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F R Q W D F W V F D Q E H V H H Q LQ p J � � �� � D � � OD \H U V R I H YD S R U D W H G P H W D O D U H X V H G W R
ZLU H W K H YD U LR X V F LU F X LW F R P S R Q H Q W V ZK LOH W K H W K LF N E D F N�V LG H S OD W H G P H W D O
V H U YH V D V D P LF U R V W U LS J U R X Q G S OD Q H IR U W K H R W K H U W ZR P H W D O OD \H U V � + H D W
J H Q H U D W H G LQ W K H + % 7 LV F R Q G X F W H G D ZD \ W K U R X J K W K H S OD W H G J R OG LQ W K H YLD
W R W K H E D F N�V LG H J U R X Q G S OD Q H � 7K H W K LF N J R OG LQ W K H J U R X Q G S OD Q H V S U H D G V
W K H K H D W OD W H U D OO\� U H G X F LQ J W K H W K H U P D O U H V LV W D Q F H IR U K H D W q R Z W K U R X J K W K H
V X E V W U D W H �
� zP R I % H Q ] R &\F OR % X W H Q H � % &% � V H U YH V D V W K H G LH OH F W U LF E H W ZH H Q W K H

P H W D O ZLU H V D Q G W K H P LF U R V W U LS J U R X Q G S OD Q H � % &% K D V D OR Z G LH OH F W U LF
F R Q V W D Q W � s

U

 � �� � D Q G OR Z OR V V � *U R X Q G F R Q Q H F W LR Q V W R W K H ZLU LQ J R Q
% &% D U H P D G H E \ H W F K LQ J YLD V D Q G p OOLQ J W K H P ZLW K S OD W H G J R OG � *LYH Q
W K D W W K H % &% LV R Q O\ � zP W K LF N� W K H YLD V K D YH YH U \ OR Z LQ G X F W D Q F H � 7K H
F R P E LQ D W LR Q R I W K H P LF U R V W U LS ZLU LQ J R Q D OR Z OR V V � OR Z s

U

G LH OH F W U LF ZLW K OR Z
LQ G X F W D Q F H J U R X Q G YLD V J LYH V U LV H W R D S U H G LF W D E OH D Q G OR Z S D U D V LW LF ZLU LQ J
H Q YLU R Q P H Q W R Q W K H ,&�

��� ( PLWWHU PHVD HWFK

7K H H P LW W H U P H V D LV G H p Q H G E \ D F R P E LQ D W LR Q R I G U \ D Q G ZH W H W F K H V �
7L� 3 W � $ X � 6 L LV OLIW H G R o G X U LQ J W K H G H p Q LW LR Q R I W K H H P LW W H U F R Q W D F W � 6 L
D F W V D V W K H P D V N S U R W H F W LQ J W K H H P LW W H U P H W D O G X U LQ J W K H G U \ H W F K � $ F R P �
E LQ D W LR Q R I &+ � � + � � $ U J D V H V LV X V H G IR U G U \ H W F K LQ J W K U R X J K W K H ,Q *D $ V

� �



emitter metal

base metal

InP growth substrate

HBT contacts

Polyimide

Metal-2

Metal-1

SiN

)LJ X U H � �� � 7U D Q V IH U U H G V X E V W U D W H S U R F H V V F U R V V �V H F W LR Q X S W R S U R F H V V V W H S � �

� �



b)

HBT contacts

Polyimide

Metal-2

Metal-1

SiN

Plated backside gold

In-Pb-Ag solder

BCB

collector metal

a)

InP growth substrate

GaAs transfer substrate

)LJ X U H � �� � : D IH U F U R V V �V H F W LR Q X S W R D � S U R F H V V V W H S � � � E � S U R F H V V V W H S � �
� p Q D O�

� �



Ground via
Microstrip
 transmission line

NiCr Metal-2Metal-1 SiNSi

MIM capacitor
Thin film resistor

BCB

Plated gold

In-Pb-Ag solder

GaAs carrier

Plated gold

a)

b)

Microstrip wiringBCB

Plated gold

In-Pb-Ag solder

GaAs carrier

Metal-1 Metal-1

)LJ X U H � �� � D � 0LF U R V W U LS ZLU LQ J R Q W K H ,&� E � 1 L&U U H V LV W R U V D Q G 6 L1 F D �
S D F LW R U V �

� �



6 W H S Q X P E H U 3 U R F H V V G H W D LOV 6 W H S Q X P E H U 3 U R F H V V G H W D LOV
� ( P LW W H U P H W D O
 � 6 L1 
 3 ( &9 '

D Q G H W F K
� % D V H H W F K � � 0H W D O�� 

� % D V H 0H W D O
 � � % &% V S LQ

G H S R V LW LR Q D Q G V LQ W H U F X U H
� ,V R OD W LR Q H W F K 
 � � 9 LD H W F K 

� 3 R O\LP LG H G H S R V LW LR Q � � 7K LF N S OD W H G

D Q G 5 ,( J R OG
� 3 R O\LP LG H � � % R Q G LQ J D Q G

S OD V P D H W F K 
 V X E V W U D W H H W F K
� 1 L&U U H V LV W R U V 
 � � &R OOH F W R U P H W D O

� 0H W D O�� 
 � � 5 H F H V V H W F K

7D E OH � �� � 0D MR U S U R F H V V V W H S V � 
 LQ G LF D W H V V W H S V LQ YR OYLQ J OLW K R J U D S K \�

F D S OD \H U D Q G S D U W LD OO\ LQ W R W K H ,Q $ O$ V H P LW W H U � 7K H LQ W H Q V LW \ R I D OD V H U
E H D P U H q H F W H G IU R P W K H H W F K H G V X U ID F H LV X V H G W R P R Q LW R U W K H H W F K G H S W K �
7K H W U D F H LV D Q X Q LTX H V LJ Q D W X U H G H S H Q G H Q W R Q W K H OD \H U V W U X F W X U H R I W K H
P D W H U LD O� + H Q F H � LW LV D Q D F F X U D W H W R R O W R G H F LG H W K H H Q G �S R LQ W R I W K H G U \
H W F K LQ J S U R F H V V � 7K H H Q G �S R LQ W LV U H S U R G X F LE OH IU R P U X Q W R U X Q � $ IW H U
W K H F R P S OH W LR Q R I G U \ H W F K LQ J � W K H U H P D LQ LQ J 6 L R Q W K H H P LW W H U F R Q W D F W LV
U H P R YH G E \ D V K R U W &)� S OD V P D H W F K �

7K H E D V H F X U U H Q W LQ W K H + % 7 LV G R P LQ D W H G E \ OH D ND J H F X U U H Q W IU R P W K H
H P LW W H U W R W K H E D V H 2K P LF F R Q W D F W V � W K U R X J K V X U ID F H V W D W H V LQ W K H H W F K H G
,Q *D $ V V X U ID F H � ,W P LJ K W W K H U H IR U H E H Q H F H V V D U \ W R V S D F H W K H E D V H F R Q W D F W
D ZD \ IU R P W K H H P LW W H U P H V D H G J H E \ D V K R U W G LV W D Q F H � ,I W K LV G LV W D Q F H LV OD U J H
W K H Q E D V H U H V LV W D Q F H LQ F U H D V H V W K U R X J K W K H LQ W U R G X F W LR Q R I D J D S U H V LV W D Q F H �

$ V H OH F W LYH ZH W H W F K LV Q H [W S H U IR U P H G � 7K H C$ �% 
 H W F K � F K H P LV W U \ J LYH Q
LQ D S S H Q G L[� U H P R YH V ,Q $ O$ V ZLW K D K LJ K V H OH F W LYLW \ F R P S D U H G W R ,Q *D $ V �
7K LV LV D W LP H G H W F K X V H G W R G H p Q H W K H D P R X Q W R I OD W H U D O X Q G H U F X W � $ V
W K LV H W F K LV V H OH F W LYH R Q W K H E D V LV R I $ O YH U V X V *D F R Q W H Q W R I W K H P D W H U LD O� LW
V W R S V D W D S R LQ W LQ W K H J U D G H G H P LW W H U �E D V H MX Q F W LR Q ZK H U H W K H *D F R Q W H Q W LV
OD U J H H Q R X J K � 7K H YH U W LF D O G LV W D Q F H H W F K H G LV V P D OO F R P S D U H G W R W K H G H V LU H G
X Q G H U F X W � 2YH U �H W F K LQ J W K H U H IR U H R F F X U V LQ W K H YH U W LF D O G LU H F W LR Q � 7K LV K D V

� �



W K H E H Q H p F LD O H oH F W R I P D NLQ J W K H V X U ID F H X Q LIR U P E \ U H P R YLQ J D Q \ Q R Q �
X Q LIR U P LW \ OH IW E H K LQ G E \ W K H G U \ H W F K � $ Q X Q LIR U P V X U ID F H F OR V H W R W K H
E D V H LV W K X V H [S R V H G � $ V K R U W � W LP H G � D Q G Q R Q �V H OH F W LYH H W F K LV X V H G Q H [W
W R U H D F K W K H E D V H �
7K H F R P E LQ D W LR Q R I G U \ D Q G ZH W H W F K H V X V H G W R G H p Q H W K H H P LW W H U P H V D

K D V V H YH U D O E H Q H p W V � 7K H ZH W H W F K W K D W IR OOR ZV W K H G U \ H W F K U H P R YH V G D P D J H
LQ W K H V H P LF R Q G X F W R U G X H W R W K H G U \ H W F K S U R F H V V � 7K H V H OH F W LYH ZH W H W F K
V W R S V D F F X U D W H O\ R Q W K H E D V H OD \H U ZLW K D F R Q W U R OOH G X Q G H U F X W LQ W K H OD W H U D O
G LU H F W LR Q � p J � � �� � �

Emitter finger

Base metalEmitter undercut

)LJ X U H � �� � 3 K R W R P LF U R J U D S K R I E D V H �H P LW W H U D IW H U E D V H H W F K �

( P LW W H U P H V D H W F K LV IR OOR ZH G E \ E D V H F R Q W D F W 7L� 3 W � $ X � 7L P H W D OL] D W LR Q
D Q G V LQ W H U LQ J � 7K H 7L OD \H U R Q W R S V H U YH V D V D V W LF NLQ J OD \H U D Q G LP S U R YH V
D G K H V LR Q E H W ZH H Q W K H E D V H P H W D O D Q G W K H S R O\LP LG H ZK LF K LV V S X Q R Q LQ
D V X E V H TX H Q W S U R F H V V V W H S �7U D Q V P LV V LR Q OLQ H P H D V X U H P H Q W � 7/ 0� V W U X F W X U H V
R Q W K H E D V H D U H X V H G W R H YD OX D W H W K H TX D OLW \ R I W K H E D V H R K P LF V � ( [F H OOH Q W
R K P LF F R Q W D F W V ZLW K V S H F Lp F F R Q W D F W U H V LV W LYLW \� U

F

 � d� � b�nF P �� D U H
R E W D LQ H G � 7K H 7/ 0V D OV R LQ G LF D W H W K D W 
 � � � {$ R I E D V H H S LW D [LD O OD \H U LV

� �



H W F K H G E H IR U H G H S R V LW LQ J W K H R K P LF F R Q W D F W P H W D O�

7K H G H YLF H V D U H W K H Q LV R OD W H G E \ LQ D &O� G U \ H W F K S U R F H V V ZK LF K U H P R YH V
W K H F R OOH F W R U OD \H U V D Q G D S S U R [LP D W H O\ K D OI W K H ,Q $ O$ V E X oH U OD \H U �

��� 3 RO\LPLGH SU RFHVV

3 R O\LP LG H LV X V H G W R S D V V LYD W H W K H E D V H �H P LW W H U MX Q F W LR Q � S U H YH Q W V E D V H �
H P LW W H U OH D ND J H F X U U H Q W � � + % 7 H P LW W H U V D U H V X U U R X Q G H G E \ W K H E D V H P H V D
R Q D OO V LG H V � 3 R O\LP LG H LV F R D W H G D Q G W K H Q H W F K H G V R W K D W W K H H P LW W H U p Q J H U
LV H [S R V H G � ZK LOH W K H E D V H P H W D O LV F R YH U H G ZLW K S R O\LP LG H � 0H W D O�� � ZK LF K
LV X V H G W R F R Q Q H F W W K H H P LW W H U W R R W K H U F LU F X LW H OH P H Q W V � q R ZV R YH U W K H
S R O\LP LG H S U H YH Q W LQ J D E D V H �H P LW W H U V K R U W � 7ZR V LJ Q Lp F D Q W S U R E OH P V ZH U H
R E V H U YH G ZLW K W K H R OG S R O\LP LG H S U R F H V V X V H G LQ W K H R OG S U R F H V V >� � @�

����� 6WHS FRYHU DJH RI PHWDO RYHU SRO\LPLGH VWHS

$ IW H U P H V D LV R OD W LR Q � W K H S R O\LP LG H S U R F H V V V W D U W V ZLW K V S LQ Q LQ J D � �� zP
S R O\LP LG H OD \H U � 7R S OD Q D U L] H W K H V X U ID F H D � zP OD \H U R I S K R W R U H V LV W � $ =�
� � � � � LV V S X Q R Q W K H ZD IH U � 7K LV U H V LV W LV S D W W H U Q H G � 7K H S D W W H U Q H G S K R W R U H �
V LV W D Q G E OD Q NH W S R O\LP LG H F R P E LQ D W LR Q LV H W F K H G LQ R [\J H Q 5 ,( X Q W LO W K H
W R S R I W K H H P LW W H U P H W D O p Q J H U LV H [S R V H G � 5 ,( LV Q H F H V V D U \ W R J H W S U H F LV H
H W F K F R Q W U R O� X Q LIR U P LW \ D Q G V P R R W K H W F K V X U ID F H � 7K H S U R F H V V K R ZH YH U �
OH D YH V D YH U \ V W H H S D Q G U D J J H G H G J H ZLW K W K LQ K D LU �OLNH V W U X F W X U H V D U R X Q G
W K H H G J H R I W K H P H V D � p J � � �� D � �

7K H S R O\LP LG H G U \ H W F K S U R F H V V LV IR OOR ZH G E \ P H W D O�� G H S R V LW LR Q � + % 7
H P LW W H U V D U H F R Q Q H F W H G W R YD U LR X V F LU F X LW F R P S R Q H Q W V LQ W K LV P H W D O OD \H U �
7K H P H W D O� G H S R V LW H G E \ V S X W W H U LQ J � IR OOR ZH G E \ S OD W LQ J � R U ( �E H D P H YD S �
R U D W LR Q LV H [S H F W H G W R q R Z IU R P W K H H [S R V H G H P LW W H U p Q J H U R Q W R S R I W K H
S R O\LP LG H OD \H U � G R ZQ W K H S R O\LP LG H V W H S R Q W R W K H V X E V W U D W H � $ V ( �E H D P
H YD S R U D W LR Q LV D G LU H F W LR Q D O S U R F H V V � W K H H YD S R U D W H G P H W D O E U H D NV D W W K H
S R O\LP LG H V W H S � + % 7V ZLW K R S H Q H P LW W H U V D U H R E W D LQ H G � $ F R Q W LQ X R X V
V S X W W H U H G q D V K � P H W D O� OD \H U LV U H TX LU H G IR U H OH F W U R �S OD W LQ J � 7K R X J K P H W D O
G H S R V LW H G LQ W K H V S X W W H U LQ J P D F K LQ H F R YH U V YH U W LF D O H G J H V � W K H K D LU �OLNH V W U X F �
W X U H V D Q G W K H U D J J H G H G J H R Q W K H S R O\LP LG H P D NH V W H S F R YH U D J H G Lr F X OW � )R U
J R R G V W H S F R YH U D J H � LW LV Q H F H V V D U \ W R V S X W W H U W K H P H W D O OD \H U V D W S U H V V X U H V
H [F H H G LQ J � � P 7� *LYH Q W K H OLP LW D W LR Q V R I W K H V S X W W H U LQ J P D F K LQ H LQ R X U

� �



a)

b)

polyimide edge

)LJ X U H � �� � D � 2OG S R O\LP LG H H W F K S U R p OH � E � 1 H Z S R O\LP LG H H W F K S U R p OH
� D IW H U P H W D O�� H YD S R U D W LR Q �

� �



F OH D Q U R R P � LW LV Q R W S R V V LE OH W R R E W D LQ J R R G TX D OLW \ P H W D O OD \H U V � H V S H F LD OO\
7LW D Q LX P � D W V X F K K LJ K S U H V V X U H V �

substrate

Plated metal

)LJ X U H � �� � C7
 V W U X F W X U H R I S OD W H G P H W D O�

$ F R P E LQ D W LR Q R I 2� 5 ,( H W F K D Q G 2� S OD V P D � Q R Q G LU H F W LR Q D O� H W F K LV
G H YH OR S H G W R V R OYH W K H D E R YH S U R E OH P � 8 Q OLNH W K H R OG S U R F H V V � $= b � � � �
V S X Q R Q W K H S R O\LP LG H LV Q R W S D W W H U Q H G E H IR U H W K H 5 ,( H W F K � 7K H ZD IH U
ZLW K E OD Q NH W S K R W R U H V LV W D Q G E OD Q NH W S R O\LP LG H LV H W F K H G X Q W LO W K H H P LW W H U
P H W D O LV H [S R V H G � $ W W K LV S R LQ W W K H H Q W LU H ZD IH U LV F R YH U H G E \ D OD \H U R I
S R O\LP LG H ZLW K W K H H P LW W H U p Q J H U V V W LF NLQ J R X W � $ Q R W K H U OD \H U R I $ =�� � � �
LV V S X Q R Q W K H ZD IH U D Q G S D W W H U Q H G � 7K LV W LP H W K H S R O\LP LG H LV U H P R YH G
E \ S OD V P D H W F K LQ J D W U H OD W LYH O\ K LJ K S U H V V X U H ZLW K S K R W R U H V LV W D V P D V N�
$ V 2� S OD V P D D OV R H W F K H V W K H S K R W R U H V LV W P D V N D W W K H V D P H U D W H D V W K H
S R O\LP LG H � W K H S K R W R U H V LV W P D V N V K R X OG E H V X r F LH Q W O\ W K LF N W R S U R W H F W W K H
S R O\LP LG H LQ W K H P D V NH G D U H D V � 7K H F R P E LQ H G H oH F W R I W K H V R IW P D V N D Q G
W K H Q R Q �G LU H F W LR Q D O S OD V P D H W F K J LYH V U LV H W R D J U D G X D O � V OR S LQ J � V W H S LQ W K H
S R O\LP LG H � p J �� �� E � � 3 OD W H G R U H YD S R U D W H G P H W D O F D Q q R Z R YH U W K H H G J H
H D V LO\�

����� &U DFNV RQ PHVDV DQG RSHQ EDVH�HPLWWHU MXQF�
WLRQV

$ Q R W K H U S U R E OH P LV Q R W LF H G W R ZD U G V W K H H Q G R I W K H ID E U LF D W LR Q S U R F H V V � D I�
W H U W K H ZD IH U ZLW K LW V H S LW D [LD O� P H W D O D Q G G LH OH F W U LF OD \H U V LV q LS S H G R Q W R D
F D U U LH U V X E V W U D W H D Q G W K H ,Q 3 J U R ZW K V X E V W U D W H H W F K H G D ZD \� 6 W U H V V � F D X V H G
E \ W K H G LoH U H Q F H LQ W K H U P D O H [S D Q V LR Q F R H r F LH Q W V R I W K H X Q G H U O\LQ J OD \H U V �
F D X V H V F U D F NV LQ W K H V H P LF R Q G X F W R U P H V D V R Q W R S R I W K H H P LW W H U � 7K H H P LW �
W H U � ZK LF K LV X Q G H U W K H P H V D F D Q E H V H H Q W K U R X J K W K H V H F U D F NV � ,Q R IW H Q

� �



0

0.5

1

1.5

2

0 20 40 60 80 100
Horizontal distance, µm

he
ig

ht
,µ

m

Base mesa
(polyimide etched)

Emitter metal polyimide on
base mesa

InAlAs buffer

a)

b)

)LJ X U H � �� � 6 X U ID F H S U R p OR P H W H U � G H NW D N� P H D V X U H P H Q W D IW H U S R O\LP LG H
H W F K � D � 3 K R W R J U D S K V K R ZLQ J S U R p OR P H W H U S D W K � E � 3 OR W R I S R O\LP LG H W K LF N�
Q H V V D OR Q J W K H S D W K V K R ZQ LQ � D � �

� �



F D V H V � Q R YLV LE OH G D P D J H ZD V V H H Q � E X W D Q H OH F W U LF D OO\ R S H Q E D V H �H P LW W H U
MX Q F W LR Q ZD V R E W D LQ H G � $ IW H U F R OOH F W R U OLW K R J U D S K \ W K H S U R E OH P ZR U V H Q H G
D Q G LQ V R P H U X Q V D OP R V W D OO W K H E D V H H P LW W H U MX Q F W LR Q V ZH U H R S H Q �

$ IW H U Q X P H U R X V H [S H U LP H Q W V D Q G ID LOH G S U R F H V V U X Q V ZLW K F R P E LQ D W LR Q V
R I S OD W H G P H W D O� H YD S R U D W H G P H W D O� YD U LR X V W K LF NQ H V V H V R I % &% � G LoH U H Q W V R O�
G H U V D Q G p Q D OO\ V X E V W LW X W H V IR U W K H S R O\LP LG H � W K H R S H Q E D V H �H P LW W H U MX Q F �
W LR Q V ZH U H D W W U LE X W H G W R S U R E OH P V LQ W K H S R O\LP LG H S U R F H V V � ,W LV V X V S H F W H G
W K D W W K H S R O\LP LG H G R H V Q R W p OO W K H Q D U U R Z J D S LQ W K H H P LW W H U X Q G H U F X W D V
LW S U H IH U H Q W LD OO\ ZH W V W K H E D V H P H W D O U D W K H U W K D Q W K H V H P LF R Q G X F W R U � : K H Q
W K H S R O\LP LG H LV F X U H G � D YR LG LV F U H D W H G � 8 Q G H U V W U H V V W K H V H P LF R Q G X F W R U
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.MODEL CMLHBT NPN IS = 5e-012 BF = 50 NF = 1 VAF = 12 IKF = 0
ISE = 5e-011 NE = 1.67 BR = 3 NR = 1 VAR = 38 IKR = 0 ISC = 5e-009
 NC = 1 RB = 43 IRB = 0.003 RBM = 33 RE = 3.5 RC = 0 CJE = 1.8e-014 VJE =
0.756 MJE = 0.5 TF = 5e-013 XTF  = 0 VTF = 0 ITF = 0 PTF = 0
CJC = 1.9e-014 VJC = 0.7 MJC = 0.33 XCJC = 0.25 TR  = 0 CJS = 0
VJS = 0.75 MJS = 0 XTB = 0 EG = 1.11 XTI = 35 KF = 0 AF = 1 FC =  0.8 NK = 0.5
ISS = 0 NS = 1
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 CJC = 8.2e-015 VJC = 0.7 MJC = 0.33 XCJC =  0.25 TR = 0 CJS = 0
 VJS = 0.75 MJS = 0 XTB = 0 EG = 1.11 XTI = 35 KF = 0 AF = 1 FC = 0.8 NK = 0.5
ISS = 0 NS = 1
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Measured S11 Hybrid-pi model S11 Spice model S11
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Measured S22 Hybrid-pi model S22 Spice model S22

Frequency 1 - 50 GHz

Frequency 1 - 50 GHz
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d)

Measured S12 Hybrid-pi model S12 Spice model S12

Measured S21 Hybrid-pi model S21 Spice model S21

Frequency 1 - 50 GHz
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