure

BRIEF i)_ESCRIPTION OF THE DRAWIN GS

| [0012] The accompanying ﬁgures, where like reference numerals refer to identical
or ﬁlncﬁonally similar elements throughout the separate views and which together
with the detailed description below afe incorporated 1in and  form part of the
specification, serve to illustrate various embodiments and to explain various
principles and advantages in accordance with a present invention.

[0013] FIG. 1, comprising FIGs. 1A, 1B and 1C, illustrates conventional III-nitride
high electron mobility u;ansistor (HEMT) structures and their properties, wherein FIG.
1A is a graph of trade-off characteristics between specific on-resistance (Ron) and off-
state breakdonvn voltage (BV)-'ef Si, SiC and GaN"deviees; FIG. 1B is a schematic |
view of a conventional normally-on AlGaN/GaN HEMT in both an ON state and an
OFF state; and FIG. 1C is a schematic device structure of ‘a. p-n super junction Si
laterally diffused metal oxide semiconductor (LDMOS) device.

[0014] F IG.-2 illustrates a schematic of a structure of a normally-off GaN HEMT in

accordance with a first embodiment.
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>[0015] FIG. 3, comprising FIGs. 3A, 3B and 3C, -illustratés schemati; éross section
views of the normally-off GaN HEMT device depicted in FIG. 2.during operation vin
accordance with the first embodiment, Wheréin FIG. 3A depicts the normally-off GaN
- HEMT in an OFF state, FIG. 3B depicts the normally-off .GaN HEMT device as
electrons pass through a region “A” and are collected by draiﬁ electrodes, and FIG.
3C depicts the normally-off GaN HEMT in an ON state.

.[0(-)»16] FIG. 4, éomprising FIGs. 4A to 4E,’ illustrates an exemplary fabrication
process fbr the normally-off GaN HEMT depicted in FIG. 2 wherein FIGs 4A to 4F
depict Vaﬁqus steps in the fabrication process in éccordance with the first embodimeﬁt.
[0017] FIG. 5, ‘ckomprising FIGs SA and 5.VB; il-lustratés graphs ;>f | device
| characteriétics of normally-off vertical GaN _HEMTS in accordance wfth the first
_embodimént, ‘wherein FIG. 5A is a graph dépicting gate-source voltage versus drain
current for the normglly—off GaN HEMT depicted in FIG}. 2 and FIG. 5B is a graph
depictiﬁg gate-source voltage versus drain curr.ént for vaﬁously doped variants of the
nérmally-off GaN HEMT depicted in FIG. 2. |

[0018] FIG. 6, comprising FIGs. 6A, 6B and 6C, illustrates graphs of device
- characteristics 'o.f normally—off vertical GaN HEMTs in accordance with the first
embodim.e.nt, wﬁerein FIG. 6A 1s a graph depicting gate—sburce voltage versus drain .
current for vaﬁously doped variants of the normally-off GaN HEMT depictéd in F IG.”
2, FIG. 6B ié a graph depicting gate-source voltage versus drain current for variously
thick variants of the norrnélly-off GaNI HEMT depicted in FIG. 2, and FIG. 6C is a
graph depicting gate-source voltage versus drain current for vaﬁously regr'om;n

thickness variants of the normally-off GaN HEMT depicted in FIG. 2.
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[0019]  FIG. 7 illustratés ﬁ schematic cross seétion view of a self-aligned source
ohmic contact and drain field plate (SSDF) III-nitride HEMT and a corresponding
band diagram in accordance witﬁ a second embodiment. |
< [0020] - FIG. 8, comprising FIGs. 8A and 8B, | illustrate - graphs‘ .of -device
»cha;_racteristi‘cs .of the SSDF II-nitride HEMT in accordance With the sgcond '
" embodiment, wherein FIG. 8A is a graph of barrier thickness vérsus two—dimgpsional
electron gas (2DEG) conduction channel thickness of the SSDF iII;nitﬁde HEMT of
FIG. 7 aﬁd FIG. 8B is'a graph of a cbndﬁction band energy profile of the SSDF 'III-‘ | '
nitride HEMT of FIG. 7. .
[0021] FIG. 9, comp_rising_FIGs.. 9A, 9B and 9C, illustrates schematic cross section L
views of a SSDF HEMT device in accordance with the second embodiment and a
conventidnal HEMT device, wherein FIG. 9A is a .schematic cross section of the
SSDF HEMT de;ziée, FIG. 9B is a schematic cross section of a convenfional HEMT,
and FIG. 9C is a schematic cross section of a SSDF HEMT device zooming in on a_
 source and gate region of the SSDF HEMT device.
[0022] FIG. 10 illustrates a graph in linear scale of gate-source voltage versus drain-
source current of HEMT devices including a SSDF; HEMT device in accordance with
the second efﬁbodirﬁénf. .‘
[0023] FIG. 11 illustrates a graph in linear scale of gate—somce voltage versus gate -
transconducfance of HEMT devices including a SSDF HEMT device in accordance
with the second embodiment. |
[0024]) FIG. 12 illustrates a graph in log scale of gate-source voltage versus drain- -
source current of a conventional HEMT device and a SSDF HEMT device in

‘accordance with the second embodiment.
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[0025] FIG. 13 illustrates a graph of gate-source voltage versus drain-source current
of a SSD.F HEMT device in accordance with _the second embodiment with a five
nanometer (nm) AlGaN barrier.

[002‘6] - FIG'._' 14 illustrates a graph of gate-source voltage versus drain-source current
of SSDF HEMT devices in accordance with the second 'embod.iment with various
drain field plate coverage. |

[0027.]“" FIGIS, _com?ﬁsing_FIGé. iSA ,ahd'.ISB,'_'_ illﬁs&_ates gréﬁhs. of gate-soutce
voltage versus drain-source current of SSDF HEMT devices in accérdance w1th thé
second erﬁbodiment vﬁth various gate dielectric thicknesses, wﬁeféin FIYG. 15Ais a
~ graph in linear scale and FIG. 15B 1s ra grai)h in log scélé.v »

| [0028] - FIG. 16, comprising FIGs. .16A to 16E, illustrates views and graphs of a
AlGaN/GaN HEMT ‘devices in accordance with a third embodiment, wherein FIG.
16A is a schematiwc crossv section énd conduction band profile of géte electron. .
tunneling and éurface trapping of the AlGaN/GaN HEMT devices, FIG. 16B is a
graph of a transient simulation of operation of the Al1GaN/GaN HEMT“deVices_,‘ FIG.
16C is a graph of gate-source voltage versus drain-source current for various gate
drain lengths of the AlGéN/GaN HEMT device in accordance with the third
embodiment, FIG. 16D isl a graph of gate-source voltage versu.s‘.vcur;'ent‘_for various
surface traps of the AlGaN/GaN HEMT device in accordance with the | third
embodiment, andviFIG'. 16E is a graph of time versusvdrain-source current for the
various surface traps of the A1GaN/GaN HEMT device in accordance with the third
embodiment.

[0029] FIG. 17 illustrates a schematic cross sectioﬁ view of a surface state energy
level modulated (SSEM) Il-nitride. HEMT device in accordance with the third

cmbodiment.
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[0030] FIG. 18, comprising FIGs. 18A and 18B, illustrates schematic cross‘ sections
of the SSEM Ill-nitride HEMT device in accordance with the third embodiment,
wherein FIG. 18A 1s a schemaiic cross section of the SSEM 1I-nitride HEMT device
aﬁd FIG. 18B is a zoom-in schemaﬁg Cross section view Qf a gate region of the SSEM
I-nitride HEMT device. |

[0031] FIG. 19 illustrates a graph in log scale of gate-source voltage versus drain-
"soufcé -cuﬁgnt~of thé SSEM rIH-ﬁitﬁdé HEMT dévice in acéordance w1th the third_ |
embodiment. |

[0032] ‘FIG. 20 .ivlh‘lstrates ‘a/‘graph of céﬂducﬁon bal;ld rproﬁles between gate and
drain for a conventional HEMT- and for SSEM III-nitrid~e. HEMT ‘(ievices in_‘
accordance with the third embodiment.

[0033] FIG. 21 illustrates a graph of conduction band profiles under a gate of a
SSEM I-nitride HEMT device in accordanée with thé thi,rd“vem_bodiment having-
various dopant levels of a negétive charge doped gate dielectric layer.

[0034] FIG. 22 illustrates a graph in log scale of transient behaviors for a
conventionél HEMT anci for SSEM IIl-nitride HEMT devices in accordance with the
~ third embo:diment. o
[0035] FIG. 23 illustrates a graph in linear scale of transient behaviors for a
conventional HEMT and for SSEM Ill-nitride HEMT vde\.rices in accordance with the
third embodiment. B |

[0036] FIG. 24 illustrates a graph of gate-source voltage versus drain-source current
for SSEM III-nitride HEMT devices in accordance wﬁh the third embodimeht having

an AlGaN cap layer of various high Al mole-fractions.
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[0037] FIG. 25 illﬁs_fcr’ates a graph of gate-source voltage versus drain-soufce currerif |
for SSEM II-nitride HEMT devices in accordance with the third embodiment having
vér_ious surface negati\;e charge doping levels.
[0038] FIG. 26 illustrates a graph of gate-source voltage versus drain-source current
for SSlEM»>IIIV-nitride HEMT devices in accordance with the third embodiment.
[0039] FIG. 27 illustfates a graph of OFF state gate-source voltage versus drain-
source current for SSEM iII-nitride HEMT devices in ac;:ordénce with the 'third:‘
embodiméht fbrmed using surface hégafivé ch;rge doping. - |
[0040] FIG 28, cdfnpﬁsing FIGS. 28A to 28E, illﬁstrates schematic cross section |
views of a.,_laterﬂ Hneg-ative >charge_ aséistéd super junction (NSJ) and‘ interval-finger
gate field piate [I-nitride HEMT in accordance With a fourth embédiment, wherein
FIG. 28A is a three-dimensional perspective view of a normally ON -NSJ III-nitride
“ H};:MT,‘ F1G.28Bisa three-dimcn;ional perspective view of a normally OFF NSJ I11-
nitride HEMT, FIG. 28C is a two-dimensional x-y cross sectioﬁ side view of a
normally ON NSJ IlI-nitride HEMT, FIG. 28D is a two-dimensional z-y cross section
side view of a normally ON NSJ I-nitride HEMT, and FIG. 28E is a two-
_ diménsional X-Z cross section top view of a normally ON NSJ II-nitride HEMT
[0041] FIG. 29, comprising FIGs. 29A and 29B, illustrates schemﬁtic cross section
views' of HEMTS, wherein FIG. 29A is a schgmatié crdss section view of a
conyentidnalHEMT and FIG. 29B is a schematic cross section view of a NSJ III-
nitride HEMT ih adcordance with the fourth embodiment. | |
[0042] FIG. 30 illustrates a three-dimeﬁsional perspective vie\;v of a NSJ II-nitride

HEMT in accordance with the fourth embodiment.
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[0043] FIG. 3_1 illustrates a graph of OFF state gate-source voltage versus drain-
source current for a conventional HEMT de{/ice and a NSJ iII-nitride HEMT device
in accordance with the fourth embodiment.

[0044] FIG. 32 iliustrates a graph in log scale of gate-source voltage versus drain- - |
source current for a conventional HEMT de_vi.ce and a NSJ IH-nitride HEM'I.“ device
in accordance with thé fourth embodiment. |
[0045] FIG. 33 illustrates a graphb'i‘n linear scéle of gate-sOUrée Voltage {/eréus d'ré.in',
source éurrent for a convenﬁonal HEMT de\vficve," a negative-doped HEMT device
without a super juﬁction, and a‘NSJ III-nitride HEMT device in accordance with the
fourth 'embvodimen-t.

[0046] . FIG. 34 illustrates a three—diménsional perspéctive view of é NSJ Ill-nitride
HEMT device in accordance with the fourth embodiment showing a conduction band
distributiér}of the NSJ Ill-nitride HEMT device in the OFF state.‘

[0047] FIG. 35 illustrates a graph of F ‘doping _concentrations of ioﬁ implantation on
a SiN)AlGaN/GaN epitaxial structure for a NSJ [l-nitride HEMT device in.‘
accordance with thé 'fourth embodiment. |

[0048] FI_G_.; 36 illustfates 2 schematic cross Section view and a corresponding
conduétion béndv diagram of a native-off III-n‘itride' powef electronics platform
inclu‘ciin'g a nonnally-off SSDF HEMT and a lateral diode in accordance with a fifth
embodiment. | |
[0049] FIG. 37, comprising FIGs. 37A to 37F, illustrates an exemplary fabrication
process rfvor the native-off Ill-nitride léteral diode in accordance with the fifth
embodimént, wherein FIGs. 37A to 37F depict various steps in the fabrication process.
[0050] FIG. 38, corﬁprising FIGs. 38A, 38B and 38C, illustrates schematic cross

section views, wherein FIG. 38A is a schematic cross section view of the native-off
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III-nitride lateral diode in accordance with Wthe fifth embodiment;, FIG. 38B is a
schematic cross section view of a GaN Schottky barrier dipde (SBD), and FIG. 38C is
a schematic cross section view of a _GaN p-i-n diode.

'[0051]  FIG. 39 illustrates a schematic epitaxial structure cross section view of a
natiifé-off II-nitride lateral diode device in accordance with the fifth embodiment.
[0052] - FIG. 40 illustrates a linear scale gr'aph of current-voltage characteristics of a
‘SBD dévi'ce, a p-i-n.device and a native-off IlI-nitride lat_érél diode in accordance with
&e ﬁfth é;nbodiﬁient for voltages ranging from minus ﬁve volts to five volts.

[0053] FIG. 41 illustrates >a linear scale graph of currént-voltage characteristics ofa
SBD device, a;p-i;n device and a nétive-off III—niﬁde_lateral diode in accordance with
the fifth embodiment for voltages ranging. from minus twenty volts to twenty volts.
[0054] FIG. 42billustrates a log scale graph of current-voltage characteristics of a
native-off III-nitn'de. lateral diode in aécordanpe with the fifth emquiment.

[0055] FIG. 43, comprising FIGs. 43A and 43B, illustrates graphs of current—v.oltage
characteristics of a native-off Il-nitride lateral diode in accordance with the fifth

| embodiment having different anode field plate coverages, wherein FIG. 43A is a
linear sc_a_le graph and FIG.43Bisalog scale graph. o

~ [0056] FIG. 44, comprising FIGs. 444, 44B and 43C, illustrates graphs of cur;eﬁt:-._

" voltége chéfag;eﬁsﬁcs of a native-off Ill-nitride lateral diode in accordance with the
fifth embodiment having different Shottky dielectric thicknesses, wherein FIG. 44A is
a linear scale graph having voltages from minus three volts to three voltsﬂ, FIG. 44B is
a linear scalé graph having voltages from minus ten volts to twenty volts, and FIG.
44C is a log scale graph having voltages from minus ten volts to twenty volts. A
[0057] FIG. 45, comprising FIGs. 45A and 45B, illustrates perspéctive scherﬁé.tic

views of patterned silicon (Si) substrates, wherein FIG. 45A is a conventional
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patterned Si substrate and FIG. 45B is a patterned schematic structure of a power -
integration system in  accordance with a sixth embodiment after fabrication (using
4X4 units as an example).

t0058] FIG. 46 illustrates a schematic cross section view of a grown hetero-structure |
of the system in accordance with the sixth embodiment.

[0059] FIG. 47, comprising FIGs. 47A and 47B, 1llustrates schematrc cross section
V1ews of grown devices after fabncation of the power 1ntegrat10n system in
accordance with the sixth embodlment whereln FIG. 47A has the structures
connected in parallel and FIG. 47B has the structures connected in series.

[0060] FIG 48 illustrates a circuit diagram of strlictures coupled into a power
integration system in accordance with tlie sixth embodiment.

[0061] FIG 49 illustrates a schematic cross section view of an epitaxial structure of
a single A1GaN/GaN HEMT transistor of the power integration system in accordance
with the sixth embodiment. |

[0062] FIG. 50 illustrates a log scale graph of gate-source voltage versus drain-
~ source current transfer characteristics of a single transistor in the system in
accordance with the sixth embodiment."

[0063] FIG. 51 illnstrates a linear scale graph of gate-sonrce '\;olta.gﬁe»versus drain_-
source current transfer characteristics of a singlé transistor and a double transistor pair
connected in parallel in the system in accordance with the sixth embodiment. »
[0064] And FIG. 52 illustrates a linear scale graph of gate-source voltage versus
drain-source current transfer characteristics of a single transistor and a double
transistor pair connected in series in the system in accordance with the sixth

. embodiment.
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- [0065] Skilledvartisans will appreciate that elements in the figures are illustrated for
_ simplicity and clarity. and have not necessarily been depicted to scale. For example,
the dimensions of some of the elements in the blocbkwdiégrams may be exaggerated in
resoect to other elements to help to improve undersfanding of the present

embodiments.

 DETAILED DESCRIPTION

[0066] The following detailed description is merely exemplary in nature and is not
intended to limit the invention or the application and‘ ,uoes of the invention.
Furtherrhofe, there is no intention to be bound by ariy theor;v ofesented ‘- in‘ fho-
precedin-g‘oackground or the following detailed bdes-cription.v- It is the intent of this
description to .present improved structures and fabrication techniques. forb-gall‘i‘um “
nitride high electron mobility transistors (GaN HEMTs).

[0067] For power electronic applications, both high bfeakdoWn voltage and low on-
resistance are important for increasing output power density, opération speed and
reduced power loss. However, there is a‘ &ade-off between breakdown voltage and
on-resistance of a given_ semiconductor material. Referring to FIG. 1A, a graph 102
of theoretical trade-off characteristics bet‘Weeo specifi¢ on-resistance (Roy) and off--
state breakdown voltage (BV) of Si devices 104, SiC devices 106 and GaN devices -
108 is depicted. As con be seen from FIG. 1A, as the breakdowo voltage increases,
the on-resistance of the semiconductor devices will also increase, thereby identifying
a limit on the on-state current driving capability. As can also be seen from FIG. 1A,
GaN devices 108 can provide much better performance as compared to Si devices :104
or SiC devices 106. For example, at a thousand volt breakdown voltage, the on-
| resistance of GaN device 108 is three orders lower than the breakdown voltage of Si

104. Thus, due to its beneficial properties, such as wide bandgap, high electron
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mobility, and good thermal conducti\(ity, GaN provides a useful material for high
output power, high-frequency, high-efficiency, aﬁd high-temperature operétioh. . |
[0068] Also, as compared to its nearest competitor SiC, all properties of GaN exbept
for thermal conductivity measure comparably or even better. More importantly, for
semiconductors ﬁsing GaN mateﬁals as opposed to semiconductors using SiC
materials, high quality AIGAN/GaN héterostruqtures can be fabricated. The quality of
these h‘etero.struc‘:ture; is directly related to the high elect‘ron;umobility of two-
dimensional electron gas (2D:EG) conduétion chénnels. Therefore, GaN devices,"
espacially AlG&;N/GaN hetero-junction bz;sed iligh elbec“crt)n .mo‘bility transistors
(HEMTs) can d_eliver.rsuperiof device perfoﬁnance for high power, high efficiency
| and high switching frequency applications. In addition,_the operatipg temperature of
“such GaN HEMTs (>300°C) is larger than conventjonal Si based power devices,'
thereby requiring 1§ss complex cooling systems.
[0069] ggnventional AlGaN/GaN HEMTs are norxﬁally-on dgvices and feature
negaﬁve threshold voltages, as sﬁown in FIG. 1B. FIG. 1B depicts a schematic view
110 of conventic;nal normally-on AlGaN/GaN HEMTs in both an ON state 112 and
an OFF state 114. The reason most conventional GaN HEMTs are normally ON is in
order to take advantééé of the inherént high electron den_sityi induced by strong,
spontaneous, piezoelectric polarization. Yet, a _drawback _of'norﬁ}élly ON AHEMT
structures is that in ordef to turn off the channel, a negative gate voltage is needed.
[0070] Several AlGaN/GaN HMET structures have been developed to achieve
normally OFF operation using, for example, gate recesses, fluorine treatment, p-type
cap layers, nano-rods and MOSHEMT. "However, all of these structures reduce the
2DEG density under the gate electrodes to realize normally OFF operation. For

- example, for fluorine treatment or gate recess structures, unique processes such as

-14-



WO 2013/147710 PCT/SG2013/000125

fluorine plasma ion implantation and ICP/RIE dry recess etching are needed, usually
inducing ﬁniformity and reliability problems. In addition, p-type doping by, for
example, Mg in AlGaN/GaN has difficulty obtainiﬁg higil density low defect
activation. In addition, channel resistivity of MVOSHEMT” is large since thehlgh
electron mobility two dimensional electron gés (2DEG) ché._nnel under the gate will bé
fully removed during fabricatién. .
[0071] As §pposed to Si and GaAs whése native substrates are available relatively -
inexpensively, GaN substrates are expensive due to the difﬁculties associated with the
formation Qf high-quality crystals of GaN; Recently, oniy foreign substrates such as
| sapphire, SiC, and _Si_»have::,been commonly used forH GaN epitaxial growth ‘SiC
substrates are costly and sapphire substrates are ‘éxtensivcly,used in LED applicatioﬂs.
Thereforé, epitaxially growingv GaN crystals on Si substrates is preferred due to the
lower cost and higher availability of large size Si substrates, especially for use in cost-
driver:{ power applications. However, t.h‘e meta_l‘orga;lic chemical vapor depogition
(MOCVD) often utiliz'ed- for the epitaxial growth procéSs of GaN films on Si
substrates has proven to be challenging due to a large' mismatch of lattice constants
, (16.9%) and thermal expapsion coefficients (54%) between GaN and Si. Thérefore,
 the critical issues for GaN-on-Si goﬁh are how to prope-r(ly' manipulate and minimize
stress during epitaxial growth to avbid cracking after cooling and how to minimize
diélocation- density and bowing of the grown wafers.
[0072] In addition, power switches such as DC/DC buck converters, DC/DC boost
converters or DC/AC inverteré are conventionally madé of A1GaN/GaN HEMTs and
SiC diodes, GaN Schottky barrier diodes (SBD) or GaN p-i-n dibdes. Yet, SiC diodes,
GaN SBDs or GaN p-i-n diodes cannot be integrated on a AIGaN/GaN HEMT wafer

with the same fabrication process, leading to higher cost, lower reliability and reduced
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density of such power switches. Therefore, HEMT compatible Ill-nitride diodes are
highly desired for low cost, high reliability, high efficiency, high spéed and compact |
size switch mode power converters.

[0073] Recent diode rstructure‘s fabricatable on Il-nitride material which can be
integrated with HEMT include fluorine _.tre‘ate'd'latéral» rectifiers 'a'hdllateral. Schottky
barrier diodes with recessed Schottky anodes. Yet, special processes (e.g., fluroine
plasma treatment and>A'lea'N'/GaN Tecess etching) are rve.quired in order to fabricate
these devi‘ces,"leading to process induced issues such as lattice defects, low channel
mobility ai;d nén—uﬁifofm device performance.

[0074] . ,Later_aﬂ confined growth (LCG)N:of..QaN films on pattefned Si substrat‘e‘:s>can
be used to decréase defect densities. LCG is also helpful to release the tensile stress
of HEMT structures. Threading dislocations bend laterally and react with each other,
thereby fe:sulting in a lower dislocation density. Moreovér, conventional | LCG
processes relcase tensile stress by introducing intentionally induced “cracks”, i.e., free
facets at pattern edges. - Compared to conygntional epitaxial lateralﬂ overgrowth
(ELOG) which peeds_to perform MOCVD growth twice, conventional LCG is simpler

~ with only a single-step patteming process being perfogned before growth. Therefore,
high quality HEMT hetefostructures can be simply grown by conventional LCG |
methods.

[0075] Due to the difference in growth rates for mesa areas and trench areas, the
substrate surface cannot be fully coalesced, and accordingly has gaps formed between
mesa areas. As the area ratio of edge-to-mesa plays a very important role in the
effectiveness of LCG techniques, the mesa area cannot be very large, typically no
‘more than 300x300 pm?. The smaller the mesa area, the better performance the LCG |

technique can exhibit. However, the area of a typical multi-finger power device for

-16-



WO 2013/147710 , ‘ PCT/SG2013/000125

~hundreds of watts output power can reach several mm2 'Or more, (iimensions too large
for LCG. |
[0076] In Si based power devices, a p-n super junction device technology is widely
used to enhance the breakdown performance at a given ON resistance. A schematic
device structure of a conventional p-n junction 120 in Si LDMOS is shown in FIG 1C.
This structure can be achieved by introducing -alternating n columns 1224 and p
columns 124 with the same doping concentration in a drift région between a gate 126
and a .drain 128,.vthe doping in this region being higher than conventional LDMOS. In
the OFF state, th¢ “Vps will drop alofxg the drift region. - Thus, the n chann‘el 122 will
Be depl,et;d ﬁy the ,adjz.lcqnt p region 124, prpﬁding unifoﬁﬂ ;iecnical field
distribﬁtion and enhancing the breakdowﬁ performance. Meanwhile, when the device
is tuvrnec‘iAON, the high electrical field will be removed and thé n channel will recover
to let_ elecfcron carriers pass through, Thg doping i_mba@nce between p and n columns
- 124, 122 will disadvantageously cause breakdown voltage degradation because the
drift region cannot be fully depleted at high Vps.
{0077} In Il-nitride material, electron carrier density in the 2DEG channel is very
high (e, ~10" cm™?). _Thus, in order to fabricate p-n super junction transistors on Im-
nitride hetero-juncﬁons, heavily doped (i.e., ~10?° cm™) p-type regions are required.
HoWeV¢f, ‘due to the large activation energy required for p-doping (e.g., p-doping with
Mg requries 0.25 V) and the small lattice constant (i.e., the lattice constant for GaN
is 3.189 A/5.125 A) in Ill-nitride material, activation of p-doping is very difficult.
The highest concentration of activated p—typé dopant in III-nitride is typically only
~10" cm™. Therefore, a p-n super junction device structuré is difficult to implement

in [II-nitride material systems.
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[06_78] ‘While conventiqnal GaN HEMT structures reduce a two-dimeﬁsional
electron gas (ZDEG) conduction channel densityb under gate electrodes fo realize a
normally-off operaﬁbn, GaN HEMT structures in accordance with a first embodiment
control formation of a p-n junctio_r;in order to realize normally-off operétion. ~The
normally-off vertical GaN HEMTs in acéor_dancé with the first embodiment enables
~controllable threshold voltage with low off-state leakage as well as small subfhreshold

" swing, allowingvthe threshold voltage to be easily adjustedvover a wide raﬁge. | Theée
deﬁces also provide “h‘igh breakdown volfage and current densities, making them ideal
for use in power electronicé abplicatioﬁs, like power switches in automoti;e DC-DC
converters and traction inverters.

[0079] Conventional GaN-based FETs are lateral deviceé due to fhe horizontal
nature of the 2-dimensional electroﬂ gas. However, an iﬁcrease of breakdown
yoltage would result in a larger chip size due to drift length. Furthermore,. dc-RF
dispersion induced by surface states would degrade the device performance.
Therefore, for high power applications, a vertical topology is desirable to reduce chip
area as well as to diminish current collapse. Vertical GaN devices support high
breakdown voltage and current densities, which are useful for powet_:_electronic
appzlliycatio'nsb such as power switches in automotive DC-DC converters and tfaction

- inverters.

[0080] Referring to FIG. 2, a schematic structure 200 of a normally-off GaN HEMT

in accordance with the first embodiment is depicted. The epi-layer can be grown on a
substrate 202 6f silicon (Si), sapphire, silicon carbide (SiC), or bulk gallium nitride
(GaN). From the substrate 202 up, the epitaxial layer consists of a GaN buffer layer

204, a GaN drift region layer 206, a p-GaN llayer 208, a GaN channel 210 and a

AlGaN barrier layer 212.
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[0081] Referring to FIG. 3, comprising FIGs. 3A to 3C, schematic cross section
views 302, 304, 306 depict operation principles of the‘ nonhally—off vertical GaN
HEMT in accordance with th¢ first embodiment. At Vgs = 0, gate region A214in
FIG. 2 is deplefad by choosing appropriate doping concentrations of the p-GaN layer
1208 aﬂd the drlﬁ region 210. Depletion of region A 214 causes region A 214 to block |
the electrons in a two-dimension electron gaa (2DEG) channel. Thus, the electrons
~ cannot réac_h the Gan buffer 1ay’ef 204, tl';éreby realizing a truly normally-off
“operation as seen in 302 (FIG. 3A). At Vcs > Vi, the regian A 214 becomes partially ,;
opén ao that electrons can pass through and finally are collected by drain electrode
216 as seen in 304 (FIG. 3B). At Vgs > §Vm, the region A 214 is corﬁpletely open..
and all of the electrons can reach the drain electrode 216. And thus the device 200 is
in the ON state as seen in 306 (FIG. 3C).
[0082] A fabri_.qati‘_ovn; process for the device 200 in accordance with the first
embodiment is silown in FIG. 4. FIG. 4, compﬁsing FIGs. 4A to 4E, illustrates an
exemplary fabrication proce;s for the normally-off GaN HEMT . device 200.
Referring to FIG. 4A, initially a two-step growth process is utilized for fabrication of
the device 200. A highly doped (n+) GaN buffer layer 410 followed by a lightly -
doped (n-) GaN drift region layer 412 is grown by a vapor deposition procéss such as
MOCVD. Next, referring to FIG. 4B, Magnesium (Mg) ions are implanted into the n-
GaN layers using a SiN hard mask to form a p-GaN région 414. Next, as seen in FIG.
4C, a GaN channel 416 and an AlGaN barrier layer 418 are grown by MOCVD. .Then,
referring to FIG. 4D, high density plasma, such as inductively coupled plasma (ICP),
is used for mesa etch. This step is followed by the most critical step in the process
flow. This step is shown in FIG. 4E and includes a GaN regrowth to form a layer 420

~ followed by an in-situ SiN growth to form a layer 422. After forming the GaN layér
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420 and the SiN layer. 422, the contacts are formed as showr_l-i'n. FIG. 4F. Ti/Al based
metal stacks 422, 424 are deposited, following by rapid thermal annealing, to form a
source ohmic contact 422 and a drain ohmic contact 424. The drain cbntact 424 can
- be realized by through silicon via (TSV) technology if the substrates are silicdn,
sapphire, or SiC. Finally, ‘as also shown in FIG. 4F , a Schottky (éontact 426 1s formed
using Ni-based m"etal stacks.
[0083] Referriné next to FIG. 5, comprising FIGs. 5A and SE, graphs}SOO,’SZO
depict device characteristics of normally-off verticallGa‘N HEMTs in accordance with
the first embodiment. FIG. .5A depicté a graph 500 of gate-source voltage 502 Versﬁs
drain current 504 for the normall&-off GaN HEMT 200. Device performance of the
nonnally:off vertical GaN HEMT 200 along a trace 506 shows tha‘@ltﬂ thé _thieshold
voltage df the device 200 is larger than +0.5 V, indicating true normally-off operation
and lbw <;ff-staté leakage as well as small subthreshold swing (70mV/Dec). Referring
to FIG. 5B, the graph 520 of gate-source voltage 522 versus drain current 524 for the .
- normally-off GaN HEMT 200 ’lll\a’ving three p-GaN region 414 doping concentrations
plotted alongv traces 526, 528, 530 shows that the threshold voltage can be easily
adjusted (eg from 0.98 V to 1.75 V) by choosing the doping éonéentration of the p- '
_GaN regioﬁ 414, adi?aritageously enabling flexible device and circﬁit design.
~ [0084] Referring next to FIG. 6, coniprising FIGs. 6A, 6B and'6C, additional graphs
of device characteristics of the normally-off vertical GaN HEMTSs 200 in accordance
with the first embodiment are depicted. Referring to FIG. 6A, a graph 600 depicting
gate-source voltage 602 versus drain current 604 for the normally-off GaN HEMT
200 having variously doped n-GaN layers 410, 412 as plotted “along' traces 606, 608,
- 610 evidences that the threshold voltage does not sensitively depend on the doping

concentration of the n-GaN layers 410, 412. Referring to FIG. 6B, a graph 620
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depicting gate-source voltage 622 versus drain current 624 for the normally-off GaN
HEMT 200 having a p—GaN» layer 414 haviné various thicknesses as plotted on traces
416, 418, 420 also evidences that the threshold voltage does not depend on the
thickness of the p-GaN layer 414. Thus, from the graphs 600, 620, those skilled in the
art will realize that structure design and fabricatibn of the ndrmally—off GaN HEMT
200 in accordance with the first embodiment is both ﬂeﬁible and robust as the doping
concentfaﬁon'.s of the n-GaN layers 410, 412 can Vary and/or the thickness of tﬁe p-
| GaN layer 414 can vary without affecting the threshold voltage of the HEM’f device
200. | | - |
[0085] Refei*ring to FIG. SC, a gfaph 650 debicting 'gaté-soﬁrce Voltage 652 versus
drain current 654 for ,Valriousfhicbesses of the regrown n-GaN layer 420.show that
| the threshold voltage (Vm) is not only controlled by the doping of the p-GaN layer 414
as seen in the graph_ 520, but is also controlled by 'the thickness of the regrown q—_GaN
layer 420. As the MOCVD technique can control the thickness of the regrown n;GaN
layer 420 véry precisely, fabrication of the vertical normally-off GaN HEMT device
200 advantageously allows precise definition of the threshold voltage of the HEMT
device 200 in acc_qrdgqc_e with the ﬁrst.cmbodiment.
[0086) Referring to FIG. 7, a schematic cross seqtion view 700 depicts a self-aligned
>>sou.rce ohmic contact and drain field plate (SSDF) ‘III'—nitn’de HEMT and a
corresponding band diagram in accordance with a second embodiment. This device
structure combines surface passivation and the‘ SSDF plate for a robust native-off
AlGaN/GaN hetero—junction HEMT structufe. This novel structure possesses unique
characteristics to realize defect free, large current driving capability (e.g., >1.5 A/mm

at Vgs = 3V), low leakage (e.g., 10 nA/mm), high trans-conductance (e.g., >900
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mS/mm), small subthreshold swing (e.g., <70 mV/Dec) and high ion/Ioff ratio (e.'g.,
10%) enhancement mode in a IlI-nitride HEMT power transistor. ”

[00871 The schematic device cross section view 700 and a corre'sp‘on'dingv band
(iiagram 702 for a-SSDF IlI-nitride HEMT 703 is illustratéd in FIG. 7. In orcier to
eliminate unifoﬁnity and defect issues induced by conventional téchnologies,
enhancement mode opefation is achieved by fabricating a GaN. transistor 704 on a".
-nativ‘e.-off AlGaN/GaN heterostrdcture 706. The native-off ‘heterostructure 706
(which means the inner 2DEG channel is depleted even without any voltage bias)
includes é substfate 708,>a GaN buffer layér 710ﬂka.r;d a AlGaN barrier layer 712 _With a
AlGaN/GaN interface 714 between the AlGaN Barrier layer 712 and the GaN buffer
| layer 710. The GaN transistér 704 includes a gate 716, a source ohmié contact 718
and a &ain ohmic contact 720 including a drain field plate 722 formed over a
passivation layer 7”24. | o o |
[0088] The native-off ﬁeterostructuré 706 is fabricated by growing the thin AlGaN
barrier layer 712 on top of the GaN buffer 710 using MOCVD., Since no recess,
doping or plasma treatment is needed during the fabrication, this native normally-off
AlGaN/GaN transistor 703 can get high uniformity defect free device performance.
The GaN transistor 704 is ‘fabricatec‘i on the native-off ‘A_lGaN/GaN heteré-juncti_on
706 wherein the GaN buffer layer 710 is grown on the substrate layer 708 (e.g., a
substrate sﬁch as Si, sapphire or SiC) by MOCVD with the thin (e.g., < 10 nm)
AlGaN baﬁier layer 712.

[0089] Within the native-off AIGaN/GaN hetero-junction 706, the conduction band
of the AlGaN/GaN interface 714 will be raised higher than Fermi level, even without
-any external voltage bias as shown in the conduction band diagram 702. Thus, the

electron carriers in the 2DEG channel can be completely depleted, as shown as also
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- shown in the conduction band diagram 702. To turn on the device 703, a positive gate
voltage at the gate 716 of the GaN trans‘istor 704 ‘is needed, th‘us, normally-off
operation can be obtained. In addition, source ohmic rhetal, which is self-aligned to
the gate electrode 716, is deposited and annealed along the thin AlGaN_ barrier 712 to

_form a direct contact to the gate channel from the side. In this instance, self-aligned
means, as shown in Fig. 7, the ‘source ohmic metal is close to the bottom of the gate

.dielectric layer ’}26. The gate dielectric layer doesn’t cover the source metal surface
but cov&s the surface of the thin AlGaN layer 714 which difeCtly contacts the' source
ohmic metal. Therefore, the channel resistanee beﬁveen the gate 716 and theﬁsou’r_ce

718 is negligible.

[0090] = Between the gate 716 and the drain contact 720, the drain ﬁ_eld plate 722 is

formed on top of the SiN paseivat_ed 724 thin AlGaN barrier 712 to enhance the on-

state current driving eapability' and unifoﬁn electric field distribution along the 2DEG

~ channel. ' A .ga;[e dielectric layer 726 (e.g. AlL,Os) is deposited betweep the, gate 716

and the AlGaN barrier 7H12 in order to block gate leakage current, isolate the gate 716

and the self-aligned source electrode 718 and modulate the threshold voltage of the

SSDF l-nitride HEMT 703.

| [0091] Both the SSDF Ill-nitride HEMT 703 and a conventional HEMT have
similar device features. Particularly, the contact length of source, gate and drain and
the gate to drain distance are substantially the same in both. In a conventional HEMT,
the gate to source distance is small (e.g., 1 pm) and for the SSDF II-nitride HEMT
703, the source 718 is self-aligned to the gate 716 as shown in FIG. 7. For the
simulation data points generated fori FIGs. 8 and 10 to 16, the GaN buffer .710

_thickness is approximately 2 pm and the Al more fraction of the AlGaN layer 712 is

set to 0.25. Similar to real devices, the AlGaN transition layer and AIN nucleation
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layer between GaN buffer and Si substrate are also taken into account in our
- simulation to reveal vertical leakage and breakdown behavior of bvoth the SSDF
HEMT 703 and conventional HEMTs. Also, physical properties such as spontaneous
rand piezoelectric polarization, unintentional buffer doping, high field saturation.and
impact ionization have also been taken ihto acco;int._

[0092] Referring to FIG. 8, comprising FIGs. 8A and 8B, graphs 800, 820 of device
characteristics of the SSDF Ill-nitride HEMT 'in' accordance with the secénd
embodimeﬁt are plofted. " FI.G. 8A v'depicts the graph 800‘of- barrier thickness 802
- versus two-dimensional eleétfon- g;as (2DEG) conduction ch@el thickness 804 of the
, SSDF [II-nitride HEMT 703 iI; ofder to show the 2DEQ_ carrier densify v&.rithin the
AlGaN/GaN hetero-junction 706 with different AlGaN barrier 712 thicknesses along
the trace .’806. Referring to FIG. 8B, the graph 820 plots a conduction bénd energy
profile of the AlGaN/GaN hevtero-j»ui'lction 70§ at different AlGaN barrier 712
thicknesses (see traces 822, 824, 826, 828, 830).

[0093] FIG. 9, comprising FIGs. 9A, 9B and 9C, illustrates schematic cross section
views of the SSDF HEMT device 703 and a conventional HEMT device. FIG. 9A is
a'séheﬁléfic cross section 900 of the SSDF HEMT c_leyice 703. FIG. 9B is a schematic
cross section 902 of a conventioﬁal HEMT 903. And, FIG. 9C is a schématic Cross
~ section 904 of the SSDF HEMT device 703 zoonﬁng in on the source region 718 and
the gate region 716 of the SSDF HEMT device 703.

[0094] The I-V characteristics of the SSDF HEMT device 703 and conventional
HEMT devices 903 are shown in FIGs. 10 to 13. Referring to FIG. 10, a graph 1000
~ in linear scale of gate-source voltage 1002 versus drain-source current 1004 of the
SSDF HEMT device 703 and conventional HEMT devices 903 are plotted on traces

1006, 1008 and 1010. The simulated Ips-Vgs transfer characteristics of the SSDF
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HEMT device 703 with a five nm AlGaN barner layer 712 is shown on the trace 1006.
| And the 51mu1ated IDs-VGs transfer characteristics of the conventronal HEMT devices
903 with a five nm and a twenty-five nm AlGaN barrier are shown on the traces 1008
and 1010, respecﬁvely. As can be seen from the trace_s 1006 and 1008, respect‘_i‘yely,
the Vin of the SSDF HEMT device 703 and the conventional HEMT devices 903 with
the five nm AlGaN barrier layer can be shifted to positive (i.e., to + 0.3 V), indicating
~ true normally-off operation. HoWeVer; the conventional HEMT—device 903 witlr the
five nm AlGaN bamer layer can hardly be turned on as ‘evidenced by trace 1008
Furt\herrnore the SSDF HEMT device 703 shows supenor ON state current driving
capablhty, even better than the conven‘aonal HEMT dev1ce 903 with the twenty-five
‘nm AlGaN barrier layer. |

[0095] Referring next to FIG. 11, a graph 1100 in linear scale of gate-source voltage

1102 versus gate transconductance 1104 of tlre SSDF HEMT rievi.ce 703 and
~ conventional HEMT devices 903 are plotted on traces 1106, 1108 and 1110. The
simulated Gm-VGS transconductance characteristics of the SSDF HEMT device 703
with a five nm AlGaN barrier layer 712 is plotted on the trace 1106. The simulated
Gm-VGs tra_nseonductance cheracteristics of conventional HEMT devices with five nm
and twenty-five nm AlGaN barrier layers are plotted on traces 1108 and 1010,
| respectively. Those skilled in the art will realize that the graph 1100 evidences that
by implementing the unique device structure in accordance with the second
embodiment; the SSDF native-off HEMT device 703 can deliver greater than tﬁree
times the G, as compared to conventional HEMT devices, indicating that the SSDF
HEMT device 703 provides special advantages for ultra high speed and high gain

electronics applications.
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[0096] Turning next to FIG. 12, a graph 1200 in log scale of gate-source voltage
1202 versus drain-source current 1204 ‘of the SSDF HEMT device 703 and
conventional HEMT devices 903 are plotted on transfer curves 1206 and 1208,
wrespec'tively. The chardcteristics of the SSDF HEMT device 703 wifh a five nm
AlGaN barrier layer 712 are plotted on the curve 12:_(,)63 The characteristiés ofa
conventional HEMT device 903 with a twenty-five nm AlGaN barrier layer are
plotted on the curve 1208. Due to the effective gate control. of the SSDﬂF HEMT
" device 703 With the thin AlGaN barrier layer 712, fifty per cent lower off-state
leakage current (e.'g;, ~10hA[mm) ahdva higher sub-threshold swing. (i.e., 69 meec
compared to thé 93 mV/Dec of the conventional HEMT) can be;neﬁcially bé écﬁievéd.. |
[0097] iReferri.ng next to'FE_G. 13, a log séale graph 1300 of gate-source voltage -
1302 versus drain-source current 1304 of the SSDF HEMT device 703 with a five nm
AlGaN barrier layér 712 is i)lotted on traces 1306, 1308 and 1310. The output voltage
profile of the SSDF HEMT device 703 on traces 1306, 1308 and 1310 shows good
linearity. |
[0098] The impa(;,t‘of the drain field plate 722 (FIG. 7) is shown in FIG. 14. The
_ drain field plate 722 is used to enhance the current driving capability of the SlSDF
nati\v/e~off HEMT 703 in the ON state and provide uniform electﬁc field distribuﬁbn
" along the 2DEG channel. FIG. 14 depicts a graph 1400 of gate_-éource vblfége 1402
Versus | drain-source current 1404 of the SSDF HEMT device 703 output
characteristics with different drain field plate 722 coveragesv on top of the channel
between the gat(a' 716 and the drain 720. Drain field plate 722 coverages of 100%,
96%, 90% and 80% are pldtted on curves .1406, 1408, 1410, 1412, respectively. As 4
-can be seen from the graph-1400, without full coverage of by the drain field plate 722,

in the ON state the .drain current will saturate the 2DEG channel and limit the SSDF
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HEMT device performance. For example, with 80% drain field plate coverage as
plotted on the curve 1412, the maximum ON current density is only half of .the
maximum ON current density for the 100% drain field plate coverage as plotted on
the cﬁrve 1406. - | | |
[0099] Tn the SSDF HEMT device 703, the gate dielectric layer 726 (i.e., ALO) is
deposited between the gate 716 and the AlGaN barrier layér 712 to block gate leakage
current, isolate the gate 716 from the source electrode 718, and tune the device
' threshold voltage. In order to “investigate the ﬁontribﬁtion of gate dielectric, déevice
simulation of SSDF native-off HEMT with AlOs gate dielectric thickness is carried
out. FIG.\IS, comprising FIGs. 15A and 15B, illustrateé gréphs 1500, 1520 of gate-
source voltag¢ 1502, 1522 veréus drain-source current 1504, 1524 .of the SSDF
HEMT dévice 703 with different géte dielectric 726 thicknesses, wherein the graph
1500 isin linear"scale and the graph 720 is in log séalg. The simulated Igs-Vps output
charactéristics in linear. scale for the SSDF HEMT device 703 _»havinhg‘élzogb éé.te
dielectric 726 thicknesses forty nm, fWenty nm, ten nm, five nm and zero nm are
»plotted on the curves 150'6, 1508, 1510, 1512 and 1514, respectively. Similarly, the
simulated IGSf_YDé output characteristics in log scale for the SSDF HEMT device 703
having Aleé gate dielectric 726 thicknesses erty nm, twenfy nm, ten nm, five nm
and zero nm are plotted on the curves 1526, 1528, 1530, 1532 and 1534, respectively.
The simulation results thé graphs 1500, 1520 illustrate that, Without .t'he gate dielectric
layer 726, the SSDF HEMT device 703 will suffer large gate leakage at high Vg bias
thereby limitjng the ON state current. In addition, a fhicker AL O; gate dielectric layer
726 will provide more negative V. Thus, the SSDF HEMT device 703 can provide

both no_rmally-on and normally-off mode operation with Vg, ranging from -2.4 V to
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+0.3 V, thereby advantageously providing greater flexibility in applications for ‘a
variety of circuit applications. |
[00100] The device performance comparisoh between the SSDF native-off HEMT

device 703 and a conventional HEMT device is summarizéd in Table 1.
J

SSDF Conventional
19 45
lorr (@A/mm) |6 5oy @ Vps=10V
: 1.96 1.60
Ion/Iorr 108 10 -
SS (mV/Decade) 69 93
Vi (V) SR +0.3 235
| Gm (mS/mm) 930 290
TABLE 1

- 100101] ‘As-can be seen from Table 1, the I1-nitride SSDF native-off HEMT devicé
703 With the thin AlGaN barrier layer 712, thé sﬁrface passivation layer 724, the self-
aligned source ohmic contact 718 and the drain field plate 722 is presented hérein. '
Since the SSDF HEMT device 703 is directly fabricated én the native-off
AlGaN/GaN hetero-structure 706 grown by MOCVD, no special process, such as gate
recess, fluorine tteatmeﬁt or p-type doping is needed for normally-off transistor
fabrication. Thus, ad_vantages, such as good uniformity, defect free, faBrication ease,
large current driving capability (e.g., > 1.5A/mm at Vgs = 3 V), low leakage (é.g.,
10nA/mm), high transconductance (e.g., > 900mS/mm), small sub-threshold swing
(e.g., < 7T0mV/Dec), high I,p/Iog ratio (e.g., 10%) and normally-off operation (e.g., Vi ‘
= +0.3V) can be achieved, indicating good industry applicability for high efﬁciency

power electronics, RF applications and enhancement/depletion mode logic circuits.
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[00102] In accordance wifﬂ a third embodiment, a novel device structure, which is
combined -with a surface state energy level modulated /(SSEM) layer, a negative
charge doped gate dielectric and a source field plate, is-provided based on a MOCVD
- grown AlGaN/GaN heteré-jﬁnction device. The SSEM nonnally—oﬁ/off [I-nitride - -
 HEMT device in accordance with fhis third embodiment possesses unique -
characteristics allowing it to realize current collapse freedom, high stability, high OFF
state brcakdowﬁ voltage (e.g., 70 V/um), hiéh ON state' current driving capability
(e.g., > 1.2 A/mm), lowﬂleakage (e.g., one nA/mm), high speed, high temperature
tol_erang_:é_,a;ld_ threshold voltage tuﬁability. | |
[00103] It has been found that surface donor-like traps arising from th\e‘Ga ada,fofn
dangling bonds which are beneficial to 2DEG channe] formation have significant
impact on channel conductance modulation via charging/discharging, leading to
current éél_lapse and contributing to suppression of Schqttky gaté tunneling leakage.
| The surface trapﬁ_ipg/detréf)ping mechanism of IIl-nitride HEMTs is illustrated in FIG.
- 16, comprising FIGs. 16A to 16E. Referring to FIG. 16A, a simulated conduction
band profile and schematic view 1600 of gate electron tunneling and surface trapping
at Vgs = -6 V and Vpg = 10V is depicted. Along the GaN layer 160% su;fface? the’
trapped elécfron_s can transport via the Poole—Frankel electron h;pping- —c:fféct. The
neutralized»sqrface traps together with the strong polarization charges on the GaN cap
surface can signiﬁcantly deplete the electron carriers in the 2DEG channel 1604,
leading to voltage screening éffects such as “virtual gate” and fuﬁher supﬁressing the
electron tunneling from a gate 1606 to the 2DEG channel 1604.
[00104] During dynamic switching of IlI-nitride HEMTs, the current collapse effect
will affect the outpﬁt response of the transistors, as shown in FIG. 16B. FIG. 16B

depicts a graph 1620 of a transient simulation of operation of AlGaN/GaN HEMT
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devices with Vgs 1622 jumping from -6 Vto 1V at0.1 second and holding for
another 0.1 second, time being plotted along the x-axis 1624. The time constant for
surface trapping/detrapping and the response of the drain current is ~10 ms.
Compared to conventional results (e.g., 3_ vs) of bare AlGaN/GaN , _the extrapted .speed
- of the surface trapping/detrapping from this simulatioﬁ is faster, owing to an
additional GaN cap layer on top of the.AlGaN barrier in accordance with the third -
embodiment which will form an upper channel and enhance the sﬁrface electron
transporting. | : | |

| [00105] .Based én >this physical understaﬁding of the third érhbodiment, a hybﬁd
TCAD and SPICE model déscribing the‘_dyvnamic_: s&itching behavior of IIl-nitride
HEMTs is calibrated by using experimental measured data from AlGaN/GaN HEMTs
fabricated using an Au-baséd process, as shown in FIG. 16C. FIG. 16C depicts
graphs 1640, 164_2 of rﬁeasureq and simula‘;ed gate-source voltage 1644 versus current
1646 (gat_e_;-source current Igs and drain-source current Ipg) (in the log scale graph
1640) and drain-source current (Ips) 1648 (in the linear scale graph 1642) fof
characteristics various gate drain lengths (Lgp) between 2 pm and 10 pum of the
AlGaN/GaN HEMT device in accordance withb the th1rd embodim'enf‘.'“ The
source/drain ohmic contact resistance 1s sét to 2 Q'mm according to measured results
from the t;ansfer length method (TLM) stfucti_;’rés. Exéellént'.ai’greement of both Ips
“and Igs can be achieved between the TCAD simulation and experimental
measurements as ééen from the graph.

[00106] According to the device simulation, it has been found that the higher the
surface trap energy level is the less surface traps will be charged and discharged by
“electrons tunneling from the gate electrode, leading to less surface

trapping/detrapping, less source/drain voltage screen, less current collapse and faster
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device response as can be seen from FIGs. 16D and 16E. ‘Referring to FIG. 16D, a
log scale graph 1660 of gate-eOUrce yoltage 1662 versus current 1664 (gate-source
current Igg and drain-source current Ips) and a linear scale graph 1666 of gate-source
voltage 1662 versus drain-source current (Ips) 1668 for various surface traps of the
"AlGaN/GaN HEMT device in accordance with the third 'embodiment are depicted.
- The. simulated Ips-Vgs and Igs-Vgs characteristics ef the AlGaN/GaN HEMTQ in
' accordance With the third embodiment and having surt‘ace traps located at 2.95t0 3.25
eV above the valance band and Lgp = 10 um are plotted in the graphs 1660 1666.
Wlth a hlgh trap energy level, it is difficult for the donor-hke traps to be neutralized
by electrons tunnehng from the gate. electrode leading to a weaker screenmg effect
Therefore, the voltage drop between the gate and the adjacent 2DEG channel of the
AlGaN/GaN HEMTs in accordance with the third embodimeht will be higher thereby
providing stronger -gate electro:n” tunneling. FIG. 16E.depicts a graph 1680 of time
1682 v_e_rsu"s drain-source current 1684 for the various surface traps of the
AlGaN/GaN HEMT device in accordance with the third embodiment. The simulated
Ips response of the A1GaN/GaN HEMTs in accordance with the third embodiment
with surface ttaps lecated at 2.95 eV, 3.05 eV and 3.15 eV above the valance band
(with Lep = 10 pm) 1s shown on traces 1686, 1688 and 1690, respectively, in the
graph 1680.
[00107] FIG. 17 illustrates a schematic eross section view 1700 of a surface state
energy level modulated (SSEM) IlI-nitride HEMT device in accordance with the third
embodiment. A GaN buffer layer 1702 is formed on a substrate 1704 (e.g., Si,
sapphire or SiC) by MOCVD. An AlGaN barrier layer 1706 is formed (also by
MOCVD) on the GaN buffer layer 1702 thereby forming an AlGaN/GaN hetero-

junctioh device 1708. A surface state energy level modulation (SSEM) HEMT
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transistor 1.7.10., is formeci on the AlGaN/GaN heterq-junction device 1708 and
includes é SSEM lay_er 1712, a Ti/Al based source ohmic contact 1714, a Ti/Al based
drain ohmic contact 1716, a negatlve charged gate dielectric 1718 (e.g. Al,O; with
[F]), a gate metal contact 1720 (e.g. Ni), a passivation layer 1722 (e g. Si3Ng,), and a
- source field plate 1724 (e.g. Ti or Al).
[00108] The SSEM layer 1712 is impleﬁlented in the MI-nitride HEMT 1700 in
accordance witﬁ the third embodifﬁent to raise the energy level of surface traps aﬁd
thﬁs suppress the surface trapping/detrapping during dynamic switching. This can be ‘
realized by, growmg/deposmng an AlGaN cap layer w1th a high Al mole fraction, AIN
pass1vat10n and negative charge doped passivation on top of the standard A1GaN/GaN
hetero-Junctlon 1708. In addition, the SSEM layer 1712 (e.g. the AlGaN cap layer
with hlgh Al mole-fraction or the AIN passivation), can further enhance the
spontaneous and plezoelecmc polanzatlon strength within the AlGaN/GaN hetero-
~ junction, thereby contributing to higher electron carrier concentration in the 2DEG
channel making the IlI-nitride HEMTs in accordénce with the third embodiment able
to deliver lower ON resistance and higher current driving capability.
[00109] The negative charge doped gate dielectric layer 1718 (e.g..A1203 with [F]) is
- deposited under the géte dielectric layer, to block the electron tunneling current from
| the gate to both the'_éﬁ;face traps and ’ch_e 2DEG channel. Thus, without electron
supplying, rare dondr-like sﬁrface traps on -top .of the AlGaN/GaN hetero-structu_re
1708 can be neﬁt_ralized, even at large Vpg or Vsg bi-as’, leading to negligible current
collapsé and stéi)le dynamic operation. Meanwhile, the negative charge doping under
the gate can further raise the conduction band of the hetero-junction under the gate
electrode, depleting the free electron carriers in the 2DEG éhannel and thereby

delivering flexible threshold voltage modulation capability (from -3 V to 2 V). This
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threshold voltage modulation capability can advantageously be used to achieve
| .morlolithic integrated normally-on and normally-off Il-nitride power electronic
platforms. |
[00110] Also, the novel source field plate 1724 is used in the SSEM HEMT 1700 in
accordance with the bthird' embodiment to uniformly distribute the electrical »ﬁel‘d
along the 2DEG channel and enhance the breakdown voltage. In the SSEM HEMT
| 1700 since surface trappmg/de-trappmg has been suppressed the screen effect of the
drain/source voltage induced by the surface trap charging/discharging at the edge of a
gate electrode in a conventmnal HEMT will not occur, thereby preventing further
reductlon of the peak electncal ﬁeld Therefore in order to obtaln a h1gh breakdown |
voltage, the source field plate 1724 is 1mplemented to replace this natural screening .
effect in the SSEM HEMT 1700 to avoid early impact ionization induced avalanche .
breakdown. The source field plate 1724, when connected to the source electrede
1714, can provide fast gate charging and switching capability and more stable
dynamic channel conductance as compared to a gate field plate.
[00111] The passivation layer 1722 is deposited on top ‘of the SSEM layer 1712 to
bl,ock. arr‘eleeu‘ical short berweenrthe source field plate 1.724 arrd the III-nitride hetero-
strueture 1708 surface. Optirrrization of the passivation layer 1722 thickness can
“achieve low parasitic Cgs capacitance, good electrical field uniformity and high
breakdown voltage. In additiorl, the passivation layer 1722 (e.g. a Si3N4 layer) can
further compensate some of the surface states on top of the II-nitride material arrd
jenha.nee the dynamic operation stability of the III-nitride HEMT 1700.
[00112] In order to characterize the device performance of the SSEM III-nitride
"HEMT 1700, device simulations of the SSEM Ill-nitride HEMT 1700 with surface

negative charge doped layer or high Al mole-fraction AlGaN cap layer as the SSEM
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layer 1712 were performed using a Senturaus device simulation program from
Synoésys, Inc of Mountain View, California U‘SA. A cqnventional HEMT was also
modeled as a reference since both SSEM HEMTs and conventional HEMTs have the
n_samc; device dimensions and use the same physical models (e.g., péiarization,
uﬁintentional b;;kground doping (~1016 cm'3), AlGaN transition layer, aﬁd AIN
nucleation layer). The device model structure of the SSEM HEMT in accordance with
- the third vembodime‘nt is shown in FIG. 18, including FIGs. 18A and 18B. FIG. 18A
is a schematic cross section view 1800 of the SSEM “III-nitride HEMT devicé in
accordanc‘;é with the third embodiment and FIG. 18B is a zoom-in schematic éross
« sectior_lv view 1820 of the gate 1720 region of the SSEM IlI-nitride HEMT device in
accordance with the third embodiment. '

[00113] .The simulated I-V characteristics of the SSEM IIl-nitride HEMT 1700 and a
conventional HEMT are shown in FIG. 19. FIG. 19 illustrates a graph 1900 in log
scale of gate-sourcé voltagé 1902 versus drain-source current 1904 of the SSEM III-
nitride HEMT device 1700 in accordance with the third emquiment. The‘siml‘ilated
Ips-Vas characteristics of the SSEM III-nitride HEMT device 1700 and a
con;/entional HEMT at Vps =8 V are shown in log scale in the graph 1900. As seen
from combaring trace 1906 f01f a conventioﬁal HEMT and traces 1908, 1910 for the
SSEM HEMT device 1700, the SSEM HEMT device 1700 can achieve >lowe'r leakage
current (e.g., ~1hA]mm) and a positive threshold voltage (e.g., +1V) as éompared to
the conventional HEMT.

[00114] The calculated conduction band profiles of SSEM HEMTSs in accordance
with the third embodiment and conventional HEMTs in both a drift region (between
-the gate 1720 and the dréin 1716) and a gated region are illustrated in FIGs. 20 and 21.

FIG. 20 illustrates a graph 2000 of conduction band profiles 2002 between a gate and
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z; drain for a conventibnal HEMT (trace 2004) and the gate 1720 and the drain 1716
. for the SSEM ITI-nitride HEMT device 1700 (traces 2006 and 2008). As can be seen
from FIG. 21, both a high Al mole-ﬁ'action AIGaN cap and surface doping can raise
the surface energy level to greater‘ than 0.5eV, leading to less surface
‘trapping/d.etrapping during switching. FIG. 21 illustrates a graph 2100 of conduction
band profiles 2102 under the gate 1720 in SSEM Ill-nitride HEMT devices 1700
- having varipus dopant levels (traces 2104, 21-06, 2108,‘ 2110, 2112 and 2114) of the™
négativé charge doped gate dielectric layer 1718. FIG. 21 illustrates the CB profiles
of SSEM HEMT under gate. From FIG. 21, it can bbe seen that heavier dielectric
negative charge”dgping can result in é higher gate dielectric bérrier, leading tov b.etter- i
gate leakage blocking capability.
[00115] 'In order to investigate the dynamic behavior of the SSEM HEMT device
1700 during switching, trénsiéﬁt simulation of transistors pulsed from OV (an OFF
state) to SV (an ON state) is shown in FIGs. 22 and 23 and compared to the transient
responses of conventional HEMTS from -3V to 1V. FIG: 22 illustrates a graph 2200
in log scale of transi‘ent behaviors 2202. with the input gate bias jumped from an OFF
state (OV for the SSEM HEMT device 1700, -3V for the conventional HEMT) to an
ON state (5V for the SSEM HEMT ‘device 1700, 1V for the conventional HEMT) ét
time 2204 equals zero seconds, the conventional HEMT plotted on trace 2206 and thé
SSEM IIL-nitride HEMT deQiCeé 1700 plotted on traces 2208 and 2210. FIG. 23
illustrates a graph 2300 in liﬁear scale of transient behaviors 2302 with the input gate
bias j.umped from an OFF state (0V for the SSEM HEMT device 1700, -3V for the
conventional HEMT) to an ON state (5V fof the SSEM HEMT.device 1700, 1V for
. the conventional HEMT) at time 2304 equals zero seconds, the conventional HEMT

plotted on trace 2306 and the SSEM IlI-nitride HEMT devices 1700 plotted on traces
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2308 and 2310. From the graphs 2200, 2300 it is apparent that when the gate bias
sﬁddenly jumps ﬁ-orrl an OFF state to an ON state, the output current of the SSEM
HEMT devices 1700 can immec_liately increase following ‘the input signal, even at the
107 second level, no lagging or delay is apparent, eviden_cing current collapse lfree
operation of the SSEM III-nitride HEMT devices 1700.

[60116] In addition, after doping in the gate dielectric layer 1718, negative charges
will also be m_]ected into the gate covered AlGaN barrier layer 1706 which will affect
the threshold voltage of the SSEM HEMT device 1700. The transfer -V~
characteristics of the SSEM HEMT devices with various negatlve charge dopmg
“levels under the gate 1720 are shown in FIGs. 24 and 25. FIG. 24 illustrates a graph N
2400 of gate-source voltage 2402 versus drain-source current 2404 for SSEM III-
nitride HEMT devices 1700 having a AlGaN cap layer 1706 of various high Al'mole-

- fractions plofted on traces 2406, 2408; 2410, 2412, 2414 and 2416. FIG. 25 illustrates

a graph 2500 of gate-source voltage 2502 versus drain-source current 2504 fpr SSEM

[I-nitride HEMT devices 1700 having various surface negative charge doping levels
plotted on traces 2506, 2508,_' 2510, 2512, 2514, 2516 and 2518. FIGs. 24 and 25
~ indicate that the Vi can be modulated from ~ -3V ro' +2V by varying either the Al
mole—ﬁ'actione of the“ AlGaN ca;l layer 1706 (F IG. 24) or the eurfaee negative charge
 doping levels (FIG. 25). | | -

[00117l The Ips-Vps characteristics Qf .SSEM HEMT devices 1700 in both the ON
state and the OFF state are shown in FIGs. 26 and 27. FIG. 26 illustrates a graph
2600 in linear scale of gate-source voltage 2602 versus drain-source current 2604 for
the SSEM IlI-nitride HEMT devices 1700 simulating the Ips-Vpg characteristics of
‘the SSEM Ill-nitride HEMT devices 1700. The gate-source voltage of the SSEM

HEMT devices are varied from OV to 1V (traces 2612 and 2614) to 2V (traces 2622
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and 2624) to 3V (traces 2632 and 2634) to 4V (traces 2642 and 2644) to 5V (traces
2652 and 2654). FIG. 27 illustrates a gfaph 2700 in log scale of OFF state gate-
source voitage 2702 versus drain-source current 2704 for fhe SSEM IlI-nitride HEMT
devices 1700 formed using surface negative charge dopiﬂg. The ON resistances of
“the SSEM HEMT devices are extracted from 5.4 to 7.2Q'mm and plotted on trace )
2706. According t§ the simulation results in the graph 2_702, the breakdown voltage is
' 369V with a Lgp of 5 pm. Finely designed source field plates 1724 (FIG. 17) can
" further improve the breakdown performance of the SSEM HEMT devices 1700. |
- [00118] The ‘SSEM iII—nitri&e HEMT cievic’e 1700 édvéntageously in_élude‘su 1‘:he E
émface s_taté energy level modulation (SSEM) layer 1712, the negative charge dobéd -
gate dielectric layer 1718 and the source field plate 1724. The surface state energy
level modulation layer 1712 is used to suppress surface trapping/detrapping as well as
current collapse. The negaiive charge doped gate dielectlié layer 1718 is deposited
between the gate electrode 1720 and the AlGaN barrier layer 1706 to block the gate
~ leakage current and further prevent current collapse. In addition, the source field
plate 1724 is implemented to enhance the breakdown performance and stability of
SSEM HEMT. Threshold voltage modulation by tuning negative doping in }he gate
dielectric layer 1718 can be achieved for normally-o“n/normall}‘/-voff monoli’.ch.-ic
integration on the same AlGaN/GaN hetero-structure 1708 epitaxial wafer.
[00119] In accordanc¢ with a fourth embodiment, a HEMT device structure 2802 is
provided which combines a lateral negative charge assisted super junction (NSJ) 2806
and an interval-finger gate field plate 2808 in a HEMT transistor formed on an
AlGaN/GaN hetero-junction 2804. The NSJ III-nitride HEMT device 2800 possesses
unique characteristics which allow it to realize high off-state breakdown voltage (e.g.,

200 V/um), high ON state current driving capability (e.g., >1.2 A/mm), low leakage
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(e.g., 10. nA/mm), high speed and high temperature tolerance. Ih addition,w both

normally-on and normélly—off NSJ III-nitrid¢ transistprs can be monolithically

integrated on the same standard AlGaN/GaN hetero-structure 2804 epitaxial wafer

using negati§e charge doping technology. - § |

[00120] Referring to FIG 28, twodimériéiohal and three-dimensional schematié

cross-section views of a NSJ Ill-nitride HEMT device 2810 in accordance With thé

fourth embodiment is illus_trated. FIG. 28A is a thrée;dimensional pefspective view |
2800 (;f v:a nbrmally ON NSJ IH-nitric"ie'HEM‘T device 281(”): FIG. 28B is a three-

dimensional berspecﬁve view 2830 of a normélly OFF NSJ Ill-nitride HEMT device

2840. And FIG. 28C is a two-dimensional x-y cross section side vie\;;f /2866 of the .
normally ON NSJ Ill-nitride HEMT device 2810, FIG. 28D is a two-dimensional z-y
cross secﬁon’ side view 2870 of the noxmally ON NSJ III-ﬁitride HEMT device 2810,

and FIG. 28Ehis a two-dimensional x-z cross section tdp view 2880 of the normally

ONNSJ III-nitride HEMT. |

[00121.]‘“ As can be seen from FIG. _28,‘ the NSJ IlI-nitridle HEMT 2805 is: fabricated

on the AlGaN/GaN hetero-junction structure 2804 which is grown on a substrate layer

2812 (e.g. Si, sapphire or SiC) by MOC_VD. - The ‘Iateral negative charge assisted_
super junction. (NSJ) 2806 is formed bsf ﬁsing intcfval ion implantation with stroné

electron negativity ions (e.g. ﬂuorine? oxygen). After ion implantation, negative

charges (¢) 2816 are introduced into the AlGaN barrier layer 2814 along the drift |
region. In this manner, electron carriers in a 2DEG channel 2815 under the & doping

area will be partially depleted leading to a lower 2DEG édncentration. In the OFF

state, the low 2DEG concentration region below the negative fixed charges can easily

be fully depleted,' thereby enabling a lower peak electrical field and a higher

breakdown voltage.
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[00122] On top of the ¢ doping area 2816, the interval-finger gate field plafe 2808 is
deposited to enhance tile controllability of the NSJ 2806. In the OFF state, when the
gate electrode 2818 is negatively biased, there will be a léteral voltage drop between
the plate covered (¢ doped) region 2816 and the uncovered (non-doped) drift regions N
ibnvth;: AlGaN’ bﬁér layer 2814, which leads to a 1atera1 pinch-off of the ZDEG

| channel, further extending the 2DEG channel depletion. In the ON state, free electron

| carriers will accumulate in the drift region due to the positively biased gate field plate
2808, thereby fully turning ON the 2DEG channel.” This results in good ON state
current driving capabﬂit_j | o o
{00123] A gate.dielectric 1ayer 2826 (é.g. Al;03) is used in the NSJ IlI-nitride HEMT” R
device 2810 to block the gate 2818 leakage current and protect the gate 2818 contact
interface. Thué, even at high drain vbltage bias or high temperature, the Schottky
I?arrier tqnneling and thermionic emi'ssiqn at me gate electrode 2818 is negligible.
This effect further improves the OFF state breakdown pe:fprmance.éf the NSJ HEMT
device 2810 due to the avalanche breakdown at high electrical field be?ng sensitive to
the leakage current density. A surface passivation layer 2822 is formed over the €
doping areas. |

[00124] In order to characterize the device pe(rfo.rmancé‘rmo'f the NS._T HII-nitride HEMT
device 2810, device simulations of the NSJ III-ni'ti'idexHEMT device 2810 and a
conventional HEMT device 2902 were generated by using the Senturaus device
simulaﬁon program. Referring to FIG. 29, including FIGs.Y 29A and 29B, schematic
cross section views 2900, 2920 of the HEMTs 2810, 2902 are illustfated. FIG. 29A is
a schematic cross section view 2900 of a conventional HEMT device 2902 and FIG.
29B is a schematic cross section view 2920 of the NSJ IlI-nitride HEMT device 2810

in accordance with the fourth embodiment.
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[00125] Both‘the NSJ Ill-nitride HEMT device 2810 and the conventional HEMT
device 2902 have the same device diménsions and ﬁse the same physical models (e.g.,
_polarization, unintentional background doping (~10'® cm™), AlGaN transition layer, .
AIN nucleation layer). In order to model the lateral channel ;podulation of the super

juhction, a three-dimensional device simulation of the NSJ iII-nitride HEMT devic;e |
2810 has also been carried out, as shown in FIG. 30. FIG. 30 illustrates a three-
dimensionai perspective view 3000 of the NSi III-nitride HEMT device 2810 in
~accordance with the f&ﬁmﬁm o

[00126] The simﬁlated [-V characteristics of the NSJ II-nitride HEMT de;/iée 2810
and the conventional HEMT devfce 2902‘ are shown in FIGs. 31 >tog 33 FIG. 31
illustrates a graph 3100 in log scale of OFF state gate-source voltage 3102 versus
drain-soufce ‘current 3104 for the conventional HEMT device 2902 (on trace 3106)
and for the NSJ Il-nitride HEMT device 2810 (on trace 3108). FIG. 32 illustrates a
~graph 3ZQQ 1nlog scale at Vps = 20V of gate-source voltage 3204 versus drain-source
current 3206 for thé conventional HEMT device 2902 (on trace 3206) and the NSJ III-
nitride HEMT device 2810 (on trace 3208).

[00127] Aqd 'FIG, 33 illustrates a graph 3300 in linear scale at Vps = 20V of gate-
source Voitaée 3302 versus drain-source pux;rént 3304 for the -conventional HEMT
~ device 2902_ (on trace 3306), a negative-dopéd HEMT device without a super junction
(on trace 3308), and the NSJ IlI-nitride HEMT device 2810 (on trace 3310). As can
be seen from FIGs. 31 to 33, the NSJ HEMT device 2810 can achieve more than 200
V/ium (i.e., lOQOV/Sum) breakdown voltage, more than two times of breakdown
voltage the conventibnal HEMT 2902. In addition, the ON state current density of the
NSJ HEMT device 2810 is higher than 1.2 A/mm, advantageously ‘evidencing good

ON state current driving capability even with superior breakdown performance. The
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ON resistanc.e of the NSJ HEMT -device 28 1‘0 and the conveptional HEMT device
2902 are 7.4Q-mm and 7.0Q2'mm, respectively. The OFf state leakage of the NSJ
HEMT device 2810 is siightly lower than the conventional HEMT device 2902 owing
to the voltage screeﬁ effect of tlde lateral negative charge assisted super junction 2806.
[00128] In the graph ,33005 the I-V characteﬁsties of the negative chérée doped III- :
nitride HEMT without an interval super Junctlon structure is plotted on trace 3308.
Without the alternatmg non- doped region, in the ON state the drain current W111
saturate very fast due to reduced 2DEG den51ty in the depleted region. Thus, even
with the negative charge doping, the super Junctlon 2806 is necessary to achieve good
OFF state breakdown and ON state current driving simultaneeusly.
[00129] Referring to FIG. 34, a three-dimensional pefspective view 3400 of the NSJ
III-nitn'de HEMT device 2810 shewing a conduction band distribution of the NSJ IiI-
nitride HEMT device 2810 with a twe finger gate field plate 2808 in the OFF state is
illustrated.‘ In the OFF state, the lateral pinch-off oecurs between negative charge
doped columns and non-doped columns. Therefore, even in the nonfdoped regions,
the 2DEG channel 2815 will be depleted, providing better uniformity of the electrical
field and leading to superior breakdown performance.
- [00130] During fabrication of the NSJ III-niﬁ’ide HEMT device 2810, implantation ef
" strong electron negat1v1ty ions (e.g. fluorine, oxygen) is needed to introduce negative
charges into the ~ 25nm thick AlGaN barrier layer 2814. If the ions were directly
implanted into the AlGaN barrier layer 2814, ultra low energy ion 1mp1antat10n (<
1keV) is needed. And due to the space charge effect,v a beam current of low energy
ion implantation is hard to maintain and a special doping process (e.g., cluster or
- plasma ion implantation) is usually used, raising the process cost and difficulties. In

the NSJ III-nitride HEMT device 2810, ion implantation is performed after surface
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passivation. Therefore, the passivation layer advantagcqusly providés an additional
pre-deceleration and pre-scattering, leading to lower channeling effect and less dopant
in the 2DEG channel 2815. In order to analyze the ion irnplantaﬁon process, the
_pl;oc-ess modeling was built using a molecular dynamics method. FIG. 35 illustrates a
graph 3500 of F doping concentrations 3502 of ion implantation at 30keV (plotted on
trace 3504) ‘and 20keV (plotted on trace 3506) on a SiN/AlGaN/GaN epitaxial
structuré for the NSJ Ill-nitride HEMT device 2810 where the depth of ion
iﬁipiani#tion is plotted along the x-axis 3508. As can be seen in F IG.“ 35, with the pre-

- deceleration within thé SiN passivation layer (e.g. 50 nm), standard ion implantation
of F ions‘(30keV) can be implemented in NSJ HEMT fabrication, making the process
simpler and less costly. |
[00131] The novel NSJ Ill-nitride HEMT device 2810 with includes surface
passivation 2822, the gate dielectric(‘layer 2820, the lateral negative charge assisted |
supér junction (NSJ) 2806 and the interval-finger gate field plate 2808 has been
described and simulations tested. The lateral super junction 2806 is formed by using
interval ion implantation with strong electron negativity jons (e.g. fluorine, oxygen) in
the drift region. After ion implantation, negative charges will be introducefi into the

- AlGaN bérrier layer 2814 along the drift region. Thus, electron carriers in the 2}I.)EG
channel 2815 under the e- doped area can eas.ily be fully depleted in the OFF state,
thereby lowering the peak eléctrical field. On top. of the negatively charged ion
doping area, the. interval-finger gate field plafe 2808 is deposited to laterally pinch-off
the N'SJ 2806 and enhance the breakdown perfor'mance., - The gate dielectric layer
2820 blocks the gate leakage current. Since less electrons will be injected into 'the
high electrical field region within the super junction 2806, impact ionization can be

suppressed thereby reducing the chance of avalanche breakdown and further
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improving the OFF state breakdown performance. Both normally-on and normally-
off NSJ I-nitride transistors 2802 can be monolithically integrated on the same
'AlGaN/GaN hetero-structure 2804 epitaxial wafer.
| [00132] A fifth embbdiment is shown in FIGt 36 .wl_i_ich illustrates a schematic cross
sectiim view 3600 and a corresponding conduction band diagrain 3602 of a native-off
ITl-nitride power electronics platform including a ilonnally-off SSDF HEMT 3606
and a lateral diode 3604. The Ill-nitride lateral diode 3604 combines» surface
passivation 3608, cathode and anode ohmic éontacts 3610, 3612, a Schottrky'channel
modulation plaie 3614 and an é.ilode field plate 3616. The Ill-nitride lateral &iode
_ 3604.vvi$,'fabricated on a native-off AlGaN/GaN hetero-junction structure 3618 and
possesses unique characteﬁsticé to realize defect free, large current driving capability
(38 kA/cm? at 20 V), low leakage (10™ Alem? ), low turn on voltage (< 0.5 V) and |
‘high stability. »

[00133] Most importéntly, the lateral diodes 3604,,and normally-on/off SSDF HEMT‘
devices 3606 can be monolithically integrated on the same native-off III-nitride
AlGaN/GaN hetero-junction  structure 361-8 wafer as shown in FIG. 36 using a
| singulér fabrication process, thereby enabling a scalable comblete power élecironics
platform with {/arious types of devices. Based on the IlI-nitride power electronics
platform depicted in FIG. 36 including the lateral diode 3604 and_t}ie normally-off
SSDF HEMT 3606, high perfonnance, low cost and high reliability compact power
electronics circuits, such as switch based DC/DC converters, AC/AC cbnverters;
- DC/AC inverters or AC/DC rectifiers can be fabricated.

[00134] Referring to: FIG. 37, including FIGs. 37A to 37F, the schematic cross
_section views 3700, 3710, 3720, 3740, 3760, 3780 depict the corresponding process

flow of native-off II-nitride lateral diode 3604 in accordance with the fifth
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embodiment. Referring to FIG. 37A, the native-off AlGaN/GaN hetero-junction
structure 3618 is fabricéted by growing a GaN Buffer layer 3702 on a substraie layer
3704_(e.g. Si, sapphire or SiC) by MOCVD and forming a thin (< 10 nfn) AlGaN
barrier layer 3706 on the GaN buffer layer 3702. Within the native-off AIGaN/GaN
hetero-junction 3618, the conduction band of the AlGaN/GaN interface will be raised
vhigher than Fermi leve] even without any extefnal voltage bias. Thus, the electron
carriers in the 2DEG bﬁannel can be completely depleted. To turn on this device, a
posiﬁve anode voltage'is needed, thus diodé voperati.on behé\;ior éan bé obtained.
Therefor;e, the operation mechanism Qf the native-off lra.ter;al diode 3604 is based on
the switching ON and OFF éf a laterai 2DEG channel by using a Schottky mefal plate,
which features-a small turn on (build-in) voltage (< 0.5V compared to ~ 1 V of SBD
or p-i-n ciiode) and can further be tuned by applying a different thickness Schottky
dielectric layer. As a result; the switching loss of the lateral »diode-inraccordance with
this fifth embodiment is low and the .switching speed could be high, for example theT
switching speed could be comparable to the switching speed of a HEMT device.
[00135] Referﬁng to FIG. 37B, the schematic cross section view 3710 depicts the
process step of back étching an upper portié_n of the nativg—off A_lGaN/GaN hetero-
~junction 3618 to fofm a meSé for device isolation. At step 3720 depicted in FIG. 37C,
" ohmic contacts for the cathode 3610 and the anode 3612 are formed. At step 3740
illustrated in FIG. 37D, the Schottky channel modulation metal plate 3614 is
deposited on top of the thin AlGaN barrier 3706 and connected to the anode electrode
3612. At zero anode voltage bias, a 2DEG channel under the Schottky metal plate
can be fully pinched OFF, which results in low reverse leakage current; in forward
' state (at positive anode voltage bias), ho'wever, the electron carriers will accumulate at

the hetero-interface thereby turning ON the 2DEG channel to realize true diode
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behavior. In order to block the current through the Schottky interface to protect the
Schottky inteﬁace, a Schdttky dielecfric layer 3708 is ciéposited between the‘ Schottky
channel modulation metal 3614 and the AlGaN barrier iayer 3706 in the IlI-nitride
diode 3604, allowing modulation of the diode turn on voltage from 0V to 0.5V. |
[00136] Referring next to FIG. 37E, the surface passivation layer 3608 is. formed over
the AIGaN barrier layer 3706 at process step 3760. And, finally, at prbcess step 3780
| (FIG; 37F), the anode ﬁeld- plafé 3616 is formed on top of the nativeipff III-nitride‘
| hetero-structure 3618. The surface passivation layer 3608 and the anode field plate
3616 enhance the 6n-state current dﬁving capability of the III-nitride lateral ;liode
3604. “ - .
_[00137] In order to characterize the device performance of the 'r_lative-off III-nitride
lateral diode 3604, device simulations of lateral diodes weré done uSing the Senturaus
tool. In addition to modeling of the Ill-nitride lateral diodé 3604, th¢ modeling ofa-
- GaN SBD and a p-i-n diode was also done rfor comp.arison.v FIG. 58, comprising FIGs.
- 38A, 38B and 38C, illustrates schematic cross section vie;;vs of these three diodes,
wherein FIG. 38A is a schematic cross section view 3800 of the native-off Ill-nitride
lateral diode 3604, i:IG. 38B is a schematic cross sect‘i.on“ view 3820 of a GaN
Schoﬁky barrier diode (SBD) 3822, and FIG. 38C is a schematic cross section view
3840 of a GaN p-i-n diode 3842. |
[00138]>Each diode has the same device 1ength of eight ym and uses the same
physiCaI models such as polarization and unintentionai background doping (e.g.,
~10’“"cm'3 ), AlGaN transition layer, and AIN nucleation léyer, as shov&n in the
epitaxial structure cross-section view 3900 of the native-off Ill-nitride lateral diode

device 3604 model.
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[00139] Particularly, .in the native-off Ul-nitride lateral diode 3604, the AlGaN
' barrier thickness 3706 was set to five nm, Which has an Al more fraction of 0.25. The
contact lengths of the VSchottky channel modulation metal .plat-e 3616, the cathode i
ohmic contact 3610 and the anode Q_hmic éontact 3612 were set to one pm. In the
SBD 3822, the donor doping in the n’ region 3824 was set to 3x10' cm™ , While in thé
- p-i-n diode 3842, the doping level is set to 3x10"% and 1x10"¥ cm™ for the n* 3 844 and
the p region 3846, respectlvely | o
[00140] The IV charactenstlcs of the native-off Ill-nitride lateral diode 3604, the
SBD 3822 and the p-i-n dlode 3842 are shown in F IGs 40 to 42. FIG. 40 illustrates a
.hnear scale graph 4000 of current-voltage charactenstlcs of the SBD device 3822, the
p—_i-_n device 3842 and the native-off III—nitride lateral diode 3604 on traces 4006,>
. 4008 and 4010, respectively, for voltagesvr'angving from minus five volts to five volts, |
where the forward voltage is plottéd élong the x-axis 4002 and the current is plotted
along the y-axis 4004. |
‘ [00141] Referring to FIG. 41, a linear scale graph -41001 of current-voltage
characteristics of the SBD device 3822, the p-i-n device 3842 and the native-off II-
nitride lateral diode 3604 on traces 4106, 4'_108.and‘ 4110, respectively, for voltages
ranging from minus twenty volts to twenty volts, where theforWard voltagg is piotted _
" along the x-axis 4102 and the current is plotted along the y-axis 4104. The graph
4200 in FIG. 42 shows the current-voltage characteristics of the native-off ITl-nitride
lateral diode 3604 in log scale on.a trace 4206 where the forward voltage is plotted
along the X-axis 4202 and the current is plotted along the y-a);is 4204.
[00142] 'By implementing the unique device structure of the native-off IIl-nitride
lateral diode 3604 in accordance with the fifth embodiment as a diode device similar

to the SSDF HEMT device 703 (FIG. 7), the native-off II-nitride léteral diode 3604
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cé.n deliver a low OFF state leakage aréund 10* AJem? (10nA/mm) up to -20 V,
| indicatiné g'ood turn-off behavior for high efficiency and low loss power applications.
In the graph 4000, the Vim-on of the native-off III-nitridé lateral diode 3604 with 5
nm AlGaN layer is 0.5V, comparing wiﬁh SBD (1V) and p-i-n diode (3V). 'With theb
same device dimensions, the native-off III-nitride laterai diode 3604 can deliver much
higher forward current driving density (38 kA/cm? at 20 V) than either the SBD 3822
or the p—i-nbc.i‘i-().ée 3842 (e.g., abéut three tiiﬁéQ the forward current driving dénsity‘ of
" the SBD 3822 or the p-i-n diodev3 842). In addition, due tovthe anode field plate 3616,

the high forward currenf of the native-off Ill-nitride lateral diode 3604-will not be

saturétcd at high anode voltage biases. | 7

[00143] The anade field plate 3616 in the native-off Il-nitride lateral diode 3604 is.

used to enhance the current driving capability in forward and uniform electric field

distx:ibutio'ns along the ZDEG channel. Referring to FIG. 43, including FIGs. 43A and
43B, the simulated current-voltage characteristics of the native-off III-nihide lateral
diode 3604 with different anode field plate 3616 coverages are shown in linear scale

(in graph 4300 of FIG. 43A and in log scale in graph 4320 of FIG. 43B. In the graph

4300, the fqmmd véltage i_s ploﬁed along the ‘x:a}xis 4302 and the current in linear

scale is ploﬁéd along the y-axis 4304. Traces 4306, 4308 4310 and 4312 depict the
' current-voltage characteri'stic’s when the aﬁode field plate 3616 coverage is 80%, 90%,

96% and 100%, respectively. Similarly, in the graph 4320, the forward voltage is

plotted along the x-axis 4322 and the current in log scale is plotted along the y-axis

4324. Traces 4326, 4328 4330 and 4332 depict the current-voltage’ characteristics

when the anode field plate 3616 COverage is 80%, 90%, 96% and 100%, respectively,
[00144] As seen in the graphs 4300 and 4320, without full coverage of the anode

field plate 3616, in forward vdltage conditions, the conduction current will saturate at
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 around 7V limiting device performance. Partialy, (i.c., with 80% ﬁeld‘plate 3616
coverage) the maximum ON current dens1ty (~10 kA/cm?) will be only about one
fourth of the maximum ON current dens1ty for the fully covered anode field plate
3616 (~38 kA/cm? at 20 V) In addition, the increase of the ON current owing to the
anode field plate 3616 coverage W111 not lead to an increase of the reverse leakage
current of the natlve off III-mtrlde lateral diode 3604, as shown in FIG 43B, as
opposed to the reverse leakage current effect from 1ncreasmg the n-type: dopmg
concentration in the IIl-mtnde SBD 3822 or the p-i- n diode 3842.

[00145] In the native-off IIl-nitride lateral diode 3604, the Schottky dlelectnc layer
3708 (e.g. A1203) 1S depos1ted between the Schottky channel modulation metal 3614
and the AlGaN barrier layer 3706 to block the current between the AlGaN barrier
layer 3766 and the Schottky metal 3614, protect the Schottky metal interface, and
modulate.the device turn ON yoltage. Referring to FIG. 44, including FIGs. 44A,
44B and 43C, graphs,of current-voltage characteristics of the native-off Ill-nitride
lateral diode 3604 having different Shottky dielectric 3708 thicknesses are depicted.
FIG. 44A is a linear scale graph 4400 having voltages 4402 frotn minus three volts to
| .three' volts, FIG. 44B isbﬂ__a linear scale graph 4426 having voltages 4422 from minus
ten volts to twenty volts, and FIG. 44C is a log scale graph 4440 having voltages 4442
ﬁ'om minus ten volts to twenty volts. Along the y-axes, the current 4404, 4424 is
linearly plotted in graphs 4400 and 4420, and the current 4444 is plotted on a log
scale in graph 4440. |

[00146] The simulated current-voltage characteristics of the native-off III-nitride
lateral diode 3604 for voltages from -3V to 3V are shown in the linear scale graph
4400 and traces 4406, 4408, 4410 and 4412 correspond to Shottlty dielectric 3708

thicknesses of 1nm, 2nm, 5nm and 10nm. The simulated current-voltage
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characteristics of the native-off Ill-nitride lateral diode 3604 for voltages erm -10V
to 20V are -sh.ovbvn in the gra.ph. 4420 and traces 4426, 4.428,‘4430 and 4432 correspénd
to Shottky dielectric 3708 thicknesses of 1nm, 2nm, 5§m and 1.0nvm. Finally, the
simulated current-voltage cha;acteristics of the bnative-off HI;nitride later;il diode
3604 for voltages from -10V to 20V are shown in the graph 4440 and traces 4446,
4448, 4450-and 4452 correspond to the .Shotltky -‘diélectn'c- 3708 thick;es-ses of Inm,
2nm, Snm and IOnrﬁ.v | |

[00147] Tﬁe simulation resﬁlts in FIG. .44 illustrate that, similﬁr to the ﬁative-off
SSDF HEMT 3822, a thicker Al,O3; Schottky dielectric 3708 Wiﬂ fyrovide a smaller
Vm-on. Thus, the native-off Ill-nitride laterai diode 3604 can advantageously provide
a turn-on voltage from 0 V to 0.5 V, providing greater ﬂc;xiBility for circuit design. In
addition, the change of the lateral diodes’ mrﬁ-on voltage will not result in any
va.tfigtiori of the forvn{ard current density. However, it should be noted that a smaﬁ
Vium-on Will result in high reverse leakage current as shown in FIG. 44C. This is due
~ to the not fully pinchéd-oﬁ‘ 2DEG channel at zero anode voltage bias.

[00148] The ﬁovel native-off IIl-nitride lateral diode 3604 with the thin AlGaN
barrier 1ayef 3‘706‘, the cathode ohmic contact 3610 and the anode ohmic contact 3612,
the surfaée passivation layer 3608, the Schottky channel modulation plate 3614 and
the anode field plate 3616 provides a monolithically integratable c.le\./i}ce fbr é native- |
off Ill-nitride wafer, fabricatable in the same fabrication process with other native-off
II-nitride GaN devices, realizing a low cost, highly scalable, high performance
single-chip power electronics platform. Since the native-off Ill-nitride lateral diode
3604 is directly fabricated on the native-off AlGaN/GaN hetero-structure 3618 grown
by MOCVD, no special process, such as gate recess, fluorine .treatment or p-type

doping is needed for normally-off transistor fabrication. Thus, a lot of advantages
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such as good uniformity, defect reduction, large current driving capability (e.g., 38
kA/cm? ét 20V), low leakage (e.g., 10* A/cm?), low turn-on voltage (e.g., <0.5V) anci
high stability can be achieved, indicating good industry applicability for high speéd,

N »1"-1igi1ﬂefﬁciency and high temf)erature powér electronics with low cost and compact
size.

[00149] A conventional patterned silicon substrate 4500 AlGaN/GaN HEMT
fabrication is depicted in FIG 45A. Fiuérine plasma ion irhplantation technol§gy has .
' been developed to fabricate normall};—off AlGaN/GaN HEMTSs using, for example,' the
éonventional substrate in the persepcv:tiv.e view 4560. By implanting negatively
, éharged fluorine ions into th;: AlGaN barrier, free el.ectro,ns in the 2DEG channel cén ,
be deplete&; thefef)y obtaining a positive threshold voltage. However, ultra low
implantaﬁon energy (i.e.; <1 keV) is needed for this technology and defects induéed
channel mobility and‘currevnt degradation typically results.

[00150] In accordance with a sixth embodiment and based on the above-mentioned
LCG technique, a novel concept for power systems is depicted in a perspective view |
4530 of a substrate_ 4521 in FIG. 45B. On each mesa 4522, individual small
AlGaN/GaN HEMT device structures afre‘ fabricated as single power pnits. These
power units can__b-c' connected either in séries (connectors 4524) or in parallél
(connectors 4526) for current driving and/or voltage handliﬁg" to form a highly
flexible robust Ill-nitride power electronics platform on GaN-on-patterned Si
éubstrates, such as the substrate 4520. A better thermal dissipatién can be realized by
insertion of dielectric materials with high thermal conductivity into trenches 4528
between the mesas 4522.
: [00151] Referring to FIG. 46, a schematic cross-section view 4600 depicts that the Si

(111)  substrate 4520 s firstly patterned into mesa structures 4522
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| (100~200)X(100~200) pm? in size separated by 10~20um trenéhes 4528, which can
effectively help to relax the tensile stress and lattice miématch between a II-nitride
epi-layer 4602 and the Si substrate 4520. AlGaN/GaN hetero-structures 4604 are then
grown on this patternéd Si substrate 4521 by lateral confined growth techniques using
- MOCVD; After the epitaxy process, the surface of the epi-structures will not be fully
coalesced Witﬁ clear gaps betwéen neighboring mesas due to the difference in theu
growth rate of mesa and trench. By using this method, high quélify IILnitride epi-
layers can advantageously be achieved. ”
[00152] The AlGaN/GaN HEMT transistors are fabricated on top of the mesas 4522
and exh1b1t hlgh quality with low dislocation dcns1tles together w1th a thick buffer
layer. Thus, both high ON state current driving capability and OFF state breakdown
voltage of fabricated HEMTs can be achieved simultaneously. Refeifring to FIG. 47,
including FIGs. 47A and 47B, schématic Cross-séction views 4700, 4702 after
fabrication are illustrated, where the schematic cross section. view. 4700 depicts
parallel connections and the schematic cross section view 4702 depicts series
connections.
'[00153] In the integrated »p(.)wer system, each tranéist_or behaves as a single power
unit. Particularly, transistors in parallel can deliver mlﬂtiplied output current while
transistors in series can sharé the drain voltage, thereby significantly enhancing the
breakdown performance. Based on this matrix configuration, t;'uly flexible power
delivering capability with various output currents and voltage levels can be achieved
to meet the requirements of different power electronics systems. FIG. 48 illustrates a “
circuit diagram 4800 of the electrical scheme of the power integration system Wheré
the transistors 4802 can b‘e.. connected in parallel by the horizontal connectors 4526 or

connected in series by the vertical connectors 4524.
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[00154] In additioh, in the trench area, dielectric material with high thermal
coﬁductivify such as BeO Call be illserted to provide impfoved electrical isolation
between individual transistors while enhancing heat dissipation within the power
system. As a result, morlolltllic integrated effectivevcooling can lJe realized in the III-
nitride integrated power sy'st_em depicted in FIGs. 45 to 48 Further, the IIl-nitride
integrated power system provides ﬂexible power delivering and hamlling capability.
““based on the high quality MOCVD grown A1GaN/GaN hetero-sfruétures on faatterned
Si(11 1) substrates 4521. | |

[00155] In order to charactenze the device performance of the III- n1tr1de 1ntegrated
_power system 51mulat1ons have been done using the Senturaus tool. The modelmg of
a single transistor and transistors in parallel and in series has been modeled. Each
transistor‘ has the same device configuration and the same physical models (e.g.,
polarization, qnintentional backgrolmd doping (~10’° cm™) and AIN nucleation layer)

. as shown in FIG. 49. FIG. 49 illustrates a schematic cross section view 4960 of an
epitaxial structure of a single AlGaN/GaN» HEMT transistor used in modeling the
power integration system in accordance with the sixth embodiment. The gate width
(W) is set to 200 pm, and based upon this parameter, the outputs Iyay and Vp gives
0.166 A and 10V, respectively.. FIG. 50 illustrates a log scale graph 5000 of gate-
source voltage 5002 versus .drain-sodrce current 5004 transfer ‘charac’teristics Of. a
single transistor in the power integration system in accordance with the sixth
embodiment where Inax of the drain-source current (plotted on trace 5006) is 0.166A
and Vp = 10V. The gate-source current is plotted on trace 5008.

[00156] For the simulations of tfansistors in parallel and in series, respectively, we
chose two transistors for an example. The simulated results of transfer characteristics

for parallel and series configuration are shown in FIGs. 51 and 52, respectively. FIG.
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51 illustrates a linear scale graph 5100 -of gate-source voltage 5102 ve_rsusbdrain-»
vséufce currént 5104 . transfer charactéristics of a single t;ansistor 5106 and a double
transistor pair 5108 connected in pafallel (shown in circﬁit diagram 5110) where L
=0.332A and Vp = 10V. -
[00‘1:‘57] FIG. 52 illustrates a linear scale gréph 5200 of gate-so‘urvce voltage 5202
versus‘drain-source cﬁrrent 5204 transfer characteristics of a single transistor 5206
and each transistor 5208, 5210 in a double transistor pair conhected in series (shown
in circuit diagram 5212) where Ipmay = 0.166A and V;S_‘="2,()V._'From FIGS. 51 and 52, - -.
those skiil_ed in the art will reaii_ze that when the twb transistors- are connected in
parallel, the cu_frent driving is doubled with Imax reaéhing 0332 A, w.lhld‘iblcith.e _\;oltage
handling is doubled to ZOV for Vp when the two trapsistors are aligned in series.
[00158] Thus, it can be seen that a novel power inteéation system with a flexible
~ power output based on high quality AiGaN/GaN HEMTs grown on patterned }Si (111)
substrates has been providég_i; The power integration. system eff?ptively takes
advantage of lateral confined gromh technique with a continuous crack-free thick
buffer layer (~2-3 pm, no interlayer needed) together with a low dislocation density.
Flexible power output is realized by matrix configuration bf the power units where
units in é row ;.i.'e connected in parallel while series connections fc;r units in a column
are addptéd‘. Therefore, by control}ihg the number 'of rows and units in a row,
- respectively, the output current and voltage can be flexibly manipulated. Monolithic
integrated efféctivé cooling can also be realized by inserting dielectric materials with
high thermal conductivity into the trenches.
[00159] Thus, it can be seen that the present embodiments provi‘de highly scalable,
reliable GaN structures and fabrication techniques for HEMT devices and didde

devices having small size and robust operational parameters. In addition, the present
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embodiments provide normally-off Ill-nitride GaN structures for diode and transistor
applications exhibiting novel and useful current-voﬁage characteﬁstics as well as-
higher yield and smaller cést. While exemplary embodiments have been presented in
the foregoing detailed descriptiop of the i.nventi?-);l., 1t should be. appréciated thét a vast
number of variations exist. | |

[00160] It should further be appreciated that the exemplary embodiments are only_
“: examples, and are not intended to ‘linﬁt the -sc;ope, applicability, operation, or
"conﬁguration of the‘ invention in any way. Rather, the fofegoing detailed description
will provide those skﬂle_d in the art with a convenient road map f;)r implemenﬁﬁg an
exemplary embodiment inj't_ghg "invention,‘ it béing understood that Qan'ous changes
~may be made in the _function and arrangement of elements and method of operation
described in an exemplary embodiment without departing from the scope of the

invention as set forth in the appended claims.
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CLAIMS

What is claimed is:

1. A GaN high electron mobility transistor (HEMT) structure comprising:
a substrate; o

a AlGaN/GaN heterostructure grown on 'the substrate, the AlGaN/GaN
“ 'héit“efosAt‘ruCture comprising a GaN buffer layer and a AlGaN barrier layer; and

a normally-off GaN device fabricated on the A1GaN/GaN heterostructure.

2. r,The GaN HEMT structure in accordance with Claim 1 wherein the

GaN device is a device selected from the group comprising a normally_—off vertical
GaN HEMT device, a self-aligned source ohmic confact and drain ﬁeld plate (SSDF)
III-riitrivde'HEMT device, a surfaée sﬁate energy level modq}a‘;gd (SSEM) HI-nitride
HEMT device, and a lateral negative charge assisted super junction (NSJ) IlI-nitride

HEMT device.

3. ‘The GaN HEMT structure in accordance with Claim 2 wherein the
GaN device is a lateral NSJ IlI-nitride HEMT device, and wherein the lateral NSJ III-

nitride HEMT device comprises a lateral negative charge assisted super junction.
4. The GaN HEMT structure in accordance with either Claim 2 or 3

wherein the GaN device is a lateral NSJ Ill-nitride HEMT device, and wherein the

lateral NSJ IlI-nitride HEMT device comprises an interval-finger gate field plate.
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5. The GaN HEMT structure in accordance with any of Claims 2 to 4
wherein the GaN device is a lateral NSJ IlI-nitride HEMT device, and wherein the

lateral NSJ Ill-nitride HEMT device comprises a surface passivation layer.

6. The GaN HEMT structure in écébfdance with any of Claims 2 to 5
wherein the GaN device is a lateral NSJ II-nitride HEMT device, and wherein the

lateral NSJ [I-nitride HEMT device cdmprises a gate dielectric layer.

7. The GaN HEMT structure in accordance with Claim 2 wherein the
~ GaN device is a SSEM IlI-nitride HEMT device, and wherein the SSEM Ill-nitride
HEMT device comprises a SSEM layer to suppress surface trapping/detrépping and

current collapse. '

8. The GaN HEMT structure in accordance with either Claim 2 or 7
, wherein the GaN device is a SSEM Ill-nitride HEMT device, and wherein the SSEM
[II-nitride HEMT device comprises a negative charge doped gate dielectric layer to

block gate leakage current and prevent current collapse.

9. © The G'aN HEMT structure in accordance with any of Claims 2, 7 or §
wherein the GaN device is a SSEM IlI-nitride HEMT device, and wherein the SSEM
[II-pitride HEMT devige comprises a source field plate to enhance breakdown

| performance and stability of the SSEM IlI-nitride HEMT device.
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10. The GaN HEMT structure 1in accordance with Claim 2 wherein the
GaN device is a SSDF Ill-nitride HEMT device, and wherein the SSDF_ III-nitride

HEMT device comprises a thin ~A.1GIaN barrier layer.

11. ‘The GaN HEMT structure in accordance with either Cléim 2 or 10
wherein the GaN device is a SSDF II-nitride HEMT device, and wherein the SSDF

‘II-nitride HEMT device comprises a surface passivation layer.

12.  The GaN HEMT structure in accordance with any of Claims 2, 10 or
11 wherein the GaN device is a SSDF IlI-nitride HEMT device, and wherein the

SSDF IlI-nitride HEMT device comprises a self-ali gned source ohmic contact 718.

“ 13. The GaN HEMT structure in accordance with any of Claim 2 or 10 to
12 wherein the GaN device is a SSDF HI-nitride HEMT device, and wherein the

SSDF IlI-nitride HEMT device comprises a drain field plate.

14.  The GaN HEMT structure in accordance with Claim 2 wherein the
GaN device is a normally-off vertical GaN HEMT device, and wherein the norm'aHy—

off vertical GaN HEMT device comprises a GaN regrowth layer.
"15. The GaN HEMT structure in accordance with either Claim 2 or 14

wherein the GaN device is a normally-off vertical GaN HEMT device, and wherein

“the normally-off vertical GaN HEMT device comprises a SiN layer.
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16. A native-off Il-nitride lateral diode structure comprising:

a substrate;

a AlGéN/GaN heterostructure grown on the substrate, ‘the AlGaN/GaN'
heterostr_ucture» comprising a GaN buffer layér and a AlGaN barrier layer; and

a normally-gff GaN device fabricated on the AlIGaN/GaN heterostructure.

17.  The lateral diode structure in accordance with Claim 16 further

comprising a cathode ohmic contact.

18 _ The lateral diode structure in accordance with either Claim 16 or 17

further comprising an anode ohmic contact.

19.  The lateral diode structure in.accordance with any of Claims 16 to 19

further comprising a surface passivation layer.

20. The lateral diode structure ‘in accordance with Claim 20 further

comprising a Schottky channel modulation plate.

21. The lateral diode structure in _accordance with Claim 20 further

comprising an anode field plate.

22.  Anintegrated chip-level power system comprising:
a substrate;
a AlGaN/GaN heterostructure layer grown on the substrate, the AlGaN/GaN

heterostructure layer compﬁsiﬁg a GaN buffer layer and a AlGaN barrier layer, the
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AlGaN/GaN heterostructure layér formed into mesa areas and valley areas; and a
plurality of GaN devices, each of the plurality of GaN devices fabricated on a separate

one of the mesa areas.

23.  The integrated chip-level power sYstem in accordance with Claim 22
further comprising a first set of connectors for connecting two or more of the plurality

‘of GaN devices in series. - -

24,  The integrated chip-level power system in accordance with either
- Claim 22 or 23 further comprising a second set of connectors for connecting two or

more of the plurality of GaN devicgs in parallel.

25.  The integrated chip-level power system in accordance with any of
Claims 22 to 24 further comprising dielectric material with a high thermal
conductivity located in the trench areas for monolithic integrated cooling and thermal

management of the integrated chip-level power system.

26. The integrated chip-level power system in accordance with' any of
Claims 22 to 25 wherein one or more of the plurality of GaN devices comprises a
GaN HEMT device s;:lected from the group comprising a normally-off verticﬁl GaN
HEMT device,' a self-aligned source ohmic contact and drain ﬁeid plate (SSDF) III-
nitridle HEMT device, a surface state energy level modulated (SSEM) Til-nitride
HEMT device, and a lateral negative charge assisted super junction (NSJ) IIl-nitride

-HEMT device.
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27.  The integrated chip-level power system in accordance with any of
Claims 22 to 26 wherein one or more of the plurality of GaN devices comprises a

native-off [II-nitride lateral diode.

28. A method for fabrication of a GaN structure, the method comprising:
providing a substrate; |
| growing | a AlGéN/GaN heterostructure on the sﬁBstrate, ‘the AlGaN/GaN
:Hheterostrucn.lre comprising a GaN buffer layer and a A1GaN barﬁer Iaye;; and

fabricating a normally-off GaN device on the AlGaN/GaN heterostructure.

29. . The method in accordance with Claim 28 wherein the step of
fabricating a normally-off GaN device comprises fabricating a GaN device selected
from the group comprising a normally-off vertical GaN HEMT device, a éelf—aligned
source ohmjc contact and drain field plate (SSDF) IlI-nitride HEMT device_, é surface
state energy level ni’oddlated (SSEM) llI-nitride HEMT device, and_.a lateral negative

charge assisted super junction (NSJ) III-nitride HEMT device.

30. The method in accordance with Claim 29 wherein thé sfep of
fabricating a normally-off GaN device coznprises fabricating a lateral NSJ II-nitride

HEMT device cdmprising a lateral negative charge assisted super junction.
31.  The method in accordance with either Claim 29 or 30 wherein the step

of fabricating a normally-off GaN device comprises fabricating a lateral NSJ III-

nitride HEMT device comprising an interval-finger gate field plate.
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32.  The method in accordance with any of Claims 29 to 31 wherein the
~ step of fabricating a normally-off GaN device comprises fabricating a lateral NSJ III-

nitride HEMT device comprising'a surface passivation layer.

33.  The method in accordance with any of Claims 29 to 32 wherein the |
 step of fabricating a nonnally;off GaN device comprises fabricating a lateral NSJ III-

nitride HEMT device comprising a gate dielectric layer.

34.  The method in accordance with Claim 29 wherein the step of
fabricating a normally-off GaN ‘device comprises fabricating a SSEM HI-nitride
‘HEMT device comprising a SSEM layér to suppress surface trapping/detrapping and

current collapse.

35.  The method in accordance with either Claim 29 or 34 wherein the step
of fabricating a normally-off GaN device comprises fabricating a SSEM IIl-nitride
HEMT device comprising a negative charge doped gate dielectric layer to block gate

leakage current and prevent current collapse.

36.  The method in accordance with any of Claims_ 29, 34 or 35 wherein the
step of fabricating a normally-off GaN device comprises fabricating a SSEM III-
nitride HEMT device comprising a source ﬁeld plate to enhance breakdown

performance and stability of the SSEM HI-nitride HEMT device.
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37.  The method in accordance with Claim 29 wherein the step of
fabricating a normally-off GaN device comprises fabricating a. SSDF Ill-nitride

| - HEMT device comprising a thin AlGaN barrier layer.

38.  The method in accordance with either Claim 29 or 37 wherein the step
of fabﬁcating a normally-off GaN»debvicc comprises fabricating a SSDF Ill-nitride

HEMT device comprising a surface passivation layer.

39.. The method in accordance with any of Claims 29, 37 or 3.8 wherein the
step of fabricatingﬂ a normally-off GaN device comprises fabricating a SSDF 111- .‘

nitride HEMT device comprising a self-aligned source ohmic contact 718.

40.  The method in accordance with any of Claim 29 or 37 to 39 wherein
the step of fabricating a normally-off GaN device comprises fabricating a SSDF III- |

- nitride HEMT device comprising a drain field plate.

41.  The method in accordance with Claim 29 wherein the step of
fabricating a normally-off GaN device comprises fabricating a normally-off vertical

- GaN HEMT device comprising a GaN regrowth léyer.
42.  The method in accordance with either Claim 29 or 41 wherein the step

of fabricating a normally-off GaN -device comprises fabricating a normally-off

vertical GaN HEMT device comprising a SiN layer. -
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43, _ The method in accordance with Claim 28 wherein the step of
fabricating a normally-off GaN device comprises fabricating a native-off Ill-nitride

lateral diode structure comprising a cathode ohmic contact.

44, The method in accordance with either Claim 28 or 43 wherein the step
- of fabricating a normally-off GaN device comprises fabricating a native-off III-nitride

lateral diode structure comprising an anode ohmic contact.

45. "I;he- method in accordance with any of Claims 28, 43 or 44 wherein the
step of fabricating a noﬁhaIly—off GaN device comprises fabricating a native-off IIl-

nitride lateral diode structure comprising a surface passivation layer.

46.  The method in accordance with any of Claims 28, 43 to 45 wherein the
step of fabricating a normally-off GaN device comp}jiseé fabricating a native-off I11-

- nitride lateral diode structure comprising a Schottky channel modulation plate.

47.  The method in accordance with any of Claims 28, 43 to 46 wherein the
-step of fabricating a normally-off GaN device comprises fabricatihg a native-off ITl-

nitride lateral diode structure comprising an anode field plate. .

48.  The method in accordance with any of Claims 28 to 47 wherein the
step of growing the AlGaN/GaN heterostructure layer comprises growing the
AlGaN/GaN heterostructure layer having mesa areas and valley areas defined therein,

“and wherein the step of fabricating a normally-off GaN device comprises fabricating a
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| plurality of GaN devices, each of the plurality of GaN devices fabricated on a scpzirate

one of the mesa areas.

49. - The method in accordance with Claim 48 further comprising forming a
first set of connectors for conﬂec;_ti_ng two or more of the pluralify of GaN devices in

series.

50. - The method in accordance with either Claim 48 or 49 further
comprising forming a second set of connectors for connecting two or more of the

plurality of GaN devices in parallel.
51. The method in accordance with any of Claims 48 to 50 further

comprising depositing dielectric material with a high thermal conductivity in the

trench areas for monolithic integrated cooling and thermal management.

64-



