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Recent progress in 4H-SiC material

characterisation, epitaxial growih and device

processing paved the way to design and
fabricate 4H-SiC IMPact-ionisation

Avalanche Transit-Time (IMPATT) diodes.

This paper reports on the fabrication and
testing ofpulsed 4H-SiCIMPATTdiode.

Commercial 4H-SiC p+_n-n+ epitaxial

wafers from Cree Inc. were used to fabricate

the diodes. The n layer had a donor
concentration of I . I •

1017cm~3and a thickness

of 2um, which is close to the thickness of
the space charge region at avalanche
breakdown. Theacceptor concentration in the

l umthick p+ Iayer wasequal to 8•1018cm~3

A rapid thermal annealing of Ni containing

metal compositions wasused to form ohmic
contacts to p- and n-type 4H-SiC. This
technique provides low resistivity contacts
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Fig. l. X ray phase analysis of ohmic contacts to p-
(top trace) and n-type SiC (bottom trace) formed on
test 6H-SiCsamples after Auoverlay deposition.

(-3•10~5~•cm2) suitable for further overlay
deposition and bonding. The structure of
these contacts investigated by x-ray phase
analysis is shown in Fig. I .

Another key
issue of IMPATTdiode device processing is

a p-n junction edge termination, due to its

operation at high current, high voltage, and
high temperature. The edge termination by

mesa structure with no sidewall surface

passivation waschosen as a most convenient
technique for this diode. Themesastructures

with different areas were formed by reactive

ion etching in SF6/Ar gas mixture. Test
samples with polished backside were
fabricated to investigate the initial

breakdownlocalisation by direct observation
of the electroluminescence (Fig. 2). This
investigation showsan evident correlation of
preliminary breakdown with the state of
sidewall surface. The RIE process was
optimised to obtain contamination free,

smoothsurface of the sidewalls.

The diodes had breakdown voltages of
300Vand series resistivities of 6•10~5~•cm2.

Fig 2. Electroluminescence (EL) of 4H-SiC diodes
(mesa diameter of 200 um) with preliminary
breakdown. For localisation of breakdownpoint, EL
under forward bias and at the breakdownshownby
arrow are superimposed in one image.
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Fig. 3. View and block diagram of the experimental
setup for measurementof operating frequency and
output power of pulsed SiC IMPATToscillator, l-

microstrip oscillator; 2- coaxial waveguide junction;
3- cavity-resonator wavemeter; 4- directional coupler;
5- microwave power meter; 6- pulsed voltage master
oscillator; 7- pulsed current source; 8- two channel
oscilloscope; 9- microwavepulse detector.

Amaximumdc current density of 950A/cm2

was passed through the diodes. It is much
lower than the anticipated operating current
density of SiC IMPATTdiode. For this

reason, microwavemeasurementswere done
in pulse mode. The diodes were biased with
dc avalanche current of IOOnAto charge the
capacitance of the p-n junction. Then, the

current pulses were applied to the diode. The
shape of pulsed current and voltage was
controlled by the oscilloscope.

For microwave measurements, the diodes

were mounted in broad band microstrip
oscillators, since the operating frequency of
the diodes was expected to be from about 6
to 20 GHz.Aspecial design of the microstrip
oscillator was performed to meet the very
high breakdown voltage of SiC IMPATT
diodes. Fig. 3 shows an experimental setup
for measurementof operating frequency and
output powerof pulsed SiC IMPATTdiodes.

Fig. 4. The oscilloscope patterns of input current
pulse (top trace) and corresponding output power
video pulse (bottom trace) taken at various positions
of cavity-resonator wavemeter; (a) 9.9 GHz, recess
due to power absorption by wavemeter is shownby
arrow; (b) 9.0 GHz,no recess on video pulse.

The microwave oscillations appeared
whenan input current of 0.3 A was passed
through the diodes with mesadiameter of
80 um. The corresponding threshold current
density was 6kA/cm2. The frequency of
oscillations wasin X-band(8.2-12.4 GHz). A
microwave power of about 300mWwas
measuredat the pulse current of 0.35 A and
pulse width of 40 ns. The self-heating of the

p-n junction led to the change of the diode
impedance and load matching conditions
during the pulse. This caused a delay of the
front edge of microwavevideo pulse clearly

seen in Fig. 4and a frequency chirp through
the pulse duration.

In conclusion, the measurements of
operating frequency of SiC IMPATTdiodes
with specific doping profile provide the basis
for their accurate numerical design. Sirnple
frequency scaling of these experimental
results shows that the maximumoperating
frequency of 4H-SiC IMPATTdiodes (with

p-n junction plane oriented close to the basal
plane) does not exceed 200GHz. This
dramatically changes a traditional opinion
about advanced performance of SiC for
fabrication of mm-waveIMPATTdiodes.

This work was partially supported by
INTASCNES97-1386 grant. FORTHalso

acknowledges the support through NATO
SfP 971879 grant.
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Silicon carbide is apromising material for high powermicrowave
applications. Anewgeneration of microwavepoweramplifiers is expected with
introduction of silicon carbide device technology, howeverthe results demonstrated

so far do not meettheoretical expectations. There is currently no commonopinion in

literature on the origin of problems. In this report wedemonstrate that the

shortcomings oftoday's silicon carbide powermicrowavedevices originate from the

limitations of conventional MESFETdesign. Wepropose a newconcept of silicon

carbide MESFETwith near-theoretical performance.

Ahigh breakdownfield in silicon carbide does not automatically result in high
operation voltages of a microwaveMESFET.This can be illustrated by simulation of

a standard MESFETwith a low-doped p-type buffer layer. Ashort gate length is

desirable for efficient high-frequency operation, howevera decrease ofthe gate length

results in a dramatic drop of the blocking voltage, as it is seen in curve families

plotted Figure I .
The low blocking voltage originates from short-channel effects,

which result in the current bypassing the physical channel and in punch-through of a
parasitic bipolar transistor, as it is illustrated by the 2-dimensional plots in Figure 2.
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Figure I .
Simulated curve families for Figure 2. Simulated current contours for the

SiC MESFETSWith uniform buffer- source-to-drain punchthrough of SiC MESFET.
layer doping and a gate length of 0.5 Lg=1 um, p-buffer doping is 3xl015cm~3, drain

um(a) and I um(b). and gate bias is Vd=100V,Vg=-15V.

Thereason for enhancementof short-channel effects in SiC is inherently

related to the high breakdownfield in SiC. Ahigh electric field implicates a greater
penetration of the electric field underneath the channel. Theuse of either a longer gate

or a higher p-type doping in the buffer layer is required to suppress the short-channel
effects, howeverboth approachesdeteriorate high-frequency device performance.
Additional problems appear if the MESFETis formed on a semi-insulating (SI)

substrate. Chargeaccumulation can develop in either the buffer layer or the adjacent
semi-insulating material.

TheMESFETconcept proposed in the present work follows the approach of
self-aligned silicon LDMOSdesign. Self-aligned lateral diffusion (LD) technique is

employedin LDMOSfabrication to form a depletion stopper in the vicinity of the

source and to suppress short-channel effects. In SiC the required self-aligned doping
profiles can be achieved by lateral epitaxy (LE) onto the walls of pre-etched trenches
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Thematerial outside the trenches is removedby planarization. Theactive region

is then deposited by CVD,and source, gate and drain contacts are formed, as it is

shownin Figure 3. Animportant advantage of the design is the possibility of forming

a buried source region. This minimizes the source
(a) LEMESFET

depietio~ stopper
resistance andcompensatesfor relatively low

drain electron mobility in SiC.gatesource
Simulations ofLE (lateral epitaxy)

MESFETSin 4HSiC showa dramaticbutf** tay,*

performance improvementwith this design. High
subst*ate

electric field is terminated by the depletion
b~'ied n-sou'ce

stopper, as it is illustrated by the 2-dimensional
(b) tate**l plots of electric field in Figure 4. Inevitable

'pita^y
electric field concentration at the gate edgehas

"+
p+

butf** i*y" therefore no effect on the breakdownvoltage. A
gate of O. 1-0.3 umis sufficient for switching asl sub~tr*t*

few hundred volts Thecurve families for aO3(c) planarization and regro~th ' '

umgate device showa very low output
conductanceand an average breakdownfield of

morethan 200 Volts per I umofthe drifi region
length. Theknee current is remarkably high due

Figure 3. Cross-section of silicon to the low source-to-gate resistance provided by
carbide LEMESFET(a) and

' ' ' 'the bunedsource desrgn. Thecarrrer trappmg to

suggested fabrication scheme(b,c) the SI substrate is entirely eliminated in LE
MESFETdesign, since the current pathwayto the

substrate is blocked by the depletion stopper.
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Figure 4. Contours of electric field for SiC LE Figure 5. Simulated curve families for

MESFETsimulated for Vg=-lO V, Vd=450V. the LEMESFETSshownin figure 4
Gate length is 0.3 um, drifi region length is 2um

In the report wewill discuss the dependenceof LEMESFETperformance on
design features. Thepossibility of achieving a blocking voltage ofup to 300V/um
using optimized drain/stopper doping profiles will be demonstrated. Thegate length

can be decreasedbelow IOOnmwithout considerable drop of the transconductance.
Practical implementation of LEMESFETtechnology will be presented in a separate

report at this Conference. This work wassupported by the SwedishPowerMicrowave
Consortium andby the Naval International Cooperation Program, C. Wood,
supervisor.

[1] N. Nordell, S. Karlsson andA.O. Konstantinov. Appl. Phys. Lett. 72 197 (1998).
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Wepresent the first experimental results of photon emission from MESFET'Sbuilt on 4H-
SiC. Whenthe device is biased in the saturation regime, energy dissipation of the chanuel hot
electrons is possible via two main mechanisms: optical phonon scattering and impact
ionization. Additionally, someelectrons loose their energy by undergoing radiative transitions

which can be detected in the optical range using a photon emission set-up. Analysis of this

emission is of particular interest : first, it allows one to detect and localize defects giving rise

to excess leakage and premature breakdownin power devices and second, it is a useful tool

wheninvestigating the hot carrier properties of FETdevices. In this study, we focus on the
ernission mechanismsand its link to impact ionization in SiC MESFET'S

The MESFETS(see Figure 1) were fabricated at Thomson-CSF/LCR.The chaunel is an n-
type epilayer separated frorn the 300 umthick semi-insulating 4H-SiC substrate by a p-type
buffer layer. Substrate and epilayers were from Cree Research. For this study, gate lengths
from Iumto 8umwere investigated, the source/gate and drain/gate spacing were respectively
around 0.5 and 2.5 um. Theyare studied using a photon emission set-up already described in
[1].

Summarizedbelow are the main features which havebeenfound :
• Lrght emission mechanismsin SiC MESFET'Sunder high electric fields are strongly related

to a midgap level (Figure 2). This level has already been detected in SiC MOSFET'Sin both
4H and 6Hpolyiypes [1] and is responsible for a specific relationship between ionization
currents and light intensity. Weshall assumein this study that the relationship still holds in

SiC MESFET'S
• Whenplotted as a function of gate voltage, the light intensity (1.) follows a "bell-shaped"

curve (Figure 3) which reveals its link with hot carriers relaxation in the channel. In contrast,

gate currents are dominated by Schottky junction leakage (not shownhere) and can not be
used for hot carrier analysis. Further analysis allows us to extract the ionization coefficient Bi
without measuring the gate current (Figure 4).

• Theposition of the maximumelectric field in the drift region can be monitored (Figure 5)

and its shifting towards the gate edge is demonstrated whenbiasing the devices towards
pinch-off (Figure 6).

[1] E. Bano, C. Banc, T. Ouisse, and S. Schanillolz, Solid-State-Electronics. vol.44, n0.1 ; Jan.

2000; p.63-69
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Silicon Carbide (SiC) showsthe promise to operate from VHFthrough X-Bandfrequencies while providing higher

breakdownvoltage, better thermal conductivity, and wider transmit bandwidths comparedwith Si or GaAs.
Previously reported SiC MESFETShad small die sizes with gate widths in the range of 100s um[1-3]. In this

paper, wepresent for the first time the developmentof large SiC MESFETSWith a gate length of 0.2 umand a total

width of _3.2 mmfabricated on semi-insulating 4H-SiCsubstrate, t'or high powercommunicationsapplications.

Devices showeda .fr = 14.5 GHZ,.f~Ax = 38 GHZ,
and a current gain of 16 dBat 2GHZWhile biased at a high

operating voltage of 40 volts.

MESFETSwere fabricated on semi-insulating 4H-SiCsubstrate (>I05 ~-cm). Epitaxial layers consists of an
19undopedbuffer layer, 0.25 umchannel layer dopedto 2.5 x

1017 cm~3, and a 0.075 umn+ Iayer dopedto 10 cm~
.

E-beamlithography wasused to define a gate length of 0.2 um. Fig. I is a microphotograph of a MESFETwith 32-

fingers. Air-bridges wereused to interconnect the drain fingers of multifinger devices. Fig. 2showsthe DC
characteristics of a 32-finger MESFETwith a gate periphery of 3.2 mm;the maximumdrain current can be seen is

400mA.
TheDCtransconductance, gm' was measuredto be 40 mS. Thesedevices exhibit high gate-drain

breakdownvoltage of 150 volts and a blocking voltage gain of lO. Adevice yield of 20(~o wasobtained for 50 mm
diameter wafers

.

Sma]1-signal RFcharacteristics of these MESFETSwere measuredon wafer and with packaging. Thesmall srgnal

gain calculated from the S-parameters is shownin Fig. 3; a unity current gain frequency,,f~•
,
of 14.5 GHZwas

observed. ThemeasuredS-parameters are being modeledusing the conventional MESFETequivalent circuit

modeland will be reported in the full length paper.

In summary,wehave demonstrated large SiC MESFETSwith 3.2 mmgate width on semi-insulating 4H-SiC
substrates. Thesedevices showvery high drain current while simultaneously providing a high operation voltage of

Vds=100volts. Theseresults demonstrate the advantage of 4H-SiC for high powermicrowaveapplications where
its high thermal conductivity. high voltage and high powerdensity capability are essential for a major reduction on
system size/weight.

Figure I . Aphotomicrograph of a SiC
MESFETDie with a total

gate width of 3.2 mm.
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Theability of SiC for high powerRFtransistors has beendemonstrated by impressive results.

For instance, a power density of 4.6 W/mm[1] for a transistor with gate width inferior to

l mmas been obtained, and, an output power of 80 Wat 3GHZas also been reported [2].

Nevertheless, in the latter case, the power density wasonly I.67 W/mm.The origin of this

power density reduction for large transistors in comparison to smaller ones has been
tentatively attributed to trapping phenomena[3]• An other possible explanation is a self

heating of the structure [4]. In this study wewill focus on the first point : trapping phenomena
Thedevelopmentof 4H-SiCMESFETSfor high frequency applications requires the use of SI

substrates in order to reduce parasitic losses. For SI substrates obtained by physical vapor
transport (PVT), the semi-insulating behavior is usually obtained by compensation of the

conductive substrates by deep level incorporation such as vanadium. Someresults on
"vanadium free" substrates has also been reported, but deep traps with activation energy of

1. I eV was also present in this material [5]. Recently an other source of high purity semi-
insulating substrates obtained by HTCVDhas appearedon the market [6]

Using different defect characterization tools weestablish a correlation between the presencc
of deep defects in the substrate and defective operation in the static output characteristics of
the MESFETS.Thedefects in the structure have beenanalyzed by DLTSmeasurementon the

gate contact, frequency dispersion of the output conductance as a function of temperature and
current transient spectroscopy.

ld*-Vds measurements as a function of
* -2v . -2vtemperature have been performed in the pmo,07 * -3v . -3v

range 300K - 600K. Different parasitic * -5v . -5v

*-7vo, ' -7v
effects have been observed for the .-9v '~V

o,05transistors realized on PVTSI substrates.

The major one, shown on Fig,1, is an t~1,04

thysteresis effect of the output conductance ~~,03

when the gate voltage is successively
o,02

increased and decreased. This effect is to,cu
euhanced for the high gate voltage (i,e.

whenthe current flows near the substrate). o,

When increasing the temperature the o 5 ro 15 20 25 30 35

v~:v~Its)phenomenonprogressively reduces and
almost disappears at 500 K. A possible

explanation for this hysteresis effect is the
Fi ure I : Output characteristics at 300K for a
sample without buffer layer on a substrate realized by

presence of deep centers which are at the pvT. The hysteresis effect is materialized by the
origin of aparasitic gate under the chamel. vertical arrows.
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RandomTelegraph Signal (RTS) measurementshavenext beenrealized. For sampleswithout
buffer layer, a strong RTSsignal is obtained only for high gate voltage. This confirm the

presence of traps near the channel/substrate interface

In order to extract the trap signature,

frequency dispersion of the output
conductance has been performed in 7 ' Lg*32um

' Lg-32pm .saturation regime (Vg = -5V Vds = 5V). ..•" ,..,,~

' ' L9*16pm .' .',
. .~:~."6 . Lg=16pmThe predominant trap detected by this / ..It~A

/(/:(;~1 :i:;~
c Lg=8um '

measurementhas an activation energy of ~Habout 1.1 eV (Fig. 2). The identification of ~
.•

,'..:)'

' ' ' ~ ' ' /./. /.(/.
this trap is not yet clear. The activation •""'

,•' -'

. .l r~~T~~:~l.i;'/ ...,.." ~=1,07eenergy (I.07 eV) is close to the value 3
measuredby resistivity variation as function 2 .• .

•'

. .

./{ ..•/of temperature (118eV) by Augustine et al '

iin the case of 4H-SiC SI substrates
l ,8 1,9 2,0 2, 1 2,2 2,3

containing Vanadium[7]
.

Using the same looo/T

measurementmethod, an activation energy
of I . I eV was also found in the case of Fi ure 2 : Signatures obtained by frequency

Vanadium free 4H-SiC SI substrates by dispersion of drain source conductance measurements
for a samplewith p-type buffer layer.Mitchel et al [5].

Fromthe results wehave obtained, it seemsclear that deep traps in the substrate are at the

origin of parasitic effect on the output characteristics. Nevertheless, no evidence of defective

operations in the output characteristics and no variation of the output conductance with
frequency wasobserved in two cases :
' Firstly whenan optimized buffer layer is used in order to prevent electron injection

toward the substrate,

• Secondly whenan high purity HTCvoSI substrate provided by Okmetic is used
This confirms the role of the substrate purity on the devices performance and gives hope for

developing 4H-SiCMESFETStechnology
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Demonstration of IMPATTDiode Oscillators in 4H-SiC
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Impact ionization avalanche transit time (IMPATT)diodes are used to generate Rr power
at microwavefrequencies for applications such as pulsed radar. TheRFpoweravailable

from an IMPATTdiode in the electronic limit is proportional to (EC ' vs / f )2 whereEc
is the critical field for avalanche breakdownand vs is the saturation drifi velocity. Since
(EC ' vs) in SiC is approximately 20x higher than in silicon or GaAs,the poweravailable

from a SiC IMPATTdiode is theoretically about 400xhigher than either silicon or GaAs.

Wehave fabricated both X-bandand Ka-bandIMPATTdiodes in 4H-SiC [1,2] usin the~9
hi-lo doping structure shownin Fig. I .

In the X-banddevice, the p+ Iayer is I.4xlO
cm~3and 0.5 um, the n avalanche region is 5xl016 cm~3and 2.3 um, while the n- drift

region is 3.8xl015 cm~3and 6.0 um. Asshownin Fig. 2, the static I-V characteristics

exhibit stable avalanche breakdownat about 800 Vreverse bias. Figure 3showsthe
predicted operating characteristics of the X-banddiode as a function of bias current
density, as obtained from MEDICIsimulations [1]. Themaximumpower is expected to
be in excess of 3kWat a bias current density of 8kA/cm2 with an efficiency of 9olo.

Devices are mountedin a pillbox package, coated with silicone gel to prevent arcing, and
tested in a microwavecavity as shownin Fig. 4. Bias pulses of 200 - 800 ns andup to
1000Vare applied through a series resistance, resulting in bias currents of 100 - 300mA.
Figure 5showsthe spectral output of an X-banddiode [1 ,2]. Accounting for the 20 dB
pad, the RFpower is about OdBm(1 mW)at 7.75 GHz. Theenvelope of the voltage
waveformacross the 50 ~ input impedanceofthe sampling scope is shownin Fig. 6.

Themaximumpowerobtained to date is about 300mWat X-band. This power is lower
than expected due to several factors: (i) to avoid destroying the diode, the bias current is

about 5x lower than the optimumin Fig. 3, (ii) vs parallel to the c-axis in 4H-SiCmaybe
muchlower than the 2xl07 cm/s assumedin our design [3]; if so, the transit time across
the drift region maynot be optimumfor X-bandoperation, (iii) our bias circuit does not
maintain a constant current during the bias pulse (see Fig. 6), (iv) the diodes tested to date

are not of the optimumarea for best power, and (v) the microwaveenviroument of the
cavity and bias line are not fully optimized. Weexpect significantly higher poweronce
manyofthese factors are resolved. Latest results will be reported at the conference.

This work is supported by ONRunder MURIgrant NOO014-96-1-1215. D. B. Janes, D. L. Landt,
R. J. Trew, S. B. Creswick, and J. R. Fines provided valuable technical advice or assistance.

[1] L. Yuan, et al., IEEEICornell Conf on AdvancedConcepts in High SpeedSemiconductor
Devices andCircuits, Ithaca, NY, August 7-9, 2000.

[2] L. Yuan, et al., IEEEElectron Device Lett.
,

22, 266 (2001).
[3] K. V. Vassilevski, et a]., JEEEElectron Device Lett., 21, 485 (2000).

-723-



+

Doping

Electric

Field

Avalanche
Region Drift Region

::::~=i~

Position

~ ~~
,'/j~/1~.

Position

Position

Fig. 1. Hi-lo doping structure andelectric

field profile of the SiC IMPATTdiode.

ImA~T

O

(,-- lVdh200Vdh O
Fig. 2. Forward and reverse static I-V
characteristics of the X-banddiode.

25

~~. 20
:~o 15
~2 IO
~:uJ5

O

82 4 Io

2 4 6 8
Bias Current (kNcm2)

10

o 2 Io84 6

Blas current (kNcm2)

Fig. 3. Simulated admittance, negative resistance,

efficiency, and powerfor the X-bandIMPATTdiode.

Fig. 4. Reduced-height waveguide
cavity with bias port.
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