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Abstract  —  4H-SiC RF BJTs on a semi-insulating (>105 Ω-cm) 

substrate were designed and fabricated for the first time using an 
n-p-n triple mesa-etch and interdigitated emitter-base finger 
design. On-wafer small signal s-parameter measurements were 
performed on a 4-finger device with 3 µm emitter stripe width 
and 150 µm finger length. Both, the current gain and unilateral 
power gain, were calculated from the measured s-parameters, 
yielding an fT of 7 GHz and an fMAX of 5.2 GHz biased in 
common-emitter configuration at JE = 10.6 kA/cm2 and VCE = 20 
V. These are the highest RF figures of merit reported to date for 
any SiC bipolar transistor. The calculated maximum available 
power gain (GMAX) is 18.6-dB at 500 MHz and 12.4-dB at 1 GHz, 
demonstrating the potential of 4H-SiC BJTs for both UHF and L-
band applications. 

Index Terms  —  4H-SiC, RF BJTs, semi-insulating substrate, 
fT, fMAX, GMAX, UHF, L-band. 

I. INTRODUCTION 

4H-SiC bipolar junction transistors (BJTs) are promising RF 
power devices for operation up to 1 GHz with the ability to 
handle large power [1, 2] and to operate at a large collector 
voltage [3]. More specifically, compared to its silicon 
counterparts, SiC devices can be operated at 10 times the 
voltage, for a given drift region thickness, due to the 10 times 
larger breakdown field of SiC [4]. The attainable power 
density is also higher due to the excellent thermal conductivity 
of SiC and its wide energy band-gap. Previously, a 4H-SiC 
BJTs was reported with up to 4 GHz fT and up to 1.8 GHz fMAX 
[5, 6, 7]. In this work we have improved fMAX almost threefold. 

Recently, high purity semi-insulating 4H-SiC wafers were 
developed [8, 9] and are now commercially available. Devices 
on semi-insulating substrates have been demonstrated [10, 11] 
with improved RF performance due to the reduction of 
parasitic components. In this paper, we report the first 4H-SiC 
RF BJTs fabricated on a semi-insulating substrate with an 
fT/fMAX of 7/5.2 GHz, and GMAX of 12.4-dB at 1 GHz and 18.6-
dB at 500 MHz. These are, to the best of our knowledge, the 
highest values published to date for any SiC bipolar transistor. 
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II. DEVICE DESIGN AND FABRICATION 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. The schematic cross-sectional structure of a 4H-SiC BJT 
on a semi-insulating substrate. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Micrographs of a 4-finger RF BJT with front-collector-
“bridge” contacts and on-wafer RF pad layout. 

The epitaxial structures (n-p-n) were grown by Acreo AB 
(Sweden) on a 2-inch 4H-SiC semi-insulating substrate (>105 
Ω-cm). The nominal thickness and doping density of each epi-
layer are listed in Table I. Bipolar transistors were fabricated 
using a triple mesa-etch and an interdigitated emitter-base 
finger structure. Each device was completely isolated by 
etching the isolation mesa into the semi-insulating substrate. A 
cross-sectional drawing of a single finger structure is shown in 
Fig. 1. The emitter mesa area is 3×150 µm2 and the base mesa 
area is 11×150 µm2. The surface was passivated with a thin 
layer of thermal oxide followed by a layer of deposited oxide. 
Ni/Cr was used for the emitter and collector contacts, Ti/Al 
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for the base contacts, and Ti/Au for the wiring and pads as 
well as the front-collector-“bridge” contacts as shown in Fig. 
2. The fabrication process has been discussed in detail 
elsewhere in the literature [12]. 

 
 
 
 
 
 
 
 
 
 
 
 
The DC current-voltage (I-V) properties of the transistors 

shown in Fig. 2 were measured with an HP 4155C. The on-
wafer small signal RF measurements were performed using an 
Agilent E5071B network analyzer with GSG probes. All 
measurements were done at room temperature. The network 
analyzer was calibrated using Short-Open-Load-Thru (SOLT) 
standards. The s-parameters were measured from 8 MHz to 8 
GHz at a collector-emitter voltage (VCE) of 20 V and at 
multiple emitter bias current densities (JE). 

III. RESULTS AND DISCUSSION 

A DC characterization for the common-emitter 
configuration was performed to qualify the RF transistors as 
well as to identify the proper DC bias points for the small 
signal measurements. A typical I-V is illustrated in Fig. 3. The 
maximum DC current gain βmax is 11 and decreases at higher 
bias due to the self-heating. The maximum emitter current 
density JE is 10.1 kA/cm2 at VCE = 20 V with a corresponding 
DC power dissipation of 200 kW/cm2 normalized to the 
emitter mesa area. The breakdown voltage is greater than 100 
V in spite of the 1 µm collector drift region. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. I-V characteristics of a 4-finger RF transistor. I
B
 = 2, 4, …, 

18 and 20 mA. 

The high frequency performance is characterized by on-
wafer small signal s-parameter measurements with the 
remaining parasitic components de-embedded based on a 
widely used correction procedure [13]. The AC common 
emitter current gain |h21|, the unilateral power gain U, and the 
maximum available power gain GMAX were calculated from 
measured s-parameters using the following formulae [14, 15]: 
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Where k is the Rollett stability factor. The de-embedded 
frequency dependence of |h21|, U and GMAX from a 4-finger 4H-
SiC transistor biased at VCE = 20 V and JE = 10.6 kA/cm2 are 
presented in Fig. 4. fT was extrapolated from the fitted line of 
|h21|.  fMAX was obtained from U and GMAX at the frequency 
where the gain has decreased to 0-dB. The values of fT and fMAX 
are 7 GHz and 5.2 GHz respectively, the highest numbers 
reported to date for any SiC bipolar transistor. The 
improvement of fT and fMAX is due to the reduction of parasitic 
components achieved by the use of the semi-insulating 
substrate. A more detailed discussion of this can be found 
elsewhere [12]. The maximum available power gain GMAX was 
calculated to be 12.4-dB at 1 GHz and 18.6-dB at 500 MHz, 
showing the potential of SiC RF bipolar devices for UHF and 
L-band applications such as radar, broadcast and wireless 
communication. 

It is worth noticing that the calculated U and GMAX follow the 
expected 20-dB/decade slope, however, the slope of the fit-
line to |h21| is not 20-dB/decade, but 14-dB/decade. The latter 
is explained by the back-injection current flowing from base 
to emitter in homojunction bipolar transistors, resulting in the 
small signal emitter injection efficiency significantly lower 
than one [14]. With the increase of back-injection effects, the 
slope of |h21| versus frequency decreases from 20-dB/decade to 
10-dB/decade. 

 
 
  
 
 
 
 
 
 

TABLE I 
NOMINAL DOPING DENSITY AND THICKNESS OF EPI-LAYERS 
Wafer (S.I.) Thickness Doping Dopant 
n-contact 40 nm 9×1019 cm-3 Nitrogen 
n-emitter 100 nm 3×1019 cm-3 Nitrogen 
p-base 140 nm 8×1018 cm-3 Aluminum 
n-collector 1000 nm 8×1015 cm-3 Nitrogen 
n-buffer layer 700 nm 1×1019 cm-3 Nitrogen 
Substrate 300 µm ~1018 cm-3 Vanadium 
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Fig. 4. (a) Current gain |h

21
|; (b) unilateral power gain U; and (c) 

maximum available power gain G
MAX

 calculated from the measured s-
parameters versus frequency of a 4-finger 4H-SiC BJT. 

The extracted fT and fMAX from the measured s-parameters of 
two 4-finger RF transistors biased at various emitter current 
densities are summarized in Fig. 5, with the calculated results 
based on an ideal small signal transit-time model [16]: 
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Where Cj,BE and Cj,BC are the base-emitter and base-collector 
junction capacitance. The electron mobility in the base region, 
µn,B, is 185 cm2/V-s [12] and the saturation velocity vsat is 2×107 
cm/s [17].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. f
T
 and f

MAX
 extrapolated from s-parameter measurements at 

different J
E
 for two 4-finger RF transistors (open and filled symbols) 

at two different locations on the wafer. Solid lines represent the 
calculated values of f

T
 and f

MAX
 using the transit-time model. 

IV. CONCLUSION 

4H-SiC RF BJTs on a semi-insulating substrate were 
designed, fabricated and tested for the first time. On-wafer 
small signal s-parameter measurements show a 7 GHz fT and a 
5.2 GHz fMAX. With the improvement of fT and fMAX, the 
maximum available power gain GMAX is 12.4-dB at 1 GHz and 
18.6-dB at 500 MHz, showing the potential of these devices 
for UHF and L-band applications. 

ACKNOWLEDGEMENT 

This work was funded in part by a NIST/ATP grant. 

0

2

4

6

8

10

100 1,000 10,000 100,000
Emitter Current Density (A/cm2)

Fr
eq

ue
nc

y 
(G

H
z) fT 

fMAX 0

10

20

30

40

0.1 1 10
Frequency (GHz)

U
ni

la
te

ra
l P

ow
er

 G
ai

n
U

 (d
B

)

VCE = 20 V 
JE = 10.6 kA/cm2 

Fit-line (20-dB/dec) 

fMAX =5.2 GHz

0

4

8

12

16

20

0.1 1 10
Frequency (GHz)

M
ax

im
um

 A
va

ila
bl

e 
G

ai
n 

G
M

A
X

 (d
B

)

VCE = 20 V 
JE = 10.6 kA/cm2 

Fit-line (20-dB/dec) 

fMAX =5.2 GHz 

12.4-dB@1 GHz 

18.6-dB@500 MHz 

0

5

10

15

20

25

30

0.01 0.1 1 10
Frequency (GHz)

C
ur

re
nt

 G
ai

n 
|h

21
| (

dB
)

Fit-line 
20-dB/dec 

fT =7 GHz VCE = 20 V 
JE = 10.6 kA/cm2 



 

REFERENCES 

 
[1] I. Perez-Wurfl, J. Torvik, and B. Van Zeghbroeck, “Analysis of 

power dissipation and high temperature operation in 4H-SiC 
bipolar junction transistors with 4.9MW/cm2 power density 
handling ability,” Materials Science Forum, vols. 457-460, pp. 
1121-1124, 2004.   

[2] C. F. Huang, I. Perez-Wurfl, F. Zhao, J. Torvik, R. Irwin, K, 
Torvik, F. Abrhaley and B. Van Zeghbroeck, “215W pulsed 
class A UHF power amplification based on SiC bipolar 
technology,” 2004 IEEE DRC Dig., Late News Papers, 2004. 

[3] S. H. Ryu, A. K. Agarwal, R. Sing, and J. Palmour, “1800V npn 
bipolar junction transistors in 4H-SiC,” IEEE Electron Device 
Let., vol. 22, no. 3, pp. 124-126, March 2001. 

[4] M. A. Capano and R. J. Trew, “Silicon carbide electronic 
materials and devices,” Mat. Res. Soc. Bulletin, vol. 22, pp. 19-
56, March 1997. 

[5] I. Perez-Wurfl, J. Torvik and B. Van Zeghbroeck, “4H-SiC RF 
bipolar junction transistors,” 2003 IEEE DRC Dig., pp. 27-28, 
June 2003. 

[6] A. K. Agarwal, C. Capell, B. Phan, J. Milligan, J. W. Palmour, 
J. Stambaugh, H. Bartlow and K. Brewer, “Power amplification 
in UHF band using SiC RF power BJTs”, 2002 IEEE LECHPD 
Proc., pp. 41-49, August 2002. 

[7] A. K. Agarwal, S. H. Ryu, C. Capell, J. Richmond, J. W. 
Palmour, H. Bartlow, P. Chow, S. Scozzie, W. Tipton, T. 
Baynes and K. Jones, SiC BJT technology for power switching 
and RF applications, Materials Science Forum, vols. 457-460, 
pp. 1141-1144, 2004. 

[8] J. R. Jenny, D. P. Malta, M. R. Calus, St. G. Muller, A. R. 
Powell, V. F. Tsvetkov, H. McD. Hobgood, R. C. Glass and C. 
H. Carter, Jr, “Development of large diameter high-purity semi-
insulating 4H-SiC wafers for microwave devices,” Materials 
Science Forum, vols. 457-460, pp. 35-40, 2004. 

[9] N. T. Son, B. Magnusson, Z. Zolnai, A. Ellison, and E. Janzén, 
“Defects in high-purity semi-insulating SiC,” Materials Science 
Forum, vols. 457-460, pp. 437-442, 2004. 

[10] S. Sriram, A. Ward, C. Janke, T. Alcorn, H. Hagleitner, J. 
Henning, K. Wieber, J. Jenny, J. Sumakeris, and S. Allen, “RF 
performance and reliability of SiC MESFETs on high purity 
semi-insulating substrates,” Materials Science Forum, vols. 
457-460, pp. 1205-1208, 2004. 

[11] J. W. Palmour, S. T. Allen, S. T. Sheppard, W. L. Pribble, R. A. 
Sadler, T. S. Alcorn, Z. Ring, and C.H. Carter, Jr., “Progress in 
SiC and GaN Microwave Devices Fabricated on Semi-insulating 
4H-SiC Substrates,” 1999 IEEE DRC Conf. Dig., pp. 38-41, 
June 1999.   

[12] F. Zhao, “Design, analysis and experimental study of RF 4H-
SiC npn bipolar junction transistors,” Ph.D. dissertation, 
University of Colorado, Boulder, CO, 2004 

[13] P. J. van Wijnen, H. R. Claessen and E. A. Wolsheimer, “A new 
straightforward calibration and correction procedure for on 
wafer high frequency s-parameter measurements (45 MHz – 18 
GHz),” 1987 IEEE Bipolar Circuits and Technology Meeting 
proc., pp. 70-73, 1987. 

[14] W. Liu, Handbook of III-V Heterojunction Bipolar Transistors, 
John Wiley & Sons, Inc., 1998 

[15] G. Vendelin, Design of Amplifiers and Oscillators by the S-
parameter Method, New York: Wiley-Interscience, 1982. 

[16] S. M. Sze, Physics of Semiconductor Devices, 2nd Ed., New 
York: Wiley, 1981 

[17] H. Morkoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. 
Burns, “Large-band-gap SiC, III-V nitride, and II-VI ZnSe-

based semiconductor device technologies,” Journal of Applied 
Physics, vol. 76, no. 8, pp. 1363-1398, August 1994 

 
 
 
 
 
 
 


	Select a Link Below
	Return to Main Menu
	THIF: Interactive Forum
	Estimation of In-Band Distortion in Digital Communication System
	Nonlinear Behavioral Modeling of Power Amplifiers Using Radial-Basis Function Neural Networks
	Extending Static Models by using Time Series to Identify the Dynamical Behavior
	Broad-Band, Multi-Harmonic Frequency Domain Domain Behavioral Models from Automated Large-Signal Vectorial Network Measurements
	Behavioral Modeling of Power Amplifiers Using Fully Recurrent Neural Networks
	Behavior Modeling Procedure of Wideband RF Transmitters Exhibiting Memory Effects
	Macro-Modeling of Non-Linear Pre-Emphasis Differential Driver Circuits
	A 60 GHz MMIC Dual-Quadrature Mixer in pHEMT technology for Ultra Wideband IF Signals and High LO to RF Isolation
	Double-Balanced, Hybrid Mixer with Multi-Decade Bandwidth
	Digital Predistortion of Frequency Multiplier for Dual band Wireless LAN Transmitter
	Compact Tunable Periodically LC Loaded Microstrip Line for Phase Shifting Applications
	MMIC HEMT Switch for Switch Matrix of Satellite Communication System
	Development of a Low Cost 5-bit Ku-band Phase Shifter using HJ-FET Packaged Devices for DBS Mobile Reception
	A Miniaturized Wideband 4x4 Switch Matrix IC Using Four InP-HEMT SP4T Switches
	A Subharmonic Self-Oscillating Mixer Using Substrate Integrated Waveguide Cavity for Millimeter-Wave Application
	Class-F Power Amplifier Using a Multi-Frequency Composite Right/Left-Handed Transmission Line Harmonic Tuner
	Prediction  of Error Vector Magnitude Using AM/AM, AM/PM Distortion of RF Power Amplifier for High Order Modulation OFDM System
	Comparison of X-band MESFET and HBT Class-E Power Amplifiers for EER Transmitters
	First Demonstration of 4H-SiC RF Bipolar Junction Transistors on a Semi-insulating Substrate with fT/fMAX of 7/5.2 GHz
	An X-Band Hybrid MIC Feedforward Amplifier for Low Residual Noise Operation
	Digitally Controlled RF Predistortion with Digital Predictor for Feedforward Delay Compensation
	Nonlinear System Performance of Shared Amplifiers based on 3-Way Microstrip Phase Combiners
	High Pass Output Matching Technique with Enhanced Third Harmonic Rejection for CDMA Power Amplifiers
	Digital Memory-Based Predistortion
	Efficiency Enhancement Method for High-Power Amplifiers using a Dynamic Load Adaptation Technique
	Linearity Improvement for Power MESFET Devices Using Source Inductive Feedback and Input Impedance Mismatch
	Layout Effects on Design Optimization of CMOS LNA and Mixer
	A Miniature Dual-band Low-Noise Amplifier Module for IEEE 802.11b/g/a WLAN applications
	Prototype development of a Geostationary Synthetic Thinned Aperture Radiometer (GeoSTAR)
	Complex Permittivity Measurements of Dielectrics and Semiconductors at Millimeter Waves with High Power Sources
	LTCC reduced-size bandpass filters based on capacitively loaded cavities  for Q band application
	60-GHz Band Dielectric Waveguide Filters Made of Crystalline Quartz
	A Compact-Sized NRD Guide Single Mixer Using Band-Pass Filters at 60 GHz
	77GHz band Antenna Array Substrate for Short Range Car Radar
	Fully integrated distributed amplifier design on InP HBT technology for optoelectronics application
	Terahertz Time-Domain Spectroscopy of Crushed Wheat Grain
	Millimeter-Wave Microstrip-to-Waveguide Transition Operating over Broad Frequency Bandwidth
	A 77GHz Automotive Radar MMIC Chip Set Fabricated by a 0.15Âµm MHEMT Technology
	Integration of Silicon Etched Waveguides with MCM-D for V- and W-band
	Crosstalk Improved Three Channel Receiver Module for 10Gb/s Parallel Optical Interconnect Application
	Electromagnetic simulation of photonic mixing in ultra-wide-band TWPDs
	Implementation of a Phase-Locked Loop Clock Recovery Module for 40 Gb/s Optical Receivers
	Suppression of Optical Beat Interference in WDM-SCMA networks using Modulated Optical Combs
	Determination of intermodulation distortion in a MEMS microswitch
	Widely Tunable High-Q Evanescent-Mode Resonators Using Flexible Polymer Substrates
	Skin Effect Aggregated Heating in RF MEMS Suspended Structures
	Fabrication and Measurements Using Ultra-tall Near-field Coaxial Tips
	Conductor Roughness Reduced Low-Loss Coplanar Waveguides on Low Resistivity Silicon by Employing Magnetorheological Finishing
	Crosstalk Attenuation with Ground Plane Structures in Three-Dimensionally Integrated Mixed Signal Systems
	Ultrawideband Characterisation of Photoimageable Thick Film Materials for Microwave and Millimeter-Wave Design
	Is Hermitic Encapsulation of GaAs MMIC still Required for Space Applications?
	Wide band organic solutions for MMIC packaging
	Improvement of Gain Compression in Microwave Lumped and Transversal Bandpass Filters
	Microstrip Dual-Mode Bandpass Filter Design with Simultaneous Size Reduction & Spurious Response Suppression
	New Coupled Microstrip SIR Bandpass Filters with Transmission Zeros
	A Design of a Ring Bandpass Filters with Wide Rejection Band Using DGS and Spur-line Coupling Structures
	Novel Dual-Band Planar Resonator and Admittance Inverter for Filter Design and Applications
	Transmission-Line Filter Design with Fully Controllable Second Passband
	Coupling Dispersion of Parallel-Coupled Microstrip Lines for Dual-Band Filters with Controllable Fractional Pass bandwidths
	Synthesis and Diagnosis of RF Filters in Liquid Crystalline Polymer (LCP) Substrate
	Wide Band, High Rejection and Miniaturized Fifth Order Bandpass Filter on LCP Low Cost Organic Substrate
	Analysis of a Novel Active Capacitance Circuit using BJT and Its Application to RF Bandpass Filters
	GaAs Varactor Tuned Filter For Low Power Applications
	Flat Group Delay Low Pass Filters Using Two CPW Topologies
	Dual-Band Bandpass Filter in LTCC
	Design Method of Closed Loop Resonator Filter using Parallel Capacitor to Reduce Size
	Miniaturization of Lowpass Filters by Using Artificial Transmission Lines
	A metamorphic GaAs HEMT distributed Amplifier with 50 Ghz Bandwidth and low Noise for 40 gbit/s
	Microwave VCO Susceptibility to Substrate Noise in a Fully-Integrated 150 GHz SiGe HBT BiCMOS Technology
	The High Frequency and Power Performance of SiGe HBTs with SIC Structure at Cryogenic Temperature
	Low Power 23-GHz and 27-GHz Distributed Cascode Amplifiers in a Standard 130nm SOI CMOS Process
	Dual-Band Butler Matrix for WLAN Systems
	Understanding and Analyzing the Performance of MIMO Systems from the Microwave Perspective
	Miniaturized Rx Front-End Modules for Digital Beam Forming Arrays
	A Novel 5GHz and 2.4GHz Dual Band Transmitter Using Microstrip Defected Ground Structure


	Untitled
	Untitled



