
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Design and fabrication of InGaN/GaN heterojunction bipolar transistors for microwave power 
amplifiers

Permalink
https://escholarship.org/uc/item/3jd9646z

Author
Keogh, David Martin

Publication Date
2006
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3jd9646z
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

Design and Fabrication of InGaN/GaN 

Heterojunction Bipolar Transistors 

For Microwave Power Amplifiers 

 

A dissertation submitted in partial satisfaction of the 

requirements for the degree Doctor of Philosophy 

in  

Electrical Engineering (Applied Physics) 

 

by 

 

David Martin Keogh 

 

 

Committee in Charge: 

 Peter M. Asbeck, Chair 
 Prab Bandaru 
 Massimiliano Di Ventra 
 S.S. Lau 
 Harry H. Wieder 
 

 
2006 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © 

David Martin Keogh, 2006 

All rights reserved.





  

 iv

Table of Contents 

Signature Page….………………………………………………………...………………iii 

Table of Contents…………………………………………………………………………iv 
 
List of Figures .................................................................................................................. viii 

List of Tables .................................................................................................................... xii 

Acknowledgements.......................................................................................................... xiii 

Vita……………………………………………………………………………………….xv 

Abstract………………………………………………………………………...………xviii 
 
1 Introduction................................................................................................................. 1 
 
1.1 Why GaN? .......................................................................................................... 1 

1.2 HBTs versus FETs .............................................................................................. 3 

1.3 GaN HBTs .......................................................................................................... 5 

1.4 InGaN/GaN HBTs .............................................................................................. 7 

1.5 Scope of the Dissertation .................................................................................... 8 

1.6 References......................................................................................................... 11 

2 Design of InGaN/GaN HBTs.................................................................................... 12 
 
2.1 Introduction....................................................................................................... 12 

2.2 Epitaxial Layer Design Including Polarization Effects .................................... 12 

2.3 ISE Simulations of InGaN/GaN HBT............................................................... 21 

2.4 ADS Distributed Model Simulations ................................................................ 30 

2.5 Mask Layout ..................................................................................................... 36 

2.5.1 Collector-Up HBT .................................................................................... 36 
 



  

 v

2.5.2 Emitter-Up HBT ....................................................................................... 39 
 
2.6 Acknowledgements........................................................................................... 40 

2.7 References......................................................................................................... 41 

3 Fabrication of InGaN/GaN HBTs............................................................................. 43 
 
3.1 Introduction....................................................................................................... 43 

3.2 Dry Etching....................................................................................................... 43 

3.3 Dry Etch Residue Removal............................................................................... 51 

3.3.1 Sidewall Accumulation............................................................................. 51 
 

3.3.2 Surface pillar formation ............................................................................ 57 
 

3.3.3 Conclusions............................................................................................... 60 
 
3.4 Digital Etching .................................................................................................. 60 

3.4.1  Experiment...................................................................................................... 62 
 

3.4.2 Characterization of etched material .......................................................... 66 
 

3.4.3 Conclusion ................................................................................................ 71 
 
3.5 Ohmic Contacts................................................................................................. 72 

3.6 Process Flow ..................................................................................................... 74 

3.7 Acknowledgements........................................................................................... 77 

3.8 References......................................................................................................... 77 

4 DC Characterization of InGaN/GaN HBTs .............................................................. 79 
 
4.1 Introduction....................................................................................................... 79 

4.2 MOCVD Growth .............................................................................................. 79 

4.3 DC Characteristics ............................................................................................ 82 

4.4 Graded Base Simulations.................................................................................. 89 



  

 vi

4.5 Temperature Measurements.............................................................................. 96 

4.6 Alternative Substrates ..................................................................................... 105 

4.6.1 SiC Substrates ......................................................................................... 106 
 

4.6.2 Bulk GaN Substrates............................................................................... 109 
 

4.6.3 Comparison ............................................................................................. 112 
 
4.7 Acknowledgements......................................................................................... 116 

4.8 References....................................................................................................... 116 

5 RF Characteristics of InGaN/GaN HBTs ............................................................... 118 
 
5.1 Introduction..................................................................................................... 118 

5.2 Small Signal S-Parameter Measurements....................................................... 118 

5.3 Transit time analysis ....................................................................................... 127 

5.3.1 Analysis of transit time components....................................................... 127 
 

5.3.2 Transit time improvements ..................................................................... 134 
 
5.4 Potential Performance of InGaN/GaN HBTs ................................................. 141 

5.4.1 Materials Engineering............................................................................. 143 
 

5.4.2 Lateral Scaling ........................................................................................ 146 
 

5.4.3 Vertical scaling ....................................................................................... 149 
 
5.5 References....................................................................................................... 154 

6 Conclusions and Future Work ................................................................................ 156 
 
6.1 Summary of Dissertation ................................................................................ 156 

6.1.1 Design of InGaN/GaN HBTs for Microwave Power Amplifiers ........... 156 
 

6.1.2 Process Development.............................................................................. 157 
 

6.1.3 DC Characterization................................................................................ 158 



  

 vii

 
6.1.4 RF Characterization ................................................................................ 159 

 
6.2 Future Work .................................................................................................... 159 

A InGaN/GaN HBT Fabrication................................................................................. 162 
 
A.1 Emitter Mesa Etch........................................................................................... 162 

A.2 Base Mesa Etch............................................................................................... 162 

A.3 Isolation Etch .................................................................................................. 163 

A.4 Base Contact Formation.................................................................................. 163 

A.5 Emitter Metallization ...................................................................................... 163 

A.6 Collector Metallization ................................................................................... 164 

A.7 Polyimide Processing...................................................................................... 164 

A.8 GSG Pads ........................................................................................................ 165 

A.7 Processing Notes............................................................................................. 165 

B ISE Simulations of InGaN/GaN HBTs ................................................................... 166 
 
C InGaN/GaN HBT Parameter Extraction ................................................................. 172 
 
C.1 Introduction..................................................................................................... 172 

C.2 Emitter............................................................................................................. 172 

C.3 Base................................................................................................................. 172 

C.4 Collector.......................................................................................................... 173 

C.5 Bias Dependent Parameters ............................................................................ 174 

C.6 Transit Time Calculations............................................................................... 174 

 



  

 viii

List of Figures 

 
Figure 1-1.  Plot of fT versus device breakdown voltage for various material and device 

technologies. ............................................................................................................... 3 
Figure 1-2. Schematic of HBT, showing vertical current flow for electrons. .................... 4 
Figure 1-3 Activation energy of the magnesium acceptor versus the bandgap of III-N 

materials...................................................................................................................... 8 
Figure 2-1.  Layer structure for simulated InGaN/GaN HBT........................................... 15 
Figure 2-2.  Distribution of polarization charges for an InGaN/GaN HBT with an abrupt 

emitter-base junction and graded base-collector junction. ....................................... 15 
Figure 2-3.  Band diagrams for InGaN/GaN HBTs with and without piezo-electric charge 

at the emitter-base interface. ..................................................................................... 16 
Figure 2-4.    Distribution of polarization charges for an InGaN/GaN HBT with a graded 

emitter-base junction and graded base-collector junction. ....................................... 17 
Figure 2-5.  Band diagrams for InGaN/GaN HBTs with abrupt and graded emitter-base 

junction. .................................................................................................................... 18 
Figure 2-6.  Band diagrams for InGaN/GaN HBTs with and without piezo-electric charge 

at the base-collector interface. .................................................................................. 19 
Figure 2-7.  Distribution of polarization charges for an InGaN/GaN HBT with a graded 

emitter-base junction and graded base-collector junction. ....................................... 20 
Figure 2-8.  Epitaxial layer structure for an InGaN/GaN HBT, with considerations of 

piezo-electric and polarization effects. ..................................................................... 21 
Figure 2-9.  Illustration of emitter current crowding, as a result of high base sheet 

resistance................................................................................................................... 22 
Figure 2-10.  Epitaxial layer structure and device geometry for 2-dimensional device 

simulations. ............................................................................................................... 25 
Figure 2-11.  Band diagrams for graded base InGaN/GaN HBT at a) zero bias and b) 

VBE=3.6 V and VCE=3.6V......................................................................................... 27 
Figure 2-12.  Simulations of a) gummel plot and b) common-emitter curves for an 

InGaN/GaN HBT. ..................................................................................................... 28 
Figure 2-13.  Simulation results of fT and fMAX for InGaN/GaN HBT with emitter width 

of 0.25 µm................................................................................................................. 29 
Figure 2-14.  Distributed ADS model of an InGaN/GaN HBT, including the various 

parasitic resistances and capacitances....................................................................... 30 
Figure 2-15.  Simulated dynamic load line for a Class B amplifier with a maximum 

voltage swing of 70V. ............................................................................................... 32 
Figure 2-16.  Harmonic balance simulation results for emitter-up HBT operating at 1 

GHz and 10W output power. .................................................................................... 33 
Figure 2-17.  Harmonic balance simulation results for C-up HBT operating at 1 GHz and 

10W output power..................................................................................................... 34 
Figure 2-18.  Distribution of current across the width of the emitter, normalized to the 

current at the edge of the emitter. ............................................................................. 35 
Figure 2-19.  Transducer Power Gain versus PIN curves for various emitter widths........ 36 



  

 ix

Figure 2-20.  Schematic diagram of a collector-up HBT with barrier layers in the 
extrinsic region of the device.................................................................................... 37 

Figure 2-21.  Layout for an RF device in the collector-up configuration......................... 39 
Figure 2-22.  Layout for an RF device in the emitter-up configuration. .......................... 40 
Figure 3-1.  Schematic diagram of an Inductively Coupled Plasma dry etch system. ..... 44 
Figure 3-2.  Etch rate of GaN as a function of Cl2/BCl3 ratio. ......................................... 45 
Figure 3-3.  Etch rate of GaN in pure Cl2 as a function of ICP power, with RIE power as 

a variable parameter. ................................................................................................. 46 
Figure 3-4.  Etch rate of GaN as a function of chamber pressure, indicating a ion-

enhanced etch mechanism......................................................................................... 47 
Figure 3-5.  Epitaxial layer structures used in experiment to determine impact of dry etch 

conditions on emitter-base junction characteristics. ................................................. 48 
Figure 3-6.  I-V curves for emitter-base junctions formed by dry etching to the base with 

RIE powers of 5, 10, and 25 W................................................................................. 49 
Figure 3-7.  Layer structure of fabricated GaN p-i-n diodes. ........................................... 51 
Figure 3-8.  I-V curves on both a) linear and b) semi-log scales for p-i-n diodes with and 

without a post dry-etch boiling 0.2M KOH solution. ............................................... 53 
Figure 3-9.  Topographical AFM of mesa edge for p-i-n diode without KOH surface 

treatment. .................................................................................................................. 55 
Figure 3-10.  C-AFM of mesa edge showing higher conductivity within the sidewall 

accumulation. ............................................................................................................ 56 
Figure 3-11.  Topographical AFM of GaN p-i-n junction diode with KOH surface 

treatment. .................................................................................................................. 56 
Figure 3-12.  Layer structure of GaN samples for study of pillar formation/removal...... 57 
Figure 3-13.  SEM images of an etched n-GaN surface a) before and b) after a boiling 

0.2M KOH surface treatment.................................................................................... 58 
Figure 3-14.  Digital etch data for GaN with RIE power of 200-600W. .......................... 64 
Figure 3-15.  Digital etch data for GaN with RIE power of 200-600W. .......................... 65 
Figure 3-16.  Digital etch data for GaN with RIE power of 200-600W. .......................... 66 
Figure 3-17.  5 x 5 µm2 AFM micrograph for a) as-grown GaN and b) GaN exposed to 

10 cycles of digital etching. ...................................................................................... 67 
Figure 3-18.  5 x 5 µm2 AFM micrograph for a) as-grown In0.12Ga0.88N and b) 

In0.12Ga0.88N exposed to 10 cycles of digital etching................................................ 68 
Figure 3-19.    5 x 5 µm2 AFM micrograph for a) as-grown Al0.30Ga0.70N and b) 

Al0.30Ga0.70N exposed to 10 cycles of digital etching. .............................................. 69 
Figure 3-20.  I-V data for 20 µm TLM pad spacing for three samples exposed to various 

processing conditions................................................................................................ 70 
Figure 3-21.  Band diagram for metal-semiconductor interface under flat-band conditions, 

for p-type GaN. ......................................................................................................... 73 
Figure 3-22.  Simplified process flow for the fabrication of InGaN/GaN HBTs. ............ 75 
Figure 3-23.  Schematic diagram of an emitter-up InGaN/GaN HBT with RF pads. ...... 77 
Figure 4-1.  Epitaxial layer structure of InGaN/GaN HBT. ............................................. 80 
Figure 4-2.  Simulation of an InGaN/GaN HBT with a reverse-grade in the base.  Inset 

highlights the band diagram in the base.................................................................... 81 
Figure 4-3.  I-V data for a gummel measurement on a 25x25 μm2 device with VCB=0... 82 



  

 x

Figure 4-4.  Schematic diagram of an HBT, highlighting the distributed base resistance.
................................................................................................................................... 83 

Figure 4-5.  a) ADS Circuit schematic for InGaN/GaN HBT, and b) comparison of 
simulated and measured gummel plot....................................................................... 85 

Figure 4-6.  Plot of DC current gain and incremental current gain versus collector current 
for the 25x25 μm2 InGaN/GaN HBT........................................................................ 87 

Figure 4-7.  Common-emitter I-V curves for the 25x25 μm2 InGaN/GaN HBT, with base 
current steps of 62.5 μA............................................................................................ 88 

Figure 4-8.  Layer structure for simulation of InGaN/GaN HBT with reverse grade in the 
base. .......................................................................................................................... 90 

Figure 4-9.  Device layout for simulations of InGaN/GaN HBTs with various base 
grading schemes........................................................................................................ 91 

Figure 4-10.  Band diagram for graded-base HBTs with various grading schemes.  Inset 
shows in detail the conduction band profile in the base. .......................................... 92 

Figure 4-11.  Gummel plot for HBTs with various graded-base profiles, with VCE=5.0 V.
................................................................................................................................... 93 

Figure 4-12.  Electron velocity as a function of position for various graded-base profiles.
................................................................................................................................... 94 

Figure 4-13.  Simulated current gain for HBTs with different graded-base profiles.  A 
negative grade indicates a reverse-grade, where the electric field opposes the motion 
of electrons................................................................................................................ 95 

Figure 4-14.  Gummel plots measured at 25oC and 300oC, for a 50x50 μm2 device and 
VCB=0........................................................................................................................ 97 

Figure 4-15.  Base sheet resistance as a function of temperature, as measured and 
extracted from base TLM structures. ........................................................................ 99 

Figure 4-16.  Comparison of experimental and simulated current gain as a function of 
temperature. ............................................................................................................ 102 

Figure 4-17.  Common-emitter I-V curves measured at 25oC and 300oC. ..................... 104 
Figure 4-18.  Epitaxial layer structure of an InGaN/GaN HBT grown on a SiC substrate.

................................................................................................................................. 106 
Figure 4-19.  a) Gummel plot and b) common-emitter curves for a 50x50 μm2 

InGaN/GaN HBT grown on SiC............................................................................. 107 
Figure 4-20.  a) Gummel plot and b) common-emitter curves for a 25x25 μm2 

InGaN/GaN HBT grown on a bulk GaN substrate. ................................................ 110 
Figure 4-21.  Comparison of current gain as a function of collector current for 50x50 μm2 

InGaN/GaN HBTs on sapphire, SiC, and bulk GaN substrates.............................. 113 
Figure 4-22.  Reverse leakage data for 50x50 μm2 InGaN/GaN HBTs, in the common-

emitter configuration with IB=0, on sapphire and bulk GaN substrates. ................ 115 
Figure 5-1.  Gummel and common-emitter characteristics for an 8x20 μm2 InGaN/GaN 

HBT device. ............................................................................................................ 120 
Figure 5-2.  Measured values of h21 and U versus frequency for 8x20 μm2 InGaN/GaN 

HBT device, showing fT and fMAX of 800 and 40 MHzm respectively. ................. 122 
Figure 5-3.  S-Parameter data for 8x20 μm2 InGaN/GaN HBT in Smith Chart form. ... 124 
Figure 5-4.  Hybrid-π model representation of HBT...................................................... 125 



  

 xi

Figure 5-5.   Schematic of the device layout, along with a summary of the critical 
dimensions. ............................................................................................................. 129 

Figure 5-6.  Measured value of fMAX compared to values estimated with and without 
considerations of AC crowding. ............................................................................. 133 

Figure 5-7.  Epitaxial layer structure used for simulations of a 4x20 µm2 InGaN/GaN 
HBT......................................................................................................................... 143 

Figure 5-8.  Simulated acceptor concentration and sheet resistance for InGaN base layers 
with indium compositions of xIn=0.00 - 0.20.......................................................... 144 

Figure 5-9.  Simulation of h21 and U versus frequency for a graded base InGaN/GaN 
HBT with an average xIn=0.20................................................................................ 145 

Figure 5-10.  Simulated fT and fMAX values for InGaN/GaN HBTs with InGaN base layers 
with indium compositions of xIn=0.00 - 0.20.......................................................... 146 

Figure 5-11.  Simulated values of a) fT and b) fMAX for various scaled emitter widths, with 
indium composition in the base as a parameter. ..................................................... 148 

Figure 5-12.  Simulated values of a) fT and b) fMAX for various base thicknesses, with 
indium composition in the base as a parameter. ..................................................... 151 

Figure 5-13.  Simulated values of a) fT and b) fMAX for various collector thicknesses, with 
indium composition in the base as a parameter. ..................................................... 152 

 



  

 xii

List of Tables 

 
Table 1-1.  Relevant material parameters for various materials systems and their 

corresponding Baliga and Johnson figures of merit. .................................................. 2 
Table 1-2.  Activation energies for various acceptor impurity atoms in GaN.................... 5 
Table 2-1.  Lattice parameter and polarization constants for GaN and InN. .................... 14 
Table 2-2.  Mask set for collector-up HBT....................................................................... 39 
Table 3-1.  Dry etch conditions used to assess impact of dry etching on emitter-base 

junction characteristics.............................................................................................. 48 
Table 3-2.  Base TLM data for emitter-base junctions formed by dry etching to the base 

with 5, 10, and 25 W of RIE power. ......................................................................... 50 
Table 4-1.  Material parameters used for simulations of graded-base HBTs. .................. 92 
Table 5-1.  Select S-Parameter data for 8x20 μm2 InGaN/GaN HBT. ........................... 123 
Table 5-2.  Estimated values of the individual components of the emitter-to-collector 

delay........................................................................................................................ 128 
Table 5-3.  Base transit time calculated for various base-grading schemes. .................. 135 
Table 5-4.  Estimated emitter charging time for various emitter doping concentrations.

................................................................................................................................. 137 
Table 5-5.  Material parameters for InN, GaN, and AlN................................................ 142 
Table 5-6.  Critical dimensions for InGaN/GaN HBTs with various scaled emitter widths.

................................................................................................................................. 147 

 



  

 xiii

Acknowledgements 

 First, and foremost, I would like to express my deepest gratitude to Prof. Asbeck 

for all that he has provided over the past several years.  His insight and vast knowledge of 

what seems to be nearly everything is truly inspiring, and I have no doubt benefited 

greatly from it.  What I will remember more, however, was his willingness to always be 

there for his students and the utmost patience he displayed at all times.  I am not sure I 

could have picked a better person for a graduate school advisor, and I will always be 

thankful. 

 Along the way, I have had the pleasure of meeting some wonderful people.  I 

would like to thank Rebecca Welty for her help in the ITL, teaching me the ropes of 

processing.  Also, thanks to Masaya Iwamoto for guidance in my early years in graduate 

school.  And to the good friends I have made while at UCSD, who have helped make my 

graduate experience a whole lot of fun, I hope we keep in touch;  Adam Conway, Kevin 

Tetz, Jim (Jimbo) Sifferlen, and Dave Wipf.  Added thanks to Adam for all the help with 

S-Parameter measurements and ISE simulations, and general discussions concerning my 

research. 

 As much credit as I would like to take for what I have accomplished in life, I can’t 

help but think it was all made possible by my parents, who raised me right and made me 

the person I am today.  For their constant guidance, love, and support, I am eternally 

indebted.  And last, but certainly not least, I would like to thank Mindy, the love of my 

life.  Thank you for all that you have done and tolerated over the years, and I look 

forward to our future together. 



  

 xiv

 Portions of Chapter 2 appear in the International Journal of High Speed 

Electronics and Systems, vol. 14(3), pp. 831-36 (2004).  Contributions from the co-

authors at UCSD including, James C. Li, Adam M. Conway, Dongqiang Qiao, Sourobh 

Raychaudhuri, Peter M. Asbeck, Russell DuPuis from the Georgia Institute of 

Technology, and Milton Feng from the University of Illinois – Urbana Champaign, are 

greatly appreciated.  The author of this thesis was the primary author for this publication, 

and would like to acknowledge generous support from DARPA. 

 Chapter 3 contains content from the Proceedings of the Electrochemical Society 

(SOTAPOCS XLII, 2005), and the Journal of Electronic Materials, vol. 35(4), pp.771-6 

(2006).  Contributions from James C. Li, Adam M. Conway, Sourobh Raychaudhuri, 

Peter M. Asbeck, Russell DuPuis, and Milton Feng, are again greatly appreciated, as is 

support from DARPA. 

 Chapter 4 also contains material from multiple publications, in this case 

Electronics Letters, vol. 42(11), 661-3 (2206) and Applied Physics Letters, vol. 88(18), 

pp. 183501-1-3 (2006).  The author of this thesis was the primary author for the 

Electronics Letters publication, and a co-author for the Applied Physics Letters 

publication.  Without the assistance from Peter Asbeck of UCSD, and Ted Chung, Jae 

Limb, Dongwon Yoo, Jae-Hyun Ryou, Weonsook Lee, Shyh-Chiang Chen, and Russell 

DuPuis, this work would not have been possible. 



  

 xv

Vita 

 
1998   Bachelor of Science, Chemical Engineering 
   Columbia University in the City of New York 
 
1998 – 2000  Research Engineer 
   Advanced Technology Materials, Inc. 
 
2002   Master of Science, Electrical Engineering (Applied Physics) 
   University of California, San Diego 
 
2004   Teaching Assistant 
   University of California, San Diego 
 
2006   Doctor of Philosophy, Electrical Engineering (Applied Physics) 
   University of California, San Diego 
 

Publications 

1. B.F. Chu-Kung, M. Feng, G. Walter, N. Holonyak, T. Chung, J-H. Ryou, J. Limb, D. 
Yoo, S-C Shen, R.D. Dupuis, D. Keogh, P.M. Asbeck, “Graded-base InGaN/GaN 
heterojunction bipolar light-emitting transistors.”  Appl. Phys Lett. 89 (8), 082108-1-
3 (2006). 

 
2. D.M. Keogh, P.M. Asbeck, T. Chung, J. Limb, D. Yoo, J-H. Ryou, W. Lee, S-C 

Shen, R.D. Dupuis, “High current gain InGaN/GaN HBTs with 300°C operating 
temperature.”  Electron. Lett. 42 (11), 661-3 (2006). 

 
3. T. Chung, J. Limb, D. Yoo, J-H Ryou, W. Lee, S-C Shen, R.D. Dupuis, B. Chu-

Kung, M. Feng, D.M. Keogh, P.M. Asbeck, “Device operation of InGaN 
heterojunction bipolar transistors with a graded emitter-base design.”  Appl. Phys. 
Lett. 88 (18), 183501-1-3 (2006). 

 
4. T. Chung, J. Limb, J-H. Ryou, W. Lee, P. Li, D. Yoo, X-B. Zhang, S-C. Shen, R.D. 

Dupuis, D. Keogh, P. Asbeck, B. Chukung, M. Feng, D. Zakharov, Z. Lilienthal-
Weber, “Growth of InGaN HBTs by MOCVD.”   J. Electron. Mater. 35 (4), 695-700 
(2006). 

 
5. D. Keogh, P. Asbeck, T. Chung, R.D. Dupuis, M. Feng, “Digital etching of III-N 

materials using a two-step Ar/KOH technique.” J. Electron. Mater. 35 (4), 771-6 
(2006). 



  

 xvi

 
6. D.M. Keogh, J.C. Li, A.M. Conway, D. Qiao, S. Raychaudhuri, P.M. Asbeck, R.D. 

Dupuis, M. Feng, “Analysis of GaN HBT structures for high power, high efficiency 
microwave amplifiers.” Proceedings of the 2004 IEEE Lester Eastman Conference on 
High Performance Devices, 207-212 (2004). 

 
7. J.C. Li, D.M. Keogh, S. Raychaudhuri, A. Conway, D. Qiao, P.M. Asbeck, “Analysis 

of high DC current gain structures for GaN/InGaN/GaN HBTs.” Proceedings of the 
2004 IEEE Lester Eastman Conference on High Performance Devices, 201-6 (2004). 

 
8. M. Feng, R.K. Price, R. Chan, T. Chung, R.D. Dupuis, D.M. Keogh, J.C. Li, A.M. 

Conway, D. Qiao, S. Raychaudhuri, P.M. Asbeck, “Current status of GaN 
heterojunction bipolar transistors.” Proceedings of the 2004 Bipolar/BiCMOS 
Circuits and Technology Meeting, 26-31 (2004). 

 
9. D.M. Keogh, R.J. Welty, J. Lopez-Gonzalez, C.R. Lutz, R.E. Welser, P.M. Asbeck, 

“GaInP/GaAs tunnel collector HBTs: base-collector barrier height analysis.” 
Proceedings IEEE Lester Eastman Conference on High Performance Devices, 358-63 
(2002). 

 
10. J.M. Lopez-Gonzalez, D.M. Keogh, P.M. Asbeck, “An Ebers-Moll model for 

heterostructure bipolar transistors with tunnel junctions.” Proceedings IEEE Lester 
Eastman Conference on High Performance Devices, 240-4 (2002). 

 
11. Fei Chen, A.N. Cartwright, P.M. Sweeney, M.C. Cheung, J.S. Flynn, D. Keogh, 

“Influence of growth temperature on emission efficiency of InGaN/GaN multiple 
quantum wells.” Materials Research Society Symposium Proceedings 693, 377-82 
(2002). 

 
12. Fei Chen, M.C. Cheung, A.N. Cartwright, P.M. Sweeney, J.S. Flynn, D. Keogh, 

“Ultrafast spectroscopy of InGaN quantum wells for the development of efficient 
emitters.”  GaAs MANTECH Technical Digest 169-72 (2002). 

 
13. L. Jia L, D. Keogh, L.S. Yu, S.S. Lau, E.T. Yu, P.M. Asbeck, P. Miraglia, A. 

Roskowski, R.F. Davis, “I-V characteristics of polarization-induced barriers in 
AlGaN/GaN heterostructures.“  International Semiconductor Device Research 
Symposium Proceedings, 201-4 (2001).  

 
14. L. Jia, E.T. Yu, D. Keogh, P.M. Asbeck, P. Miraglia, A. Roskowski, R.F. Davis, 

“Polarization charges and polarization-induced barriers in Al/sub x/Ga/sub 1-
x/N/GaN and In/sub y/Ga/sub 1-y/N/GaN heterostructures.” Appl. Phys. Lett. 79, 
2916-18 (2001). 

 



  

 xvii

15. R.P. Vaudo, G.R. Brandes, J.S. Flynn, X. Xu, M.F. Chriss, C.S. Christos, D.M. 
Keogh,F.D. Tamweber, “Synthesis and properties of HVPE nitride substrates.” 
Proceedings of International Workshop on Nitride Semiconductors, 15-18 (2000). 

 
16. G.M. Smith, M.F. Chriss, F.D. Tamweber, K.S. Boutros, J.S. Flynn, D.M. Keogh, 

“GaN PIN photodiodes grown on sapphire and SiC substrates.” Materials Science 
Forum 338-342, 1627-30 (2000). 

 
 
Patents 
1. Method for achieving improved epitaxy quality (surface texture and defect density) 

on free-standing (Aluminum, Indium, Gallium) Nitride ((Al, In, Ga) N) substrates for 
opto-electronic and electronic devices.   

 Patent No. 6,447,604 
 Flynn; Jeffrey S., Brandes; George R., Vaudo; Robert P., Keogh; David M., Xu; 

Xueping, Landini; Barbara E. 
 Advanced Technology Materials, Inc. (Danbury, CT) 



  

 xviii

 

ABSTRACT OF THE DISSERTATION 

 

Design and Fabrication of InGaN/GaN 

Heterojunction Bipolar Transistors 

for Microwave Power Amplifiers 

by 
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Peter M. Asbeck, Chair 

 

 The GaN material system is widely recognized for its opto-electronic properties, 

with the recent commercialization of blue, green, and violet light emitting devices, but 

also has enormous potential for high power applications across a range of frequencies.  

The combination of high breakdown field, high electron saturation velocity, and high 

thermal conductivity, make it especially useful for delivering high power at high 

frequencies for wireless base stations, emerging WiMAX technology, and satellite 

communications.  Though HEMTs have shown impressive performance, HBTs have 

many advantages as compared to HEMTs, and therefore represent an important 

technology.  Bipolar technology, however, has not achieved the same level of success as 
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HEMTs, as a result of some important technological obstacles.  For example, the main 

issue with GaN-based HBTs is the issue of acceptor impurity activation, which is 

typically less than 1% for GaN, limiting free hole concentrations to less than 1x1018 cm-3.  

Through the use of InGaN alloys in the base of an HBT, however, it is possible to 

achieve doping levels greater than 1x1019 cm-3, with higher mobilities and less lattice 

damage, enabling a high performance RF device. 

 This dissertation embodies the design, fabrication, and characterization of 

InGaN/GaN HBTs under DC and RF conditions.  Design of the epitaxial layer structure 

accounts for the piezo-electric and polarization effects present in the nitrides, which is 

critical for proper device operation.  Furthermore, the DC and RF performance is 

simulated using physically based TCAD device design software to estimate the 

performance of an InGaN/GaN HBT.  In addition, the performance of a fully-matched 

Class-B power amplifier is simulated at 1 GHz. 

 Processing of InGaN/GaN HBTs was a significant portion of this thesis, and as 

such, a robust scheme for their fabrication was developed.  Dry-etching was 

accomplished using Inductively Coupled Plasma (ICP), and the effects of etch conditions 

on the characteristics of the device explored.  Also, boiling KOH solutions were found to 

be useful for improving the surface quality after dry-etching, and as part of a digital 

etching process.  The final process enabled the successful fabrication of InGaN/GaN 

HBTs with excellent DC performance, and a maximum cut-off frequency of 0.8 GHz.
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1 Introduction 

1.1 Why GaN? 

 Gallium Nitride (GaN) has long been touted as the material of the future for high 

frequency, high power applications, because of its unique combination of material 

properties, such as high electron saturation velocity and high breakdown field.  Other 

technologies, such as GaAs and InP are capable of very high frequency performance, but 

because of their smaller breakdown field, as compared to GaN, they are limited in the 

power they can deliver at these frequencies.  In order to successfully compare material 

technologies for the power performance at high frequencies, a number of figures of merit 

have been developed, the most recognizable being those given by  Baliga1 

 3
s CRIT nBFOM Eε μ=  (1.1)

and Johnson2: 

 
2

CRIT sE vJFOM
π

=  (1.2)

The Baliga figure of merit was derived in the context of power FETs for switching 

applications, while the Johnson figure is more inclusive, applying generally to power 

devices at high frequencies.  How does GaN compare to other materials?  Table 1-1 lists 

the relevant material parameters for high power, high frequency operation of a number of 

material systems, and provides their respective Baliga and Johnson figures of merit.  GaN 

and SiC, as a result of their large band-gaps are expected to dramatically outperform 

silicon, GaAs, and InP, with GaN beating out SiC because of its higher electron 

saturation velocity and better electron mobility.  The values for the various figures of  
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Table 1-1.  Relevant material parameters for various materials systems and their corresponding 
Baliga and Johnson figures of merit. 
 EG 

(eV) 
µe 

cm2/V·sec
ECRIT 

(MV/cm)
 vsat 

(cm/sec) 
κ 

(W/cm·K) 
BFOM JFOM 

Si 1.12 1500 0.3 1x107 1.3 1.0 1.0 
InP 1.35 5400 0.5 3x107 0.7 20 5.0 
GaAs 1.42 8500 0.4 2x107 0.5 15 2.5 
SiC 3.20 900 4.0 2x107 3.7 1500 25 
GaN 3.42 1350 5.0 3x107 2.0 4000 50 
 

merit only account for the bulk material properties, and do not include 2-DEG effects, 

and therefore should be treated only as an approximation. 

 Another popular representation of the high power, high frequency potential of 

various technologies, is a plot of the fT versus the breakdown voltage3, as shown in 

Figure 1-1.  The data plotted agree fairly well the predictions from Table 1-1, and as 

expected GaN leads the pack.  Through the incredible engineering made possible by 

CMOS, silicon and SiGe have been able to surpass expectations and match the 

performance of wider band-gap materials, such as GaAs and InP.  Though not often 

appreciated, this plot also represents the potential of various technologies for their 

ultimate high frequency performance.  The reason for this is that materials that are 

capable of withstanding higher internal fields are capable of being scaled to smaller 

dimensions.  In an HBT, for example, the collector thickness for a GaN HBT can be 

scaled by a factor of ten greater than InP, while still maintaining a similar breakdown 

voltage.  Other considerations must be accounted for, such as increased base-collector 

capacitance, but if properly accounted for, GaN has the potential to be quite viable at 

ultra-high frequencies, perhaps into the terahertz range. 
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Figure 1-1.  Plot of fT versus device breakdown voltage for various material and device technologies. 

1.2 HBTs versus FETs 

 Over the past several years, however, high electron mobility transistors (HEMTs) 

have attracted the bulk of the research focus, to the point where the technology is on the 

verge of commercialization.  At the same time, heterojunction bipolar transistors (HBTs) 

typically possess a number of performance advantages over HEMTs, and therefore 

represent an important technological complement to HEMTs.  For example, HBTs 

typically exhibit much higher device transconductance, as a result of the exponential 

relationship between the input voltage and the output current, as opposed to the quadratic 

relationship for FETs.  In SiGe, the maximum transconductance at peak current for an 

HBT is roughly three times that of the FET4.  Another distinct advantage that HBTs hold 

is in the area of threshold voltage control.  In an HBT, the turn-on voltage is determined 

by the intrinsic material properties of the epitaxial layers, and generally has excellent  
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Figure 1-2. Schematic of HBT, showing vertical current flow for electrons.  
 

uniformity.  A FET, on the other hand, has a turn-on voltage that is dependent on the 

actual dimensions of the device, and therefore fluctuates significantly between devices.   

Furthermore, because electron transport occurs in the vertical direction in a HBT (Figure 

1-2), and laterally in a FET, the overall area is smaller for the HBT.  A greater power 

density is thus achieved, and integrated circuits can be designed using less die area. 

 Beyond the areal considerations, HBTs provide a number of advantages for 

integrated circuit and power amplifier design, including excellent linearity and 

significantly lower 1/f noise.  The excellent linearity exhibited by HBTs comes as a bit of 

a surprise, considering that there are a number of non-linear sources within the device, 

including the depletion and diffusion capacitances, the dynamic junction resistance of the 

emitter-base diode, and the transconductance of the device.  Extensive analysis by Kim 

et. al. has revealed that a significant cancellation of these non-linearities occurs across all 

frequencies within the device5, leading to the excellent linearity characteristics observed.  

In terms of 1/f noise, FETs suffer in this area because conductive channel lies in close 
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proximity to the surface of the material.  Any imperfections in the surface, such as 

roughness or traps, tend to increase the 1/f noise.  In an HBT, the 1/f noise is dominated 

by the properties of the emitter-base junction, which tends to be a clean interface, and the 

1/f noise is therefore quite low.   

1.3 GaN HBTs 

 With all the promise of the GaN material system for electronic devices, and the 

potential applications of HBTs, why has HEMT technology stolen the spotlight?  

Undoubtedly, the single largest reason that HBT technology has not gotten off the ground 

has to do with the difficulty obtaining high hole concentrations in the base.  For GaN, the 

activation energy for acceptor impurity atoms is quite high, typically greater than 160 

meV.  Table 1-2 lists the activation energies for the most commonly used acceptors. 

Table 1-2.  Activation energies for various acceptor impurity atoms in GaN. 
Impurity EA (meV) 

Be 150-250 
Mg 160 
Ca 170 
C 210 
Zn 330 
Cd 550 

 

Even in the case of beryllium and magnesium, with activation energies on the order of 

160 meV, at room temperature, less than 1% of all acceptor impurities are activated.  In 

other words, an intentional acceptor doping level of 1x1019 cm-3 results in a free hole 

concentration of approximately 1x1017 cm-3. 

 In addition to the low free hole concentration achievable in GaN, the hole 

mobility is also quite low, with the highest value reported to be approximately 200 
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cm2/V·sec at low doping levels6.  At the highest doping levels, however, the mobility is 

typically in the range of 5-10 cm2/V·sec.  Low hole concentrations coupled with low hole 

mobilities result in a very high sheet resistance, which causes numerous problems for an 

HBT. 

 To understand the problems caused by high sheet resistances in the base of an 

HBT, the cut-off frequency (fT) and maximum frequency of oscillation (fMAX) figures of 

merit are introduced: 

 
( )

1
1 2

2
C

T BE BC B SC C
EC C

kTf C C
qI

ηπ τ τ τ
πτ

−
⎛ ⎞⎡ ⎤

= = + + + +⎜ ⎟⎢ ⎥⎜ ⎟⎣ ⎦⎝ ⎠
 (1.3)
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T
MAX

B BC

ff
R Cπ

=  (1.4)

where RB is the base resistance; CBE and CBC are the base-emitter and base-collector 

capacitances, respectively; IC and ηC are the collector current and collector current 

ideality factor, respectively; and τB, τSC, and τC are the base transit time, the collector 

space-charge transit time, and the collector charging times, respectively.  Though the 

effect of high base sheet resistance on fT is not immediately obvious, through the current-

crowding effect, the total collector current through the device is substantially reduced.  In 

the presence of current crowding, only the edges of the emitter actually conduct current.  

With a low collector current, the charging time associated with CBE and CBC remains 

large, and fT is compromised.   

 The effect of the high base sheet resistance on fMAX is two-fold;  through fT and 

RB.  A high base sheet resistance keeps fT low, as explained above, and also leads to a 

large value for RB.  The total base resistance consists of the contact resistance, the lateral 
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extrinsic base resistance, and the intrinsic base resistance.  In Figure 1-2, the dashed 

vertical line divides the device into its extrinsic and intrinsic components for clarity.  

Because holes are required to travel from the contact to the intrinsic portion of the device, 

a large sheet resistance causes a large base resistance, and minimization therefore 

requires the lateral dimensions, or the sheet resistance, to be reduced. 

1.4 InGaN/GaN HBTs 

 As stated in the previous section, the major obstacles to a high performance GaN 

HBT are the low hole concentrations and mobilities observed experimentally.  

Fortunately, InGaN materials provide a potential solution to the problem.  More 

specifically, it has been determined theoretically and experimentally that InGaN alloys 

have a substantially lower activation energy for acceptor impurity atoms, and that the 

activation energy decreases with increasing indium mole fraction.  Figure 1-2  depicts the 

situation in a slightly different, yet quantitatively similar manner, with the activation 

energy plotted versus the band-gap7.  A marked relationship between the band-gap and 

acceptor activation can be seen, with the activation energy decreasingto 76 meV for an 

indium mole fraction of xIn=0.18.  With an activation energy of 76 meV, approximately 

50% of the acceptor atoms become ionized at room temperature8,which allows for hole 

concentrations greater than 1x1019 cm-3.  InGaN alloys thereforerepresent a very 

important class of materials for the successful fabrication of high performance HBTs 

within the nitride material system.   
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Figure 1-3 Activation energy of the magnesium acceptor versus the bandgap of III-N materials. 

 

1.5 Scope of the Dissertation 

 The central idea behind this thesis is that using InGaN materials as the base layer 

of an HBT, allows for higher hole concentrations and potentially much greater high 

frequency performance.  To that end, the work completed as part of this thesis has 

focused on demonstrating successful operation of an InGaN/GaN HBT, under both DC 

and RF conditions.  Furthermore, because of some obstacles involved in the growth and 

processing of InGaN materials, the full potential of InGaN/GaN HBTs was not realized.  

In order to estimate what this full potential might be one day, physically based 

simulations of realistic device structures were performed, to estimate both the DC and RF 

performance.  In total, this thesis comprises the design, fabrication, characterization, and 

simulation of InGaN/GaN HBTs, and provides a successful demonstration of HBT 

operation, as well as physical understanding of the device and how to improve it. 
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 In Chapter 2, the design of InGaN/GaN HBTs is presented.  First, a suitable layer 

structure is simulated, accounting for polarization and piezo-electric effects, as well as 

the affect of the background magnesium concentration.  Once the layer structure of the 

device is finalized, a simulation of the DC and RF performance is implemented within 

ISE (Synopsis), a physically based TCAD device simulation suite.  And finally, with data 

from the simulations, along with an estimation of resistances and capacitances from first 

principles calculations, a fully matched Class B power amplifier is simulated within ADS 

(Agilent), to assess RF performance at 2 GHz. 

 Chapter 3 then deals with the process development for the fabrication of 

InGaN/GaN HBTs.  Inductively Coupled Plasma (ICP) etching is considered first, with a 

description of the effects of Cl2:BCl3 ratio, ICP power, RIE power, and pressure on the 

etch rate of GaN, as well as the effect of RIE power on the properties of InGaN/GaN p-n 

junctions.  This chapter also presents a method for removing dry etch residues and 

surface irregularities, using boiling KOH solutions, that may result from non-optimal dry 

etch conditions.  Boiling KOH solutions can also be used as part of a digital etch, 

described in section 3.4.  Using an argon RIE plasma, damage is introduced into the 

surface of GaN materials, which is then removed using boiling KOH.  The process is 

highly repeatable, and allows for a tunable etch rate that is et by the power delivered to 

the RIE electrode.  In the final sections of the chapter, ohmic contacts to n-type and p-

type materials are discussed, followed by a summary of the process flow used to fabricate 

InGaN/GaN HBTs. 

 Detailed DC characterization of InGaN/GaN HBTs is then presented in Chapter 4.  

A description of the layer structure in the devices is presented, followed by I-V 
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measurements in the common-emitter and gummel configuration.  The I-V characteristics 

are then analyzed in order to develop a better understanding of the device, in some cases 

because of a significant departure from what is observed in more mature material 

systems.  For example, the InGaN/GaN HBTs exhibit high offset and knee voltages, and 

relatively low current gains.  A reverse grade in the base is presumed to play a large role 

in the low current gain, and the effects of this reverse grade are simulated.  Because of its 

wide band-gap, GaN based electronics are expected to operate at extremely high 

temperatures, up to approximately 700oC.  Device performance across temperature is thus 

investigated, and compared against simulation, at temperatures up to 300oC.  Finally, the 

growth of InGaN/GaN HBTs on various substrates, including sapphire, SiC, and free-

standing GaN, is described and device results compared. 

 In the final major chapter of the thesis, Chapter 5, the RF characteristics of 

InGaN/GaN HBTs are explored both experimentally and through simulation.  

Measurements of fT and fMAX are presented, along with a detailed analysis of the transit 

time components and their contribution to the high frequency performance observed.  

Because of the relatively low values of fT and fMAX, the transit time components are 

analyzed further, by incorporating higher indium mole fractions into the device structure 

and through device scaling, to understand where improvements can be made.  With this 

analysis, these improvements were then included in simulations, once again using ISE, to 

assess the potential RF performance of a scaled InGaN/GaN HBT with successively 

higher indium mole fractions. 

 Finally, Chapter 6 presents a summary of the key contributions from each chapter 

of the thesis, and offers some areas for future exploration.  This work demonstrates 
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successful operation of InGaN/GaN HBTs, and illustrates that with improvements in key 

areas, the technology has the potential to be viable for high power, high frequency 

applications. 
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2 Design of InGaN/GaN HBTs 
 

2.1 Introduction 

 The focus of this chapter is the proper design of InGaN/GaN HBTs, including the 

epitaxial layer structure and the device geometry, as well as device topology for use in 

power amplifiers.  Though the nitride material system offers enormous potential for high 

power applications, it also presents a unique set of challenges.  At the device level, strong 

piezo-electric and polarization effects produce charge densities that can exceed 1x1019 

cm-3, and must be accounted for.  In addition, high activation energies for acceptors lead 

to low p-type doping concentrations, contributing to strong current crowding effects in 

the emitter of the device.    In the context of power amplifiers, the high voltage operation 

tends to create a large mismatch between the conditions for maximum power and 

maximum gain.  In order to get both high gain and high power, the device must be 

carefully designed.  In this case, a collector-up HBT design becomes important, as it 

minimizes the mismatch and improves amplifier performance. 

2.2 Epitaxial Layer Design Including Polarization Effects 

 Design of HBTs in the nitride material system presents a number of challenges, 

including a lack of reliable material parameters and a relatively immature growth 

technology, as well as the polarization charges that results from compositional variation 

within the device structure.  The polarization charge plays an important role in 

determining the final epitaxial layer structure, though typically not in a beneficial manner 

for HBTs, and will be the primary focus of this section.  Further, the polarization charge 
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can be divided into two components:  those arising from the piezo-electric effect and 

those from spontaneous polarization effects.  Though present in many other compound 

semiconductor materials, these effects are far greater in the nitrides, allowing for sheet 

charges as high as (1-2)x1013 cm-3.  High electron mobility transistors (HEMT) take 

advantage of these enormous sheet charges to produce devices capable of extremely high 

current densities.   

 For InGaN/GaN HBTs, the polarization charges tend to accumulate at junction 

interfaces, distorting the bands and impeding electron flow through the device.  In the 

case of a graded InGaN base, a positive bound polarization charge leads to an 

accumulation of a negative mobile charge which tends to reduce the acceptor doping in 

the base layer.  It is therefore quite important to properly account for these polarization 

charges.  As a result of the extensive work on AlGaN/GaN HEMTs, there exists a 

coherent theory of the physics of polarization effects for the nitrides1.  Variations in the 

piezo-electric and polarization fields, typically from the existence of  a strain field, result 

in an accumulated charge density, ρpol. 

 ( )SP PZ polP P P ρ∇ ⋅ = ∇⋅ + = −  (2.1)

The total polarization charge for an InGaN/GaN abrupt hetero-interface can then be 

expressed as: 
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where ρPol is the polarization sheet charge (cm-2), GaN
SPP and InN

SPP are the spontaneous 

polarization of GaN and InN, e31 and e33 are the piezoelectric constants for InN, c13 and 

c33 are the elastic constants for InN, and aGaN and aInN are the lattice constants of GaN and 
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InN, and xIn is the indium mole fraction.  For an abrupt InGaN/GaN hetero-junction, the 

charge is confined to the hetero-interface.  For a linearly graded InGaN layer, however, 

the polarization charge is uniformly distributed throughout the graded region, and the 

polarization sheet charge density becomes 
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where ρPol is now a polarization sheet charge density (cm-3), ‘d’ is the graded layer 

thickness, and y1 and y2 are the indium compositions at the bottom and top of the graded 

layer, respectively.  Although polarization effects in the nitrides have been well studied, 

there still remains significant uncertainty in the observed material parameters, with little 

data existing for InN2.  The existing data, however, provide a valuable starting point for 

an estimate of the polarization charges inside an HBT layer structure.  Some relevant 

experimental data for the piezoelectric and spontaneous polarization effects are provided 

in Table 2-1.  As a result of the large difference in lattice constant between GaN and InN, 

the total polarization charge tends to be quite large, even for low values of indium 

composition.  For example, a given mole fraction in InGaN produces roughly twice the 

polarization charge for a similar aluminum mole fraction in AlGaN.  In addition, this 

polarization charge is opposite in sign to that generated by AlGaN alloys, as  

Table 2-1.  Lattice parameter and polarization constants for GaN and InN. 
Parameter Unit GaN InN 
C Å 3.1986 3.5848 
PSP C/cm2 -0.032 -0.029 
e31 C/cm2 -0.34 -0.41 
e33 C/cm2 0.67 0.81 
c13 GPa 68 70 
c33 GPa 354 205 
 



 

 

15

Layer Thickness (Å) Doping (cm-3) Composition 
Emitter 1000 ND=1.0x1019 GaN 
Base 1000 NA=2.5x1018 InGaN (x=.05) 
BC-Grade 300 ND=1.0x1017 InGaN (x=.05-.00) 
Collector 5000 ND=1.0x1017 GaN 
Sub-Collector 10000 ND=3.0x1018 GaN 
Figure 2-1.  Layer structure for simulated InGaN/GaN HBT. 
 
a result of the differing strain profile;  an InGaN/GaN heterostructure experiences 

compressive forces, while an InGaN heterostructures experiences tensile forces. 

 Using the framework provided above, it is possible to estimate the contribution of 

the polarization effects to the layer structure of an InGaN/GaN HBT, given in Figure 2-1.  

Inserting these results into simulations of the band structure provides a valuable look at 

how the band diagram is affected by these charges.  For simplicity, an abrupt emitter-base 

junction was initially proposed to minimize epitaxial growth complexity.  Because of the 

abrupt emitter-base hetero-junction, one expects a sheet of charge localized to this 

interface, as shown in Figure 2-2.  For a In0.05Ga0.95N/GaN emitter-base junction, a 

positive bound sheet charge of approximately 3.5x1012 cm-2 is created.  Further, to 

minimize any conduction band spikes, the base-collector junction is graded from  

GaN InGaN GaN

ρpol

 
Figure 2-2.  Distribution of polarization charges for an InGaN/GaN HBT with an abrupt emitter-
base junction and graded base-collector junction. 
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In0.05Ga0.95N to GaN over 300Å, which results in a volumetric sheet charge of 

approximately 1.2x1018 cm-3, also shown in Figure 2-2.   

 Treating the emitter-base junction first, Figure 2-3 shows the effect of completely 

ignoring the sheet of charge that is generated, for an HBT with VBE=3.2 volts and 

VCE=5.0 volts.  The abrupt hetero-junction leads to a conduction band discontinuity, 

which without polarization effects is pulled down below the conduction band in the 

baseand does not impede electron flow into the base.  Inclusion of the large sheet charge 

leads to a modification of the band profile, and creates a spike in the conduction band at 

the emitter-base junction.  This spike in the conduction band is such that electrons require 

greater energy to reach the base, likely resulting in a lower value of collector current in 

the device.  Even a doping concentration of 1x1019 cm-3 in the emitter is not sufficient to 

pull this energy barrier down.  The high doping in the emitter, however, is not needed 

solely to offset this interface sheet charge, but mainly to offset any residual magnesium 

that may have been incorporated during epitaxial growth, or perhaps diffused out of the  
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Figure 2-3.  Band diagrams for InGaN/GaN HBTs with and without piezo-electric charge at the 
emitter-base interface. 
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GaN InGaN GaN

ρpol

 
Figure 2-4.    Distribution of polarization charges for an InGaN/GaN HBT with a graded emitter-
base junction and graded base-collector junction. 
 
base.  Using magnesium as the p-type dopant typically results in significant doping tails.  

Electrons can most likely tunnel through the barrier, but still have a lower probability of 

reaching the base at a VBE of 3.2 volts.  An abrupt emitter-base junction, therefore may 

not be the optimal design.  Next, a graded emitter-base junction is considered. 

 Moving from an abrupt hetero-junction at the emitter-base interface has several 

advantages, as it ensures a smooth conduction band profile free from any 

banddiscontinuities, enables a larger barrier to holes in the valence band, and uniformly 

distributes the polarization charge across the entire graded region, as in Figure 2-4.  There 

are disadvantages, however, associated with emitter grading.  For example, 

recombination in the emitter space charge region tends to be greater, as a result of a 

narrower band-gap material.  Also, abrupt emitter-base junctions often allow for ballistic 

transport through the base, using the conduction band offset as a “ballistic launcher” and 

decreasing the base transit time.  The proposed grading scheme would be to replace the 

1000Å GaN emitter with 700Å of GaN on top of a 300Å layer graded from GaN to 

In0.05Ga0.95N at the base-emitter interface. 
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 A uniform distribution of the polarization charge, as opposed to a spike at the 

emitter-base interface, minimizes the electrostatic impact of this charge on the band 

profile, shown in Figure 2-5.  Here, the uniform distribution of polarization charge acts in 

a donor-like manner, effectively adding doping in the graded region at a concentration of 
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Figure 2-5.  Band diagrams for InGaN/GaN HBTs with abrupt and graded emitter-base junction. 
 

1.2x1018 cm-3.  The conduction band exhibits a smooth transition from emitter to base, 

eliminating the notch in the conduction band, and improving the emitter injection 

efficiency.  A similar situation exists in the graded region between the base and collector, 

where the indium composition is reduced from In0.05Ga0.95N to GaN over 300Å, resulting 

in an acceptor-like charge concentration of 1.2x1018 cm-3.  In the absence of polarization 

effects, this graded region would be lightly doped, on the order of the collector doping 

(1x1017 cm-3), to maximize the breakdown voltage of the device. 

 Ignoring the effects of polarization charge would again create an energy barrier in 

the conduction band between the base and collector, an undesirable situation depicted in  
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Figure 2-6.  Band diagrams for InGaN/GaN HBTs with and without piezo-electric charge at the base-
collector interface. 
 

Figure 2-6.  In this figure, the band diagram without consideration of polarization effects 

is represented by the broken line, and the band diagram with proper counter-doping of the 

acceptor-like polarization charge by the solid line.  Not only does the polarization charge 

create an energy barrier that blocks electron flow into the collector, it also effectively 

extends the base by an additional 300Å.  Extending the base provides for additional 

recombination events, thereby decreasing the current gain of the device, which is 

typically low in nitride based devices as a result of large dislocation densities.  Donor-

doping the graded region with silicon to a level greater than the 1.2x1018 cm-3 

polarization charge, to perhaps 2.0x1018 cm-3, counter-acts the electrostatic effect of the 

polarization charge and restores the proper band profile. 

 The proposed layer structure did not include a graded base layer, and represents a 

starting point for the research.  Once a device with constant composition has been 

demonstrated, the focus can then shift to additional band-gap engineering, including 

compositionally grading the base.  Discussion of the polarization effects in such a 
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structure, however, is appropriate at this point.  Because the base width is typically on the 

order of 1000Å, the polarization effects will be significantly reduced.  In addition, 

because even small changes in indium composition lead to relatively large changes in the 

band-gap, the amount of compositional grading in the base will likely be small.  For 

example, a compositional change from In0.05Ga0.95N to In0.10Ga0.90N in the p-type base 

leads to a band-gap3 difference of approximately 200 meV and a quasi-electric field of 20 

keV/cm.  The peak of the velocity versus electric field profile for GaN occurs at around 

150 – 200 keV/cm4, and so large compositional grades within the base are possible.  

Having high concentrations of indium in the base, however, reduces the maximum InGaN 

thickness achievable, based on critical thickness considerations5 and is likely the limiting 

factor in designing a graded base structure. 

 Calculations for this grade yield a donor-like charge concentration approximately 

3.5x1017 cm-3, which subtracts from the intentional p-type doping in the base.  The 

overall polarization charge profile for an InGaN/GaN HBT with a graded emitter, graded  

GaN InGaN GaN

ρpol

 
Figure 2-7.  Distribution of polarization charges for an InGaN/GaN HBT with a graded emitter-base 
junction and graded base-collector junction. 
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base, and graded base-collector transition layer is provided in Figure 2-7.  Note that 

proper grading of the base increases the composition difference across the base-collector 

grade, increasing the polarization contribution within.  In general, the polarization charge 

tends to complicate the design of InGaN/GaN HBTs, but does not preclude successful 

design.  At higher indium compositions, however, the task does become more difficult, 

and research into growth of cubic phase nitrides would be beneficial, as well as growth in 

non-polar orientations such as a-plane and m-plane, and the semi-polar crystal planes6.  

Based on the foregoing discussion of polarization effects in InGaN/GaN HBTs, a 

suitable layer structure (without a graded base) is presented in Figure 2-8. 

Layer Thickness (Å) Doping (cm-3) Composition 
Emitter 700 ND=1.0x1019 GaN 
Emitter 300 ND=1.0x1019 InGaN (x=.00-.05) 
Base 1000 NA=2.5x1018 InGaN (x=.05) 
BC-Grade 300 ND=2.0x1018 InGaN (x=.05-.00) 
Collector 5000 ND=1.0x1017 GaN 
Sub-Collector 10000 ND=3.0x1018 GaN 
Figure 2-8.  Epitaxial layer structure for an InGaN/GaN HBT, with considerations of piezo-electric 
and polarization effects. 

2.3 ISE Simulations of InGaN/GaN HBT 

 Chapter 2.2 dealt primarily with the design considerations of the epitaxial layer 

structure, but in order to optimize the device for enhanced performance, analysis of the 

device geometry is critical.   The simulations were performed in 2-D and include the 

effects of the lateral dimensions of the device on device performance. The following 

discussion relates to some key design criteria for InGaN/GaN HBTs in terms of the 

device layout.  For any HBT, the ultimate goal is to minimize the various parasitic 

resistances and capacitances, and maximize the device figures of merits, fT and fMAX.  
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InGaN/GaN HBTs, in particular, present a unique set of challenges.  The largest problem 

facing the development of nitride based HBTs is the problem of base resistance.  The 

high activation energy of acceptors and the resultant low free hole concentration, when 

combined with low hole mobility, yields very high base sheet resistances.  A high sheet 

resistance in the base degrades transistor performance mainly by increasing the base 

resistance (RB) and causing severe current crowding in the emitter.  Careful design of 

both the emitter and base are critical to minimizing these effects. 

 Current crowding in the emitter is the direct result of the resistance between the 

base contact and the center of the emitter, which leads to finite voltage drops along the 

path of the base current, as in Figure 2-9.  Because the emitter current depends on the 

exponentially on the base-emitter voltage (VBE), these voltage drops tend to concentrate 

the current at the edges of the emitter.  This confinement reduces the effective area of the 

device and the maximum current achievable.  In this case, the amount of capacitance per 

unit area of active device increases, which dramatically reduces the high frequency  

EMITTER

Figure 2-9.  Illustration of emitter current crowding, as a result of high base sheet resistance. 
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performance.  Furthermore, surface recombination from the emitter mesa may become 

more important, and significantly reduce the current gain.  The effective emitter width as 

a result of current crowding can be calculated from the expression 

 sin coseff

E

W c c
W c

=  (2.4)

where ‘c’ is found from the transcendental equation 
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and IE is the emitter current, XB is the base width, ρB is the base sheet resistivity, β is the 

DC current gain, and WE and LE are the width and length of the emitter7.  Equation 2.4 

reveals that in order to minimize the effect of current crowding, the sheet resistance needs 

to be decreased, the DC current gain should be as high as possible, and that the ratio of 

the emitter width to the emitter length should be small as well.  In terms of device layout, 

only the latter point is of concern, and leads to the conclusion that the emitter needs to be 

narrow and long.   

 How aggressively should the emitter be scaled?  The answer is relative and 

depends on what level of performance is needed from the device, as smaller emitter 

widths lead to better high frequency performance.  Typical HBTs in GaAs or InP are 

capable of fT and fMAX values in excess of 50 GHz for emitter widths as large as several 

microns.  Assuming a 5x20 μm2 GaAs based device, with a 100nm base thickness, 

250Ω/  sheet resistance, current gain of 50, operating at 1 mA, the effective emitter area 

is approximately 99%.  An InGaN/GaN HBT, on the other hand, with a base sheet 
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resistance of 60 kΩ/  and an emitter width of 0.25μm, only utilizes approximately 84% 

of the emitter.  In short, the HBT needs to be scaled as aggressively as possible. 

 Beyond current crowding in the emitter, a high base sheet resistance also leads to 

a high parasitic base resistance, which degrades the fMAX properties of the device.  The 

base resistance itself is the sum of several individual components, including the contact 

resistance, the vertical pinch resistance and link resistance in the extrinsic base, and the 

intrinsic base resistance.  From a device scaling perspective, the primary consideration is 

reducing the link resistance in the extrinsic base, accomplished by minimizing the 

emitter-base contact spacing (SBE) and minimizing the width of the base contact (WB).  

The minimum width of the base contact is determined by the transfer length 

characteristic, which for InGaN with a base sheet resistance of 60 kΩ/  and contact 

resistance of 1x10-6 Ω-cm2, is approximately 40nm.  This feature size is too small to 

define lithographically, and so the width of the base metal can simply be set the minimum 

definable feature size, which would be on the order of 0.25 μm for most processes.  As 

for the base-emitter contact spacing, that is typically set by photolithographic limits, but 

can be significantly smaller using a carefully controlled emitter under-cut process.  For 

example, in GaAs and InP, with an emitter layer on the order of 2500Å and using the 

emitter metal as a self-aligned etch mask, an under-cut of approximately 125nm is 

obtained.  A secondary benefit of aggressively scaling the base contact width as well as 

the base-emitter spacing is that the area of the base-collector junction, and hence the 

base-collector capacitance, is also significantly reduced. 

 Based on the foregoing analysis, an aggressively scaled InGaN/GaN HBT with 

the epitaxial layer structure and device structure provided in Figure 2-10 was 
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implemented within the ISE simulation software package.  Simulations include a drift-

diffusion model 

Layer Thickness (Å) Doping (cm-3) Composition 
Emitter 2500 ND=1.0x1019 GaN 
Base 1000 NA=2.5x1018 InGaN (x=.05-.10) 
BC-Grade 300 ND=1.0x1019 InGaN (x=.10-.00) 
Collector 5000 ND=2.0x1018 GaN 
Sub-Collector 10000 ND=3.0x1018 GaN 

 
Figure 2-10.  Epitaxial layer structure and device geometry for 2-dimensional device simulations. 
 

for carrier transport, Fermi-Dirac statistics, high field saturation for electrons, incomplete 

ionization for all dopants, and both Shockley-Read-Hall (SRH) and radiative 

recombination.  Appropriate values for the material parameters were chosen based on 

experimental data currently available in the scientific literature.  As for the device layer 

structure, it is heavily based on the design considerations given in the previous section 

with some adjustments, and is shown in Figure 2-10.  A thicker emitter layer was 

included to allow for the implementation an emitter under-cut etch process for self-

aligned emitter and base contacts.  Also, a graded base design was included in these 
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simulations to assess the ultimate performance potential for an InGaN/GaN HBT, based 

on the current state of the art for InGaN growth technology.  Epitaxial growth of high 

indium composition InGaN alloys is notoriously difficult, and for the most part is limited 

to compositions of xIn=0.20 or less.  More typically though, device quality epitaxial 

layers of InGaN are limited to indium mole fractions of xIn=0.10 or less.  For example, 

Makimoto et. al. have reported successful operation of InGaN/GaN HBTs with high 

current gains8 and base layers of In0.07Ga0.93N.  In order to reduce the contact resistance in 

the extrinsic device, however, high composition In0.20Ga0.80N and In0.30Ga0.70N were re-

grown in the extrinsic base region where the quality of the epitaxial material is less 

critical. 

 Band diagrams for the InGaN/GaN HBT under conditions of a) zero-bias and b) 

VBE=3.6 V, VCE=3.6 V are provided in Figure 2-11.  The graded base, which provides a 

accelerating field of approximately 200 keV/cm, can be clearly seen.  DC simulations in 

both the gummel and common-emitter configurations were also carried out, with results 

shown in Figure 2-12.  A maximum current gain of approximately 31.5 was obtained, 

though this value is dependent on the assumptions made concerning the electron-hole 

recombination lifetimes.  In addition, BVCEO for the device structure was simulated to be 

on the order of 100V.  Based on prior work in the area of nitride HBTs9,10, one expects a 

large offset voltage in the common-emitter plot as a result of the high base sheet 

resistance.  Because of the added mathematical complexity associated with a distributed 

base resistance, the simulator does not take these effects into account and some unique 

features of nitride HBTs are not observed. 
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Figure 2-11.  Band diagrams for graded base InGaN/GaN HBT at a) zero bias and b) VBE=3.6 V and 
VCE=3.6V. 
 
 Using the mixed-mode capability of ISE, it is possible to carry out both device 

and circuit simulations, allowing for AC characterization of single and even multiple 

devices.  The calculated Y parameters from the AC simulations were used to infer the fT 

and fMAX values of the devices, shown in Figure 2-13.  At moderate to high current 
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Figure 2-12.  Simulations of a) gummel plot and b) common-emitter curves for an InGaN/GaN HBT. 
 

densities, the InGaN/GaN with AE=0.25x10 μm2 achieves a maximum fT of 65 GHZ and 

fMAX of 70GHz.  Higher frequency operation is likely limited in part by the base 

resistance, even  
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Figure 2-13.  Simulation results of fT and fMAX for InGaN/GaN HBT with emitter width of 0.25 µm. 
 

though the device has been scaled quite aggressively.  Use of higher indium composition 

InGaN materials  with lower acceptor activation energies, would allow for higher doping 

concentrations in the base, as well as theoretically higher mobilities.  This in turn would 

lead to an improvement in the fT and fMAX characteristics.   

 As it stands, however, the simulated high frequency performance and high voltage 

operation make the InGaN/GaN HBT an attractive technology.  A common figure of 

merit for electronic devices relates the fT to the breakdown voltage, and describes the 

high-power and high-speed capability of different technologies.  The best AlGaN/GaN 

HEMTs11 have fT and fMAX values of >150 GHz and breakdown voltages of 

approximately 40V.  With an fT of 65 GHz and breakdown voltage of 100V, these 

simulation demonstrate that InGaN/GaN HBTs have the potential to be a viable 

technology. 
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2.4 ADS Distributed Model Simulations 

 In order to take full advantage of this high power and high voltage capability, 

proper device design is critical.  For example, a major issue facing GaN based HBT 

devices is the large base sheet resistance which results from the large acceptor depth of 

Mg.  The distributed nature of the base resistance leads to significant current crowding 

and requires careful attention.  In this work, simulation results of InGaN/GaN HBT 

microwave power amplifiers based on such a distributed model are presented.  The model 

is implemented within the Advanced Design System (ADS) circuit simulator, and 

attempts to accurately capture the details of base resistance, contact resistance, junction 

capacitance, and the distribution of current underneath the emitter contact.  To 

accomplish this, the model divides the intrinsic device into 10 segments of equal widths, 

and the extrinsic device into 5 segments, as shown in Figure 2-14.  Simulations were  

 

Figure 2-14.  Distributed ADS model of an InGaN/GaN HBT, including the various parasitic 
resistances and capacitances. 
 

carried out on a Class B amplifier operating at 1 GHz, with full input and output 

matching. 

E B 
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 An important issue that came to light as a result of these simulations is the issue 

of mismatch between optimum load conditions for peak output power and peak gain.  For 

example, the conditions for peak amplifier gain occur at an output impedance of 

 1
2OUT

T BC

R
f Cπ

=  (2.6)

which is approximately 6 Ω for an emitter-up device with AE=0.25x10 µm2.  The 

conditions for peak power, however, assuming 10W of output power and a maximum of 

100V applied to the collector, occur at 125 Ω.  This mismatch leads to a large 

degradation of gain described by a mismatch factor, ML, according to 
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Minimizing this mismatch requires careful design, including a reduction of the base-

collector capacitance, or a reduction of fT.  Reducing fT is realistically not an option, and 

so the objective is reduced to finding ways to minimize the base-collector capacitance.  

 The issue of CBC reduction has been the subject of intense research for some time, 

as the high frequency performance of HBTs depends critically on this capacitance.  A 

number of advanced processing techniques have thus emerged, including the collector 

under-cut, transferred substrate, selectively implanted collector, and collector-up HBT.  

Applying these technologies to the nitride material system, however, is not altogether 

straight-forward.  But because a collector-up HBT can be fabricated in much the same 

way as the traditional emitter-up structure, it becomes an attractive candidate; a single re-

growth step is all that is required.  Collector-Up structures therefore become an important 

consideration as a result of reduced base-collector capacitance, increased output 

impedance, and the potential for higher gain and efficiency. 
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 Microwave performance was evaluated at 1GHz in Class B mode, at an output 

power of 10W, for both emitter-up and collector-up HBT amplifiers.  The device 

structure for both the emitter-Up and collector-Up HBT is a triple-mesa device based on 

the design provided in Chapter 2.3, and includes 100 nm graded base (x=0.05-0.10), with 

self-aligned emitter (collector) and base contacts, and a 0.25 µm width emitter (collector).  

Based on this device structure, comprehensive parameter estimations are performed, and 

the results incorporated into the distributed HBT model within ADS.  This model is then 

used in DC, S-parameter, and Harmonic Balance simulations to estimate the microwave 

performance at 1 GHz.  For these amplifiers, the load line was chosen such that a 

maximum voltage of approximately 70V is applied to the collector, and in Figure 2-15, a 

dynamic load line computation illustrates the fact that the voltage and current swings are 

properly centered within the transistor I-V  
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Figure 2-15.  Simulated dynamic load line for a Class B amplifier with a maximum voltage swing of 
70V. 
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curves.  From harmonic balance simulations, shown in Figure 2-16, it can be seen that the 

emitter-up amplifier achieves high power and high efficiency, with a maximum gain of 

approximately 18dB, 10W output power, and 65% power added efficiency.  Though the 

Figure 2-16.  Harmonic balance simulation results for emitter-up HBT operating at 1 GHz and 10W 
output power. 
 

amplifier achieves 18 dB of gain, this is lower than what was expected, due to the large 

mismatch between the load conditions for peak gain and peak output power..  As 

explained above, it is expected that a collector-up device, as a result of a reduced base-

collector capacitance, should have higher gain and efficiency as compared to the emitter-

up device.   

 Simulation results for a collector-up amplifier are shown below, in Figure 2-17.  

As expected, this amplifier shows significant improvement, with a maximum transducer 

gain of 28 dB, 10W output power, and 79% power added efficiency.  For the collector-up 
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device, the output impedance is significantly increased, to approximately 15 Ω, as 

compared to 6 Ω for the emitter-up, which reduces the load mismatch and improves 

the power gain performance. 

 

Figure 2-17.  Harmonic balance simulation results for C-up HBT operating at 1 GHz and 10W 
output power. 
 

 The distributed nature of the model implemented within ADS also allows us to 

evaluate the effect of emitter geometry on microwave performance.  As a result of high 

base sheet resistance, significant current crowding is expected to occur, degrading 

amplifier performance.  In order to offset the effect of current crowding, it is necessary to 

move to smaller emitter widths, thereby eliminating significant IR drops within the 

intrinsic device.  Figure 2-18 details the current across the width of a 1µm emitter for an 

emitter-up amplifier operating at 1GHz.  The current in this figure is normalized to the 
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peak current, and shows severe current crowding even for a 1µm emitter width.  

Aggressively scaling the emitter to 0.25 µm would certainly improve the situation, but  
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Figure 2-18.  Distribution of current across the width of the emitter, normalized to the current at the 
edge of the emitter. 
 

current crowding is still expected to play a role, as discussed previously in Chapter 2.3, 

especially at higher frequencies.  Ultimately, the base sheet resistance must be reduced to 

realize the full potential of these devices.  Figure 2-19 demonstrates how the emitter 

width influences the power gain performance at 1 GHz.  Peak power gain for the 1 µm is 

19 dBm, but drops to less than 16 dBm when the emitter is scaled to 3 µm.  This further 

underscores the importance of scaling the emitter width to smaller dimensions. 
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2.5 Mask Layout 

2.5.1 Collector-Up HBT 

 
 The power amplifier simulations of Chapter 2.4 highlighted the potential viability 

of collector-up HBT structures for reducing the base-collector capacitance, thereby 

improving overall gain and efficiency.  The reduction in CBC benefits device performance 

as well.  This begs the question of why collector-up HBTs aren’t utilized more often.  In 

a collector-up device, since the area of the emitter-base junction is now larger than the 

base-collector junction, a portion of the current injected into the base enters the base 

contact.  Extra processing is required to minimize the additional contribution to the base 

current, as shown in Figure 2-20.  Use of a wide band-gap “barrier” layer in the  
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Figure 2-20.  Schematic diagram of a collector-up HBT with barrier layers in the extrinsic region of 
the device. 
 

extrinsic region of the device is an effective method of preventing this unwanted leakage 

current.  Effectively, this barrier layer creates an extrinsic emitter-base diode with a 

higher turn-on voltage than the intrinsic diode.  Use of high aluminum composition 

AlGaN alloys allows for a turn-on voltage difference of greater than 1-2 volts, ensuring a 

very low level of leakage current into the base contact. 

 Inclusion of a wide band-gap barrier layer within the layer structure of a collector-

up HBT requires an epitaxial re-growth step.  In this process, the sub-emitter, emitter, and 

barrier layer are grown during the first growth step.  Patterning of the intrinsic device 

follows, with a dry-etch through the barrier layer to form the intrinsic emitter-base diode.  

In the “re-growth” step, the base, collector, and sub-collector are then deposited over the 

entire area of the wafer.  One complication can arise for an InGaN/GaN HBT, which 

often requires two re-growth steps.  Because of the low volatility of the magnesium 

dopant, a moderate concentration of magnesium is typically incorporated into the 

epitaxial layers grown after the highly doped base, on the order of 1x1018 cm-3 or greater.  

Since the collector layer is normally doped to 1x1017 cm-3 or below, for maximum 
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breakdown voltage, the acceptor concentration can be higher than the donor 

concentration, leading to a severe distortion of the band profile.  Under these 

circumstances, the base must be re-grown, but not the collector and sub-collector, and the 

reactor cleaned and purged to remove the residual magnesium.  In a second re-growth 

step, the collector and sub-collector layers are then “selectively” added to the layer stack.  

This selective re-growth is accomplished by deposition and patterning of an SiO2 or AlN  

re-growth mask, followed by the epitaxial growth of the collector and sub-collector 

layers.  

 Design of a mask set for InGaN/GaN HBTs was designed to accommodate both 

an emitter-up and collector-up design.  Since the collector-up structure is more complex, 

the mask set was designed primarily around the collector-up structure, and then modified 

to enable emitter-up fabrication as well.  A total of eleven mask layers are included in the 

collector-up mask set, detailed below in Table 2-2.  Mask layers 1-8 are implemented 

first to create large area devices, with emitter areas of 125x125, 75x75, 50x50, and 25x25 

μm2, and various test structures including emitter, base, and collector TLM structures.  

Devices of this size, however, are typically not suitable for RF measurements, and so 

three additional mask layers are needed to access scaled devices which have emitter areas 

of 3x15, 4x15, 5x15, 6x15, and 8x15 μm2.  A representative RF device in the collector-up 

configuration is shown in Figure 2-21. The shaded grey areas represent the contact 

metallizations, while the broken lines represent the perimeter of the various mesa, dry-

etch and re-growth steps. 
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Table 2-2.  Mask set for collector-up HBT. 
 Mask Layer Description 
1. Barrier Etch Definition of intrinsic emitter-base diode 
2. AlN Etch Pattern re-growth mask for re-grown collector 
3. Collector Collector contact definition 
4. Collector Mesa Collector mesa definition 
5. Base Metal Base metal definition 
6. Base Base mesa definition 
7. Emitter Metal Emitter metal definition 
8. Isolation Definition of device isolation 
9. Via1 Definition of via to emitter contact 
10. Via2 Definition of vias to base and collector contacts 
11. M1 Definition of RF pads 
 

2.5.2 Emitter-Up HBT 

 For an emitter-up device, the process flow is quite similar, except that mask layers 

1 and 2 are eliminated, and layers 7, 8, 10, and 11 modified to allow for proper re-

arrangement of the RF pads.  Re-arrangement of the pads is necessary because the RF 

 
Figure 2-21.  Layout for an RF device in the collector-up configuration. 
 

measurements are to be performed using ground-signal-ground probes (GSG) in the 

common-emitter configuration.  Without modification from the collector-up mask set, the 

measurements would be in the common-collector configuration.  The main modification 
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to the mask set is the use of a “horse-shoe” contact for the collector contact, instead of the 

two emitter-stripes used in the collector-up configuration, as shown in Figure 2-22.  In 

addition, the collector mesa must then take on new dimensions (mask 8), the collector via 

re-located (mask 10), and the  RF pads re-designed in the emitter-up configuration (mask  

 
Figure 2-22.  Layout for an RF device in the emitter-up configuration. 
 

11). 

 Once again, the shaded grey areas represent the contact metallizations, while the 

broken lines represent the perimeter of the various mesas.  For the emitter-up device, no 

re-growth steps are involved, and the broken lines represent the emitter, base, and 

collector mesas. 
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3 Fabrication of InGaN/GaN HBTs 

3.1 Introduction 

 In general, fabrication of InGaN/GaN HBTs can be divided into two areas:  

etching and contacts.  Neither task is straight-forward and involves a number of 

complications.  Wet etches are quite difficult to implement in the nitride material system, 

and as a result, etching is typically carried out using various dry etch techniques.  Care 

must be taken during dry etching of a nitride HBT, however, as the p-type base layer is 

quite sensitive to the lattice damage that is incurred.  Dry etch damage in p-type materials 

typically manifests itself as nitrogen vacancies, which act in a donor-like manner and lead 

to type-inversion of the surface layer.  Ohmic contacts to n-type materials are readily 

obtained, but not to p-type materials because of the wide band-gap of the nitrides, low 

acceptor doping concentration, and type-inversion issues.  In this section, an overview of 

the fabrication techniques developed for the processing of InGaN/GaN HBTs are 

presented. 

3.2 Dry Etching 

Dry-etch processes play a critical role in the fabrication of both electronic and 

optoelectronic devices in the nitride material system, as a result of its chemical 

robustness.  Wet chemical etches have been demonstrated1,2,3, but typically suffer from 

sensitivity to material quality, low etch rates, and excessive surface roughness.  Due to 

these shortcomings, dry-etching has become the predominant technology for device 

fabrication, and is capable of high etch rates, as well as excellent control and 

repeatability.  At the same time, dry etching is prone to surface damage and etch residue, 
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which can complicate both front-end and back-end device processing.  To address these 

issues, device processing has begun to shift away from the more traditional Reactive Ion 

Etching (RIE), towards Inductively Coupled Plasma (ICP) and Electron Cyclotron 

Resonance (ECR) etching.  A schematic of a typical ICP system is shown in Figure 3-1. 

 
Figure 3-1.  Schematic diagram of an Inductively Coupled Plasma dry etch system. 
 

Surface damage is typically quite low in ICP systems, minimized by a two-electrode 

design that allows for independent control of plasma generation and diffusion.  The etch 

plasma is generated remotely by an induction coil (ICP), then diffuses towards the sample 

stage under the influence of the substrate bias (RIE).  This design allows for high density 

plasmas with low incident kinetic energy. 

 This section describes the etching characteristics of GaN materials in Cl2 and 

BCl3 ambients, carried out in a load-locked Trion Mini-Lock II ICP/RIE combination 

plasma etch system.  In particular, the effect of RIE and ICP power, as well as chamber 

pressure and Cl2/BCl3 ratio, on the etch rate of GaN is investigated.  For dry etching of 

the nitrides, Cl2 and BCl3 are the most commonly gases used, as a result of the high free 
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Cl content of the plasmas.  Figure 3-2 presents the GaN etch rate as a function of Cl2 

composition in a mixture of Cl2/BCl3, for an ICP power of 300W, RIE power of 50W, 

process pressure of 10 mTorr, and stage temperature of 60oC.  As is clearly seen, addition 

of Cl2 to BCl3 provides a significant increase in the etch rate, with a peak in the etch rate 

curve at about 80% Cl2.  BCl3 alone yields an etch rate of 275 A/min, with a maximum 

etch rate of approximately 2200 A/min.  A peak in the etch rate curve is commonly 

observed, and normally attributed to the strong reducing power of BCl3, which allows for 

rapid removal of any oxides present on the surface.  Cl2 alone is not very efficient at 

removing oxides, and so the addition of BCl3 serves to enhance the etch by reducing the 

dead time at the beginning of the etch4.  Little etching occurs during the period 

designated as the “dead time,” after which the etch depth is a linear function of the etch 

time. 
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Figure 3-2.  Etch rate of GaN as a function of Cl2/BCl3 ratio. 
  

One of the most useful attributes of ICP etching is the ease of control over the 

etch rates, accomplished by simply adjusting either the ICP or RIE electrode power.  The 
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etch rates for GaN as a function of the ICP electrode power, with RIE power as a variable 

parameter, is shown in Figure 3-3.  Increasing both the ICP and RIE power produces a 

linear positive response in the etch rate, though at the highest etch rate achieved, there 

appears to be a saturation in the etch rate curve.  The trend-line does not pass near the 

origin, with quite a significant offset, representing a potential transition to a desorption 

limited process as a result of very low volatility etch products.  Oftentimes argon is added 

to the plasma to assist in the physical removal of chlorinated etch products.  Though it 

might be expected that the etch rate versus ICP power curve should extrapolate back to 

the origin, this is not the case, as dry etching of the nitrides proceeds via an ion-enhanced 

mechanism.  In this regime, significant etching does not occur without a physical 

sputtering component, required to assist in the breaking of chemical bonds, or as 

mentioned above, the physical removal of low-volatility etch products.   

 A tell-tale sign of the ion-enhanced dry etch mechanism can be found in the etch  
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Figure 3-3.  Etch rate of GaN in pure Cl2 as a function of ICP power, with RIE power as a variable 
parameter. 
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Figure 3-4.  Etch rate of GaN as a function of chamber pressure, indicating a ion-enhanced etch 
mechanism. 
 

rate data as a function of process pressure, as shown in Figure 3-4.  For most dry etch 

processes, the etch rate tends to increase significantly with an increase in the process 

pressure, but in the ion-enhanced regime, just the opposite occurs.  Reducing the pressure 

has the effect of increasing the diffusion length, which then increases the incident kinetic 

energy of the ions, leading to a larger physical sputtering component.  If physical 

sputtering is an important component of the etch, then the etch rate will increase, as it 

does for the nitrides. 

 An ion-enhanced etch mechanism, however, requires a bit of a balancing act, 

especially in the case of p-type nitride materials.  The incident kinetic energy, while 

necessary for etching, can also introduce surface damage into the material, the depth to 

which depends on the material to be etched and also, the incident energy.  For p-type 

nitride material, with its low doping concentration and propensity towards compensation 

through nitrogen vacancies, this balancing act is especially critical.  Since an increase in 

the incident kinetic energy of ions is likely to increase the surface damage in nitride 
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materials, an experiment was carried out to assess the impact in emitter-base diode 

structures.  Two separate experiments were done; the first reducing the RIE power from 

25 to 10W, and the second, from 10 to 5W.  The experiments were not conducted 

simultaneously, and so, different layer structures were used, as shown in Figure 3-5. 

Experiment 1 Experiment 2 
InGaN 6% 100nm ND=1x1019 InGaN 6-0% 100nm ND=1x1019

InGaN 6% 100nm NA=2x1018 InGaN 3-6% 100nm NA=2x1018

InGaN 6-0% 30nm ND=2x1018 InGaN 6-0% 30nm ND=2x1018

GaN  200nm ND=2x1017 GaN  200nm ND=2x1017

GaN  500nm ND=3x1018 GaN  500nm ND=3x1018

Figure 3-5.  Epitaxial layer structures used in experiment to determine impact of dry etch conditions 
on emitter-base junction characteristics. 
 

The layer structures are for InGaN/GaN HBTs and are quite similar, though, one has a 

graded base and the other, a constant composition base.  Only the emitter and base layers 

were used in this experiment, so as to measure the effect of dry etch conditions on the 

current-voltage characteristics of the emitter-base diodes.  The etch conditions for each of 

the experiments are provided in Table 3-1, for comparison.  Note that as the RIE 

Table 3-1.  Dry etch conditions used to assess impact of dry etching on emitter-base junction 
characteristics. 
  25W 10W 5W 
ICP Power W 375 400 400 
RIE Power W 25 10 5 
BCl3 flow sccm 10 7 5 
Cl2 flow sccm - 4 10 
Pressure mTorr 10 10 10 
Stage Temp. oC 60 60 60 
Etch rate nm/min 25 25 25  

 

power decreases, it is expected that the etch rate will also decrease, and so the etch 

chemistry was adjusted such that the etch rate would remain approximately the same.  

Increasing the Cl2 composition was therefore used to adjust the etch rate accordingly. 
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 The results, shown in Figure 3-6, indicate that indeed the effect of RIE power on 

the emitter-base diode characteristics is very significant.  The results for the first 

experiment are shown in grey, and for the second experiment, in black.  At a base-emitter 

voltage of 15 volts, the current increases from a minimum of 28 μA for the etch with 

25W of RIE  
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Figure 3-6.  I-V curves for emitter-base junctions formed by dry etching to the base with RIE powers 
of 5, 10, and 25 W. 
 

power to a maximum of 470 μA at 5W of RIE power.  At the same time, the 10W 

condition falls in between, with approximately 117 μA of current.  It appears that 

reducing the RIE power by a factor of two leads to a four-fold increase in the forward 

current.  At lower voltages, the effect is even more pronounced.  The reverse bias 

characteristics are nearly unchanged within each experiment, though the different layer 

structures do appear to have substantially different levels of leakage.   

 To understand why the forward characteristics change so dramatically with the 

dry etch conditions, it is necessary to look at the contact and sheet resistances extracted 

from the TLM structures.  Within each experiment, the emitter sheet and contact 
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resistances do not appear to vary significantly, while those for base appear to change 

quite significantly.  For example, a 2 μm TLM pad spacing biased at 10V yields a total 

current of approximately 100, 20, and 1 μA for RIE powers of 5, 10, and 25W 

respectively.  The current drops precipitously with an increase in the RIE.  More 

analytically, both the contact and sheet resistances also increase with an increase in the 

RIE, as shown in Table 3-2.  TLM extractions can be quite difficult, as the contacts to the 

base are typically schottky in nature and may have a large error, but there does appear to 

be a trend in the data.  Since the  base contacts are not linear through the origin, the 

contact and sheet resistance are extracted from the slope of the I-V at 10V.  At this 

voltage, the schottky barrier should be sufficiently lowered to allow for an accurate 

anlaysis.  

Table 3-2.  Base TLM data for emitter-base junctions formed by dry etching to the base with 5, 10, 
and 25 W of RIE power. 
  Experiment 1 Experiment 2 
Parameter Unit 25W 10W 10W 5W 
RSH KΩ/  1000 200 420 340 
RCON Ω·cm2 3.2x10+1 2.5x10-1 5.0x10-1 2.0x10-2 
 

 The most commonly cited model for the degradation of p-type nitride materials 

exposed to dry etch plasmas is that where the surface is preferentially depleted of atomic 

nitrogen, defects which tend to be n-type in nature and therefore lead to compensation.  

Further, with low p-type doping it is possible for a high density of nitrogen vacancies to 

cause “type inversion,” where the surface actually becomes n-type.  This n-type layer 

effectively reduces the thickness of the p-type material, causing an increase in the sheet 

resistance, and also creates a surface p-n junction that can severely degrade the contact 
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properties.  With both the contact and sheet resistances increasing with RIE power, it is 

likely that this behavior is occurring. 

3.3 Dry Etch Residue Removal 

Because dry-etching of the nitrides proceeds via an ion-enhanced mechanism, 

where physical bombardment enhances the rate of chemical etching, surface damage and 

roughness is a common problem.  Inductively Coupled Plasmas (ICP) allow for nearly 

independent control of the physical and chemical components of the dry-etch, and are 

therefore attractive for minimizing surface damage.  Still, dry-etching of the nitrides can 

be quite difficult, complicated by the relatively low volatility of the etch products.  Under 

non-optimal etch conditions, the low volatility of the etch products leads to micro-

masking of the semiconductor surface, and ultimately rough surfaces and significant 

pillar formation.  Furthermore, the dry etch products can accumulate on the mesa 

sidewalls, preventing the formation of vertical sidewalls. Here, a boiling 0.2M KOH 

solution is shown to be effective in improving the surfaces of nitride materials exposed to 

ICP dry-etching. 

3.3.1 Sidewall Accumulation 

The samples in the sidewall accumulation study were MOCVD grown GaN p-i-n 

junction diodes with the following layer structure, shown in Figure 3-7. 

Layer Thickness (nm) Doping (cm-3) 
GaN 150 NA=3x1017 
GaN 50 ND=5x1016 
GaN 1000 NA=1x1019 

AlN Buffer 
Sapphire Substrate 

Figure 3-7.  Layer structure of fabricated GaN p-i-n diodes. 
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Fabrication begins with electron beam evaporation of a 100nm nickel etch mask, 

which has a very high etch selectivity with respect to the GaN layers, to define the diode 

mesa area.  The samples are then etched using a load-locked Trion Minilock II ICP dry-

etch system, using 10 sccm BCl3 at 10 mTorr chamber pressure, with 300W ICP 

electrode power and 50W RIE electrode power.  The resulting etch rate is approximately 

30nm/min, and the total mesa height is approximately 900nm to access the n-GaN layer 

for ohmic contact.  After dry-etching, one set of samples is treated with a boiling 0.2M 

KOH solution for 5 minutes; the other is left as-processed.  Next, contact is made to the 

surface p-GaN layer using 20nm Au / 20nm Ni, followed by contact to the n-GaN layer 

using 70nm Al / 30nm Ti.  In a final step, both contacts are annealed simultaneously in an 

N2 ambient at 600oC for 1 minute. 

 Current-voltage (I-V) measurements on fully fabricated p-i-n junction diodes 

without a post dry-etch KOH surface treatment typically reveal devices with an 

anomalously low turn-on voltage, on the order of 1.0 volt.  Based on the band-gap of 

GaN (3.4 eV), a turn-on voltage of approximately 3.0 volts is expected.  When samples 

receive a boiling 0.2M KOH surface treatment after dry-etching, a dramatic shift in the I-

V curves is observed, as shown in Figure 3-8. 

 On a linear scale, KOH treated samples exhibit a shift in turn-on voltage of 

approximately 2.0 volts, up into the expected range of 3.0 volts, with no observable 

change in the forward series resistance, as exemplified by similar slopes in the linear 

region of current.  From the semi-log plot, Figure 3-8b, it can be seen that the turn-on 

voltage shift can be attributed to a reduction of leakage currents below the turn-on 
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Figure 3-8.  I-V curves on both a) linear and b) semi-log scales for p-i-n diodes with and without a 
post dry-etch boiling 0.2M KOH solution. 

 

voltage of the diode.  For example, at a forward voltage of 1.0 volt, the diode current has 

been reduced by 7 orders of magnitude. 

 Though a substantial amount of leakage current has been reduced by the KOH 

surface treatment, some residual leakage current still remains.  On a semi-log scale, the I-

V data has two distinct regions; one above 1µA and the other below 1 µA.  The region 

below 1 µA is presumably dominated by leakage currents, perhaps a result of the high 

density of dislocations (~108 cm-2) in the material itself.  Above 1 µA, however, the 
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leakage current appears to saturate and the diode current finally emerges from the 

leakage.  Once again, the forward resistance of the diode does not appear to be affected 

by the KOH treatment, as the I-V curves saturate at similar values of forward current at 

high voltage. 

 At very low forward voltages, less than 0.3 volts, the diode with the KOH surface 

treatment actually has a larger current than that for the leaky untreated sample, and is 

related to a slight difference in processing between the two samples.  Before fabrication 

begins, the p-type GaN typically undergoes a Mg activation step, performed in N2 at 

700oC, in order to drive off compensating H that has incorporated into the lattice.  The 

boiling KOH solution, however, acts to once again compensate the p-type GaN, and an 

additional activation step at 700oC in N2 is performed at the end of the processing.  

Effectively, the KOH treated samples have their contacts annealed at 700oC, while the 

samples with the KOH treatment have their contacts annealed at 600oC.  The contacts 

annealed at 700oC are much improved, exhibiting better ohmic behavior and suffering 

less ohmic drop across the contacts, resulting in a higher intrinsic junction voltage. 

 In addition to I-V measurements, both Conductive Atomic Force Microscopy (C-

AFM) and standard topographical Atomic Force Microscopy (AFM) techniques were 

used to further characterize the junction diodes to identify the source of the leakage paths.  

Topographical AFM measurements, on diodes without KOH treatment, near the mesa 

edge indicate a build-up of some material along the mesa sidewall, extending above the 

plane of the mesa, as shown in Figure 3-9. 

Topographical AFM clearly shows, from left to right, the p-contact, the top of the 

mesa, followed by a distinct lip, and finally at the far right, the n-metal.  This lip at the 
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Figure 3-9.  Topographical AFM of mesa edge for p-i-n diode without KOH surface treatment. 
  

edge of the mesa is introduced during the mesa etch, and is not removed during the 

subsequent solvent and acid cleans.  The lip is likely due to material being deposited 

during the dry-etch, and tends to accumulate above the plane of the mesa as a result of the 

100nm nickel etch mask.  Initial feedback from Electron Dispersive X-Ray spectroscopy 

(EDX) measurements do not identify any species other the Ga and N, which may indicate 

that GaN is being re-deposited, but further analysis is necessary.  Also, the edge build-up 

appears to be in contact with the n-contact, which raises some obvious concerns.   

 Measurements of the mesa edge using C-AFM indicate that the accumulation is 

quite conductive relative to the mesa.  Shown in Figure 3-9, is a topographical AFM (left) 

with a C-AFM scan of the same area, which allows for identification of the conductive 

regions.  The area of the mesa away from the sidewall appears to be very uniform, 

showing little conductivity, but at the very edge where the accumulation is present, 

localized areas of high conductivity are found, representing potential leakage current 

paths. 



 

 

56

 

Figure 3-10.  C-AFM of mesa edge showing higher conductivity within the sidewall accumulation. 
 

Additional AFM measurements were also performed on junction diodes treated 

with the post dry-etch boiling 0.2M KOH solution.  These measurements clearly show 

that the sidewall accumulation is no longer present or in contact with n-contact, 

indicating that the KOH is effective in its removal, shown in Figure 3-11.  Optimization 

of etching conditions is also an important consideration for minimizing sidewall 

accumulation, but complete removal may be difficult, and a boiling KOH solution has  

Figure 3-11.  Topographical AFM of GaN p-i-n junction diode with KOH surface treatment. 
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proven to be an effective method of removing this residue and improving the I-V 

characteristics of junction diodes. 

3.3.2 Surface pillar formation 

 Pillar formation is another common dry-etch issue, typically occurring when non-

volatile etch products micro-mask the surface.  Careful choice of processing conditions 

can minimize this issue, but often can be difficult to avoid, especially when etching 

heterostructures such as GaN/InGaN.  For example, etching of GaN and InGaN in a 

chlorinated ambient results in etch products of GaCl3 and InCl3, both of which have 

relatively low volatilities.  This low volatility often requires a high ion flux to transport 

the etch products away from the surface.  At the same time, an ion flux that is too high 

results in an increase in the physical sputtering component, potentially increasing surface 

damage.  An ion flux that is too low allows excess etch product on the surface and can 

lead to increased surface roughness and pillar formation.  

 The samples used in the study of pillar formation/removal during ICP dry-etching 

have the following layer structure, shown in Figure 3-12. 

Layer Thickness 
(µm) 

Doping 
(cm-3) 

GaN 1.0 ND=1x1018

GaN 3.0 - 
AlN Buffer 

Sapphire Substrate 
Figure 3-12.  Layer structure of GaN samples for study of pillar formation/removal. 

 

Whereas these samples are typically used only for etch rate calibration and 

process monitoring, the fabrication process is limited to electron beam evaporation of the 

100nm nickel etch mask, followed by etching carried out in the Trion Minilock II ICP 
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dry-etch system, using 10 sccm BCl3 at 10 mTorr chamber pressure, with 300W ICP 

electrode power and 50W RIE electrode power.  As before, the resulting etch rate is 

approximately 30nm/min, but total etch depth is only approximately 300nm.  Finally, one 

set of samples receives the 2 minute boiling 0.2M KOH treatment, while another set of 

control samples remains untreated. 

 

 

Figure 3-13.  SEM images of an etched n-GaN surface a) before and b) after a boiling 0.2M KOH 
surface treatment. 
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Figure 3-13a shows an SEM of a n-GaN surface  with significant pillar formation, 

with pillar heights of approximately 100-150nm.  Exposing the surface to a boiling 0.2M 

KOH solution for 5 min removes the pillars and significantly improves the surface, as 

shown in Figure 3-13b.  Topographical AFM measurements also show a dramatic 

reduction in the surface roughness.  Another important aspect of this etch is its self-

limiting nature, in that the etch removes only the pillars, and further immersion in 

solution for as long as 20 minutes results in no further etching.  The original unetched 

surface retains its morphology throughout the etch and does not appear to be affected. 

DekTak measurements made after dry-etching but before the KOH treatment 

yielded a mesa height of approximately 300nm.  The mesa height was measured to be 

approximately 450nm after the KOH treatment, indicating a step height change of 

150nm.  It is believed that the pillars formed due to micro-masking from excess surface 

etch products, and that the KOH etch proceeds as a result of residual surface damage 

within the pillars.  A control sample of n-GaN patterned with a nickel etch mask and 

subjected to the same KOH treatment reveals no observable etching of the surface, and so 

clearly a significant etch rate difference exists between the two samples.  Surface damage 

may render the GaN more susceptible to etching in KOH solutions.  A second control 

samples supports this idea.  An n-GaN sample, patterned with a nickel etch mask, and 

subjected to a 600W Argon RIE plasma at 10 mTorr chamber pressure for 1 minute, 

shows a mesa height of approximately 20nm after the KOH treatment, as measured by 

AFM.  Note that the step height difference occurs only after the KOH treatment.  

Immediately after the Argon plasma treatment, there is no observable step height via 
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AFM.  This suggests that lattice damage can be removed by KOH solutions and may 

represent an important post dry-etch processing for GaN devices. 

3.3.3 Conclusions 

Careful optimization of dry-etching conditions is required for successful 

fabrication of GaN devices, and non-optimal conditions can lead to processing maladies 

such as sidewall accumulation and pillar formation.  It has been shown that the sidewall 

accumulation is capable of providing current leakage paths that result in p-i-n junction 

diodes with anomalously low turn-on voltages.  Furthermore, excess etch products 

residing at the surface may lead to increased surface roughness and surface pillar 

formation.  A boiling 0.2M KOH solution has been shown to be effective in removing 

both the sidewall accumulation and the surface pillars, thus restoring proper p-i-n 

junction diode operation and improving the quality of etched surfaces.  It is believed that 

the KOH etching proceeds via a surface damage mechanism and may represent an 

important post dry-etch processing step, even for optimized dry etch processes. 

3.4 Digital Etching 

Precise control over etching is often required during device fabrication, as in gate 

recessing for HEMT devices or shallow mesa isolation, where the desired etch depth is 

on the order of 10-20 nm.  Tight control over these shallow etch depths can be quite 

difficult with conventional wet and dry etch techniques, unless a suitable etch stop 

chemistry is available.  In the nitride material system, because of the lack of a reliable 

wet etch technology, dry plasma etching has become the technique of choice for device 

fabrication. There is currently no selective etch available.  Additionally, dry etching of 
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the nitrides is prone to a “dead time” effect, where little or no etching occurs for a 

specified period of time.  This leads to poor etch depth control and introduces significant 

variability into the etch process. 

An alternative to conventional wet and dry etch techniques is a “digital” etch process, 

typically a two-step process capable of nanometer level control5,6,7.  Such a process has 

been successfully demonstrated in silicon, gallium arsenide8, and indium phosphide9, 

whereby a surface layer is first oxidized using a H2O2 based solution and then selectively 

removed using a suitable acid.  The desired etch depth is achieved by successive 

iterations of the two-step process.  Because the oxidation is diffusion-limited, the 

oxidation depth is relatively process independent, enabling a high precision process.  For 

a successful digital etch process, however, it is also critical that the second step remove 

only the desired material, without any etching of the underlying material. 

Recently, an oxidation based digital etch was successfully developed for AlGaN and 

implemented as part of recessed gate AlGaN/GaN HEMT process10.  Oxidation of a thin 

surface layer of approximately 5-6 Å of AlGaN was achieved by a low power O2 plasma, 

and was shown to be highly linear and reproducible for etches as shallow as 50Å.  For 

very shallow etches, this technique is quite useful, but larger etches on the order of 10-

20nm require a large number of etch cycles and could prove to be very time consuming.  

In this work, we have developed a novel digital etch process that introduces surface 

damage via an RIE argon plasma in the first step, and uses a boiling 0.2M solution in a 

second step to remove the damaged material.  Etch rates as high as 16.6, 18.4, and 

60.0nm per digital etch cycle were achieved for GaN, Al0.30Ga0.70N, and In0.12Ga0.88N, 
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respectively.  This process may provide more flexibility for shallow etching by allowing 

for higher etch rates. 

3.4.1  Experiment 

The mechanism behind this digital etch technique is the ability of heated KOH 

solutions to remove damaged nitride materials which possess weakened or broken surface 

bonds, rendering the material susceptible to attack by the electrolytes in solution.  A two-

step reaction model for the photo-enhanced etching of GaN was proposed by Peng et. al., 

whereby free water molecules serve to oxidize a thin layer of GaN, which is then 

dissolved by the basic solution11.  In this work, the weakened or broken bonds induced by 

the RIE plasma may be susceptible to oxidation in a similar manner, and ultimately 

dissolved in aqueous KOH solutions.  Digital etch experiments begin by electron beam 

evaporation of a 100nm nickel etch mask onto samples of n-type GaN doped to 3x1017 

cm-3, n-type Al0.30Ga0.70N doped to 1x1018 cm-3, and n-type In0.12Ga0.88N doped to 3x1018 

cm-3, to define the mesa area.    Samples were grown in a Thomas Swan close-coupled 

showerhead (CCS) metal-organic chemical vapor deposition (MOCVD) reactor with a 

seven x 2 inch diameter wafer capacity.  Tri-methyl-gallium (TMGa), tri-methyl-indium 

(TMIn), tri-methyl-aluminum (TMA), and ammonia (NH3) are used as the sources, while 

disilane (Si2H6) and bis-cyclo-pentadienyl-magnesium (Cp2Mg) are the n-type and p-type 

dopants, respectively.  Furthermore, the digital etch experiments were carried out in a 

load-locked Trion Minilock II Inductively Coupled Plasma (ICP) system, with 

independent control of the RIE and ICP electrodes which allows for low-damage, high 

density plasma etching.  In the first step of the digital etch process, samples are exposed 
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to a high power RIE plasma of argon ranging from 200 – 600W, for 1 minute, with an 

argon flow rate of 20 sccm maintained at a chamber pressure of 10 mTorr and stage 

temperature of 60oC.  After the plasma treatment, samples are dipped in a boiling 0.2M 

KOH solution for 15 seconds and rinsed in deionized water for 1 minute.  The two-step 

process is then repeated for a specified number of cycles, and the resulting step height 

measured by a DekTak surface profilometer, as well as by Atomic Force Microscopy 

(AFM).   

A series of control samples was also included for each of the three materials used in 

this experiment, in order to isolate the individual effects of each of the two steps in the 

digital etch process.  The samples were similarly masked with 100nm of nickel metal, 

with one set of samples exposed to an extended argon plasma treatment for 10 minutes, 

while another set was exposed to a boiling 0.2M KOH treatment for 10 minutes.  No 

etching was observed for any of the control samples, indicating that this digital etch 

process is truly a two-step process, and not simply the combined action of two individual 

etching processes.  This also indicates that the removal of the damaged material in the 

second step of the process is indeed selective, in that as-grown material shows no residual 

etch rate in the KOH solution.   

Experimental data for the digital etching of GaN is shown in Figure 3-14, for RIE 

powers of 200 – 600W.  At 200W, the effective incremental etch rate is approximately 

77Å per digital etch cycle.  As the power is increased to 400W, the etch damage 

penetrates further into the sample, and the etch rate is increased to 131Å per digital etch 

cycle.  Further increasing the power to 600W increases the etch rate to 184 Å per cycle.   
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Figure 3-14.  Digital etch data for GaN with RIE power of 200-600W. 
 

These data show the digital etch process to be highly linear, with all three sets of data 

extrapolating back to the origin.  Therefore, the etch does not appear to be sensitive to 

surface effects, for example, non-stoichiometric surfaces and thin native oxide layers.  

The process also has good run-to-run repeatability, as seen from the fact that the data falls 

closely along the trend-line centered at the origin.  Measurements of the step height after 

a single digital etch step are desirable, to ensure the linearity of the etch, but the surface 

roughness of the GaN material renders the data unreliable in this region for an accurate 

depth determination. 

For Al0.30Ga0.70N, the results are quite similar, though a slightly lower etch rate is 

observed, as shown in Figure 3-15.  At 200W of RIE power, the etch rate is 72 Å per 

cycle, and increases to 124 and 166 Å per cycle at 400 and 600W, respectively.  As with 

GaN, the experimental data demonstrates the etch to be quite linear and reproducible.  

Accurate measurements of the step height for a single digital etch cycle were possible on 

one sample, and showed no deviation from the other data points.  This helps to show that  
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Figure 3-15.  Digital etch data for GaN with RIE power of 200-600W. 
 

the digital etch process is reliable across a wide range of etch cycles and is free from 

variations that may arise as a result of the surface. 

Finally, data for digital etching of In0.12Ga0.88N with an RIE plasma power of 200W 

are shown in Figure 3-16, along with the GaN and Al0.30Ga0.70N data for comparison.  A 

plot similar to those shown previously for GaN and Al0.30Ga0.70N was not shown because 

of the relatively high digital etch rates seen for In0.12Ga0.88N, coupled with the fact that 

InGaN layers of 12% indium mole fraction cannot be grown much thicker than 100nm. 

Data for digital etching with 400 and 600W of RIE plasma power is sparse, with only one 

or two data points, but the data do show etch rates as high as 350 and 600 Å per digital 

etch step.  The data in Figure 3-16 indeed show that the In0.12Ga0.88N material has quite a 

high etch rate, approximately 242 Å per cycle, slightly more than three times the etch rate 

for GaN and Al0.30Ga0.70N.    It is not known why the digital etch rate for In0.12Ga0.88N is 

significantly higher than GaN and Al0.30Ga0.70N, but material quality may be a 

contributing factor as In-containing materials can be quite difficult to grow.  It 
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Figure 3-16.  Digital etch data for GaN with RIE power of 200-600W. 
 

is not uncommon for films to be poly-crystalline under non-optimal growth conditions, 

which may help to explain the large differences in etch rates.  Also, consideration of bond 

strength for the various alloys may be important.  InN has a lower bond strength (at 7.7 

eV/atom) as compared to GaN (8.9 eV/atom) and AlN (11.7 eV/atom), and therefore may 

be more susceptible to surface damage, resulting in a higher effective digital etch rate. 

3.4.2 Characterization of etched material 

The previous section demonstrates that a two-step digital etch process based on 

selective removal of surface damage in heated KOH solutions is not only possible, but is 

also linear, reproducible, and capable of relatively high etch rates.  At the same time, 

since the etch rate is controlled through the power of the RIE plasma, it should be 

possible to achieve lower etch rates if necessary, allowing for significant flexibility in the 

process.  A successful etch process, however, also requires that the surface morphology 

and electrical characteristics of the material not be significantly degraded.  In this section, 

we present an evaluation of both the surface morphology and electrical characteristics of  
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Figure 3-17.  5 x 5 µm2 AFM micrograph for a) as-grown GaN and b) GaN exposed to 10 cycles of 
digital etching. 
 

the digitally etched layers, through the use of AFM and the Transfer Length Method 

(TLM), respectively. 

AFM measurements were performed on both as-grown and digitally etched samples 

of GaN, Al0.30Ga0.70N and In0.12Ga0.88N, to evaluate the effect of the etch process on the 

surface.  Micrographs for the GaN samples are presented in Figure 3-17a, the as-grown 

sample, and Figure 3-17b, a sample exposed to 10 cycles of digital etching on the right.  

The conditions of the digital etch were 400W of RIE power, resulting in an overall 

removal of approximately 130nm of material.  Even after a significant amount of material 

removed, however, the surface appears to have maintained its integrity, with a slight 

improvement in the overall surface roughness.  As-grown GaN material shows an 

average surface roughness of approximately 0.6nm from AFM, while GaN exposed to 10 

cycles of digital etching has a slightly lower average surface roughness of 0.5nm.  

Furthermore, no preferential etching of the surface was observed, as might be expected in 

the area around dislocations.  Molten KOH is often used in order to “highlight”  

RMS = 0.5nm RMS = 0.6nm
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Figure 3-18.  5 x 5 µm2 AFM micrograph for a) as-grown In0.12Ga0.88N and b) In0.12Ga0.88N exposed to 
10 cycles of digital etching. 
 

dislocations in GaN materials, as a method of estimation their density, but the effect was 

not seen in this instance for aqueous 0.2M solutions of KOH. 

A similar effect is seen for In0.12Ga0.88N material exposed to three cycles of digital 

etching, with an RIE power of 200W, as shown in Figure 3-18.  The digitally etched  

material shows a slight improvement in the surface roughness, with an average surface 

roughness of 7.0nm after etching, as compared to 9.2nm for the as-grown material.  Once 

again, no preferential etching is observed, as the surface morphologies of the two samples 

appear quite similar.  The digital etching process seems to replicate the surface, with 

preservation of the existing surface features, but at the same time tends to planarize the 

surface, as seen by the reduction in surface roughness. 

For Al0.30Ga0.70N, however, the results are quite different.  Figure 3-19 once again 

show AFM micrographs for an as-grown sample and a sample exposed to ten cycles of 

digital etching, at 400W of RIE power.  After ten cycles of digital etching, the surface is 

dominated by a high density of hexagonal pits, with overall surface roughness increasing 

RMS = 7.0nmRMS = 9.2nm 
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by approximately an order of magnitude, from 0.9 to 10.0nm.  The increase in surface 

roughness is manifested by the depth of the pits, which in some instances reach down as 

far as 100-200nm.  Digital etching appears then to preferentially etch areas of the surface, 

most likely those corresponding to dislocations.  Estimation of the dislocation density 

from the AFM micrograph yields a value of approximately 8x108 cm-2 or greater, which 

is in the range expected for Al0.30Ga0.70N materials.  Work by Mileham et. al. on the  

  
Figure 3-19.    5 x 5 µm2 AFM micrograph for a) as-grown Al0.30Ga0.70N and b) Al0.30Ga0.70N exposed 
to 10 cycles of digital etching. 
 
patterning of AlN, InN, and GaN in KOH shows that KOH etches AlN materials only12, 

but that the etch rate is highly dependent on material quality, which may serve to explain 

the localized etching seen in the Al0.30Ga0.70N materials.  Optimization of the 

concentration and temperature of the KOH solution may provide a path to minimizing its 

selectivity, and improvement in the surface of digitally etched AlGaN materials.  

Furthermore, using materials with a lower defect density should also improve the surface 

by simply reducing the number of observable pits, as it is expected that the dislocations 

will still be highlighted. 

RMS = 0.9nm RMS = 10.0nm
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Electrical characterization of a series of 300nm thick n-type GaN layers, silicon 

doped to approximately 5x1018 cm-3, was also performed through the use of isolated, 

rectangular TLM patterns placed on the surface.    The sample set includes  a control 

sample with no digital etch exposure, a sample with the argon RIE exposure only, and a 

sample with a full digital etch cycle of argon RIE (400W) and boiling KOH, followed by 

a 700oC anneal.  After preparation of these samples, Al (70nm) / Ti (30nm) ohmic 

contacts were then deposited, without subsequent annealing, and current-voltage (I-V) 

measurements performed across the various pad spacings for extraction of contact and  
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Figure 3-20.  I-V data for 20 µm TLM pad spacing for three samples exposed to various processing 
conditions. 
 

sheet resistance values.  I-V curves for a 20μm pad spacing are presented in Figure 3-20.  

The control sample shows good linear behavior, achieving approximately 18.5 mA of 

current at 1V, but after the argon exposure, the current drops drastically, presumably 

from the formation of a highly damaged and resistive surface layer.  After the removal of 

material during the KOH etch and a subsequent 700oC anneal in N2, the current 

dramatically increases and nearly fully recovers, to approximately 16 mA.  The 700oC 
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anneal was a necessary step in the recovery of the I-V curves, as a result of the fact that 

the I-V curves were only very modestly changed when KOH alone was used after the 

argon surface exposure. 

Extraction of the contact and sheet resistances indicates that the sheet resistance of 

the layer increases drastically after the argon exposure, from approximately 497 Ω/□ for 

the control sample to 34kΩ/□.  After the KOH treatment and the N2 anneal, the sheet 

resistance returns to the range of the control sample once again, at 550 Ω/□.  The contact 

resistances are similarly degraded, with the contact resistance increasing from 1.2x10-5 

Ω-cm2 for the control sample, to 2.4x10-4 Ω-cm2 for the argon only sample.  Once the 

sample is KOH etched and annealed, the contact resistance is reduced to 2.0x10-5 Ω-cm2.  

These data suggest a formation of a highly resistive layer after the argon plasma 

exposure, which is nearly fully removed after the KOH treatment and N2 anneal.  Some 

residual damage appears to remain, though, as shown by the slightly higher value of sheet 

resistance for the digitally etched sample. 

3.4.3 Conclusion 

A two-step digital etch process based on an argon plasma exposure followed by a 

boiling KOH treatment has been successfully demonstrated.  The etch shows good 

linearity and reproducibility across a number of digital etch cycles, and is capable of etch 

rates as high as 184, 166, and 600 Å per digital etch step.  By reducing the RIE power of 

the argon plasma, it is possible to reduce the digital etch rate, providing flexibility within 

the etch process.  AFM data show that the digital etch process maintains and even slightly 

improves the surface roughness of GaN and In0.12Ga0.88N materials, but tends to 
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preferentially etch the surface of Al0.30Ga0.70N and dramatically increase the surface 

roughness.  Electrical characterization of n-type GaN demonstrates that the etch damage 

induced by the argon plasma treatment is nearly completely removed, making this digital 

etch process potentially valuable as part of a gate recess or shallow mesa process. 

3.5 Ohmic Contacts 

 Despite the myriad problems associated with the processing of nitride materials, 

ohmic contacts to n-type layers have been extensively studied and are relatively straight-

forward.  The most common metallization scheme is the Ti/Al bi-layer stack, with 

titanium deposited first with a thickness typically on the order of 15 – 50nm, followed by 

70 – 150 nm of aluminum.   Because of the favorable band lineup between the work-

functions of titanium and aluminum (4.33 and 4.28 eV), and the conduction band of GaN 

(~4.1 eV), in conjunction with the excellent adhesion properties of titanium, excellent 

contact resistances in the range of 1x10-5 to 1x10-6 Ω-cm2 are readily obtained.  The 

lowest contact resistances are typically obtained after an anneal step in nitrogen, or 

forming gas if no p-type layers are present, typically in the range of 600 – 900oC.  High 

aluminum composition AlGaN alloys oftentimes require anneals in excess of 900oC, 

sometimes as high as 1000oC, whereas InGaN alloys may require no anneal or an anneal 

as low as 400oC.  For the InGaN/GaN HBTs fabricated in this work, it was found that Ti 

(30nm)/Al (70nm) contacts were optimum, yielding a contact resistance in the range of 

1x10-4 to 1x10-6 Ω-cm2, depending on the doping level and the anneal conditions.  For 

example, no contact anneal is required for ohmic contacts to the InGaN emitter layer, and 

contact resistances as low as 1x10-6 Ω-cm2 have been obtained.  On the other hand, 
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unannealed contacts to dry-etched GaN, doped to 2x1018 cm-3, are typically better than 

1x10-4 Ω-cm2 , and improve to ~1x10-5 Ω-cm2 upon annealing. 

 On the other hand, ohmic contacts to p-type materials are notoriously difficult.   
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Figure 3-21.  Band diagram for metal-semiconductor interface under flat-band conditions, for p-type 
GaN. 
 

The fundamental problems lie in the unfavorable band lineup shown in Figure 3-21, in 

addition to low acceptor doping levels.  The work-function of GaN is on the order of 7.0 

eV, but the largest available work-function for metals is about 5.0 - 6.0 eV.  Under the 

most favorable circumstances, a schottky barrier of 1.0 volt exists between metal and 

semi-conductor.  In order to reduce the height of this schottky barrier, the metal contact 

stack is exposed to an oxidation anneal, with the goal of producing a conductive oxide 

layer with a wide band-gap.  Also, much research has been focused on surface treatments 

aimed at removing surface oxides and contaminants, and modifying the surface to 

produce favorable band-bending.  Even still, typical contacts to the p-type nitrides are 

either schottky, or ohmic with contact resistances in the range of 1x10-2 to 1x10-4 Ω-cm2.  

The optimum metallization scheme for p-type InGaN in this work is that developed by 
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Qiao et. al., a Ni (20nm) / Au (20nm) contact annealed at 600oC in air for 1 minute13.  

Since the base layer is exposed by dry etching and significant damage is typically 

incurred, the current-voltage characteristics of the contacts in this work display schottky 

behavior. 

 Complicating the ohmic contact issue during HBT fabrication is the fact that the 

best p-type contacts are those that are annealed in an oxygen-containing ambient, while 

the best n-type contacts are those annealed in nitrogen.  Deposition of all three contacts 

followed by a blanket oxidation of all three contacts would likely produce unsatisfactory 

contacts to both the emitter and collector, since titanium and aluminum are easily 

oxidized.  At the same time, a blanket anneal in N2 would produce satisfactory contacts to 

the emitter and collector, but not to the base.  With highly doped emitter and collector 

layers, it is possible to get ohmic contacts as-deposited, and so the base contact is 

deposited and annealed first to obtain optimum contact characteristics.  The emitter layer, 

highly doped to approximately 1x1019 cm-3, typically has quite good ohmic contact 

properties without an anneal step.  After dry-etching, Ti/Al contacts to the collector layer, 

however, are typically schottky.  Fortunately, annealing the base contact prior to 

deposition of the collector contact removes the surface damage and allows for a contact 

that is ohmic as-deposited. 

3.6 Process Flow 

 This section describes the full process flow for fabrication of InGaN/GaN HBTs., 

shown schematically in Figure 3-22.  A more detailed summary of the process is also 

provided in Appendix A.  Processing begins by definition of each of the individual mesas 
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prior to deposition of the contacts, as a metal etch mask is needed to withstand the dry 

etch plasma.  Photoresist would be the mask of choice, however the heat generated during 

the dry etch leads to rapid pyrolization and renders it extremely difficult to remove.  As a 

result, a nickel etch mask is used for all dry etch steps.  A 100nm Ni / 10nm Ti etch mask 

is deposited by electron beam evaporation, for definition of the emitter mesa.  ICP 

etching is then performed to expose the base layer for ohmic contact formation, with the 

following etch conditions:  400W of ICP power, 5W of RIE power, with a mixture of 10 

sccm Cl2 and 5 sccm BCl3 held at 10 mTorr chamber pressure and 60oC substrate 

temperature.  An effective etch rate of approximately 40nm/min is obtained.   The etch 

mask is then removed using a solution of aqua regia (HCl:HNO3), and after alignment, a 

second 100nm Ni / 10nm Ti etch is deposited for  

definition of the base mesa.  A second dry etch is performed to expose the sub-collector,  
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Figure 3-22.  Simplified process flow for the fabrication of InGaN/GaN HBTs. 
 

using the dry etch conditions described above.  The process is then repeated for isolation 

down to the undoped GaN buffer layer.  Before contact deposition, it is necessary to 
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activate the magnesium-doped InGaN base layer by nitrogen annealing in N2 at 600oC for 

30 seconds.  After activation, the base contacts are deposited first, using 20nm Au / 20nm 

Ni, followed by annealing at 600oC in air for one minute.  Finally, the emitter and 

collector layers are metallized using 70nm Al / 30nm Ti, but not annealed. 

 At this point, the wafer is ready for DC characterization of large area devices, but 

not RF characterization of the small area devices.  In order to perform RF 

characterization, several additional processing steps are required.  In the initial RF 

processing step, a 1.0 μm film of Polyimide (HD Microsystems PI-2615) is applied to the 

entire wafer by spin coating at 5000 rpm for 1 minute.  The film undergoes a soft-cure at 

90oC and 150oC for 1.5 minutes each, followed by a final cure at 350oC for 30 minutes.  

Dry etching of the polyimide in a CF4/O2 ambient follows, with either a photoresist or 

SiO2 mask, depending upon the device layout.  A photoresist mask has a relatively poor 

selectivity to polyimide, etching about 50% faster, leading to significantly larger contact 

via dimensions.  With selectivity on the order of 10:1, use of SiO2 minimizes any lateral 

spread in these dimensions.  Once all the contact vias have been defined, the RF pads are 

deposited, using an electron beam evaporated  metal stack  of Ti (10nm) / Au (150nm).  

The final structure of the RF device is shown in Figure 3-23. 
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Figure 3-23.  Schematic diagram of an emitter-up InGaN/GaN HBT with RF pads. 
 

3.7 Acknowledgements 

Chapter 3 contains content from the Proceedings of the Electrochemical Society 

(SOTAPOCS XLII, 2005), and the Journal of Electronic Materials, vol. 35(4), pp.771-6 

(2006).  Contributions from James C. Li, Adam M. Conway, Sourobh Raychaudhuri, 

Peter M. Asbeck, Russell DuPuis, and Milton Feng, are again greatly appreciated, as is 

support from DARPA. 

3.8 References 

 
[1] M. S. Minsky, M. White, and E. L. Hu, “Room-temperature photoenhanced wet 
 etching of GaN.”  Applied Physics Letters 68(11), 1531-3 (1996). 
 
[2] C. Youtsey, I. Adesida, and G. Bulman, “Highly anisotropic photoenhanced wet 
 etching of n-type GaN.”  Applied Physics Letters 71(15), 2151-3 (1997). 
 
[3] C. Youtsey, I. Adesida, L.T. Romano, and G. Bulman, “Smooth n-type GaN 
 surfaces by photoenhanced wet etching.”  Applied Physics Letters 72(5), 560-2   
 (1998). 
 
[4] D. Buttari, A. Chini, G. Meneghesso, E. Zanoni, B. Moran, S. Heikman, N. Q. 
 Zhang, L. Shen, R. Coffie, S. P. DenBaars, and U. K. Mishra, “Systematic 



 

 

78

 Characterization of Cl2 Reactive Ion Etching for Improved Ohmics in 
 AlGaN/GaN HEMTs.” IEEE Electron Device Letters, 23(2), 76-8 (2002). 
 
[5] T. Meguro, M. Hamagaki, S. Modaressi, T. Hara, Y. Aoyagi, M. Ishii, and Y. 
 Yamamoto, “Digital etching of GaAs: New approach of dry etching to atomic 
 ordered processing.” Applied Physics Letters 56(16), 1552-4 (1990).  
 
[6] T. Meguro, and Y. Aoyagi, “Digital Etching of GaAs.” Applied Surface Science 
 112(1-4), 55 (1997). 
 
[7] N. Otsuka, J. Nishizawa, Y. Oyama, H. Kikuchi, and K. Suto, “Digital Etching of 
 InP by Intermittent Injection of Tris-dimethyl-amino-phosphorus in Ultrahigh 
 Vacuum.” Journal of the Electrochemical Society 146(2), 547-50 (1999). 
 
[8] G. C. DeSalvo, C. A. Bozada, J. L. Ebel, D. C. Look, J. P. Barrette, C. L. A. 
 Cerny, R. W. Dettmer, J. K. Gillespie, C. K. Havasy, T. J. Jenkins, K. Nakano, C. 
 I. Pettiford, T. K. Quach, J. S. Sewell, and G. D. Via, “Wet chemical digital 
 etching of GaAs at room temperature.” Journal of the Electrochemical Society 
 143(11), 3652 (1999). 
 
[9] X. Cao, and I. Thayne, “Novel high uniformity highly reproducible non-
 selective wet digital gate recess etch process for InP HEMTs.”  Microelectronic 
 Engineering 67-68(1), 333-7 (2003). 
 
[10] D. Buttari, S. Heikman, S. Keller, and U. K. Mishra, “Digital etching for highly 
 reproducible low damage gate recessing on AlGaN/GaN HEMTs.” Proceedings 
 IEEE Lester Eastman Conference on High Performance Devices, 461-9 (2002). 
 
[11] L.-H. Peng, C.-W. Chuang, J.-K. Ho, C.-N. Huang, and C.-Y. Chen, “Deep 
 ultraviolet enhanced wet chemical etching of gallium nitride.” Applied 
 Physics Letters 72(8), 939-42 (1998).  
 
[12] J. R. Mileham, S. J. Pearton, C. R. Abernathy, J. D. MacKenzie, R. J. Shul, S. P. 
 Kilcoyne, “Patterning of AlN, InN, and GaN in KOH based solutions.” Journal of 
 Vacuum Science and Technology (A), 14(3), 836-9 (1996). 
 
[13] D. Qiao, L.S. Yu, S.S. Lau, J.Y. Lin, H.X. Jiang, and T.E. Haynes, “A study of 
 the Au/Ni ohmic contact on p-GaN.”  Journal of Applied Physics 88(7), 4196-
 4200 (2000).



  

  79  

4 DC Characterization of InGaN/GaN HBTs 

4.1 Introduction 

 In this section, successful operation of an InGaN/GaN HBT under DC conditions 

is demonstrated.  Also, the wide band-gap of GaN allows for high temperature operation, 

and as a result, I-V measurements were performed up to 300oC.  The epitaxial layer 

structure is based on the design provided in Chapter 2, though the base incorporates a 

“reverse-grade,” where the quasi-electric field opposes the motion of electrons.  A 

reverse-grade was necessary in order to improve the quality of the epitaxial layers, and 

minimize defect formation in the InGaN.  Because this design is expected to degrade 

device performance, simulations were performed to understand the impact of this reverse-

grade, and estimate the potential performance for a constant base composition, and a 

properly graded base.  In addition, a variety of substrates were investigated, including 

sapphire, SiC, and bulk GaN substrates.  With lattice constants more similar to that of the 

epitaxial layers, and higher thermal conductivities, better performance was expected from 

devices grown on SiC and GaN substrates. 

4.2 MOCVD Growth 

 Initial experimental work on InGaN/GaN HBTs focused exclusively on MOCVD 

growth on sapphire substrates, with cost being the major driving force, as prices for a 

typical 2” wafer of sapphire, SiC, and GaN are approximately $50, $300, and $5000, 

respectively.  As a result of the large lattice mismatch between the substrate and epitaxial 

material, as compared to SiC and bulk GaN substrates, the dislocation density of the 

material is expected to be significantly higher, typically on the order of 1x108 cm-2 or 
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greater.  At the same time, this increase in dislocation density was not expected to 

prevent a successful demonstration of a working bipolar transistor, as HEMTs, lasers, and 

LEDs have all see impressive development despite the use of sapphire substrates. 

 The materials used in this study were grown at the Georgia Institute of 

Technology by the research group of Dr. Russell DuPuis, in a Thomas Swan close-

coupled showerhead (CCS) metal-organic chemical vapor deposition (MOCVD) reactor 

with a 7 × 2 in. diameter wafer capacity.  EpiPure tri-methyl-gallium (TMGa), tri-methyl-

indium (TMIn), and high-purity ammonia (NH3) were used as the primary sources, while 

disilane (Si2H6) and bis-cyclo-pentadienyl-magnesium (Cp2Mg) are the n-type and p-type 

dopant sources, respectively.  All devices are grown on a 2.5-μm thick high-temperature 

(Tg=1050 °C) GaN layer, which is grown with an ~20 nm low-temperature (Tg=550 °C) 

GaN buffer layer on a (0001) sapphire substrate.   

 The layer structure of the InGaN/GaN HBT used in this study is shown in Figure 

4-1, and includes compositional grading in the emitter to eliminate any conduction band 

spikes, as well as to enhance the valence band barrier to holes.  The graded region 

between the base and collector is n-type doped as a means of compensating polarization 

Layer Material Thickness Doping (cm-3) 
Emitter GaN 70 nm 1.0x1019 

Emitter Grade InGaN (4-0%) 30 nm 1.0x1019 
Base InGaN (4-3%) 100 nm 2.5x1018 

Base-Coll Grade GaN (3-0%) 30 nm 2.0x1018 
Collector GaN 200 nm 2.0x1017 

Sub-Collector GaN 500 nm 2.0x1018 
Buffer Layer GaN 3.5  μm - 

Nucleation Layer 
Substrate  

Figure 4-1.  Epitaxial layer structure of InGaN/GaN HBT. 
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charges that arise from compositional grading, as explained in section 2.2.  Indium mole 

fraction was determined using X-ray diffraction rocking curve measurements.  The hole 

concentration in the p+InGaN base layer, as determined from Hall measurements, was 

found to be 2.5× 1018 cm-3, with a mobility of 3 cm2/V-s at room temperature. SIMS 

profiles of this wafer show a Mg concentration of [Mg] ~ 3 × 1019 cm-3.  It should be 

noted that the base layer is designed with a slight reverse grade, with 3% indium mole 

fraction at the collector side of the base, graded to 4% at the emitter, in order to suppress 

defect formation within the InGaN and improve the epitaxial material quality.  This grade 

is in the direction opposite to that desired to increase current gain, and creates a quasi-

electric field that opposes the motion of electrons traversing the base, as shown in Figure 

4-2.  Inset within Figure 4-2 is detailed data for the conduction band within the base.  

Further, calculation of the quasi-electric field associated with this “reverse-grade” yields 

a value of approximately 3.86 kV/cm, and in section 4.4, the effects on device 

performance are simulated in detail. 
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Figure 4-2.  Simulation of an InGaN/GaN HBT with a reverse-grade in the base.  Inset highlights the 
band diagram in the base. 
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4.3 DC Characteristics 

 After successful device fabrication with the process described in section 3.6, 

electrical characterization was performed using a HP4155B Semiconductor Parameter 

Analyzer, including measurements in the gummel and common-emitter configurations, 

and Transfer Length Method (TLM) extractions on the emitter, base, and collector layers.  

Data for a gummel measurement on a 25x25 μm2 device with VCB=0 are shown in Figure 

4-3.  The device itself shows current gain of 26.6, while passing approximately 25 mA of 

collector current at an base-emitter voltage of VBE=13.5.  At VBE=13.5 volts, the 

measurement is already well into knee region, but still appears capable of higher current 

and higher current gain.  When the devices are pushed to these high voltages, however, 

there tends to be an irreversible degradation in device performance, with subsequent 

voltage sweeps resulting in decreased collector current and also current gain.  It is not 

clear as to why this degradation occurs, but may be the result of high internal device 

temperature or a perhaps a degradation of the base contact.   
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Figure 4-3.  I-V data for a gummel measurement on a 25x25 μm2 device with VCB=0. 
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The gummel plot of Figure 4-3 is quite atypical as compared to HBTs fabricated  

in other material systems such as GaAs1 or InP2, in that very high base-emitter voltages 

are required, and both the collector and base current ideality factors are quite high.  Ideal 

HBT devices are expected to have base-emitter voltages on the order of the band-gap, 

and ideality factors in the range of 1-2; ideality factors for these devices are typically 

greater than 5.  The large base-emitter voltages observed in these devices is ascribed here 

to the high lateral sheet resistance in the base, measured to be approximately 300 kΩ/  

from on-wafer TLM patterns.  Because of the distributed nature of the base resistance, as 

shown in Figure 4-4, large voltage drops can be accumulated along the path of the base 

current.  With a 300 kΩ/  base sheet resistance, the total resistance in the extrinsic 

portion of the device is on the order of 5-10 kΩ, which results in several volts being 

dropped before reaching the intrinsic device, depending on the base current.  Also, since 

the base contact is typically schottky in nature, the voltage dropped across the contact  

EMITTER

IB IB

EMITTER

IB IB

 
Figure 4-4.  Schematic diagram of an HBT, highlighting the distributed base resistance. 
 

serves to further increase the VBE required3.  It is thought that this distributed base 

resistance and the schottky base contact is largely responsible for the high ideality factors 
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seen in the base and collector currents.  Further, tunneling assisted recombination 

mechanisms have been observed to increase the ideality factors to values as high as 

four4,5. 

 In addition to the high ideality factor observed in these devices, the gummel plot 

also shows a large amount of base, in excess of what would normally be expected.  A 

possible explanation here is once again related to dislocations.  One explanation 

postulates that the dislocations themselves are conducting and serve as leakage paths 

between emitter and base.  An alternate explanation is that the dislocations create a 

donor-like charge, and locally compensate the p-type base.  In this case, the conduction 

band is pulled down in the vicinity of the dislocation, and may lead to higher leakage 

currents.  To assist in better understanding the anomalous device operation, simulations 

were performed within the ADS circuit simulator, using a BJT model with external 

circuit elements to model the high ideality factor and the excess leakage currents, as 

shown in Figure 4-5. 

 To model the high ideality factor of the InGaN HBT, a schottky contact was used 

for the base contact, and for the excess base current, a diode in series with a leakage 

resistor.  In Figure 4-5b, a comparison between measured and simulated data is provided, 

and shows good agreement.  For the simulated data, the schottky contact to the base 

essentially controls the ideality factor of both the base and collector current.  In the 

measured data, however, the ideality factor of the base current is obscured by excess 

leakage current.  As for the excess leakage current, this is controlled by the properties of 

the extra diode inserted between emitter and base, as it is not possible to model the excess 
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Figure 4-5.  a) ADS Circuit schematic for InGaN/GaN HBT, and b) comparison of simulated and 
measured gummel plot. 
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leakage with only a leakage resistor between emitter and base.  In this model, the leakage 

resistor serves to fit the base current only at very low voltages (1 volt or less).  Modeling 

the excess leakage with a diode may not seem intuitive at first, but if the dislocations are 

able to locally compensate the p-type base layer, a p-n junction is created.  In this case, a 

diode-like behavior would be observed in the I-V leakage current data. 

 The gummel data can also be re-plotted, as shown in Figure 4-6, with current 

gain, beta (IC/IB), and incremental current gain, hfe (ΔIC/ΔIB), as a function of collector 

current.  It is customary to plot the current gain as a function of collector current density, 

JC, however, current crowding is quite severe in these devices.  In this case, the active 

area of the device is a strong function of the current, and is not known explicitly. The 

current gain reaches a maximum of 26.6, and if pushed to higher values of IC, would 

likely increase further, but the result would be a degradation of device performance for 

subsequent characterization.  Further, the gain of the device continuously increases as the 

collector current increases, and begins to saturate at the highest levels of collector 

current.  This is characteristic of materials with high defects densities, where SRH 

recombination in the base-emitter depletion region is significant.  Under these 

circumstances, the SRH lifetime increases at higher current levels, as trap states are filled 

and the lifetime is no longer limited by the electron capture process.  As revealed by 

TEM studies, InGaN material in this work has dislocation densities on the order of 108 

cm-2, and when Mg doped above 1019 cm-3, typically has doping related defects on the 

order of 1010 – 1011 cm-2.  It is therefore likely that SRH recombination is significant in 

these devices.  HBTs with graded emitters also see a current gain profile similar to that in 
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Figure 4-6.  Plot of DC current gain and incremental current gain versus collector current for the 
25x25 μm2 InGaN/GaN HBT. 
 

Figure 4-5, as a result of significant contribution from recombination in the emitter space-

charge region. 

 In addition to the gummel measurements, the devices were also characterized in 

the common-emitter mode, with data shown in Figure 4-7 for base current steps of 62.5 

μA.  The common-emitter characteristics show offset voltages of 2.0 -2.5 volts and knee 

voltages in the range of 5-7 volts, comparable to those of the best nitride based HBTs to 

date6,7.  These values, however, are high by standards set by GaAs and InP based HBTs, 

where offset and knee voltages of less than 0.25 and 1.0 volts are routine.  Once again, 

the issue of high base sheet resistance plays a significant role.  The offset voltage, as 

derived analytically from the minority carrier profiles8, is given by 

 
( )ln ln 1 ( )BC CS BC BC BC

offset F B E BE B B
ES BE BE

kT I kTV I R V I R
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η η η ηα
η η
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= − + + − −⎜ ⎟ ⎜ ⎟
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where ηBC and ηBE are the ideality factors of the emitter current in reverse-active mode 

and the collector current in forward active mode, ICS and IES are the base-collector and 

emitter-base diode saturation currents, and αF and αR are the forward and reverse current  
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Figure 4-7.  Common-emitter I-V curves for the 25x25 μm2 InGaN/GaN HBT, with base current 
steps of 62.5 μA. 
 

transfer ratios.  The middle two terms in this equation are likely to be quite small, since 

the forward current transfer ratio is close to unity and the product of the emitter resistance 

and base current is small.  The remaining two terms are likely to dominate the offset 

voltage, and with large values of ηBC, VBE and RB, this is not unexpected. 

 Though the knee voltage itself is not strictly dependent on the base resistance, 

since the knee voltage cannot be lower than the offset voltage, the offset voltage serves to 

keep the knee voltage artificially high, and is thus indirectly affected by it.  At the same 

time, the base resistance is not the only factor at work in these devices, visible in the fact 

that the knee voltages of common-emitter curves push out by several volts beyond the 

offset voltage.  An expression for the knee voltage is given by8 
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with the variables already described in the expression for offset voltage.  TLM 

measurements on the emitter indicate a contact resistance of approximately 1.5x10-5 Ω-

cm2, and a sheet resistance of 1.3 kΩ/ .  Current crowding in the emitter will severely 

limit the overall usable area of the contact and will dramatically increase the emitter 

resistance, perhaps into the range of 50 – 100 Ω.  For the collector, however, the contact 

resistance is significantly higher, approximately 1.0x10-4 Ω-cm2, with the sheet resistance 

a quite low 60 Ω/ .  The total collector resistance is therefore expected to exceed 100 Ω.  

Both the emitter and collector resistances are quite high for an HBT, and are most likely 

the limiting factors in the knee voltage. 

4.4 Graded Base Simulations 

 Employing a reverse composition grade across the base of an HBT, from narrow 

band-gap material at the emitter side of the base to larger band-gap material at the 

collector side of the base, is expected to have a negative impact on device performance, 

by introducing a quasi-electric field in opposition to the motion of electrons.  As such, it 

is important to understand and quantify this impact, as compared to base layers with 

constant composition and forward grading.  To accomplish this, two-dimensional 

physically-based numerical simulations were carried out using the ISE simulation 

package, with the following nominal layer structure: 
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Layer Material Thickness Doping 
Emitter InGaN 50 ND=2e19 
Base InGaN 100 NA=2e19 
Base-Coll Grade InGaN 30 ND=2e18 
Collector GaN 500 ND=1e17 
Sub-Collector GaN 1000 ND=4e18 

Figure 4-8.  Layer structure for simulation of InGaN/GaN HBT with reverse grade in the base. 
 

In total, three device structures were simulated, including a 2% indium mole fraction 

reverse-grade, a constant composition, and a 2% indium mole fraction forward grade. 

Though the fabricated devices had only a 1% indium mole fraction grade in the base, 

these simulations attempt to explore the effects over a greater range of compositional 

grades.  In order to make suitable comparisons between the three device structures, the 

average composition of the base layers remained constant at xIn=.04.  For example, the 

reverse graded structure has a composition of xIn=.05 at the emitter side of the base and 

xIn=.03 at the collector side, while the forward graded structure has a composition of 

xIn=.05 and xIn=.03, at the emitter side and collector side of the base, respectively.  The 

constant composition structure, therefore, has a uniform composition of xIn=.04 

throughout the base.  Furthermore, to simplify the simulations and isolate the effect of 

base transport, no grading was employed in the emitter and the emitter-base junction of 

each device was designed to be a homojunction.  

For device layout, a non-self-aligned 10um emitter device was chosen, 

representing a device size common to our InGaN/GaN HBT mask set, as shown in Figure 

4-9.    As it is non-self-aligned, a 0.5 μm spacing exists between the edge of the emitter 

contact and the edge of the emitter mesa.  Also, there is a 0.5 μm spacing between the 

emitter mesa and the base contact, which itself has a width of 2.0 μm.  For the collector 
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layer, the tolerances are relaxed slightly, with a 1.0 μm spacing between the base mesa 

and the 3.0 μm collector contact.  The simulations themselves utilize standard 

 
Figure 4-9.  Device layout for simulations of InGaN/GaN HBTs with various base grading schemes. 
 

drift-diffusion equations for transport calculations, including Fermi-Dirac statistics, 

incomplete-ionization for the Mg acceptors, and high field velocity saturation for 

electrons.  Doping-dependent mobility models were not included, though the values of 

mobility for electrons and holes were adjusted for each individual layer.  In addition, both 

the radiative recombination and Shockley-Reed-Hall (SRH) recombination models were 

implemented, as a result of the direct band-gap and high defect densities typical in nitride 

materials.  Note that the low free-carrier concentration in the base layer of these devices 

precludes any significant recombination from Auger processes, and are therefore not 

included in the simulations.  A summary of critical simulations parameters is provided in 

Table 4-1. 
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Table 4-1.  Material parameters used for simulations of graded-base HBTs. 
Parameter Unit Value 

EG (InxGa1-xN) eV 3.427 – 3.86x (xIn<0.25) 
Mg Ionization Energy eV 0.160 – 4.75xIn 

Hole Mobility cm2/Vsec 5 
Electron Mobility (emitter) cm2/Vsec 100 

Electron Mobility (base) cm2/Vsec 100 
Electron Mobility (collector) cm2/Vsec 500 

Electron Mobility (sub-collector) cm2/Vsec 250 
Electron vsat cm/sec 2x107 
SRH lifetime sec 1x10-9  

Radiative Lifetime sec 1x10-9  
 

Band diagrams for the simulated graded base structures is shown in Figure 4-10, 

with the inset showing in detail the conduction band profile across the base.  As expected, 

the reverse grade in the base produces a quasi-electric field in opposition to the motion of 

the electrons traversing the base, while the forward grade provides an accelerating field.  

The quasi-electric field in the base is calculated to be approximately 7.8 keV/cm, based 

on a band-gap differential of ~78 meV across the 100nm base layer, and is of sufficient  
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Figure 4-10.  Band diagram for graded-base HBTs with various grading schemes.  Inset shows in 
detail the conduction band profile in the base. 
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magnitude to produce a very significant change in device performance.  Simulations of 

the device performance for the various grading schemes in the Gummel configuration, 

with VCE = 5.0V, are shown in Figure 4-11.   
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Figure 4-11.  Gummel plot for HBTs with various graded-base profiles, with VCE=5.0 V. 
 

In line with expectations, the forward grade produces the best results, achieving the 

highest value of collector current, while also having the lowest base current.  At the same 

time, the reverse grade structure suffers dramatically from the retarding field set up in the 

base, having significantly lower collector current at high VBE and higher base current for 

all values of VBE.  As expected, the constant composition case falls in between these two 

extremes.  The dramatic effect of the graded base on device performance can be 

understood from an analysis of the individual components of the base current.  A 

typically HBT has four components of base current, including (1) Surface recombination, 

(2) Recombination at the base contact, (3) Recombination in the base region, and (4) 

Recombination in the emitter-base space-charge region.  For these simulations, no 

surface recombination models were included, and as such, the first two components of 
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base current were neglected.  Furthermore, inspecting the collector and base current data 

from Figure 4-10 reveals that the ideality factors for each of the base current curves is 

very close to 1.0, indicating that recombination in the space charge region of the emitter-

base junction is comparatively small.  The dominant mechanism is therefore the bulk 

recombination in the base region. 

For the case of devices limited by recombination in the base, the current gain can 

be approximated as 

 rec

b

τβ
τ

=  (4.3)

where τrec is the minority electron lifetime in the base and τB is the base transit time.  

Forward grading the base provides an accelerating field for electrons which effectively 

reduces the base transit time, and increases the current gain of the device by reducing the 

number of recombination events.  A reverse grade clearly has the opposite effect.  Figure 

4-12 highlights this effect, which plots the electron velocity as a function of position in 

the base. 
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Figure 4-12.  Electron velocity as a function of position for various graded-base profiles. 
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The base grade provides a substantial improvement, or detriment, in the velocity of 

electrons through most of the base, though the electron velocity is similar upon exiting 

the base.  For devices limited by bulk recombination in the base, the current gain is 

therefore directly related to the velocity profile.  The reduction in base transit time, 

limited by bulk recombination in the base, can be determined analytically from 

 ( ) 2 1 11f e κκ
κ κ κ

−⎛ ⎞= − +⎜ ⎟
⎝ ⎠

 (4.4)

 GE
kT

κ Δ
=  (4.5)

Here, ΔEG is the band-gap difference between the two ends of the base, and 78 meV for 

the devices simulated in this work.  κ is calculated to be approximately 3, with f(κ) equal 

to .455.  A value of .455 for f(κ) translates into an improvement in current gain of 2.20 

over the case for a base with constant composition, which fits quite well with the 

simulated data shown in Figure 4-13.  The peak current gain is plotted versus the 

difference in indium mole fraction across the base.  Since the band-gap is a linear  
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Figure 4-13.  Simulated current gain for HBTs with different graded-base profiles.  A negative grade 
indicates a reverse-grade, where the electric field opposes the motion of electrons. 
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function of indium mole fraction in the range of 3% to 5% for these simulations, this data 

is equivalent to plotting the current gain versus ΔEG.  With a constant composition in the 

base, the simulated current gain is 28.2, which rises to 58.6 when a forward grade of 2% 

is employed.  This results in a ratio of 2.08, indicating that bulk recombination in the base 

is in fact dominant.  Further, if it assumed that a reverse grade has an equal but opposite 

effect as compared to the forward grade, the current gain expected would be 12.8.  This is 

significantly higher than the simulated result of 8.6, and indicates that the effect of a 

reverse grade may include other effects, or that the current gain is sensitive to the 

composition in the vicinity of the emitter-base junction. 

4.5 Temperature Measurements 

 Because of its wide band-gap, the GaN material system is well suited for high 

temperature electronics.  Theory predicts that GaN based electronics are capable of 

operating at temperatures up to about 700oC, at which point the intrinsic carrier 

concentration begins to degrade performance9.  Here, the I-V characteristics of the 

InGaN/GaN HBTs on sapphire substrates described in the previous section are presented, 

across a temperature range of 25oC to 300oC, in order to evaluate their potential for 

operation at high temperature.  Measurements were limited to a maximum temperature of 

300oC by the measurement setup, and not the intrinsic characteristics of the devices, 

suggesting that higher temperature operation should be possible. 

 Figure 4-14 shows the Gummel plots for a 50x50 μm2 device at both 25oC and 

300oC, with VCB=0.  As described previously, a high base-emitter voltage of >10-15 is 

required to drive the device, stemming from the high sheet resistance of the InGaN base 
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material.  Further, this distributed base resistance leads to a high ideality factor for both 

the base and collector currents.  Across the temperature range of 25oC to 300oC, however, 

the device does behave as would a typical HBT.  For example, at 300oC both the base and 

collector currents are higher for a given value of VBE, as a result of electrons having more 

energy to overcome the energy barrier between emitter and base.  This typically leads to a  
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Figure 4-14.  Gummel plots measured at 25oC and 300oC, for a 50x50 μm2 device and VCB=0. 
 

more gradual increase in the base and collector currents with VBE, as expected from 

 2( ) BEqV
n i nkT

C E
B B

qD n xI A e
X N

=  (4.6)

which can be seen in the data.  Though the current should increase more gradually, the 

ideality factor should typically remain fairly constant, if not increase depending upon the 

relative changes in the recombination components.  From the data shown in Figure 4-14, 

the calculated ideality factor for the collector current appears to be reduced significantly, 

from 6.9 at 25oC to 5.9 at 300oC.  A comprehensive theory of the high ideality factor is 

not available, but has been attributed to tunneling assisted recombination, the lack of a 

true p-type ohmic contact, and high base sheet resistance. 
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 Tunneling assisted recombination is normally accompanied by a relatively 

independent slope of the I-V curve on a semi-logarithmic plot versus temperature, which 

does not appear to be symptomatic of the data in Figure 4-14.  Though it may certainly 

play a role in nitride materials, it does not appear to be a major contributor in these 

devices.  Considering the issue of the p-type contact, Schubert et. al. showed that a 

reduction in contact resistance leads to a reduction in the diode ideality factor.  For this 

work, contact resistance was measured across temperature and found to independent of 

temperature; at 25oC the contact resistance was found to be 2.4x10-2 Ω-cm2, while at 

300oC it was found to be 2.7x10-2 Ω-cm2.  Because the base contact is schottky in nature, 

the contact resistance is a function of voltage, and with the contact resistance extraction 

performed at a voltage of 10V (the linear region of the I-V curve), it is possible that the 

resistance is in fact changing across temperature at lower voltages.  At higher 

temperatures, schottky contacts become more ohmic and may lead to lower resistance. 

 At the same time, increasing temperature leads to greater ionization of Mg 

acceptors in the InGaN base, according to the following equation 

 1

1 exp
A A

A F
V

N N
E Eg

kT

− =
−⎛ ⎞+ ⎜ ⎟

⎝ ⎠

 
(4.7)

where NA is the acceptor impurity concentration, gV the valence band degeneracy factor, 

and EA the acceptor ionization energy.  For example, considering an ionization energy of 

approximately 140 meV for In.04Ga.06N, at 300oC there is expected to be a five-fold 

increase in hole concentration.  An increase of this magnitude would be expected to have 

a significant impact on the device characteristics of the HBT by reducing the base sheet 

resistance, and may explain the improvement in collector ideality factor.  On-wafer TLM 
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data taken between 25oC and 300oC is shown in Figure 4-15, showing the expected 

decrease in sheet resistance with temperature.  Though the hole concentration is expected 

to increase by a factor of 5, the sheet resistance drops by only a factor of four, as the hole 

0

100

200

300

400

500

200 300 400 500 600

Temperature (K)

R
SH

 (k
-O

hm
s 

/ s
q.

)

 
Figure 4-15.  Base sheet resistance as a function of temperature, as measured and extracted from 
base TLM structures. 
 

mobility is expected to decrease with increasing temperature10.  A four-fold decrease 

should serve to significantly reduce the overall base resistance, and perhaps in 

conjunction with a lower contact resistance, may help to explain the improved ideality 

factor observed at 300oC. 

 At higher temperatures, it is also expected that the current gain from the device 

should drop, as a result of increased recombination within the base and back-injection of 

holes into the emitter.  Treating each component separately, recombination in the quasi-

neutral base can be expressed as 

 
2

2rec n rec

b

D
w

τ τβ
τ

= =  (4.8)
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where Dn is the minority carrier diffusion coefficient,  τrec is the recombination lifetime, 

τB is the base transit time, and w the width of the base.  The minority carrier diffusion 

coefficient is given by the Einstein relation, and typically decreases with an increase in 

temperature as a result of mobility degradation.  Little data exists for the mobility of 

InGaN materials, especially at temperatures reaching 300oC and high doping levels, but 

the existing experimental and Monte Carlo simulation data for high doping levels suggest 

a gentle roll-off with temperature11, and a possible saturation above 200oC. 

 Considering the recombination lifetime of electrons in the base as a function of 

temperature, it is necessary to look at the individual components of the recombination 

lifetime:  radiative, Shockley-Reed-Hall, and Auger recombination.  The expression for 

the radiative recombination rate is given by   

 ( )2
iR C np n= −  (4.9)

where C is the coefficient of radiative recombination.  In typical semiconductors, the 

radiative recombination rate decreases as the temperature increases, but since the hole 

concentration in p-type InGaN materials is a strong function of temperature, the radiative 

recombination rate for nitride materials actually increases12.  As for SRH recombination, 

its temperature dependence is difficult to estimate, and is therefore assumed to remain 

constant.  Finally, Auger recombination is not likely to play a role in these devices, as a 

result of the low hole concentration found in the base.  Overall, it is expected that the 

recombination processes in the base of the HBT will increase, the diffusion length to 

gently decrease and potentially saturate, and contribute to a moderately lower current 

gain. 
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 The other component of base current to be analyzed is back-injection of holes 

from the base into the emitter.  There are two considerations with respect to temperature 

here; design of the emitter-base junction and the free hole concentration.  To estimate this 

component of base current as a function of temperature, for a graded emitter-base hetero-

junction, the following equation is used, 

 ,

0 ,

1 1 expB B p E g

E E n B

X N D E
X N D kTβ β

−Δ⎛ ⎞
= + ⎜ ⎟

⎝ ⎠
(4.10)

where β0 is the current gain at a given reference temperature, XB and XE are the 

thicknesses of the base and emitter layers, NB and NE are the doping concentrations in the 

emitter and base layers, Dp,E and Dn,B are the minority carrier diffusion constants in the 

emitter and base, and Eg is the band-gap of the emitter-base junction.  With compositional 

grading in the emitter, the expected increase of hole injection into the emitter as a 

function of temperature, is likely to be significant, as the effective valence band 

discontinuity is on the order of 150 meV.  For reference, typical abrupt AlGaAs/GaAs 

HBTs with approximately 190 meV of valence band discontinuity see a substantial 

reduction in current gain as a result of increased hole back-injection, across a similar 

temperature range of 25oC to 300oC13.  Though the relative increase is expected to be 

significant, solely in terms of the valence band discontinuity, upon inspection of the 

remainder of the second term in Equation 4.6, the overall magnitude of this increase is 

likely to remain low.  This is due to the fact that the emitter is quite highly doped for an 

HBT structure, and the base is only moderately doped.  A typical AlGaAs/GaAs HBT or 

InGaP/GaAs HBT has the opposite design, where the base is highly doped and the 

emitter is only moderately doped.  Even at 300oC where the base doping is expected to 
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reach 7x1018 to 1x1019 cm-3, the emitter is still more highly doped, and the presence of 

the hetero-junction further suppresses hole injection.  The contribution of hole back-

injection into the emitter to the overall base current as the device temperature increases, 

therefore, is not likely to cause a significant drop in the current gain.  Using 

representative values for the InGaN/GaN HBT, only a 5-10% reduction in the current 

gain is expected. 

 With the foregoing analysis, it appears that the observed decrease in current gain 

at higher temperatures is caused by an increase in radiative recombination within the 

base, as well as a reduction in the diffusion length of electrons within the base, at least up 

to approximately 200oC.  Back-injection of holes into the emitter, however, does not 

make a significant contribution over the measured temperature range, as a result of the 

high emitter doping and low base doping, in conjunction with the graded emitter. 

At this point, with the analysis in hand, it is instructive to compare the analysis 

with both experimental and simulated data of the device current gain.  Experimental and  
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Figure 4-16.  Comparison of experimental and simulated current gain as a function of temperature. 
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simulated data of current gain as a function of temperature for the InGaN/GaN HBT are 

provided in Figure 4-16.  At 25oC, the current gain as determined from a gummel 

measurement with VCB=0 is 13.2, and decreases to 7.4 when the device is operated at 

300oC.  Simulations across temperature were performed with the device structure 

provided in the previous section, with one exception.  Here, the temperature dependence 

of the electron mobility was also included, according to the following model included 

within ISE 

 

0
n MAX

T
T

α

μ μ
−

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 (4.11)

where μMAX is the maximum electron mobility (100 cm2/V sec), T is the device 

temperature, T0 is a reference temperature (298K), and α is the exponential factor.  Since 

the mobility in a highly doped base is expected to roll off slowly with temperature, an 

exponential factor of α=0.6 was included.   

 The simulated data fits well over most of the temperature range, but begins to 

diverge above approximately 200oC.  As mentioned previously, Monte Carlo simulations 

suggest that for InGaN, the mobility degradation may saturate above 200oC.  In the 

simple mobility model employed, saturation is not provided for.  Additional simulations 

were therefore performed at 300oC by manually entering the mobility values, and when 

the minority electron mobility value at 300oC matched that at 200oC, the measured and 

simulated data at 300oC agreed quite well.  For example, the simulated current gain was 

7.7, slightly higher than the measured value of 7.4.  When mobility saturation is not 

included in the simulations, the current gain tends to be significantly over-estimated, 

indicating that mobility degradation is an important consideration at higher temperature.  
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Furthermore, investigation of the individual components of recombination reveal that for 

the given material parameters, at room temperature, there is roughly equal amounts of 

recombination from SRH and radiative processes.  By the time the device has reached 

300oC, however, the radiative component begins to dominate the overall recombination 

rate.  At 300oC, it appears then that both radiative recombination and mobility 

degradation are most responsible for the observed degradation in current gain. 

 Current-voltage measurements in the common-emitter mode of operation were 

also recorded versus temperature, with data taken at 25oC and 300oC shown in Figure 4-

17.  At 25oC, base current steps of 80 μA, while at 300oC, base current steps of 250μA 

were used.  Though the currently gain is obviously lower at 300oC, it is clear that both the 
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Figure 4-17.  Common-emitter I-V curves measured at 25oC and 300oC. 
 

offset and knee voltage have substantially improved.  The offset voltage has decreased by 

approximately one volt, which is attributed to the higher hole concentration and reduced 

lateral base sheet resistance.  The offset voltage, however, is also likely to be affected by 

the schottky-like behavior of the base contact.  Any improvement in the current-voltage 
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characteristics in the base contact would also serve to reduce the offset voltage.  At the 

same time, the knee voltage has decreased by nearly three volts, also a very substantial 

reduction.  In this case, the improvement in the offset voltage also serves to improve the 

knee voltage, but can not account for the entire three volt reduction.  The slope of the 

current-voltage curve in the saturation region has substantially increased, indicating a 

reduction of the parasitic resistances within the device.   

4.6 Alternative Substrates 

 Research on nitride materials has long suffered from the lack of a lattice-matched 

substrate, as a result of the extraordinary temperature and pressure required to keep a 

stoichiometric balance of the group III and group V elements.  With the enormous 

potential for nitride based devices, however, researchers pressed ahead using foreign 

substrates, mainly sapphire and SiC.  SiC is considered superior to sapphire, by reducing 

the lattice mismatch from 13.5% to 3%, reducing strain and hence the dislocation density 

in the epitaxially grown material. Long considered the holy grail of GaN research, native 

substrates have recently become reality, though not through conventional bulk growth 

techniques.  Bulk GaN substrates are typically manufactured using a high growth rate 

process, Hydride Vapor Phase Epitaxy (HVPE), on sapphire substrates.  The GaN 

material is then separated from the sapphire by laser ablation of the GaN/sapphire 

interface, followed by lapping and polishing.  Epitaxial growth on these substrates results 

in dislocation density reductions of 2 – 3 orders of magnitude, as compared to hetero-

epitaxial growth on sapphire and SiC, and is expected to significantly enhance device 
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performance and yield.  In this section, the device characteristics of InGaN/GaN HBT 

structures on both SiC and bulk GaN substrates are presented.   

4.6.1 SiC Substrates 

 
Layer Material Thickness Doping 
Emitter InGaN (<1%) 70 ND=1e19 
Emitter Grade InGaN (0-4%) 30 NA=1e19 
Base InGaN (4-2%) 100 NA=3e19 
Base-Coll Grade InGaN (2-0%) 30 ND=2e18 
Collector GaN 500 ND=2e17 
Sub-Collector GaN 1000 ND=2e18  

Figure 4-18.  Epitaxial layer structure of an InGaN/GaN HBT grown on a SiC substrate. 
 

The layer structure for devices on a SiC substrate is shown in Figure 4-18, and is quite 

similar to that on sapphire described in previous sections, though there is a slight 

difference in the base-grading.  An indium composition of 4% at the emitter-base 

junction is graded to 2% at the base-collector junction, producing a slightly larger quasi-

electric field than the structure on sapphire that once again impedes the motion of 

electrons through the base.  Assuming the epitaxial growth is similar to that on sapphire, 

the device characteristics are expected to be superior, owing to the reduction in strain and 

the resultant number of defects and dislocations.  The device characteristics, however, do 

not fully match this expectation.  As shown in Figure 4-19a for a 50x50 μm2 device, the 

maximum current gain of 28.3 is comparable, and slightly higher than what was obtained 

on sapphire.  At the same time, the VBE required to reach this gain is quite a bit higher, 20 

as opposed to 13.5V.  It is not known exactly why this occurred, but the overall emitter 

and base resistances do in fact differ.  For the emitter layer, the sheet resistance is slightly 

higher at 1.6 kΩ/ , versus 1.3 kΩ/  on sapphire, and the contact resistance has increased 
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from 1.5x10-5 Ω-cm2 to 2.5x10-5 Ω-cm2.  Though TLM extractions on highly resistive 

layers with schottky contacts are notoriously difficult to interpret, the device on SiC 

appears to have  
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Figure 4-19.  a) Gummel plot and b) common-emitter curves for a 50x50 μm2 InGaN/GaN HBT 
grown on SiC. 
 

higher resistance associated with the base, as comparable pad spacings yield significantly 

lower current levels.  A best estimate for the sheet resistance of the base puts the value in 

the range of 200-400 kΩ/  for both samples. 
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 Examining the common-emitter curves of Figure 4-19b, it is clear that they are 

not nearly as well behaved, with much higher offset and knee voltages.  It is notable, 

however, that the maximum operating current of the devices appears to be quite a bit 

higher on SiC.  At 10 mA, the devices on sapphire exhibited a negative differential 

resistance normally attributed to self heating, but on SiC, this self-heating does not 

appear to set in until around 30 mA.  The high thermal conductivity of the SiC substrate 

may serve as an effective heat sink, cooling the device and allowing for higher power 

operation.  As for the high knee voltage, it is mostly attributable to the very high offset 

voltage.  For example, if the offset voltage is subtracted from the knee voltage, for a 

similar collector current, the difference is quite similar, approximately 4.0 and 3.6 volts 

for SiC and sapphire at 10 mA, respectively.  Since the emitter and collector resistances 

typically dominate the knee voltage, this suggests that they are similar between the two 

devices, though slightly larger for the device on SiC.   

The offset voltage, on the other hand, has increased more than 5 volts compared 

with the device on sapphire.  As mentioned above, the base resistance is likely to be a bit 

higher, though this would not account for much of the 5 volt increase.  More likely, are 

the differences in the base-collector junctions.  In the device on sapphire, the base-

collector junction performs as expected, with a 5 volt turn-on and low leakage under 

reverse bias.  On SiC, the base-collector junction is quite leaky, with a 1 volt turn-on.  In 

this case, it is likely that a significant amount of leakage current may be entering the base, 

serving to counteract the emitter current injected. 
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4.6.2 Bulk GaN Substrates 

 For the HBT on a bulk GaN substrate, the layer structure is similar to that on the 

SiC substrate, given previously in Figure 4-18.  With the holy grail of substrates on hand, 

the device performance was expected to be superior to what was achieved on both 

sapphire and SiC.  Though the measured characteristics were reasonable, the expected 

results were not fully realized, but it must be cautioned that this does not imply that a 

GaN substrate would not benefit an HBT.  Optimized growth processes on sapphire 

substrates do not necessarily translate directly to GaN substrates.  Epitaxial growth on the 

GaN substrate was done based on the best results obtained using sapphire, but this could 

lead to differences in the growth conditions.  For example, the thermal conductivities 

between GaN and sapphire substrates is quite large, possibly leading to vastly different 

surface temperatures.  Therefore, an optimized growth process on GaN, though 

potentially very expensive, is expected to greatly benefit the device performance. 

 A representative gummel plot for a 25x25 μm2 device is given in Figure 4-20a.  

The maximum current gain achieved is approximately 12, well below the values achieved 

on both sapphire and SiC.  As  before, the  measured  current gain  would  be higher if the  
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Figure 4-20.  a) Gummel plot and b) common-emitter curves for a 25x25 μm2 InGaN/GaN HBT 
grown on a bulk GaN substrate. 
 

device was driven to a higher current level, but an irreversible degradation in the both 

collector current and current gain is observed.  The maximum current gain is reasonably 

high, given that the collector current is a little low, as a result of higher emitter contact 

resistance and a higher base sheet resistance.  From on-wafer TLM measurements, the 

emitter contact resistance was measured to be 3x10-5 Ω-cm2, while the base sheet 

resistance was significantly higher than previous devices, at 500 kΩ/ .  Higher values of 
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both would serve to increase the parasitic resistance and limit the forward current though 

the device. 

 As for measurements in the common emitter configuration, shown in Figure 4-

20b, the data looks very reasonable, with low offset and knee voltages,  but suffers from 

excess output conductance.  The offset voltage is measured to be approximately 2.0 – 2.5 

volts, comparable to what was achieved on sapphire.  At the same time, the knee voltage 

is similar to that on sapphire as well, even though the current is roughly an order of 

magnitude lower, indicating a corresponding increase in the series resistance.  Since the 

emitter resistance is a factor of two higher, we expect the knee voltage to be higher, but 

the collector resistance plays roughly an equal role.  The collector contact resistance for 

this device, though, is quite high at 1x10-3 Ω-cm2, an order of magnitude higher than that 

measured on sapphire.  Because the collector is relatively low doped, at 2x1018 cm-3, dry 

etching is used to expose the collector, and the contacts to the n-type layers are not 

annealed, the collector contact tends to be a little on the high end.    At the same time, the 

contact resistance is normally in the range of 5x10-5 Ω-cm2 to 1x10-4 Ω-cm2, and so this 

represents a value not normally observed.  This may be the result of a sub-optimal etch, 

but it is difficult to know with certainty. 

 Considerable output conductance exists in the common emitter data as well.  As 

extracted from the base TLM structure, the base sheet resistance is rather high, given that 

the doping and mobility are expected to be 2x1018 cm-3 and 2-3 cm2/V-sec, respectively.  

The expected sheet resistance is on the order of 100 to 150 kΩ/ , but the measured value 

yields 500 kΩ/ .  A sheet resistance of this magnitude could indicate that the acceptors 

are not being fully ionized, resulting in a lower doping in the base, which may lead to 
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base width modulation, and the source of the output conductance.  The discrepancy 

between the expected and measured sheet resistance could be a result of differences in the 

layer structure.  More specifically, the expected sheet resistance value originates from a 

layer structure that is similar to the HBT layer structure, except the emitter is not grown.  

Hall measurements are then performed on the p-type layer to determine the doping and 

mobility.  No etching is done in this process.  The measured sheet resistance value, on the 

other hand, is extracted from a TLM pattern placed on the base after the base is exposed 

to dry etching.  It is well known that dry etching tends to compensate the surface layer, 

and typically results in an increase in the sheet resistance.  At the same time, having the 

emitter on top of the base layer provides an additional two problems; one being a barrier 

to hydrogen diffusion during the acceptor activation anneal step, and another being an 

increase in the strain energy of the base.  Growing a thicker InGaN film increases the 

strain, and may result in additional defects and dislocations, especially if the critical 

thickness is exceeded.  In summary, a high sheet resistance in the base may be indicative 

of low doping in the base, enhancing base width modulation effects. 

4.6.3 Comparison 

Up to this point, a side-by-side comparison of the various substrates has not been 

performed, but is critically important to fully understanding the relative performance and 

limiting parameters.  Exacerbating this problem is the fact that measuring a device, for 

reasons unknown, inevitably causes it to degrade, to varying degrees for different 

devices.  On the GaN substrate, for example, the devices were conservatively measured 

in order to prevent significant degradation.  On SiC, however, the devices were measured 
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during a period of time where getting the best device performance was critical, and so the 

devices were pushed to their limits.  Doing so ensured high DC gain, at the expense of 

being able to perform subsequent measurements and extract additional useful 

information.  Hence, the meaning of measured current gain is ambiguous:  is it the 

maximum measured once on a device, or what can be repeatedly measured?  Both have 

their value, but makes comparison between devices difficult.  This section attempts to 

reconcile this discrepancy.  
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Figure 4-21.  Comparison of current gain as a function of collector current for 50x50 μm2 
InGaN/GaN HBTs on sapphire, SiC, and bulk GaN substrates. 
  

In order to safely compare the devices on various substrates, the current gain is 

plotted versus collector current, as in Figure 4-21 for 50x50 μm2 devices.  To a certain 

degree, this eliminates the problem of reporting peak current gain, which can occur at 

vastly different values of collector current.  For the devices on GaN substrates, the 

current gain appears to be lower than for sapphire and SiC, but the device is not able to 

conduct the same level of current.  At the same time, the peak value of beta is also 
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important, because the devices on sapphire and SiC are able to pass more current and are 

superior in that sense.   

 The data displayed in Figure 4-21 yields important information.  It appears that 

the intrinsic performance of the devices on GaN is in fact superior to those on sapphire 

and SiC, the initial assumption, in that the value of current gain is greater across all levels 

of collector current.  The most striking difference between the various substrates lies in 

the current gain at low current levels, where the GaN substrate enjoys an advantage of an 

order of magnitude or greater.  It is difficult to pinpoint exactly the origins of this 

improvement, and is likely due to a number of reasons, such as improvements in each of 

the recombination lifetimes and enhanced diffusion length for minority electrons from 

improved defect and dislocation densities. At the highest current levels, though, it is 

difficult to predict the behavior of the current gain curve, which may be limited by the 

extrinsic components of the device, such as contact resistances.  All things equal, it is 

reasonable to expect an enhancement in device performance on GaN substrates.  Devices 

on sapphire and SiC appear to be quite similar, with only slight differences across several 

orders of magnitude in collector current.  Surprisingly, the devices on sapphire are 

slightly better than those on SiC, but considering the challenges associated with epitaxial 

growth of the nitrides, these differences are essentially insignificant. 

 Another area where a GaN substrate is expected to produce a substantial 

improvement is in the breakdown voltage.  High dislocation densities typically result in 

excess leakage currents, limiting the breakdown behavior of nitride materials, perhaps by 

local compensation of base doping and an enhancement in punch-through, or by 

introduction of a defect state in the band-gap that enhances tunneling.  In any case, a 
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number of studies have explored the relationship between dislocation density and 

leakage, with the not surprising result that leakage currents decrease as the dislocation 

density decreases.  Figure 4-22 shows the reverse leakage characteristics of 50x50 um2 

devices on sapphire and GaN substrates, in the common-emitter configuration with IB=0.  

This measurement is typically done to evaluate the breakdown voltage of the device.  For 

the device on sapphire, the device has a breakdown voltage of approximately 85V, 

whereas on a GaN substrate, breakdown is greater than 100V,  The GaN substrate 

reduces the leakage current by several orders of magnitude across the entire voltage 

range, with less than 0.1 μA at 100V.  For a fully-depleted collector layer, with the one-

sided depletion approximation, the electric field is given by 

 21 1 1
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where XC is the collector thickness, NC is the collector doping, εs is the dielectric constant 

of the material, VCB is base-collector voltage and φCB is the base-collector built-in  
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Figure 4-22.  Reverse leakage data for 50x50 μm2 InGaN/GaN HBTs, in the common-emitter 
configuration with IB=0, on sapphire and bulk GaN substrates. 
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voltage.  Using representative values from the layer structure, the electric field at 100V 

for this device is approximately 3.0 MV/cm, which is close to the theoretical critical field 

for GaN. 
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5 RF Characteristics of InGaN/GaN HBTs 

5.1 Introduction 

 The ultimate goal of research into InGaN/GaN HBTs is the realization of a device 

that delivers high power at high frequencies.  Therefore, the RF properties of such a 

device are crucial.  Content in this chapter can essentially be divided into two groups; the 

first being S-Parameter measurements on fabricated InGaN/GaN HBTs, and the second, 

simulations of the potential performance of InGaN/GaN HBTs.  S-Parameter 

measurements were performed on an 8x20 µm2 device, and values of fT and fMAX 

extracted by converting to Y-parameters.  The measured values were compared to 

expected values through a comprehensive parameter estimation procedure, which 

involves calculation of the resistances, capacitances, and delay times within the device.  

Through this parameter estimation, a greater understanding of the device, and the critical 

areas for improvement, were realized.  Simulation of InGaN/GaN HBTs, on the other 

hand, was motivated by the fact that the full potential of the devices was not realized in 

this thesis.  These simulations provide an estimate of the potential performance for an 

InGaN/GaN HBT, and because they were performed in incremental steps, also serve as a 

“technology roadmap” for gradual improvement. 

5.2 Small Signal S-Parameter Measurements 

 In this section, the small signal RF characteristics of InGaN/GaN HBTs are 

presented.  S-Parameter measurements were carried out using the a Hewlett-Packard 

8753-ES S-Parameter Network Analyzer with a frequency range of 30 kHz to 6 GHz, for 

the RF input signal;  a Hewlett-Packard 4155 Semiconductor Parameter Analyzer for DC 
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biasing;  PicoProbe (Model 40A) Ground-Signal-Ground (GSG) probes with 100 μm 

pitch;  and PicoSecond (Model 5545) bias tees with a frequency range of 65 kHz to 20 

GHz.  Bias tees with a low cut-off frequency were necessary for this work, as the fT of 

the devices is expected to be on the order of 1 GHz.  Finally, automated control of the 

measurement setup and data acquisition was accomplished using the ICCAP (Agilent) 

software. 

 Prior to performing the S-Parameter analysis, it was necessary to also measure the 

DC characteristics of the devices, so as to properly choose the bias conditions for the 

measurements.  Gummel and common-emitter characteristics for an 8x20 μm2 device are 

presented in Figure 5-1.  Note that as mentioned previously in Chapter 4.3, the devices 

typically undergo degradation during characterization if driven too hard, and as a result, 

they were characterized in a range that would not cause degradation.  In this range, the 

observed current gain was approximately 7 and the offset voltage, VCE,sat, approximately 

2-3 volts.  It is significant that the current gain is lower than what was reported in Chapter 

4, and is attributed to the additional processing needed for the inclusion of the RF pads.  

Processing of HBT devices is typically broken into two stages;  DC and RF.  In the DC 

stage, only the mesa etching and contact formation is performed.  The large area devices 

are then extensively characterized to ensure that the emitter, base, and collector layers 

were all successfully exposed and contacted, without any compromising short-circuit or 

leakage paths.  Based on successful DC fabrication, the processing then continues to 

include the polyimide deposition, via-etching to the emitter, base, and collector, and  
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Figure 5-1.  Gummel and common-emitter characteristics for an 8x20 μm2 InGaN/GaN HBT device. 
 

finally inter-connect metal deposition.  The advantage to this approach is that it 

eliminates unnecessary processing when the DC devices do not work properly. 

 During the RF processing, however, the base contact is likely damaged, and 

possibly even etched, by the via-etch.  Typically conditions for dry-etch formation of the 

emitter mesa have a very low power on the RIE electrode (10W), in order to minimize 

any surface damage to the base.  During the via-etch, however, the RIE power required 

for polyimide etching is significantly higher (150W), and with only 400Å of 
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metallization on top of the base, both the base contact and the underlying InGaN:Mg are 

susceptible to damage.  Further, since the via-etch is carried out in a CF4/O2 ambient, it is 

likely that some etching of the oxidized Ni/Au contact occurs.  Any increase in the base 

resistance would serve to limit the maximum collector current achieved by the device, 

and also the current gain, as the current gain is strongly dependent on the collector 

current. 

 Once the DC characteristics were measured, and the appropriate bias conditions 

chosen, the S-Parameters for the InGaN/GaN HBTs were measured across a frequency 

range from 1 MHz to 301 MHz in 1.5 MHz steps.  The devices were biased with an input 

base current of 200 and 300 μA, resulting in IC values of approximately 3.2 and 5.3 mA, 

and VCE=25V.  For an 8x20 µm2 device, however, this translates into current densities of 

0.02 and 0.033 mA/µm2, respectively.  These current densities are quite low compared to 

HBTs in other materials systems, where current densities in excess of 0.5 -1.0 mA/µm2 

are routinely employed. Because of the rapid degradation of the devices, only two bias 

points were chosen for the device.  Measured values of the short-circuit current gain, h21, 

and U extracted from the S-Parameters are plotted in Figure 5-2, with a maximum 

extrapolated fT and fMAX of approximately 800 and 40 MHz, respectively.  As expected, 

both the h21 and U data displays a marked dependence on the collector current, with the 

extrapolated fT values increasing from 600 to 800 MHz, and fMAX increasing from 30 to 

40 MHz, as IC increased from 3.2 to 5.3 mA.  The current gain roll-off1 with frequency 

was very nearly ideal, with an 18 dB/decade slope, as opposed to the expected 20 

dB/decade.  Previous results on AlGaN/GaN HBTs showed a 10 dB/decade roll-off1, but 

the low current gain of 3.5 exhibited by the device may have obscured the true roll-off.  
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For these InGaN/GaN HBTs, the low frequency values of h21 indicate a current gain in 

the range of 15 – 18. 
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Figure 5-2.  Measured values of h21 and U versus frequency for 8x20 μm2 InGaN/GaN HBT device, 
showing fT and fMAX of 800 and 40 MHzm respectively. 
 

 While the small signal S-Parameter measurements produce compelling data in 

terms of the current gain (h21) in the expected range, as well as a nearly ideal roll-off of 

the current gain with frequency (18dB/decade), the raw S-Parameters shown in Table 5-1, 

and also in Smith chart form in Figure 5-3, produce some results atypical of HBTs, that 

require explanation.  In particular, the S21 data yield values that are less than unity, 

whereas in conventional HBTs, values of 5-10 are more commonplace.  Under most 

circumstances, a value of S21 that is less than unity indicates that the device is not 

producing any current gain;  however, nitride based HBTs tend to have very high input 

impedances as a result of the low doping and mobility in the base.  Because of this high 

input impedance, it is possible for S21 to be less than unity  
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Table 5-1.  Select S-Parameter data for 8x20 μm2 InGaN/GaN HBT. 
S11 S12 S21 S22 IC 

mA 
Freq 
MHz Real Imag Real Imag Real Imag Real Imag 

10 1.000 -0.004 -0.006 0.006 -0.051 0.014 0.953 -0.127

25 0.998 -0.002 0.004 0.005 -0.038 0.019 0.900 -0.187

50 0.996 -0.002 0.001 0.002 -0.029 0.020 0.743 -0.231

100 0.996 -0.006 0.002 0.009 -0.022 0.018 0.639 -0.056

200 0.994 -0.010 0.006 0.011 -0.008 0.022 0.528 -0.127

3.2 

300 0.995 -0.017 0.004 0.016 -0.010 0.025 0.523 -0.041

10 0.999 -0.004 -0.006 0.005 -0.069 0.019 0.956 -0.132

25 0.997 -0.001 0.003 0.005 -0.053 0.028 0.900 -0.197

50 0.996 -0.003 0.002 0.002 -0.038 0.029 0.744 -0.247

100 0.997 -0.005 0.002 0.007 -0.024 0.024 0.568 -0.105

200 0.995 -0.009 0.006 0.012 -0.010 0.027 0.494 -0.143

5.3 

300 0.997 -0.017 0.005 0.017 -0.011 0.029 0.487 -0.046
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Figure 5-3.  S-Parameter data for 8x20 μm2 InGaN/GaN HBT in Smith Chart form. 
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Figure 5-4.  Hybrid-π model representation of HBT. 
 

because power incident to the input tends to get reflected as a result of the large 

impedance mismatch.  The S-Parameter measurement is carried out under a 50 Ω 

environment, but the input to the HBT device contains a base resistance on the order 10-

20kΩ.   

 Using a hybrid-π model for the HBT2, shown in Figure 5-4, it is possible to derive 

an expression for the individual S-Parameters, to better understand the effect of the high 

input impedance on the small signal response of the device.  The S-Parameter matrix for 

a two-port network is given by 

 1 11 12 1

2 21 22 2

b S S a
b S S a

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
=⎜ ⎟ ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠
 (5-1)

with S21 given by 

 2
21

1

2 OUT

S

VbS
a V

= =  (5-2)

Using network theory to derive the node voltages for the hybrid-π model, neglecting CBC 

for simplicity, the following expression for S21 is obtained 
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where gm is the transconductance, Z0 is the system impedance, rπ is the dynamic junction 

resistance for the emitter-base junction, RB is the base resistance, and CBE is the emitter-

base capacitance.  From this equation, it can be seen that a large base resistance, in 

conjunction with low gm, allows for a value of S21 that is smaller than unity.  Calculation 

of the individual parameters for S21 from first-principles, at a bias condition of 5.3 mA 

and VCE=25 V, yields a gm of 40 mS, Z0 of 50 Ω, rBE of 425 Ω, RB of 15kΩ, and CBE of 

approximately 5 pF.  At 10 MHz, the calculated value of S21 is approximately of -0.104, 

which compares reasonably well with the measured value of -0.069.  Since CBC was not 

included in the analytical expression for S21, the imaginary component of S21 is not 

included in the discussion.  This first-principles calculation demonstrates that a value of 

S21 is not unexpected,, as the small signal characterization is performed under a 50 Ω 

environment, and creates a large mismatch for the device.  For example, the various 

expressions for Maximum Available Gain (MAG), Maximum Stable Gain (MSG), 

Unilateral Transducer Power Gain (U), and forward current gain (h21) in terms of the S-

Parameters, where K is the 

 21
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stability factor, all yield values greater than unity provided that S21 is greater than S12, 

and both S11 and S22 are sufficiently close to unity. 

5.3 Transit time analysis 

5.3.1 Analysis of transit time components 

 In this section, an in-depth discussion of the cut-off frequency (fT) and maximum 

frequency of oscillation (fMAX) is provided, in order to better understand the device and 

explore avenues for improvement.  Discussion of the cut-off frequency will be presented 

first, and is derived from the individual contributions to the emitter-to-collector transit 

time, given by 

 1
2EC E B SC C

Tf
τ τ τ τ τ

π
= = + + +  (5-8)

where τE is the emitter charging time, τB the base transit time, τSC is the collector space-

charge transit time, and τC is the collector charging time.  Derivations for the individual 

components will not be provided here, and can found in many other texts3. The total 

emitter-to-collector delay is given by 

 ( ) ( )
2

2
C CB

EC BE BC E C BC
C n sat

kT XXC C R R C
qI D v

ητ
υ

= + + + + +  (5-9)

where ηC is the collector current ideality factor, υ is the base transit time correction (for 

quasi-electric fields in the base), and XB and XC are the thicknesses of the base and 

collector layers.  In order to estimate each of the components of τEC, a complete 

parameter estimation was performed, accounting for the specific geometry and layer 

structure of the 8x20 um2 measured in the previous section.  The parameter estimation is 



 

 

128

implemented in spreadsheet form, where the various critical dimensions, thicknesses, 

doping, material parameters, and bias conditions are entered, and the various resistances, 

capacitances, and transit times are calculated.  The equations used in the parameter 

estimation are provided in Appendix C.  The layer structure has been provided in Chapter 

4, and a schematic of the device layout is provided in Figure 5-5, along with a summary 

of the critical dimensions. 

 Based on the parameter estimation, the individual contributions to the transit 

time are shown in Table 5-2, yielding an estimated cut-off frequency of  

Table 5-2.  Estimated values of the individual components of the emitter-to-collector delay. 
Component Time (pS) 

τE 25.2 
τB 132.6 
τSC 0.67 
τC 21.8 

 

approximately 0.87 GHz (total emitter-to-collector delay of 180.3 pS), which correlates 

quite well with the measured value of 0.8 GHz.  The estimated value of fT, however, is 

critically dependent on the specific material parameters, though most of these parameters 

are well established (bandgap, dielectric constant) or easily measured (mobility, contact 

and sheet resistance).  Some parameters are not easily defined; in particular, the minority 

carrier diffusion constant for electrons in the base.  Little data exists for the minority 

carrier mobility of GaN and InGaN materials, and therefore must be estimated.  Though 

not readily known, the value was estimated using the electron mobility measured from 

emitter layer, in conjunction with the  
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Figure 5-5.   Schematic of the device layout, along with a summary of the critical dimensions. 
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Hilsum equation relating the mobility and the impurity concentration, in the limit of polar 

optical limited mobility4: 

 

( )1/ 2

171 10

MAX

DN
μμ =

⎡ ⎤
+⎢ ⎥

⎣ ⎦

 
(5-10)

For nitride materials, the polar optical scattering mechanism dominates above 200K5.  

Since the emitter is doped at 1x1019 cm-3, and the measured sheet resistance is 1.3 kΩ/ , 

the mobility is then approximately 50 cm2/V⋅sec, at a doping level of ND=1x1019cm-3.  

Using the Hilsum equation, and a base doping of (3-4)x1019 cm-3, the minority carrier 

mobility is expected to degrade to a value of 25-30 cm2/V⋅sec.  An electron mobility of 

30 cm2/V⋅sec was used in the parameter estimation, resulting in the quoted fT value of 

0.87 GHz.  If 25 cm2/V⋅sec is used instead, fT becomes 0.76 GHz, which is in excellent 

agreement with the measured value of 0.80 GHz. 

 The parameter estimation spreadsheet was also used for a calculation of fMAX, 

though with considerable less accuracy.  For example, though the measured data indicate  

a value of 40 MHz, for an IC of 5.3 mA, the calculated fMAX is determined to be 66 MHz.  

Considering the expression for the maximum frequency of oscillation is 

 
8

T
MAX

B BC

ff
R Cπ

=  (5-11)

the associated error in the calculation is quite large.  For example, to reduce the value of 

fMAX by a factor of 1.67, the RB ⋅ CBC product needs to increase by a factor of 2.7.  There 

a number of possibilities that may contribute to the discrepancy, including damage to the 

base contact during via formation, not properly accounting for the distributed nature of 

the base, improper device isolation, and measurement error.  During via formation, the 
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area of the base to be contacted is exposed to a relatively high plasma power (150W), 

which could increase both the base contact resistance, as well as the base sheet resistance.  

Though measurement of the base TLM after via formation appears to be the solution, the 

base TLM pads are rather large (75x75 μm2) and because of current crowding, conduct 

only at the edges.  Via windows opened to the base TLM structure are approximately 

70x70 um2 in size, protecting 2.5 um of base contact at the edge, where once again, most 

of the current is carried.  The base TLM therefore may not show the true amount of 

damage to the base.  Further, via formation to the base contact of an RF device damages a 

large portion of the active, current carrying area of the device, and so the increase in base 

resistance may be significant. 

 In addition to damage incurred to the base, the parameter estimation does not 

capture all the intricacies of the distributed nature of the extrinsic base.  For example, 

A.C. current crowding is not accounted for in the parameter estimation, but tends to 

degrade the unilateral gain, causing the measured value of fMAX to be less than expected.  

A.C. current crowding acts to increase the base resistance, and therefore the expression 

for fMAX must be modified to account for this effect.  More specifically, in the presence of 

A.C. current crowding, RB becomes a complex impedance.  In the absence of current 

crowding, a popular representation of the unilateral power gain as a function of frequency 

is given by3 
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However, neglecting the effects of A.C. current crowding leads to an over-estimate of 

fMAX, as noted above.  Incorporating the additional complex term into RB, a new equation 

for the power gain becomes 

 2
*

214 Re coth 1
2 2

To T

E E
B

U
W Wz

y

α ω
ωγ γ

=
⎛ ⎞⎛ ⎞+ −⎜ ⎟⎜ ⎟Σ ⎝ ⎠⎝ ⎠

(5-13)

where αTo is the base transport factor, ωT is the cut-off frequency in radians, γ is the wave 

number, and Σy the sum of the common emitter y-parameters, given by the following 

equations 
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Since RB is now an impedance and therefore frequency dependent, it is difficult to 

formulate an analytical expression for fMAX, and in turn, U* will be evaluated as a 

function of frequency and fMAX determined at the frequency where U* becomes unity.  

Also, note that in order to perform this estimation, the y-parameters as a function of 

frequency must be known. 

 Using the parameter estimation model, in conjunction with the measured y-

parameters, the unilateral power gain was calculated with and without consideration for 

A.C. current crowding, and compared to measured data.  The data are shown in Figure 5-

6 for IC=5.3 mA, across a frequency range of 1 – 60 MHz.  Without taking A.C. current 

crowding into effect, the estimated fMAX of the device is approximately 60 MHz, but the 
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power gain drops slightly more than 1 dB across the entire frequency range, and the fMAX 

is reduced to 50 MHz when properly accounted for.  With the measured fMAX of 

approximately 40 MHz, the parameter estimation plus calculation of A.C. effects results 

in good agreement with observations, but still produces a significant over-estimate, 

especially considering the square-root expression for fMAX. 

 Another factor that could contribute to a lower than expected value for fMAX is the 

lack of proper device isolation for the HBT.  Typically, the collector mesa is isolated 

through the sub-collector and down to the semi-insulating substrate, in order to eliminate 

any stray capacitance that may occur from having the RF pads above a conducting 

semiconductor layer.  Even though an on-wafer calibration on “open” and “short”  
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Figure 5-6.  Measured value of fMAX compared to values estimated with and without considerations of 
AC crowding. 
 

structures was performed to de-embed the parasitic capacitances and inductances, it is 

possible that the distributed nature of the capacitance below the RF pad prevents 

successful de-embedding.  Any additional coupling between the conductive collector 

layer and the RF pads would lead to an increase in capacitance, resulting in a reduction in 
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fMAX.  Finally, extracting a value of fMAX is not entirely straightforward, as a significant 

amount of scatter exists in the data, especially below 20 MHz.  Above 20 MHz, a number 

of data points suggest a 20dB/decade roll-off, with perhaps an fMAX value of 40 MHz or 

greater.  Below 20 MHz, however, no trend emerges from the data, which introduces a 

degree of uncertainty into the data.  At the same time, one certainty from the data does 

exist, in that the measured value of unilateral power gain goes to 0 dB at approximately 

40 MHz. 

5.3.2 Transit time improvements 

 The content of this chapter has thus far demonstrated the RF characteristics of an 

InGaN/GaN HBT, and attempted to clarify and confirm the data.  Measured values of 800 

and 40 MHz for fT and fMAX represent a solid initial result for a nitride based HBT, but if 

the technology is to become viable, the performance must certainly be improved.  

Examining the individual contributions to the transit time in Table 5-2 provides insight 

into the areas ripe for improvement.  It is clear that an overwhelming majority of the 

emitter-to-collector delay comes from the base transit time, which constitutes nearly 

three-quarters of the total delay time.  Even still, both the emitter and collector charging 

times are also quite large, with a total delay of 25.2 and 21.8 picoseconds, respectively.  

Putting things into perspective, the sum of the emitter and collector charging alone limit 

the cut-off frequency to approximately 3.5 GHz.  In comparison, the collector space 

charge transit time is a relatively benign 0.67 picoseconds, as a result of a thin collector 

layer (200nm) and a high saturation velocity for electrons in the GaN (1.5x107 cm/sec).  

In order to improve the device figures of merit, each individual component of the emitter-
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to-collector delay must be substantially reduced, with the exception of the collector space 

charge transit time. 

 Much of the improvement in the delay time of InGaN/GaN HBTs can be realized 

by improvements in MOCVD growth technology, which at present, remains an enormous 

hurdle.  For example, minimization of defects in the base and at the base-collector 

junction requires a reverse-grade in the base, with narrow band-gap material at the 

emitter side of the base, and wide band-gap material at the collector side.  This results in 

a quasi-electric field that opposes the motion of electrons moving through the base, 

substantially increasing the base transit time., which is given by 

 2
B

B
n

X
D

τ
υ

=  (5-17)

A detailed look at the calculation of the base transit time is provided in Appendix C.6. 

 Improvements in the material growth of InGaN alloys would provide for proper 

grading of the base, allowing for an accelerating field and a reduction in the base transit 

time, as shown in Table 5-4.  Here, calculations of the base transit time are given for 

various composition differences across the base.  By moving to a  

Table 5-3.  Base transit time calculated for various base-grading schemes. 
Grade  
(%) 

Field  
(keV/cm) 

τB  
(psec) 

-1 -4 132.8 
0 0 64.6 
1 4 41.0 
3 12 21.9 
5 20 14.6 

 

structure with no base grading at all, nearly 70 picoseconds is eliminated from the base 

transit time, and by employing a 5% grade across the base, the reduction is almost 120 
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picoseconds.  Proper grading of the base therefore represents the largest single potential 

improvement in device performance. 

 Beyond proper grading of the base, an additional problem for the base transit time 

is its low diffusivity for minority electrons in the base.  Based on the previous discussion 

of the minority electron mobility in section 5.3.1, the mobility was estimated to be in the 

range of 25-30 cm2/V⋅sec, yielding a diffusivity of 0.65 – 0.78 cm2/sec.  Theoretical 

values for the diffusivity, on the other hand, are on the order of 2.0 -2.5 cm2/sec for 

GaN6, and higher for InGaN depending on the indium mole fraction7.  Once again, 

material issues are the major obstacle impeding device performance.  Improvements in 

the material quality and hence the diffusivity of electrons, combined with proper grading 

of the base, should allow for base transit times of less than 5 picoseconds.  Furthermore, 

the base transit time should improve for higher indium content InGaN alloys, 

representing an important design variable. 

 The second largest component of the emitter-to-collector delay arises from the 

emitter charging time, which is given by 

 ( )C
E BE BC

C

kT C C
qI

ητ = +  (5-18)

and contributes 25.2 picoseconds to the total delay.  Part of the problem in optimizing the 

emitter charging time has to do with a particular feature of MOCVD growth of nitride 

materials.  Magnesium doping of the p-type base is accomplished using the organic 

compound bis-(cyclo-penta-dienyl)-magnesium (Cp2Mg), which has a very low vapor 

pressure.  Having a low vapor pressure results in a high background concentration of 

magnesium in epitaxial layers grown immediately after magnesium doped layers, and 
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also in subsequent growth runs.  The problem in particular for an HBT is the residual 

magnesium that is incorporated into the emitter, typically in the range of 1x1018 to 4x1019 

cm-3.  To avoid any disturbance of the band structure in the emitter, the emitter is doped 

to a level higher than the background concentration of magnesium.  For this reason, the 

emitter of the fabricated InGaN/GaN HBTs is doped to 1x1019 cm-3, which is lower than 

the acceptor doping at the emitter-base interface, but is the highest doping achievable 

without adversely affecting the material quality.  In typical HBTs, however, the emitter 

doping is typical much lower, approximately 5x1017 cm-3, to allow for reduced CBE.  A 

1x1019 cm-3 doped emitter, therefore, will have a large associated CBE, resulting from a 

thin depletion region.  Improved reactor designs that minimize the background 

magnesium concentration, or HBTs based on emitter re-growth8, would allow for a 

reduction in the emitter doping concentration and CBE, as shown in Table 5-4. 

Table 5-4.  Estimated emitter charging time for various emitter doping concentrations. 
Doping 
(cm-3) 

CBE @ VBE,int 
(fF/μm2) 

τE 
(ps) 

1x1019 24.5 25.2 
5x1018 17.4 17.8 
1x1018 7.8 8.0 
5x1017 5.5 5.6 

 

Reducing the doping in the emitter to 5x1017 cm-3, commonly found in GaAs HBTs, 

would reduce CBE and τE by a factor of 4 – 5, quite a significant improvement.  And since 

the device is quite large (AE=8x20 μm2), reducing the area of the emitter is also quite 

important for reducing CBE.  By combining an emitter doping of 5x1017 cm-3 with a 

scaled device of 3x12 μm2 or less, sub-picosecond emitter charging times are achievable. 
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 One additional consideration for optimizing the emitter charging time is the 

transconductance of the device, gm.  Though the device is quite large, the maximum IC is 

actually quite low, approximately 5.3 mA during the RF S-Parameter measurements, or 

in terms of current density, 3.3 kA/cm2.  In order to minimize the effects of CBE and CBC, 

however, current densities on the order of 104-105 A/cm2 are required.  Aggressively 

scaled InP HBTs with fT and fMAX in excess of 400 GHz typically have current densities 

in excess of 106 A/cm2.  A high performance InGaN/GaN HBT therefore needs to have 

dramatically higher current densities.   

 Currently, the major obstacle to achieving the necessary current densities is the 

high base sheet resistance.    The high base sheet resistance limits the current density by 

concentrating the current at the edge of the device, with the rest of the device conducting 

relatively little current.  Fixing this problem requires improvement in the quality of the 

epitaxial material, and also incorporating InGaN alloys with higher indium mole fractions 

to take advantage of the shallow acceptor depth.  The best material studied in this work 

had mobilities of 1-2 cm2/V⋅sec and acceptor concentrations of (1-2)x1018 cm-3, for 

InGaN alloys with xIn=0.03-0.05.  Though InGaN alloys have higher theoretical electron 

mobilities than GaN, the degradation in material quality typically results in lower 

mobilities.  Thus far, the superior transport properties of InGaN alloys have not been 

realized.  Until the full potential of the InGaN material is harnessed, the focus becomes 

minimizing the effect of the high base sheet resistance, which involves reducing the 

width of the emitter to the minimum possible value, ideally 0.25 μm.  Lateral scaling of 

the device and its effects on device performance is discussed in detail in section 5.4.2. 
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 Compared to the base transit time and the emitter charging time, improving the 

collector charging time is more straightforward, and less dependent on epitaxial material 

quality.  For the  collector charging time, given by, 

 ( )C E C BCR R Cτ = +  (5-19)

three components must be considered here:  the emitter resistance (RE), the collector 

resistance (RC), and the base-collector capacitance (CBC).  The emitter resistance is the 

sum of the epitaxial layer resistance and the contact resistance, and since the contact 

resistance typically dominates, reducing the emitter resistance is typically focused at 

improving the contacts.  A contact resistance of 1x10-5 Ω⋅cm2 was measured for the 

device in this work, a reasonable value, but should be reduced to <1x106 Ω⋅cm2 if 

possible.   

 For the collector resistance, there are three components; the contact resistance, the 

lateral sub-collector resistance, and the collector epitaxial resistance.  Here, the collector 

epitaxial resistance is quite small because of the thin collector layer (200 nm), while the 

contact resistance and lateral sub-collector access resistance are significant.  Though this 

resistance cannot be measured directly from the HBT structure, it can be estimated.  With 

a doping of 2x1017 cm-3, and a mobility of approximately 500 cm2/V⋅sec, the calculated 

resistance is 0.22 Ω.  The collector contact, on the other hand, contributes 51.6 Ω of total 

resistance as a result of high contact resistance, measured to be 1x10-4 Ω⋅cm2.  It is not 

known why this value is so high, as more typical values are on the order of (1-3)x10-5 

Ω⋅cm2.  Because of the relatively low doping (2x1018 cm-3) in the sub-collector layer (500 

nm), the resistance contributed from the electrons traversing laterally through the sub-
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collector is also significant at 16 Ω.  More generally, for other HBT technologies the sub-

collector is more highly doped, in the range of 1x1019 cm-3, which for this device would 

reduce the resistance down to 3.2 Ω.  Also, the device footprint is quite large, and so 

reducing the width of the device will minimize the distance electrons travel through the 

extrinsic sub-collector, significantly reducing the resistance. 

 A final consideration for the collector charging time is the base-collector 

capacitance.  Because of the high breakdown field (5 MV/cm), the collector layer can be 

made relatively thin and still support a large collector-to-emitter voltage (VCE).  Thinning 

the collector allows for an improvement in fT, at the expense of the total base-collector 

capacitance.  The total base-collector capacitance will increase as the thickness of the 

collector layer is reduced, and approaches at minimization are directed towards scaling 

the device geometry, or advanced processing techniques such as laterally under-cutting 

the emitter (LEU)9 and selectively implanted sub-collector layers10 to reduce the extrinsic 

base-collector capacitance.  As mentioned previously, the major problem with the RF 

device reported in this work is the large device footprint, and initial efforts should be 

focused on moving towards smaller device geometries.  For example, for an emitter area 

of 8x20 μm2, the overall area of the base-collector is greater than 500 μm2.  Reasonably 

scaling the device down to an emitter area of 3x12 μm2, with similar contact areas and 

alignment tolerances, would reduce the capacitance by approximately a factor of two.  

And in conjunction with the improvements noted for the emitter and collector resistances, 

would reduce the collector charging time to approximately one picosecond. 
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5.4 Potential Performance of InGaN/GaN HBTs 

 In section 5.3, an analysis of the emitter-to-collector delay for the 8x20 µm2 

InGaN/GaN HBT with fT and fMAX values of 800 and 40 MHz was presented, along with 

recommendations for improving the device.  The recommendations were provided in the 

context of a reasonable next-generation device, and not the ultimate achievable 

performance for an ultra-scaled HBT.  In the next few sections, however, an assessment 

of the potential performance for InGaN/GaN HBTs will be performed, which goes 

beyond those recommendations provided previously.  The assessment will be performed 

through the use of the ISE simulation package, and focuses on improving the device 

through: (1) materials engineering, (2) laterally scaling the device geometry, and (3) 

vertically scaling the epitaxial thicknesses.  Each of these three areas of improvement will 

be analyzed independently, in order to understand their relative impact on the overall 

device performance.  Materials engineering of an InGaN/GaN HBT will focus on using 

increasingly higher indium mole fraction InGaN materials, from 5 to 20%, to take 

advantage of the enhanced transport properties   Before delving into the results of 

simulation, background on the transport properties of the nitride material system is 

presented, with best estimates of the material properties taken from current research and 

published literature. 

 InGaN materials are probably the least well understood of the III-N family of 

materials, owing to the great difficulty current encountered in their material growth.  

Only recently has the fundamental band-gap been determined.  It was initially thought to 

be 1.9 eV7, but was recently (and controversially) found to be 0.70 eV8.  When the most 

basic, and essential, of all material parameters is in dispute, others must be viewed with 
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an eye towards caution.  The material parameters reported in this section, in Table 5-5, 

represent a mixture of theoretical and experimental values, and great effort was put forth 

to ensure they are both up to date, and accurate.  InN provides a significant advantage 

across a wide range of properties for both electrons and holes, and is therefore important 

to improving the performance of HBTs.  A shallower magnesium activation energy in 

conjunction with an improved hole mobility allows for a reduction in the base sheet 

resistance, while higher electron 

Table 5-5.  Material parameters for InN, GaN, and AlN. 
Parameter Unit InN GaN AlN 

EG eV 0.70 3.4 6.2 
EA,Mg meV <70 160 510 

µn cm2⋅V⋅sec-1 3200 1350 300 
µp cm2⋅V⋅sec-1 300 200 15 
vsat cm⋅sec-1 5x107 2.5x107 1.7x107 

vovershoot cm⋅sec-1 11x107 9.5x107 5x107 
ECRIT MV⋅cm-1 1 5 10 

 

mobility, saturation velocity, and transient velocity overshoot will improve electron 

transport throughout the device.  Note that velocity overshoot, while included in Table 5-

5, is not included in the simulations, but is an important consideration for devices with 

thin base layers.  These data also represent the best values reported in the literature, or 

estimations of theoretical values based on Monte Carlo simulations, and therefore reflect 

values that could be attained through improvements in material quality. 

 Simulations were carried out similar to those performed in previous chapters, with 

a drift-diffusion model for carrier transport, Fermi-Dirac statistics, incomplete ionization 

for magnesium impurities, velocity saturation for electrons, and both Shockley-Read-Hall 

(SRH) and radiative recombination models.  A 4x20 µm2 device was simulated, with a 
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layer structure similar to the measured device, incorporating the recommendations from 

the section 5.3, and is shown in Figure 5-7.  The layer structure shown here is simplified, 

and does not give details concerning the indium mole fraction, or the compositional 

grading in the base.  For these simulations, however, an abrupt heterojunction at the 

emitter-base interface was implemented, with an average indium mole-fraction of 5, 10, 

15, and 20% in the graded-base. 

Layer Material Thickness 
(nm) 

Doping 
(cm-3) 

Emitter GaN 100 ND=5e17 
Base InGaN 100 NA=4e19 
Base-Coll Grade InGaN 30 ND=2e18 
Collector GaN 500 ND=1e17 
Sub-Collector GaN 1000 ND=5e18 

Figure 5-7.  Epitaxial layer structure used for simulations of a 4x20 µm2 InGaN/GaN HBT. 
 

The term “average mole fraction” refers to the fact that the base is linearly graded, and 

thus the indium mole fraction in the base can best be described by taking the average of 

the composition at the emitter-base and base-collector interfaces.  Further, in order to 

make suitable comparisons between the individual devices with different mole-fractions, 

the quasi-electric field remains constant at 10 kV/cm. 

5.4.1 Materials Engineering 

 As mentioned previously, one of the key reasons for including InGaN into the 

design of an HBT is the ability to reduce the magnesium activation energy, and therefore 

reduce the base sheet resistance.  Experimental data from Makimoto et. al.11 for indium 

fractions as high as xIn=0.20 indicates a reduction of the magnesium activation from 160 

meV for GaN to approximately 70 meV for In0.20Ga0.80N.  Incorporating this data into the 
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simulations yields the results shown in Figure 5-8.  For xIn=0.20, the total free hole 

concentration reaches 6.6x1018 cm-3, dramatically higher than what is typically achieved 

in GaN.  For example, free hole concentrations on the order of 3x1017 cm-3 are quite 

common, with the highest values reported in the literature reaching up to 8x1017 cm-3.  In 

addition, using the hole mobility data in  
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Figure 5-8.  Simulated acceptor concentration and sheet resistance for InGaN base layers with 
indium compositions of xIn=0.00 - 0.20. 
 

Table 5-5, the sheet resistance for a 100 nm base layer is reduced from 78.1 kΩ/  for 

GaN to 6 kΩ/  for In0.20Ga0.80N.  Experimentally, however, measured values for the 

sheet resistance are significantly higher, with experimental data also included in Figure 5-

8.  Despite the high hole concentrations achievable with InGaN materials, due to material 

quality limitations, mobilities are typically 1-2 cm2/V·sec. 

 Simulations of the high frequency performance of graded base InGaN/GaN 

HBTs, with varying indium mole fraction in the base, were performed using the mixed-

mode environment within ISE.  Y-parameter data are generated, which are then converted 
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to h-parameter data for the calculation of fT and fMAX.  A representative plot of h21 and U 

as a function of frequency, for a device with xIn=0.20 in the base, is provided in Figure 5-

9.  The data show the expected 20 dB/decade roll-off in both the current and power gain, 

with extrapolated values of 8.4 and 26.2 GHz for fT and fMAX, respectively. 
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Figure 5-9.  Simulation of h21 and U versus frequency for a graded base InGaN/GaN HBT with an 
average xIn=0.20. 
 

 Results of fT and fMAX extrapolations for indium mole fractions up to xIn=0.20 and 

VCE=5.0 V, are presented in Figure 5-10.  Because of the enhanced transport properties of 

the higher indium mole fraction materials, as well as a reduction in the parasitic 

resistances, peak fT increases from 12.8 to 26.2 GHz as the indium mole fraction 

increases from xIn=0.05 – 0.20.  At the same time, peak fMAX experiences a similar 

improvement from 4.0 to 8.4 GHz, resulting from the gains in fT as well as the reduction 

in the base resistance (RB). 
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Figure 5-10.  Simulated fT and fMAX values for InGaN/GaN HBTs with InGaN base layers with 
indium compositions of xIn=0.00 - 0.20. 

5.4.2 Lateral Scaling 

 In addition to materials engineering, lateral scaling of HBTs is critically important 

for the reduction of parasitic capacitances and resistances within the device.  Reducing 

the lateral extent of the device decreases the area of the emitter-base and base-collector 

junctions and hence the associated capacitances, and minimizes the extrinsic resistances 

associated with the base and collector layers.  Improvement in fMAX is generally 

considered to be the main benefit from lateral scaling, but both fT and fMAX are dependent 

on the parasitic capacitances and resistances, and therefore both figures of merit 

experience a significant improvement.   In this section, the 4x20 µm2 device simulated in 

the previous section is laterally scaled and simulated at emitter widths of 1.0, 0.5, 0.25, 

and 0.13 µm, to evaluate the enhancement in the high frequency characteristics of 

InGaN/GaN HBTs.  Table 5-6 gives a detailed description of each device for a given 

scaled emitter width.  Because the simulations are two-dimensional, only 5 critical 

dimensions are needed to accurately describe each device:  the emitter width (WE), the 
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spacing between the base contact and the emitter mesa (SEB), the base contact width 

(WB), the spacing between the base mesa, 

Table 5-6.  Critical dimensions for InGaN/GaN HBTs with various scaled emitter widths. 
Emitter Width (µm) Dimension 

(µm) 4.0 1.0 0.5 0.25 0.13 
SEB 1.0 0.5 0.25 0.1 0.05 
WB 2.0 1.0 0.5 0.25 0.13 
SBC 1.0 0.5 0.25 0.10 0.05 
WC 4.0 2.0 2.0 2.0 2.0 

 
and the collector contact (SBC), and the width of the collector contact (WC).   

 Results of the lateral scaling simulations are shown in Figure 5-11, which plot fT 

and fMAX as a function of emitter width, for graded base devices with average indium 

mole fractions of 5, 10, and 20%.   As expected, both fT and fMAX increase significantly as 

the emitter width is scaled down, with fMAX increasing much more dramatically then fT.  

For example, fMAX increases by approximately one order of magnitude across all base 

compositions, while fT improves by approximately a factor of 1.5 to 2.5.  It should also 

be noted that the relative increase in both fT and fMAX is highest for the devices with a 5% 

graded InGaN base, and lowest for the device with a 20% InGaN base.  Though the 

reduction in the parasitic capacitances is similar for all devices, the parasitic base 

resistance is significantly larger for the graded InGaN  
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Figure 5-11.  Simulated values of a) fT and b) fMAX for various scaled emitter widths, with indium 
composition in the base as a parameter. 
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base with lower indium mole fraction, and the improvement in device performance is 

therefore expected to be larger.  

 The improvement in fT, while modest compared to that of fMAX, is still quite 

significant, pushing the fT of the devices up into the range of 30 to 40 GHz.  Modest 

improvement is expected because not all of the terms of the emitter-to-collector transit 

time are improved.  Emitter and collector charging times are reduced, but the base and 

collector charging times are unaffected.  Because only two of the delay terms are being 

optimized, as those delay times scale down, the base and collector transit times begin to 

dominate the total delay time, and the improvement in fT saturates, as seen in Figure 5-

11.  Further performance gains must come from vertical, epitaxial scaling. 

5.4.3 Vertical scaling 

 The final area for device optimization is the vertical scaling of the epitaxial layer 

thicknesses, in particular, the base and collector layers.  Lateral scaling of the device 

helped to minimize the emitter and collector charging time, but the base and collector 

transit times can only be reduced through reduction in the epitaxial thicknesses, or 

through improvements in the electron transport properties.  Assuming the material 

properties are fixed, vertical scaling is the only alternative for improving fT.  In this 

section, the thicknesses of the base and collector layers of an HBT with 0.25 µm width 

are scaled and simulated, to evaluate the impact on high frequency performance. 

 Whereas laterally scaling the HBT in the previous section resulted in a significant 

performance boost in terms of both fT and fMAX, vertically scaling typically produces only 

a significant improvement for fT.  The reason is that reducing the thicknesses of the base 
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and collector layers involves two trade-offs.  When the thickness of the base is reduced, 

so is the base transit time, but this leads to an increase in the base resistance.  On the 

other hand, thinning the collector also reduces the collector transit time, but increases the 

base-collector capacitance as well.  Both RB and CBC are detrimental to fMAX, and as such, 

vertical scaling produces only small improvements.  Simulation results for fT and fMAX as 

the base thickness is reduced from 100 to 40nm are shown in Figure 5-12.  Reducing the 

base thickness from 100nm to 40nm results in approximately a doubling of the fT, 

pushing the peak fT for the devices above 65 GHz, and as high as 71.4 GHz for a 20% 

graded InGaN.  Ballistic effects in the base could enhance transport across, especially for 

the thinnest base layers, but the simulations were not able to take those effects into 

account as only a drift-diffusion model for transport was used.  At the same time, 

however, drift-diffusion theory tends to under-estimate the actual base transit time as the 

base thickness decreases12, and so the values of fT may be slightly overstated.  As for 

fMAX, Figure 5-12b demonstrates only a small improvement for aggressive scaling of the 

base width, on the order of about 20% across all base compositions.  Reducing the base 

width from 100nm to 40nm effectively increases the sheet resistance of the base by a 

factor of 2.5, and thus serves to significantly reduce fMAX. 

 Scaling the collector thickness also involves an improvement in both the fT and 

fMAX figures of merit, pushing the device performance even higher, as shown in Figure 5-

13.  In this case, however, the improvement in fT is not as significant because the delay 

contributed to the overall emitter-to-collector delay time is relatively small.  



  151 

 

 

20

40

60

80

20406080100120

20%
10%
5%

f T
 (G

H
z)

Base Thickness 
( )  

 

20

40

60

80

20406080100120

20%
10%
5%f M

A
X 

(G
H

z)

Base Thickness (nm)
 

Figure 5-12.  Simulated values of a) fT and b) fMAX for various base thicknesses, with indium 
composition in the base as a parameter. 
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Figure 5-13.  Simulated values of a) fT and b) fMAX for various collector thicknesses, with indium 
composition in the base as a parameter. 
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Estimation of the collector space-charge transit time in Section 5.3 for a 400 nm collector 

layer, yielded a value of 0.67 picoseconds, which is relatively small, but with the device 

being aggressively scaled, is large enough to have an impact on the overall device 

performance.  The improvement nonetheless leads to impressive fT values of 75.5, 78.0, 

and 82 GHz for base compositions of 5, 10, and 20%, respectively.  The improvement in 

fMAX as the collector is scaled down is similar to the improvement seen in fT, and is on the 

order of 20% for all base compositions, bringing the peak values to 48, 68.4 and 90.5 for 

base compositions of 5, 10, and 20%, respectively.  Considering the high power handling 

capability of the nitride material system, devices with this level of high frequency 

performance become a viable technology for use in microwave power amplifiers. 

 The goal of section 5.4 was to evaluate, within reason, the potential performance 

of InGaN/GaN HBTs.  In addition, the performance at various incremental steps was 

investigated and essentially provides a technology roadmap for the gradual improvement 

in three key areas;  materials engineering, lateral scaling, and vertical scaling.  Given the 

current status of III-V processing technology, the device proposed is within reach, 

assuming the material growth technology allows for all of the necessary materials 

engineering.  By no means does this device represent the “ultimate” InGaN/GaN HBT, as 

several other enhancements have not been investigated, such as ballistic base transport, 

selectively implanted sub-collector layers for CBC reduction, indium compositions greater 

than 20%, as well as larger quasi-electric fields in the base.  
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6 Conclusions and Future Work 
 

6.1 Summary of Dissertation 

 There is no doubt that III-Nitride based electronics have enormous potential for 

high power, high frequency applications, as demonstrated recently with the impressive 

performance of AlGaN/GaN HEMTs.  High frequency performance of >150 GHz for fT 

and fMAX are now routine, and amplifiers with 150W output power and 50% efficiency 

operating at 2 GHz have emerged, enabling GaN technology to become a factor in the 

base station market.  The enormous research effort of the past decade is bearing fruit, and 

HEMTs are beginning to reach their potential. 

 While GaN HEMT technology is taking off, bipolar technology is still in its 

infancy, as a result of some steep technological hurdles.  The inability to dope the base 

layer remains the major issue, but the inclusion of InGaN in the base offers the potential 

for dramatic improvement.  As such, the goal of this thesis was the design, fabrication, 

and characterization of InGaN/GaN HBTs. 

6.1.1 Design of InGaN/GaN HBTs for Microwave Power Amplifiers 

 The design of an InGaN/GaN HBT began with band structure calculations, using 

the 1D Poisson solver and the ISE simulation package.  In order to create a realistic band 

structure, a number of considerations had to be accounted for, including piezo-electric 

and polarization effects, as well as the background magnesium concentration.  With the 

band structure in hand, the task then became making an initial estimate of the potential 

performance of an InGaN/GaN.  Because of severe current crowding, it became apparent 
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that the device would need to be scaled as aggressively as possible for maximum RF 

performance, or that higher indium mole fractions would be needed for higher base 

doping.  Initial estimates placed the RF performance at 65 and 70 GHz for fT and fMAX, 

respectively. 

 Beyond the simulation of discrete device performance, estimation of the 

performance of a fully matched Class B power amplifier was also performed, with some 

interesting ramifications.  A distributed model of an InGaN/GaN HBT was first 

developed using ADS, to capture the effects of the distributed nature of the extrinsic base, 

followed by S-Parameter and Harmonic Balance simulations.  Though the high power 

capabilities of GaN are attractive for high frequency applications, it also creates an output 

impedance problem.  By using a collector-up structure, however, the output impedance 

problem is mitigated.  Collector-up structures were not able to be fabricated, but 

nonetheless remain an important design consideration. 

6.1.2 Process Development 

 Chapter three of this thesis dealt with the process development for the fabrication 

of InGaN/GaN HBTs.  A number of major issues complicate the fabrication process, 

including etch damage to p-type materials, low volatility dry etch products, lack of a 

selective etch, and difficulty obtaining ohmic contacts to p-type materials.  The use of 

Inductively Coupled Plasma (ICP) etching, however, allows for low damage etching by 

de-coupling the plasma density from the bias voltage.  Experiments demonstrated that 

reducing the power to the RIE electrode improves the forward current of emitter-base 

diode, presumably by minimizing the etch damage. 
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 Smooth dry etch surfaces can be difficult to obtain, because of the low volatility 

of the etch products and subsequent micro-masking.  Optimization of the dry etch 

conditions is essential, as a high plasma density (high ICP power) is necessary to 

effectively remove the etch products.  If for some reason the etch conditions are not 

optimal, and rough surfaces or etch residue remain, it was determined that a boiling 0.2M 

KOH was effective in improving the surface.  This technique could serve as an important 

post dry-etch process for removing etch damaged GaN. 

 The final element of the chapter on process development originated from the work 

on the removal of etch damaged GaN using boiling KOH solutions.  If KOH can remove 

etch damaged GaN material, then it should be possible to design an etch that introduces 

damage into GaN, then removes it.  Digital etching is thus possible is GaN using a two-

step Ar/KOH process, showing good linearity and reproducibility across a number of 

digital etch cycles, and also allows for considerable flexibility in terms of etch rate. 

6.1.3 DC Characterization 

 Only after a reliable fabrication process was developed, with a low damage dry 

etch, was it possible to obtain working HBTs with good device characteristics.  The best 

performing devices had DC current gains in the range of 25-30, offset voltages as low as 

2.5 volts, and breakdown voltages >40 volts, with little output conductance.  

Furthermore, the devices exhibited operation at temperatures up to 300oC, with improved 

offset voltages at the higher temperatures, and were limited by the measurement setup, 

not the device itself.  These device characteristics were obtained despite the reverse 

composition grade in the base, included to improve the material quality of the InGaN 
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material.  Greater performance is therefore expected once some of the material issues are 

resolved. 

6.1.4 RF Characterization 

 Having demonstrated excellent device performance under DC conditions, the final 

step was to characterize the device at RF frequencies.  Only one publication of RF 

operation for a nitride HBT has been reported in the literature, in this case an 

AlGaN/GaN HBT with fT of approximately 1 GHz.  Similar RF performance was 

therefore expected, with fT and fMAX values of approximately 800 and 40 MHz, 

respectively.  Analysis of the transit time components, from extensive parameter 

estimation, indicated that the base transit time was a large factor in the RF performance.  

Once again, the reverse-grade served to slow the electron transport considerably, though 

other issues also played a significant role.  A result on the order of 1 GHz despite the 

inherent technological hurdles speaks well of both the material quality in this work and 

the prospects for dramatic improvement, outlined in the RF simulations. 

6.2 Future Work 

 There is no shortage of work that needs to be done in the area of nitride based 

HBTs, as a number of important technological shortcomings still remain, on both the 

material growth and the processing side.  On the material growth side, nitride HBTs 

could benefit from the following: 

1) Native GaN substrates 
2) Improved p-type doping and mobility 
3) Improved InGaN material quality 
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Currently, the commercialization of free-standing GaN substrates has begun, and some 

work in this thesis was performed on these substrates, but at the moment the cost is too 

prohibitive for anyone except LED or laser diode manufacturers.  With time, the quality 

of InGaN and p-type materials should improve, though there are perhaps some questions 

as to the maximum mobility and doping achievable in the nitride material system. 

 On the processing side, a number of technological issues also remain: 

1) Ohmic p-type contacts 
2) Reliable wet etch chemistry 
3) Selective dry etch 

 

Currently, the lack of a reliable p-type ohmic contact is a severe problem, and even the 

best ohmic contacts reported still fail to achieve contact resistances better than 1x10-4 

Ω·cm2.  For an HBT, etching to the base induces damage, rendering ohmic contacts even 

more difficult.  Further, without a reliable wet etch or a selective dry etch, etching to the 

base will continue to be a problem, especially if a base thinner than 100nm is to be used.  

Wet etch chemistries and some dry-etch selectivity has been demonstrated, but not 

reliably and effectively.  These areas remain important for HBT fabrication. 

 Once some of the fundamental technological problems are solved, some more 

advanced technical issues will begin to emerge.  For example, Chapter 2 highlighted the 

negative contribution of piezo-electric and polarization to an emitter-up InGaN/GaN 

HBT.  The charges tend to compromise proper design, and could be eliminated through 

the use of non-polar orientations of the nitrides.  Research in this area has begun for light 

emitting devices, by using a-plane, r-plane, and m-plane orientations to minimize the 

quantum confined Stark effect, and would be useful also for HBT design. 
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 It is reassuring that many of the areas that require improvement already have 

significant directed research, which offers hope that someday GaN based HBTs will 

move from being a laboratory curiosity towards a viable technology. 
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A InGaN/GaN HBT Fabrication 
 

A.1 Emitter Mesa Etch 

 1)  Photolithography (KSM Aligner) 
  a)  Spin:  AZ-2020 nLOF, 5000rpm, 40 seconds 
  b)  Bake:  110oC, 60 seconds 
  c)  Expose:  2.5 mW, 35 seconds 
  d)  Bake:  110oC, 60 seconds 
  e)  Develop:  AZ-300 MIF, 22 seconds 
 2)  Electron Beam Evaporation 
  a)  Titanium:  150Å 
  b)  Nickel:  850Å 
 3)  Mesa Etch (Trion Mini-Lock II ICP) 
  a)  ICP:  400 W Pressure:  10 mTorr 
       RIE:  5W  Temp:  60oC 
       Cl2:  10 sccm Rate:  5Å/sec 
       BCl3: 5 sccm 
  b)  Nickel removal:  Transene Nickel etch, 60 seconds 
  c)  Titanium removal:  HF:DI (1:2), 15 seconds 
 

A.2 Base Mesa Etch 

 1)  Photolithography (KSM Aligner) 
  a)  Spin:  AZ-2020 nLOF, 5000rpm, 40 seconds 
  b)  Bake:  110oC, 60 seconds 
  c)  Expose:  2.5 mW, 35 seconds 
  d)  Bake:  110oC, 60 seconds 
  e)  Develop:  AZ-300 MIF, 22 seconds 
 2)  Electron Beam Evaporation 
  a)  Titanium:  150Å 
  b)  Nickel:  850Å 
 3)  Mesa Etch (Trion Mini-Lock II ICP) 
  a)  ICP:  400 W Pressure:  10 mTorr 
       RIE:  5W  Temp:  60oC 
       Cl2:  10 sccm Rate:  5Å/sec 
       BCl3: 5 sccm 
  b)  Nickel removal:  Transene Nickel etch, 60 seconds 
  c)  Titanium removal:  HF:DI (1:2), 15 seconds 
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A.3 Isolation Etch 

 1)  Photolithography (KSM Aligner) 
  a)  Spin:  AZ-2020 nLOF, 5000rpm, 40 seconds 
  b)  Bake:  110oC, 60 seconds 
  c)  Expose:  2.5 mW, 35 seconds 
  d)  Bake:  110oC, 60 seconds 
  e)  Develop:  AZ-300 MIF, 22 seconds 
 2)  Electron Beam Evaporation 
  a)  Titanium:  150Å 
  b)  Nickel:  850Å 
 3)  Mesa Etch (Trion Mini-Lock II ICP) 
  a)  ICP:  400 W Pressure:  10 mTorr 
       RIE:  5W  Temp:  60oC 
       Cl2:  10 sccm Rate:  5Å/sec 
       BCl3: 5 sccm 
  b)  Nickel removal:  Transene Nickel etch, 60 seconds 
  c)  Titanium removal:  HF:DI (1:2), 15 seconds 

A.4 Base Contact Formation 

 1)  Photolithography (KSM Aligner) 
  a)  Spin:  BPRS-100, 4500rpm, 40 seconds 
  b)  Bake:  105oC, 60 seconds 
  c)  Expose:  2.5 mW, 50 seconds 
  d)  Develop:  PLSI Developer:DI (1:3), 25 seconds 
 2)  Electron Beam Evaporation 
  a)  Nickel:  200Å 
  b)  Gold:  200Å 
 3)  Contact Anneal / Mg Activation Anneal 
  a)  Tube Furnace:  Air, 600oC, 60 seconds 

A.5 Emitter Metallization 

 1)  Photolithography (KSM Aligner) 
  a)  Spin:  BPRS-100, 4500rpm, 40 seconds 
  b)  Bake:  105oC, 60 seconds 
  c)  Expose:  2.5 mW, 50 seconds 
  d)  Develop:  PLSI Developer:DI (1:3), 25 seconds 
 2)  Electron Beam Evaporation 
  a)  Titanium:  300Å 
  b)  Aluminum:  700Å 
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A.6 Collector Metallization 

 1)  Photolithography (KSM Aligner) 
  a)  Spin:  BPRS-100, 4500rpm, 40 seconds 
  b)  Bake:  105oC, 60 seconds 
  c)  Expose:  2.5 mW, 50 seconds 
  d)  Develop:  PLSI Developer:DI (1:3), 25 seconds 
 2)  Electron Beam Evaporation 
  a)  Titanium:  300Å 
  b)  Aluminum:  700Å 
 

A.7 Polyimide Processing 

 1)  Polyimide Coating 
  a)  Spin:  AP-3000 (Adhesion Promoter), 5000rpm, 20 seconds 
  b)  Spin:  BCB, 5000 rpm, 30 seconds 
  c)  Bake:  95oC, 3 minutes 
  d)  Expose:  2.5 mW, 30 seconds, flood exposure 
  e)  Cure:  Nitrogen, 10oC/sec to 150oC, hold 15 minutes 
  f)  Cure:  Nitrogen, 10oC/sec to 250oC, hold 60 minutes 
 2)  SiO2 Mask 
  a)  Sputter:  300W, 60 minutes, 35 sccm Ar (~200nm) 
 3)  SiO2 Patterning 
  a)  Spin:  BPRS-100, 4500rpm, 40 seconds 
  b)  Bake:  105oC, 60 seconds 
  c)  Expose:  2.5 mW, 50 seconds 
  d)  Develop:  PLSI Developer:DI (1:3), 25 seconds 
 4)  SiO2 Etch 
  a)  ICP:  350 W Pressure:  50 mTorr 
       RIE:  50W  Temp:  5oC 
       CF4:  50 sccm Rate:  4.5 Å/sec (SiO2) 
       O2:      0 sccm Rate:  5.5 Å/sec (PR) 
  b)  PR Removal:  Acetone, 60 seconds 
 5)  Polyimide Etch 
  a)  ICP:  0 W  Pressure:  150 mTorr 
       RIE:  150W Temp:  5oC 
       CF4:    2 sccm Rate:  15 Å/sec 
       O2:    50 sccm Selectivity:  12:1 (PI:SiO2) 
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A.8 GSG Pads 

 1)  Photolithography (KSM Aligner) 
  a)  Spin:  S1818, 4500rpm, 40 seconds 
  b)  Bake:  115oC, 60 seconds 
  c)  Expose:  2.5 mW, 90 seconds 
  d)  Develop:  354 Developer:DI (1:4), 40 seconds 
 2)  Electron Beam Evaporation 
  a)  Titanium:  200Å 
  b)  Nickel:  1800Å 

A.7 Processing Notes 

 1)  The p-type contact anneal and the magnesium activation are performed in a 
      single step.  Annealing in N2 prior to device processing is ineffective because 
                 the sample becomes compensated during fabrication.  Annealing after the base 
      contact deposition was found to be an effective method of magnesium 
      activation. 

2) No contact anneal was performed on the emitter and collector contacts after 
      after deposition, as they are typically ohmic as-deposited. 
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B ISE Simulations of InGaN/GaN HBTs 
 
B.1 DESSIS .cmd input deck 

# ================================================= 
# Copyright (C) 2004 All Rights Reserved 
# ECE Department 
# University of California, San Diego 
# 9500 Gilman Drive, Mailstop 0407 
# La Jolla, CA 92093 
# ------------------------------------------------- 
# Author : David M. Keogh 
# Manager : Peter M. Asbeck 
# Group : High Speed Devices 
# Project : InGaN HBT 
# Date : 07/06/2006 
# Version : ISE TCAD v10.0 DESSIS 
# Filename : fgum_des_ac.cmd 
# Info : DESSIS File 
# Caveats : None 
# ================================================= 
 
Device HBT { 
 
File { 
  # input files: 
  Grid = "125m_40nm_msh.grd" 
  Doping = "125m_40nm_msh.dat" 
  Parameters = "hbt_des.par" 
  # output files: 
#  Output = "fgum_des.log" 
  Plot = "fgum_des.dat" 
  Current = "fgum_des.plt" 
#  ACExtract = "fgum_dac" 
} 
 
Electrode { 
  { Name="Base" Voltage=0.0 DistResist=1e-6 } 
  { Name="Emitter" Voltage=0.0 DistResist=1e-6 } 
  { Name="Collector" Voltage=0.0 DistResist=1e-6 } 
} 
 
# AlN thermal conductivity imposed on substrate contact 
#Thermode { 
#  { Name="CON_SX"  Temperature=300  SurfaceConductance=2.85e3 } 
#} 
 
 
 
 
 
Physics { 
  Mobility( 
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##    DopingDep 
#    eHighFieldsat( CarrierTempDrive ) 
##    hHighFieldsat( CarrierTempDrive ) 
    eHighFieldsat( GradQuasiFermi ) 
#    hHighFieldsat( GradQuasiFermi ) 
##    Enormal 
##    CarrierCarrierScattering 
  ) 
  EffectiveIntrinsicDensity(  
    noFermi 
    NoBandgapNarrowing 
##    Bandgapnarrowing ( OldSlotboom ) 
  ) 
#  Hydrodynamic 
#  Thermodynamic 
  Recombination ( 
    SRH 
##    Auger 
##    Band2Band 
#    eAvalanche( CarrierTempDrive ) 
##    hAvalanche( CarrierTempDrive ) 
##    eAvalanche( GradQuasiFermi ) 
#    hAvalanche( GradQuasiFermi ) 
    Radiative 
  ) 
  Temperature=300 
  Fermi 
  IncompleteIonization (Dopants="IndiumActiveConcentration") 
#  RecGenHeat 
#  Traps 
} 
 
Physics ( region = "REG_E1" ) { 
  Molefraction ( 
    xfraction=0.00 
               ) 
                             } 
 
Physics ( region = "REG_E2" ) { 
  MoleFraction ( 
    xfraction=0.00 
#    Grading ( 
#      ( 
#        xfraction=0.00 
#        GrDistance=0.03 
#        RegionInterface=("REG_E1" "REG_E2") 
#      ) 
#    ) 
  ) 
} 
 
 
 
Physics ( region = "REG_B1" ) { 
  MoleFraction ( 
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    xfraction=0.2125 
    Grading ( 
      ( 
        xfraction=0.1875 
        GrDistance=0.10 
        RegionInterface=("REG_E2" "REG_B1") 
      ) 
    ) 
  ) 
} 
 
Physics ( region = "REG_B2" ) { 
  MoleFraction ( 
    xfraction=0.1875 
    Grading ( 
      ( 
        xfraction=0.2125 
        GrDistance=0.10 
        RegionInterface=("REG_BCG2" "REG_B2") 
      ) 
    ) 
) 
} 
 
Physics ( region = "REG_B3" ) { 
  MoleFraction ( 
    xfraction=0.1875 
    Grading ( 
      ( 
        xfraction=0.2125 
        GrDistance=0.10 
        RegionInterface=("REG_BCG3" "REG_B3") 
      ) 
    ) 
) 
} 
 
Physics ( region = "REG_BCG1" ) { 
  MoleFraction ( 
    xfraction=0.0 
    Grading ( 
      ( 
        xfraction=0.2125 
        GrDistance=0.03 
        RegionInterface=("REG_B1" "REG_BCG1") 
      ) 
    ) 
  ) 
} 
 
 
 
 
Physics ( region = "REG_BCG2" ) { 
  MoleFraction ( 
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    xfraction=0.0 
    Grading ( 
      ( 
        xfraction=0.2125 
        GrDistance=0.03 
        RegionInterface=("REG_B2" "REG_BCG2") 
      ) 
    ) 
  ) 
} 
 
Physics ( region = "REG_BCG3" ) { 
  MoleFraction ( 
    xfraction=0.0 
    Grading ( 
      ( 
        xfraction=0.2125 
        GrDistance=0.03 
        RegionInterface=("REG_B3" "REG_BCG3") 
      ) 
    ) 
  ) 
} 
 
#Physics (RegionInterface="REG_E/REG_B0") { 
#  Traps 
#  Charge ( Uniform  SurfConc=0.00e00 ) 
#  Recombination ( BarrierTunneling ) 
#  Recombination ( surfaceSRH  BarrierTunneling ) 
#} 
 
Plot { 
  eDensity  hDensity  eCurrent/Vector  hCurrent/Vector eLifetime 
  ConductionCurrent/Vector Current/Vector DisplacementCurrent/Vector 
  Potential/Vector  SpaceCharge  ElectricField/Vector 
  eMobility  hMobility  eVelocity/Vector  hVelocity/Vector 
  Doping  DonorConcentration   AcceptorConcentration 
  eJouleHeat  eTemperature  hJouleHeat  hTemperature  
  Temperature  TotalHeat  LatticeTemperature  ThermalConductivity 
  AugerRecombination  AvalancheGeneration  Band2Band  RadRecombination 
  SRHRecombincation  RecombinationHeat  SurfaceRecombination  
TotalRecombination 
#  eAvalanche  eCDL1lifetime  eCDL2lifetime  eLifetime 
  eEffectiveField  eEnormal  eEparallel 
#  hAvalanche  hCDL1lifetime  hCDL2lifetime  hLifetime 
  hEffectiveField  hEnormal  hEparallel 
  Bandgap  ElectronAffinity 
#  BandGapNarrowing  
  ConductionBandEnergy  eQuasiFermi 
  ValenceBandEnergy  hQuasiFermi 
#  Polarization/Vector 
  xMoleFraction } 
} 
Math { 
  Extrapolate 
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  Derivatives 
  NewDiscretization 
  Iterations=20 
  NotDamped=1000 
  RelerrControl 
#  AvalDerivatives 
} 
 
File 
{ 
Output = "fgum" 
ACExtract = "acextract" 
ACPlot = "acplot" 
} 
 
System 
{ 
HBT hbt (Collector=c Base=b Emitter=e) 
Vsource_pset vc (c 0) {dc=0} 
Vsource_pset vb (b 0) {dc=0} 
Vsource_pset ve (e 0) {dc=0} 
} 
 
Solve { 
  Poisson 
  # initial solution: 
  Coupled { Poisson  Electron  Hole } 
#  Coupled { Poisson  Electron  Hole  Temperature } 
#  Coupled { Poisson  Electron  Hole  eTemp  hTemp  Temperature } 
  Plot ( FilePrefix="zb" ) 
 
  # ramp anode: 
  Quasistationary  
    (  
      MaxStep=0.10  MinStep=1e-3  Iterations=20 
      Increment=1.25  Decrement=1.5 
      Goal { Parameter=vc.dc  Voltage=5.0 } 
    ) 
    {  
      Coupled { Poisson  Electron  Hole } 
#      Coupled { Poisson  Electron  Hole  eTemp  hTemp  Temperature } 
    } 
 
  Quasistationary  
    (  
      MaxStep=0.10  MinStep=1e-3  Iterations=20 
      Increment=1.25  Decrement=1.5 
      Goal { Parameter=vb.dc  Voltage=2.6 }  
    ) 
    {  
      Coupled { Poisson  Electron  Hole } 
#      Coupled { Poisson  Electron  Hole  eTemp  hTemp  Temperature } 
    } 
 
  Quasistationary  
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    (  
      MaxStep=0.05  MinStep=1e-3  Iterations=20 
      Increment=1.25  Decrement=1.5 
      Goal { Parameter=vb.dc  Voltage=3.6 }  
      Plot { Range=(0 1)  Intervals=10 } 
    ) 
    { 
      ACCoupled ( 
      StartFrequency=2.5e7 
      EndFrequency=2.5e10 
      NumberOfPoints=31 Decade 
      Node (b c e) Exclude (vb vc ve) 
                ) 
      {Poisson Electron Hole} 
#      Coupled { Poisson  Electron  Hole } 
#      Coupled { Poisson  Electron  Hole  eTemp  hTemp  Temperature } 
    } 
} 
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C InGaN/GaN HBT Parameter Extraction 

 

C.1 Introduction 

 This appendix details the equations used in the parameter estimation for the 

InGaN/GaN HBT. 
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C.4 Collector 
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Total Collector Res. (Ω) , ,int , t ,C tot C C ex C conR R R R= + +  (C-21)

C.5 Bias Dependent Parameters 
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⎢ ⎥⎣ ⎦
 (C-24)

C.6 Transit Time Calculations 

Base transit time (sec) 
2
B

B
n

X
D

τ
υ

=  (C-25)

Correction factor 
2

2 1 21 e κ
υ

κ κ κ
−

=
⎛ ⎞− +⎜ ⎟
⎝ ⎠

 
(C-26)

Field strength factor ( )
B BX

kT
q

εκ =  (C-27)

Emitter Charging time (sec) 
( ) ( )@ @BE BE BC CB

E
m

C V C V
g

τ
+

=  (C-28)

Collector Transit time (sec) ,

2
C depl

SC
sat

X
v

τ =  (C-29)

Collector charging time (sec) 1
C BC E C

m
C R R gτ ⎡ ⎤= + +⎢ ⎥⎣ ⎦

 (C-30)

Emitter-to-collector delay (sec) EC E B SC Cτ τ τ τ τ= + + +  (C-31)

Cut-off frequency (Hz) 
1

2T
EC

f
πτ

=  (C-32)
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Maximum oscillation freq. (Hz) 8
T

MAX
B BC

ff
R Cπ

=  (C-33)

 
 




