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Abstract—Mesa and planar GaN Schottky diode rectifiers with  Efforts to fabricate high power GaN devices are in their infancy
reverse breakdown voltages ¥rs) up to 550 and >2000 V, re-  and there have been reports of simple Schottky rectifiers with

spectively, have been fabricated. The on-state resistand@o n , was : .
6 mQ-cm?and 0.8Q2 cm?, respectively, producing figure-of-merit reverse breakdown voltag’ ;) in the range 350-450 V' [15],

values for (Vg )? /Rox in the range 5-48 MW-cm~2. At low bi- [16]. Whlle pin rectifiers would be_ _expected to h_ave Iarge_r
ases the reverse |eakage current was proportiona| to the size of bIOCk|ng V0|tages, the SChOttky rectifiers are attractive for their
the rectifying contact perimeter, while at high biases the current faster switching speed and lower forward voltage drop.

was proportional to the area of this contact. These results suggest  |n this paper we report on the fabrication of mesa and planar

that at low reverse biases, the leakage is dominated by the surfaceGaN Schottky diode rectifiers. We have found that mesa struc-
component, while at higher biases the bulk component dominates. ’

On-state voltages were 3.5 V for the 550 V diodes ang15 for tures for.med by dry etching can have S'm'@%B values to

the 2 kV diodes. Reverse recovery times were0.2 us for devices Planar diodes provided the dry etch damage is removed by an-

switched from a forward current density of ~500 A - cm—2 toa nealing or wet etch clean-up. The mesa diodes have lower spe-

reverse bias of 100 V. cific on-resistances because ohmic contacts can be formed on a
Index Terms—GaN, power electronics, rectifiers. heavily doped GaN layer below the undoped standoff layer.

Il. EXPERIMENTAL
|I. INTRODUCTION

. - _ . Two different types of GaN were grown on c-plane sapphire
WIDE bandgap diode rect|f|_ers are attractive de\_/lce§ f%rubstrates by metal organic chemical vapor deposition using
a range of high power, high temperature application

. . ; . Frimethylgallium and ammonia as the precursors. For structures
including solid-state drives for heavy motors, pulsed power f

. . . : . : Htended for vertical depletion,lazm thick i (3 x 1018 cm3,
electric vehicles or ships, drive trains for electric automoblle§ doped) contact layer was grown in a low temperature GaN

and utilities transmission and distribution [1]. To date, mo%tuffer and then followed with either 4 drl um of undoped

effort has been focussed on SiC and a full range of power 'y, 416 cm~2) GaN. For structures intended for lateral

?ewces t|n|clud_|(rjlg thyrl_storz, '?Sm?t?éj %ratet k;|pola_rt transiye pletion, & pm thick resistive < 10*> cm—2) active region
ors, metal oxide semiconductor field effect transistors an S grown on a low temperature buffer.

pin and Schottky rectifiers, has been reported [2]-[13]. TheThe mesas were formed by fAr inductively coupled

GaN materials systems is also attractive for ultra high powgrasma etching (300 W source power, 40 W rf chuck power

electronic devices because of its wide bandgap and excell BFresponding to a dc self-bias of85 V) at a rate of 1100
transport properties [13], [14]. A potential disadvantage f(xmin,l

. ) . . S . , using a photoresist mask. The samples were an-
thick, carrier-modulated devices is the low minority carrief o104 4 gap P

lifeti but f inolar devi GaN h h ol f t~800 °C to remove dry etch damage [17]. Ohmic
|.et|me, .Ut or unipofar devices all has the potentia %ontacts were formed by lift-off of e-beam evaporated Ti/Al,
higher switching speed and larger standoff voltage than Si

bsequently annealed at 75C€ for 20 s under N. The

rectifying contacts with diameter 60-110@n were formed by
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Fig. 1. Schematic of mesa and planar GaN diodes. Voltage (V)

. . Fig. 2. I-V characteristic at 25C from mesa diode witil pm thick
to afigure-of-meri{Vag)?/ Ron/ of 48 MW.cm—2. The break- b|gckmg layer.

down voltage is approximately a factor of three lower than the
theoretical maximum value for this doping and thickness. Se -
ondary ion mass spectrometry showed that the main backgrot
impurities present were @ & 107 cm—3), C (~10'7 cm—3), Si
(4% 10" cm™3) and H ¢ x 10*8 cm~2). While O and Si can pro-
duce shallow donor states, it is clear that these impurities he
only fractional electrical activation. The surfaces of the mat
rial were relatively smooth with root-mean-square roughness
~0.2nm (1 x 1 zm?) and 1.5 nm 10 x 10 m?). Cross-sectional
transmission electron microscopy (TEM) views of the structul
are shown in Fig. 3. The threading dislocation density at the t
surface was-108-cm~2, typical of high quality, heteroepitaxial
GaN.
For the 4:m thick active region structure, the room tempere
tureVz was 356 V, with typical’»’s of 3-5 V (100 A cm—2). :
The specific on-resistance of these devices was 28 on?, il
leading to a value ofVgp)?/Ron of 42 MW-cm~2. Fig. 4
shows a forward 3-V characteristic at 2& of one of these
diodes. At biases just above the turn-on voltage, the ideal
factor is 2 suggesting recombination. At slightly higher biase
(4-4.5V), the ideality factor is 1.5. This type of result has bee
reported previously in SiC diodes [6] and a multiple level re
combination model involving the presence of both shallow ar
deep levels in the space charge region was developed to exp
that data [18]. In our diodes, we used the linear part of/tHé
curves to obtain the on-resistance. Once again the breakdc 1
voltage was approximately a factor of three lower than the the
retical maximum value. In these diodes we observed a negal A pe -
temperature coefficient favz 5, with a value 0f—0.92 V.K ! ,
in the range 25-50C and 0.17 VK'! in the range 50-15¢C. ‘ 1 =
If impact ionization were the cause of breakdown, one wou { ! " ! J
expect to observe a positive temperature coefficientigs, as b T W ol
has been reported for GaN heterostructure field effect transistors
and p-pntdiodes [19]-[21]. In analogy with some reports fronFig. 3. TEM cross sections of the MOCVD-grown structure withy: m thick
some SiC Schottky diodes with negativez temperature co- Plocking layer.
efficients, we believe the breakdown mechanism in our diodes
is defect-assisted tunnelling through surface or bulk states [16¢ales as the perimeter/area ratio, while at the high bias con-
Fig. 5 shows the reverse current density in them active dition the current density is constant with this ratio. This data
layer diodes at a low bias (15 V) and a bias approximately half wfdicates that at low biases the surface perimeter currents are
Vrp (i.e., 150 V). For the low bias condition the current densitthe dominant contribution, while at higher biases the current

okl . -
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Fig. 4. Forward/-V" characteristics at 25C from mesa diode with1 gm

thick blocking layer.

Fig. 5. Reverse current density in GaN mesa diodegrtéthick blocking
layer) as a function of perimeter-to-area ratio, at two different reverse biases.
is proportional to contact area indicating that bulk leakage is

dominant. In SiC devices it has been reported that increase: 800 prees R A A AN AR AR AR ARAA AR
leakage current in the voltage range approximately halfihe 700
of the diodes are due to the presence of this interfacial layer (ty _ 500 ]
ically as oxide) between the rectifying contact and the semicc™

ductor. This oxide can sustain a voltage drop, but is thinenou £ 500 - I',

b 4

for carrier tunnelling [6]. Fig. 6 shows reverse recovery curre & 400 | '.l i

transient waveforms from a diode switched from a forward cu 2 r r

rent density of 500 Am~2 to a reverse voltage of 100 V. The & °°° H ’

recovery time is<0.2 s, similar to values reported for SiC rec- 5 200 .'-'. s

tifiers [6]. 2 100 i % ]
In all wide bandgap diode rectifiers (both SiC and the Ga o . .

reported here), the magnitude of the reverse leakage currents = or -=

generally one to two orders higher than the theoretical valu O _yq0 | ., ]
based on image-force lowering of the Schottky barrier [6]. O1 L e - L L L L L L]
GaN diodes have slightly higher reverse leakage relative to S 200 e, ,

devices at the same biases, which probably reflects the ear Time (us)
stage of maturity of the former.

Fig. 6. Reverse recovery current transient waveform measured for GaN
rectifier (550um diameter) at 258C. The device was switched from a forward
current density of 500 Am~2 to a reverse voltage of 100 V.

B. Lateral, Planar Diodes

Fig. 7 shows a room temperatufeV’ characteristic from

the3 pm thick structure. Thé’rz was>2000 V (the limit of 0.05 —————r—r———7— — T

our test setup), with a be$t- of 15 V (more typically 50-60 004 | ]
V). The specific on-resistance wast € - cm? producing a i

(Verg)?/Rox value of >15 MW-cm~2. For this structure we 0.03 |- .

believe the depletion is lateral, because for the larger thickne
and doping a vertical device would breakdown at 1000V. TEM _ 001
cross-sections of the structure showed a threading dislocati€ [ |

0.02 |-

density of~3 x 10® cm~2, typical of high quality GaN of this g 0.00 S
thickness. E oot | ]
To place the results in context, Fig. 8 shows a plot of specif 5

on-resistance for Schottky diode rectifiers as a function . %[ e
breakdown voltage. The lines are theoretical values for & -0.03

-~

4H-SiC, 6H-SIiC and GaN and the points are experiment

-0.04 -
values for SiC and GaN devices [2]—[6], [10], [13], [15], [16]. s 1
Note that the 356 V and 2 kV diodes reported here essentia 0 0 200" 7er0 om0 500 0 500 1000 1500 2000 2500
fit on the line expected for perfect Si devices, but the 550 ' Voltage (V)
diode has clearly superior performance to Si. However there > g

still significant improvement required before GaN matches the, 7 ;1 characteristic at 25C from planar diode withg um thick

reported performance of SiC Schottky rectifiers. blocking layer.
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The main conclusions of our study can be summarized as fol-
lows.

1) Mesa diodes with’gp equal to planar diodes, but with

improvedRoy values, have been fabricated in GaN usingerard T. Dang s a graduate student in the Chemical Engineering Department,

Cly/Ar dry etching, followed by annealing to remove theéJniversity of Florida, Gainesville. He has published approximately 15 papers
plasma damage. on GaN processing and device.

2) Vgp values up to 550 V with figure-of-merit 48
MW-cm~2 have been achieved on mesa diodes fabri-
cated on thick (12:m total) MOCVD GaN.

3) Vrp values>2 kV have been achieved in lateral diodegnping zhang is a Graduate Student in the Chemical Engineering Department,
fabricated on resistive GaN grown by MOVCD. University of Florida, Gainesville. He has published approximately 15 papers

4) For the mesa diodes, thé& values are approximately aon bipolar junction transistors and heterojunction bipolar transistors.
factor of three lower than the theoretical maximum for
GaN based on avalanche breakdown. Similarly, the re-
verse leakage currents are several orders of magnitude

higher than the theoretical values. Fan Ren (SM'96) received the Ph.D. degree in 1991 from Brooklyn Poly-
5) At low reverse biases, the leakage current is dominattedhnic, Brooklyn, NY.

- ; ; ; has been a Professor of Chemical Engineering at the University of Florida,
by contributions from the surface, while at hlgher blas%?ainesville, since 1998. Prior to this, he spent 12 years at AT&T Bell labora-

bulk leakage dominates. tories (now Bell Labs, Lucent Technologies). He has published more than 300
journal papers on compound semiconductor electronics.
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