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~ Abstract—Practical design of high-voltage SiC Schottky recti- switching times and no reverse recovery current. Si Schottky
fiers requires an understanding of the device physics that affect rectifiers are severely limited by the low critical field of Si and
the key performance parameters. Forward characteristics of SiC a relatively small range of possible barrier heights [5]. GaAs

Schottky rectifiers follow thermionic emission theory and are . - . o, .
relatively well understood. However, the reverse characteristics Schottky diodes are limited by the critical field of GaAs and

are not well understood and have not been experimentally in- Schottky barrier height pinning [5]. The relatively low barrier
vestigated in-depth. In this paper we report the analysis and heights of Si and GaAs metal-semiconductor contacts lead to a
experimental results of both the forward and reverse char- supstantial increase in reverse leakage current with increasing
acteristics of high-voltage SIC Schottky rectifiers. Ti and Ni - temperature. SiC Schottky rectifiers have been shown to have
Schottky rectifiers with boron implant edge termination were - . .
fabricated on n-type 4H SIiC samples. Ni Schottky rectifiers a strong depende_nce of metal-semlconductor barrier height on
fabricated on a 13zm thick 3.5x10® cm~2 nitrogen doped Metal work function [6]. Therefore, Si and GaAs Schottky
epilayer have a current density of 100 A/crfi at approximately diodes dissipate more power and are limited to a smaller
2 V forward bias and a reverse leakage current density of temperature range than comparable SiC Schottky diodes.
less than 0.1 Afend at a reverse bias of 1720 V. The reverse  The gic Schottky rectifier is a potentially important com-
leakage current is observed to depend on device area, Schottky - . . .
barrier height, electric field at the metal-semiconductor interface, mngIaI deylce because it offers SUb_S_tam'aI pgrformancet ben-
and temperature (a decreasing temperature dependence with ef|tS over S| and GaAs SChOttky rec“flers and itis a rela“vely
increasing reverse bias). In addition, the reverse leakage current simple device to fabricate. The superior materials charac-
magnitude is larger and the electric field dependence is stronger teristics of SiC allow for the use of Schottky rectifiers in
than predicted by thermionic emission and image-force barrier iy ations where Si and GaAs Schottky rectifiers are not
height lowering. This suggests the reverse leakage current is due - . o .
to a combination of thermionic field emission and field emission. practical. High-performance GaAs SChOtt_ky rectifiers with a
forward current of up to 20 A and blocking voltages of up
to 250 V are currently being used in applications such as
electric motor drives and high-efficiency DC-DC converters
[7]. It has also been shown that certain markets are willing to
|. INTRODUCTION pay a premium for the improved device performance of GaAs
mchottky rectifiers [8]. These issues make the SiC Schottky
Lectifier an excellent candidate for commercialization.

Index Terms—High voltage, reverse leakage current, silicon
carbide, Schottky barrier rectifiers.

ARGE bandgap semiconductors have been widely i
vestigated and utilized for optoelectronic application
However, research and commercial interest in large bandgap
semiconductor and SiC electrical devices has recently iﬁ THEORY AND ANALYSIS OF POWER SCHOTTKY RECTIFIERS
creased due to the availability of high-quality SiC and general The optimal design of high-performance SiC Schottky rec-
advances in material fabrication techniques. SiC is a promisitifiers requires an understanding of the dominant device mech-
power semiconductor because of its large bandgap (3.0 eV &wisms that affect power Schottky rectifier performance. The
6H and 3.2 eV for 4H) and thermal conductivity (4.9 W/cmkkey performance parameters of power Schottky rectifiers are
for 6H and 4H) [1]. For power applications, SiC's largebreakdown voltage, forward voltage drop, reverse leakage
bandgap translates into a high critical field. A high criticaturrent, power dissipation, and switching time. Depending
electric field allows device designs that have lower seriem the application, different parameters become more or less
resistance and lower power dissipation. SiC power devicisportant relative to others.
have been analyzed and shown to have substantial advantag&ach of these performance parameters are affected by one
when compared to Si and GaAs power devices [2]-[4]. or more physical mechanism. Therefore, it is important to
In general, Schottky rectifiers are of interest because thelate the key performance parameters to the device physics of
are majority carrier devices and consequently have very f&thottky contact rectifiers. In addition, SiC Schottky rectifier
analysis requires the consideration of issues such as the
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workfunction, the epilayer doping, the epilayer thickness, and
the device edge termination.

A. Breakdown Voltage

A
———»
B
.—
The breakdown voltage of a Schottky rectifier depends s
on the semiconductor critical field, epilayer doping, epilayer
thickness, and device edge termination. Therefore, the break-
down voltage may be used to determine the optimal epilayer
doping and thickness under parallel plane avalanche break-
down conditions. The desired epilayer doping is the maximum
doping that will sustain the specified breakdown voltage. The
relationship for the epilayer doping is [9]
_ &.Eip

Np =—"= 1
=G ®

W_here Np is the epllayer dopmg;s is the semyconductor Fig. 1. Reverse bias current transport mechanisms of metal-semiconductor
dielectric constantE~g is the semiconductor critical field, contacts: (a) thermionic emission, (b) thermionic field emission, (c) field

is the electron charge, arids is the breakdown voltage. emission, and (d) generation in the depletion region.

The corresponding epilayer thickness is the reverse bias
depletion width at the breakdown voltage. The relationshighmic contact resistance). The on-resistance for a specified
between minimum epilayer thickness, the critical field, angreakdown voltage is [9]
the breakdown voltage is [9]

tepi 4V3
2Vg Fon =~ pepitepi = ! = i (4)

tepi = ) @nNp  pnesEdp

onr where p..,; is the epilayer resistivity, ang,, is the epilayer

wheret.,; is the minimum epilayer thickness. mobility.

Edge termination of devices is necessary to achieve theFor an optimal device design, once the forward current
parallel plane breakdown voltage of a Schottky rectifier. Twaensity has been specified, and the required breakdown voltage
dimensional and three-dimensional field crowding of noned@@as been used to determine the epilayer doping and thickness,
terminated devices increase the electric field at the cont#éeé only remaining variable that affects the forward voltage
edge well above the parallel plane electric field. MEDICdirop is the Schottky barrier height. In general the forward
simulations show that the enhanced electric field can beltage drop of experimental SiC Schottky rectifiers has agreed
more than twice the parallel plane electric field. Many edgeell with thermionic emission theory and devices with ideality
termination techniques have been reported for SiC powactors near one and specific on-resistance near the theoretical
devices including a field plate overlapping an oxide regiominimum have been reported [6], [18]-[21].

[10], floating metal rings [11], p-type guard rings [12], highly
resistive surface regions formed by argon implant [13]-[15¢. Reverse Leakage Current

highly resistive surface regions formed by boron implant . ,
[16], and highly resistive regions formed by porous SIC [171' The basic reverse leakage current mechanisms of a Schottky

S | of th techni h b h i o rﬁctifier are shown in Fig. 1. The reverse leakage current
everal ol INese techniques nave been Snown 10 SUMCIENEY - igmg of a Schottky rectifier are (a) thermionic emission,
mitigate field crowding such that parallel plane breakdo

) W(E)) thermionic field emission, (c) field emission, and (d)
voltages may be achieved. generation in the depletion region [22]. In addition to these
basic mechanisms, surface leakage and defect related leakage
B. Forward Voltage Drop may occur. Real world devices likely contain current caused by

The forward voltage drop is a function of the Schottkynore than one of these mechanisms. The dominant mechanism
barrier height and the series resistance. The forward voltadgpends on the Schottky barrier height, temperature, and

drop is [9] applied bias.
Thermionic emission reverse leakage current density de-
Ve = nkT 1n< Jr >+H¢B + RonJr 3) pends on the Schottky barrier height and the temperature.
A*T? The relationship between reverse leakage current density and

whereVr is the forward voltage drop, is the ideality factork Schottky barrier height is [5]

is Boltzman’s constanf]’ is the temperature] is the forward Jp = A*T2eoRr/FD) [p(aV/nkT) _ )
current density,A* is the Richardson’s constants is the :JS[G(qV/nkT) 1]~ —Js (5)
Schottky barrier height, anBoy is the series or on-resistance.

The device on-resistance is a function of the epilay&rhereJ; is the reverse leakage current density, apds the
doping and the epilayer thickness (neglecting the substrate aederse saturation current density.
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Thermionic emission reverse leakage current is also af- A
fected by image-force barrier height lowering. Image-force
barrier height lowering decreases the effective Schottky barrier
height by an amount that depends on the electric field at the

metal-semiconductor interface. The image-force barrier height Ewm ~ slope
lowering is [5] Dy
E
Agp =110 (6)
TE 4

where A¢p is the image-force barrier height lowering, and

E,/ is the electric field at the metal-semiconductor interface. »
The thermionic emission reverse leakage current density, / W \

accounting for image-force barrier height lowering may be

written as

Fig. 2. Triangular barrier approximation and dimensions for a metal-
Jp ~ AR 0B /KT) [(Abp/KT) _ —.]56(A¢B/kT). ) semiconductor contact barrier.

Experimentally, the reverse leakage current of both GtTi'owler—Nordheim (FN) plot)
and 4H SiC Schottky rectifiers have a larger magnitude than
expected by thermionic emission and a stronger voltage de- In(J/E%;) o< 1/Enr. 9)

pendence than predicted by image-force barier height IOW_Reverse leakage current caused by generation in the deple-

ering [23]; reverse leakage current mechanisms other ﬂ}?nn region depends on the width of the depletion region. The

thermionic emission must be considered. Thermionic fie . . . . .
o . L : . elationship for depletion region generation reverse leakage
emission and field emission are typically not considered to .
. current is [22]
contribute to the reverse leakage current of moderately an
lightly doped Si Schottky rectifiers. However, the large critical 7 W (10)

field of SiC increases the likelihood of substantial thermionic ' 27,

field emission and field emission in SiC Schottky rectifier%herem is the intrinsic carrier concentratiobl/ is the width

The magnitude and voltage dependence for the thermiogjtihe depletion region, and. is the lifetime within the de-
field emission and field emission of SiC Schottky rectifiers h%ﬁetion region. The large bandgap of SiC makevery small

been calculated and compared with experimental SiC Schgfyg virtually eliminates the likelihood of substantial depletion
tky rectifier reverse leakage currents [24]. These Ca|CU|ati0R§gion generation reverse leakage current. Regardless of the
agree relatively well with the experimental data and suggeg§minant reverse leakage current mechanism, since the spec-
that thermionic field emission and field emission must heq preakdown voltage determines the epilayer doping and
considered as significant. thickness, the only remaining variable that significantly affects

Both thermionic field emission and field emission are tURhe reverse leakage current is the Schottky barrier height.
neling mechanisms that depend on the barrier height and width.

The difference between thermionic field emission and fie|9_ Power Dissipation

emission is that thermionic field emission is the tunneling L .
of electrons thermally excited above the Fermi level of the The power dissipation of a Schottky rectifier is dependent

metal while field emission is the tunneling of electrons at tHY! the forward voltage drop and the reverse leakage current
Fermi level of the metal. Hence, thermionic field emission wif€nsity- The power dissipation of a Schottky rectifier is [9]

depend on temperature and field emission will be independent Pp = (%on)(Vedr) + (1 — %on)(VaJL) (11)
of temperature.
The metal-semiconductor tunneling barrier may be aptherePp is the power dissipated, and$% is the on duty-
proximated as a triangular barrier as shown in Fig. 2. TH&cle.
probability of tunneling through the triangular barrier depends With respect to power dissipation, there is a tradeoff in
on the zero bias Schottky barrier height, the image-force b&electing the best metal for a power Schottky rectifier. A metal
rier lowering, and the electric field at the metal-semiconduct8tat forms a small barrier will reduce the forward voltage drop
interface (which determines the barrier width since the slop#lt increase the reverse leakage current. Conversely, a metal
of the triangular potential barrier is the electric field). that forms a large barrier will increase the forward voltage
The relationship between tunneling current density arslfop and decrease the reverse leakage current. It is important to

electric field for a triangular barrier may be expressed in terrfignsider the duty cycle, required forward current, and required
of the electric field and the Schottky barrier height [22] breakdown voltage before selecting the Schottky contact metal.

Tp o E3pe=5mVm oy /3haFa) (8) E. switching Time

wherem™ is the electron effective mass, amdis Planck’s The switching speed of a Schottky rectifier depends on
constant. The relationship between electric field and tutike dominant forward current mechanism. Typical SiC Schot-
neling current density may be demonstrated by plottirntgy devices are dominated by thermionic field emission and
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to the Schottky contact metal deposition. Circular contacts of
either Ti or Ni were deposited by ebeam evaporation and
patterned by liftoff. The contacts range in size from 100 to

1200 xm diameter. Unannealed large area backside contacts
were formed by thermally evaporating aluminum onto the

unpolished heavily doped substrate.

B. Device Testing

Forward and reverse current—voltage-¥{) characteristics

boron blanketimplant boron ring implant were measure_d for the Ti and Ni Schottky rectifiers._ De_vic_e
I-V characteristics were measured by directly probing indi-

D boron implant regions vidual Schottky rectifiers. The probe arms were configured

7 ] ) with a single probe contacting the device top and a single

[/} sehottey contact device regions probe contacting the backside ohmic contact. Devices were

chottky contact metal / boron tested in an air ambient (no Fluroinert). The forwakdly

mplant overlap regions characteristics were measured using an HP 4145 parameter
Fig. 3. Device structure of boron blanket implant and boron ring implalﬂ_nalyzer' Reversé-1’ CharaCter_lsncs were measured using _a
edge terminated 4H SiC high-voltage Schottky rectifiers. high-voltage test system. The high-voltage test system consists

of a computer controlled high-voltage power supply (HVPS)
consequently should have fast switching times compared (®tanford Research Systems PS350) and digital multimeter
typical P-N and P-i-N rectifiers. Nonterminated platinum 6HFluke 8840A). The HVPS is connected in series with the
SiC Schottky rectifiers have been shown to have turn-off timg@vice under test and a resistor. The digital multimeter is used
comparable to high-speed Si P-i-N rectifiers and no revergemeasure the voltage across the resistor. The voltage applied

recovery current [19]. to the device is determined by the output of the HVPS less
the voltage drop across the resistor and the device current is
[ll. EXPERIMENTAL PROCEDURE determined from the voltage across the resistor. Forward and

Two different n-type 4H Si-face SIiC samples were used {gverseI—V characteristics were measured at 20, 122, and
fabricate both Ti and Ni Schottky rectifiers. The first samplé®> “C USINg a heated stage.
has an epilayer doping df.5 x 10> cm—2 and a thickness
of 13 um. The second sample has an epilayer doping of IV. EXPERIMENTAL RESULTS
1.6 x 10'® cm™2 and a thickness of 1@:m. Both samples o
have heavily doped n-type substrates. The material used”inMeasured Forward Characteristics
these experiments was acquired from Cree Research, Inc. Tw@he forward I-V characteristics at 20, 122, and 256
samples of different epilayer doping and thickness were used®® Ti and Ni Schottky contacts to the 10w sample are
eliminate possible sample specific variations from the analysigven in Fig. 4. The Ti and Ni Schottky contacts show near-
ideal diode characteristics. The devices show an increase of
A. Device Fabrication reverse saturation current with increasing temperature, which
Schottky rectifiers with boron implant edge terminatioriIS expected fordev_ices.dominated by thermionic emission. The
were fabricated on both the 13- and &6 samples. Boron extracteds g,, and ideality factors for the contacts at 20, 122,

implant edge termination was selected for use because it ﬁﬁéj 255°C are given in _Table . . .
been shown to effectively suppress field crowding while not 30th the Ti and the Ni contacts have approximately eight

causing a significant increase in reverse leakage current [T cades of linearity on a logarithmic plot at 20 and eventu-

Devices with both a blanket implant (implanting the entir@ly roll-off because of device on-resistance. The on-resistance
surface except the active area of the device) and amo-ShOWS an increasing trend with increasing temperature. This
wide ring implant (implanting only a ring around the device' in accordance with reported Scho_ttky rectifier on-resistance
were fabricated. The basic device structure for the blandgmPerature dependencies. On-resistance temperature depen-

H 1.6 2.0 2.4
implant devices and the ring implant devices is shown fENcies off™®, T=7, and7=" have been reported [18]-{21].

Fig. 3. Both the blanket implant and the ring implant device-Ehe forward/-V characteristics for Ti and Ni contacts to the

have a Schottky metal/implant region overlap of ;2. 13um s?m'ple V‘,’er? me:sured at 20 <|a1nd S,'T‘OV;’] results that
Prior to implanting the boron edge termination, approx@r€ nearly identical to the 10m sample, with the exception

mately 600 nm of Au was deposited and patterned for &)rgan earlier roll-off caused by a larger on-resistance, which is
implant mask. Next, & x 105 cm~2 dose of boron with an in accordance with the thicker, more lightly doped epilayer.

energy of 30 keV was used to implant the samples. After .

implantation, the Au implant mask was removed and tHe: Measured Reverse Characteristics

samples were annealed at 105G for 90 min to remove The reversel-V characteristics at 20C for Ni and Ti
implant lattice damage. The samples were then cleanedciontacts to the 13m sample are given in Fig. 5. The Ni
piranha followed by a buffered oxide etch immediately priodevices have a breakdown voltage of approximately 1720 V
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/
10.73...1...1...1...1...1...1...1...|. Voltage (V)
0 02 04 06 08 1 1.2 i4 1.6 Fig. 5. Reverse current—voltage characteristics at°2D of Ti and Ni
Schottky rectifiers or8.5 x 10'® cm=3 doped 13um thick n-type Si-face
Voltage (V) 4H SiC.
Fig. 4. Forward current-voltage characteristics at 20, 122, and €5& Ti 107 e T - T
and Ni Schottky rectifiers on.6 x 106 cm—3 doped 10um thick n-type
Si-face 4H SiC. 10
TABLE | .
MEASURED BARRIER HEIGHTS AND IDEALITY FACTORS AT 20, 122,AND 255°C o~ 10
OF Ti AND Ni SCHOTTKY BARRIER RECTIFIERS ONN-TYPE Si-FAcE 4H SiC. g
SiC ErPILAYER DoPING 1S1.6 X 10'¢ cm™3 AND THICKNESS 1S10 um = 10
2
Metal 20°C 122°C 255°C 'z 10?
L
A
q)Bn n ¢Bn n ¢Bn n E 107
Ti 0.80 1.15 0.85 1.10 N/A N/A g
Ni 1.3 1.21 1.4 1.12 1.5 1.12 © o
. -5
and a reverse leakage current of less than 0.1 A/atrthis 10
voltage. The Ti devices show a larger reverse leakage current, P T S S S T
which is in accordance with the smaller barrier height of the 0 200 -400 -600 -800
Ti contacts.

Lo Voltage (V)
The reverse/-V characteristics at 20, 122, and 25&

for Ti and Ni Schottky contacts to the }@n sample are Fig. 6. Reverse current-voltage characteristics at 20, 122, and@%8 Ti
. N . . Ni Schottk ifi n.6 x 10'6 cm=? 1 hick n-
given in Fig. 6. The Ti and Ni contacts show a revers%nd | Schottky rectifiers on.6 x 1072 cm™" doped 10um thick n-type

. T . I-face 4H SiC.
leakage current that increases with increasing temperature

and increases with decreasing barrier height. The revegeqevice edge termination is the maximum parallel plane
1=V characteristics show a stronger reverse leakage cUrrgicric field achieved in a device. The maximum parallel
temperature dependence at low voltages than at high V°|tagpﬁ§ne electric field versus epilayer doping of reported 4H
The Ti contacts’ reverse leakage current and temperatdR mesa P-N rectifiers [25], non-punched-through 4H SiC

dependence is comparable tol reporteq reverse leakage _Cur%ttky rectifiers [16], punched-through 4H SiC Schottky
and temperature dependencies of high-voltage 4H SiC  [iifiers [16], and the 10- and }an sample are given in

Schottky rectifiers [16]. Fig. 7. The relationship between the critical field of SiC and
epilayer doping is estimated by fitting the measured mesa P-N
rectifier data.
] o The maximum parallel plane electric fields obtained in
A. Breakdown Voltage/Maximum Parallel Plane Electric Fielghe 10um sample (2.5 MV/cm) and the 1@ sample (1.7

The critical field of a semiconductor increases with inMV/cm) are in accordance with the fitted critical field doping
creased doping concentration caused by a correspondingriglationship, indicating that the 10- and & sample devices
crease in ionized impurity scattering and the consequent redace breaking down at or near the critical field. It has been sug-
tion in carrier scattering length. A measure of the effectivenegssted that punching through the epilayer may cause premature

V. ANALYSIS OF RESULTS



1600 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 45, NO. 7, JULY 1998
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3.5 10° B e Schottky (punch-through) L J—
. m  Schottky (no punch-through) / 13 pm
g ¢ ~ 10 T G
= &> Lo 10 pm Schottky 10 um
e 6 | ~ Schottky
o 3.010° - o 10° \
g i - AN ]
E : 10 pm sample kS i Sum’
C} [ \ Z /\T
T o2510°f . §
> i 8 I \ SICt>Wg
E g | \
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2010° |- U /A I N
- \
1 ® <———— 13 um sample r \
1.5 10° e Sit>W_,
1015 1016 10]7 1018 \
ND(cm'B) 10? L . L
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Fig. 7. Maximum parallel plane electric field versus epilayer doping for 5
reported 4H SiC mesa P-N rectifiers, reported punched through 4H SiC ND (cm™)
Schottky rectifiers, reported non-punched-through 4H SiC Schottky rectifiers,
and the 10- and 13m sample. Fig. 8. Breakdown voltage versus epilayer doping of 4H SiC for

punchthrough and non-punch-through epilayer thicknesses.

breakdown at less than the critical field. However, the data

from the 13um sample (which is strongly punched through

at breakdown) and the 1@m sample (which is not punched ‘

through at breakdown) indicates that punchthrough does na

cause premature breakdown. In addition, no significant “yield” 1

differences (with respect to breakdown voltage) were observe ~

between the strongly-punched-through and the non-punched

through devices. 4] | B | i
a) (b)

A plot of breakdown voltage versus epilayer doping is given (
in Fig. 8. Since epilayer thickness is a practical constraint o . . I
for lightly doped epilavers. breakdown voltage versus e Fig. 9. Device failure photos of: (a) blanket boron implant with a micropipe
or lig y_ p priayers, g Plear the device causing a premature failure and (b) ring boron implant with
layer doping for both punchthrough and non-punch-througiiform failure.

epilayer thicknesses is shown. The breakdown voltage for _ . ) )
the 3.5 x 10'3 cm™3 doped 13xm thick sample and the IN the middle of the devices are from the probe tip being

breakdown voltage of the.6 x 1016 cm~3 doped 10xm thick “We!ded” to the_ device during failure. The darkenir_wg of the
sample are also given in Fig. 8. It should be noted that ford€Vice €dges is due to the “burning” of the device edges
given epilayer thickness, a decrease in epilayer doping does Agfing failure. These device failures were irreversible and
necessarily increase the breakdown voltage since the decrdgSdited in destructive failure. Since the device failure is
in doping may correspondingly decrease the critical field. destructlve,_ it is concl_uded that the f_allure mecham_sm is still

Blanket and ring boron implant edge terminations wer&lated to field crowding at the device _edge and is not d_ue
compared. Both blanket and ring implants effectively redud@ avalanche breakdown under the main area of the device.
field crowding. However, the ring terminated devices showed WeVer, devices that were reverse biased to near-breakdown
slightly higher breakdown voltage than the blanket terminaté@!t2ges showed no signs of degradation when subjected
devices. The poorer performance of the blanket implant & multiple voltage sweeps. Observed premature breakdown
likely caused by surface leakage to adjacent defects and@fadevices was “p_rlm?nly attributable to micropipe defects
subsequent defect related failure. The ring implant confin8@d the device “yield” was therefore directly related to the
the region of possible surface leakage. Consequently, if tH]é';lterlal’.s m|cro_p|pe density and device area (due_to \“/a_rlat!'ons
main Schottky rectifier and ring regions are free of defectd) material quality no attempt was made to quantify “yield”).
the device will not suffer premature defect related breakdown.

Fig. 9 shows photographs of blanket and ring implant devi& Forward Voltage Drop
failures. Photograph (A) is a device with boron blanket implant The measured specific on-resistance of theuf8sample
and shows a failure caused by surface leakage from tise5.6 nT2 cm? and the measured specific on-resistance of the
Schottky rectifier to a micropipe defect. Photograph (B) i50-«m sample is 0.9 1 cm?. The theoretical epilayer limited
a device with a boron ring implant and shows uniform failureesistance of the 13m sample is 2.6 1 cn? and the theo-
around the edge of the device. The dark spots and scratchetical epilayer resistance of the 10r sample is 0.4 12 cn?.
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Fig. 11. 0 to 500 V reverse current-voltage characteristics of Ni Schottky
Voltage (V) rectifiers on3.5 x 10> cm~3 doped 13xm thick n-type Si-face 4H SiC for
different size devices.
Fig. 10. Reverse current-voltage characteristics of Ni Schottky rectifiers on
3.5 x 10'> cm—3 doped 13zm thick n-type Si-face 4H SiC for different 12 10°
size devices.

110° |
However, it should be noted that for low on-resistances (less
than 1 nf2 cm?) the substrate and ohmic contact contributions
to the on-resistance are no longer negligible.
The forward biag—V characteristic shown in Fig. 4 depicts

Ar implant termination

Current Density (A/cmz)
[=}
)
=

the experimental dependence of the forward voltage drop 410" 1

on the metal-semiconductor barrier height. The temperature ;

dependence of the forward voltage drop is also depicted 2107 Boron implant termination
in Fig. 4. While an increase in temperature increases the 010° ltmnsue .

(=)

- - R PR
thermionic emission of the Schottky rectifier, it also increases 200 400 600 -800  -1000  -1200
the on-resistance. Therefore, for devices that operate in the Voltage (V)
on-resistance limited portion of thile-V" characteristic, the for- rig. 12. Linear plot of reverse bias current density for reported argon

ward voltage drop will increase with increasing temperaturémplant edge terminated Schottky rectifiers and boron implant edge terminated
Schottky rectifiers.

C. Reverse Leakage Current Highly resistive edge termination regions formed by argon
A log plot of the current density versus voltage for differenfnplantation show a similar behavior, with a larger amount
size Ni Schottky contacts to the }@n sample is given in Of leakage. In fact, devices terminated by argon implant
Fig. 10. Fig. 10 shows that the reverse leakage current ddéegions exhibit a lineaf—V" relationship over the full range
not scale with device area at low reverse biases and does s@hléeverse bias. A comparison of the reverse leakage of a
with device area at higher reverse biases. A linedr plot of boron implant terminated Ni Schottky contact to the ;a8-
four different size Ni Schottky rectifiers on the 131 sample sample and published data [3] for argon implant terminated
for 0-500 V reverse bias is given in Fig. 11. This linearlglevices is given in Fig. 12. Fig. 12 shows that the argon
related reverse leakage current is believed to be due to leaktgelant terminated devices have a smaller shunt resistance
through the highly resistive boron implanted edge terminatidhan the boron implant terminated devices and consequently
regions. Since this reverse leakage current through the bokgve reverse/—V characteristics that are dominated by the
implanted region exhibits a linedrV relationship, it may be leakage through the argon implant regions.
thought of as a resistance in parallel to the Schottky rectifier (aFigs. 5 and 6 show that Ti and Ni boron edge terminated
shunt resistance). Previously tested nonterminated Ni Schottigvices have a reverse leakage current that depends on Schot-
rectifiers did not show this low bias reverse leakage curretity barrier height. The 13m sample is punched through at
This leakage through the boron implant regions is relativeB60 V reverse bias and the depletion width remains essentially
small and is not evident for Ti Schottky rectifiers becausgonstant for additional increases in reverse bias. Therefore,
the lower Schottky barrier height of Ti permits larger reversgince the reverse leakage current depends on barrier height and
leakage currents from other mechanisms. In addition, at highgindependent of depletion width, generation in the depletion
reverse hiases, reverse leakage mechanisms other than leakegjen is not the dominant reverse leakage current mechanism.
through the boron implant region become dominant for the Ni Fig. 13 shows the reverse leakage current density versus
Schottky rectifiers. the parallel plane electric field at the metal-semiconductor
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Fig. 13. Reverse bias current density at"ZDversus electric field of Ti and

Ni Schottky barrier rectifiers on both5 x 10'® cm~3 doped 13xm thick , , . :
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Fig. 14. Comparison of reverse bias current density and image-force multi-

plication factor for bott8.5 x 101> cm—3 doped 13:m thick and1.6 x 1016 . . . . . ) . .
cm~3 doped 10um thick n-type Si-face 4H SiC. width. Using the triangular barrier approximation given in

interface for both the 13- and the 1@n sample. The reverse Fig. 2, Ti and Ni Schottl.<y barrier width_s for the 10- and the
leakage current is shown to depend on the barrier height aln%l'“m sample as afunct_lon of reverse bias were calcqlat_eq and
the electric field at the metal-semiconductor interface. Whif‘ere plot_ted In Fig. 15. Since tunnell-ng can be.com.e S|gn|f|c;ant
the reverse leakage current of the 1@ sample is greater than or barriers on the order o.f 10 nm wide, tun.nellng is a possible
the reverse leakage current of the 43 sample for a given reverse leakage mechanism in these deV|ce§. .
reverse bias, the reverse leakage currents for both sample’% te_mperature depgndent plot Of_ th_e rela}tlonghlp betwegn
are essentially the same when plotted versus electric field®4gneling current density and electric field given in (9) for Ni
the metal-semiconductor interface. Therefore, reverse leakafgCttky rectifiers on the 10m sample is shown in Fig. 16
current is shown to be sample and doping independent. (FN plot). I.:|g.'16 shoyvs an increase of reverse leakage current
The theoretical increase in current density caused by imaglénsity with increasing temperature. Fig. 16 also shows a
force lowering and the experimental current density are plottéffonger temperature dependence at low electric fields than
in Fig. 14 for both the 10- and the }an sample. Fig. 14 at large electric fields suggesting that the reverse leakage
shows that the maximum increase of thermionic emissi&drentis comprised of both thermionic field emission and field
reverse leakage current for either sample is three ordersefpission. At small electric fields, the reverse leakage current
magnitude or less while the increase in experimental reve@Pears to be dominated by thermionic field emission while at
leakage current density for both samples is greater than fiage electric fields field emission becomes more significant.
orders of magnitude. The magnitude of the reverse leakafeerefore, the dominant reverse leakage current mechanism is
current density predicted by thermionic emission is much leBglieved to be a combination of thermionic field emission and
than the magnitude of the experimental reverse leakage cligld emission.
rent density. Therefore, thermionic emission reverse leakageA numerical calculation of the total tunneling current from
current is not the dominant reverse leakage current mechaniginermionic field emission and field emission for a Schottky
Schottky rectifier reverse bias thermionic field emission ardmhrrier with a barrier height of 1.1 eV and a doping of
field emission depend on the tunneling barrier height arsds x 10 cm~32 has previously been done [24]. This cal-
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TABLE 1 [7] Motorola Power Semiconductor Products rectifier application notes.
SUMMARY OF 13-um SAMPLE AND 10-4m SAMPLE [8] R. A. Metzger and M. Meyer, “Rectifiers: A new application for GaAs,”
EXPERIMENTAL PARAMETERS, RESULTS AND OBSERVATIONS Compound Semicondpp. 12-15, July/Aug. 1996.

[9] B.J. Baliga,Power Semiconductor DevicesBoston, MA: PWS, 1996.

[10] J. N. Su and A. J. Steckl, “Fabrication of high-voltage SiC Schottky

13 pm Sample 10 pm Sample barrier diodes by Ni metallization,” iRroc. 1995 Conf. Silicon Carbide

device parameter value device parameter value and Rel. Mater.pp. 697-700.

. . 3 15 . ) 3 6 [11] M. Bhatnagar, H. Nakanishi, S. Bothra, P. K. McLarty, and B. J. Baliga,
epilayer doping (cm’™) 8.5<10  epilayer doping (™) 1.6x10 “Edge terminations for SiC high-voltage Schottky rectifiers,’5th Int.
epilayer thickness {um) 13 _epilayer thickness (um) 10 Symp. Power Semiconductor Devices and 10393, pp. 89-94.

measurements measurements [12] K. Ueno, T. Urushidani, K. Hashimoto, and Y. Seki, “The guard-ring
termination for the high-voltage SiC Schottky barrier diodd&EE
forward I-V at 20°C forward |-V at 20°C, 122°C, and 255°C Electron Device Lett.vol. 16, pp. 331-332, July 1995.
reverse |-V at 20°C reverse |-V at 20°C, 122°C, and 255°C [13] D. Alok, B. J. Baliga, and P. K. McLarty, “A simple edge termination
results results for silicon carbide devices with nearly ideal breakdown voltagEPE
Electron Device Lett.yol. 15, pp. 394—-395, Oct. 1995.
breakdown voltage (V) 1720  breakdown voltage (V) 1050 [14] D. Alok, B. J. Baliga, M. Kothandaraman, and P. K. McLarty, “Ar-
maximum electric 1.7x10°  maximum electric 2.5x10° gon implanted SiC device edge termination: Modeling, analysis, and
field (V/cm) field (V/cm) experimental results,” irbth SiC Rel. Mater. Conf. Proc1995, pp.
on-resistance (mQ cm?) 5.6  on-resistance (M cm?) 0.9 565-568.
) . ) ) [15] D. Alok, R. Raghunathan, and B. J. Baliga, “Planar edge termination
T NL T NP for 4H-silicon carbide devicesfEEE Trans. Electron Devicespl. 43,
20°C (g (€V)  0.85 15 20°C 05 (eV) 0.80 13 pp. 1315-1317, Aug. 1996. ) )
20°C n 11 11 20°C n 12 12 [16] A. Itoh, T. Kimoto, and H. Matsunami, “Excellent reverse blocking

characteristics of high-voltage 4H-SiC Schottky rectifiers with boron-
Observations implanted edge termination/EEE Electron Device Lettyol. 17, pp.

139-141, Mar. 1996.
[17] C. I. Harris, A. O. Konstantinov, C. Hallin, and E. J&émz “SiC power
device passivation using porous Si@ppl. Phys. Lett.yol. 66, no. 12,
pp. 1501-1502, Mar. 20, 1995.
A. ltoh, T. Kimoto, and H. Matsunami, “High performance of high-
voltage 4H-SiC Schottky barrier diodedEEE Electron Device Lett.,

forward current is due to thermionic emission
reverse leakage current depends on:
1. device area
2. barner_ hPTIght [18]
3. electric field
4. temperature

vol. 16, pp. 280-282, June 1995.
[19] M. Bhatnagar, P. K. McLarty, and B. J. Baliga, “Silicon-carbide high-

Culat|on ShOWS a reverse |eakage current |ncrease Of about voltage (400 V) SChOttky barrier diodedEEE Electron Devicesyol.

13, pp. 501-503, Oct. 1992.

five orders of magnitude for an increas_e_ of electric field_frorﬁo] T. Kimoto, T. Urushidani, S. Kobayashi, and H. Matsunami, “High-
8.2 x10°% V/cm to 2.3 x 10° V/cm. In addition, the calculation voltage (1 kV) SiC Schottky barrier diodes with low on-resistances,”
was performed for 300K and 373K, and shows a decreasi[}g] IEEE Electron Device Lettyol. 14, pp. 548-550, Dec. 1993.

R. Raghunathan, D. Alok, and B. J. Baliga, “High-voltage 4H-SiC

temperature dependence with increasing electric field. Schottky barrier diodes,1IEEE Electron Device Lett.yol. 16, pp.

High-voltage Ti and Ni Schottky rectifiers with a highly

226-227, June 1995.

[22] E. H. Rhoderick and R. H. Williams\Metal-Semiconductor Contacts,
VI. SUMMARY AND CONCLUSIONS 2nd ed. Oxford, U.K.: Clarendon, 1988.

[23] M. Bhatnagar, B. J. Baliga, H. R. Kirk, and G. A. Rozgonyi, “Effect of
surface inhomogeneties on the electrical characteristics of SiC Schottky

resistive boron implant edge termination have been fabricated contacts,”IEEE Trans. Electron Devicesiol. 43, pp. 150156, Jan.
and tested. A summary of the experiment and results are given 1996.

in Table 1l. Reverse breakdown shows near-ideal parallel plaﬁé]

J. Crofton and S. Sriram, “Reverse leakage current calculations for SiC
Schottky contacts,” to be published.

breakdown. Forward characteristics are near-ideal and show[z8) J. w. Paimour, J. A. Edmond, H. S. Kong, and C. H. Carter, Jr., “Vertical
increasing on-resistance with increasing temperature_ Reverse power devices in silicon carbide,” iRroc. 1993 Int. Conf. SiC and Rel.

characteristics show a reverse leakage current that depends on

ater.

device area, Schottky barrier height, electric field at the metal-
semiconductor interface, and temperature. The reverse leakage
current is larger than predicted by thermionic field emissign Kipp Jay Schoenreceived the B.S. degree (magna

and image-force barrier lowering and is believed to be
combination of thermionic field emission and field emission

(1]
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