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R Q V H W R I . LU N H oH F W � $ OO W K H V H LP S U R YH P H Q W V K D YH W U D Q V IR U P H G D G H P R Q �

V W U D W LR Q G H YLF H W H F K Q R OR J \ LQ W R D D G YD Q F H G ,& S U R F H V V D Q G P D G H S R V V LE OH

K LJ K �S H U IR U P D Q F H LQ W H J U D W H G F LU F X LW V � 7K H F K R LF H R I H P LW W H U �X S R U F R OOH F W R U �

X S LV V W LOO R S H Q � $ H P LW W H U �X S J U R ZW K ZD V X V H G D Q G W K H U D W LR Q D OLW \ R I W K LV

F K R LF H LV H [S OD LQ H G E H OR Z�

$ V F K H P D W LF F U R V V �V H F W LR Q R I W K H W U D Q V IH U U H G �V X E V W U D W H G H YLF H � ZLW K W K H

H P LW W H U R U W K H F R OOH F W R U D V W K H X S S H U H OH F W U R G H LV V K R ZQ LQ p J X U H � �� � : H

Q R Z H [S OD LQ W K H P R W LYD W LR Q IR U G H V LJ Q LQ J V X F K D V W U X F W X U H D Q G IR U F K R R V LQ J

V W U X F W X U H � D � LQ V W H D G R I V W U X F W X U H � E � � 3 R O\P H U OD \H U V F R Q G X F W K H D W S R R U O\

D Q G W K H W K H U P D O YLD LV H V V H Q W LD O� $ V V H H Q LQ W K H p J X U H � W K H U H LV D S D U D �

V LW LF F D S D F LW D Q F H W K U R X J K W K H LQ V X OD W R U E H W ZH H Q W K H F R Q W D F W P H W D O D Q G W K H

J U R X Q G H G W K H U P D O YLD � 7K LV F D S D F LW D Q F H LV E H W ZH H Q H P LW W H U D Q G J U R X Q G

� p J X U H � �� � D � � R U E H W ZH H Q F R OOH F W R U D Q G J U R X Q G � p J X U H � �� � E � � G H S H Q G LQ J

R Q ZK H W K H U W K H F R OOH F W R U R U W K H H P LW W H U LV W K H W R S H OH F W U R G H � )U R P D F LU F X LW

YLH ZS R LQ W � W K H H P LW W H U LV D OR Z�LP S H G D Q F H Q R G H D Q G W K H F R OOH F W R U LV D K LJ K �

LP S H G D Q F H Q R G H � 7K H S D U D V LW LF F D S D F LW D Q F H ZLOO D oH F W F LU F X LW S H U IR U P D Q F H

P R U H V W U R Q J O\ LI LW LV D W D K LJ K �LP S H G D Q F H Q R G H � + H Q F H X V LQ J W K H F R OOH F W R U
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W K H V LV � : K LOH � D � W K H H P LW W H U R U � E � W K H F R OOH F W R U F R X OG E H W K H W R S H OH F W U R G H

LQ W K LV p J X U H � W K H W H [W H [S OD LQ V W K H P R W LYD W LR Q IR U X V LQ J W K H F R OOH F W R U D V W K H

X S S H U H OH F W U R G H �
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D V W K H W R S H OH F W U R G H LV E H Q H p F LD O�

2Q H R I W K H P D LQ IH D W X U H V R I W K H W U D Q V IH U U H G �V X E V W U D W H + % 7 LV W K H U H G X F �

W LR Q LQ F R OOH F W R U �E D V H F D S D F LW D Q F H &FE R E W D LQ H G E \ X V LQ J Q D U U R Z F R OOH F W R U

V W U LS H V � ,I W K H F R OOH F W R U LV W K H OR ZH U H OH F W U R G H � D S D U D V LW LF F R OOH F W R U �E D V H F D �

S D F LW D Q F H LQ V H U LH V ZLW K D E D V H U H V LV W D Q F H ZR X OG H [LV W D V V K R ZQ LQ W K H p J X U H �

7K H S D U D V LW LF F D S D F LW D Q F H ZR X OG E H V LJ Q Lp F D Q W F R P S D U H G W R W K H LQ W U LQ V LF

G H YLF H F D S D F LW D Q F H D Q G ZR X OG W K H U H IR U H G H J U D G H IPD[ V LJ Q Lp F D Q W O\� 2Q W K H

R W K H U K D Q G � LI W K H H P LW W H U LV W K H OR ZH U H OH F W U R G H � S D U D V LW LF H P LW W H U �E D V H F D �

S D F LW D Q F H U H V X OW LQ J IU R P W K H G H YLF H V W U X F W X U H LV S U H V H Q W � 7K H H P LW W H U �E D V H

F D S D F LW D Q F H R I W K H + % 7 LW V H OI LV | � � � � � OD U J H U W K D Q W K H F R OOH F W R U �E D V H

F D S D F LW D Q F H � + H Q F H D V P D OO D G G LW LR Q D O S D U D V LW LF H P LW W H U �E D V H F D S D F LW D Q F H

LQ W U R G X F H G IU R P W K H V X E V W U D W H �W U D Q V IH U S U R F H V V LV R Q O\ R I P LQ R U F R Q F H U Q �

$ J D LQ � X V LQ J W K H F R OOH F W R U D V W K H W R S H OH F W U R G H LV E H Q H p F LD O�

$ V D Q D G G H G D G YD Q W D J H � D H P LW W H U �X S J U R ZW K D OV R p Q D OO\ D OOR ZV D F F H V V

W R W K H H [W U LQ V LF F R OOH F W R U U H J LR Q � ZK LF K F D Q E H U H F H V V H W F K H G W R U H G X F H W K H

IU LQ J LQ J F R OOH F W R U �E D V H F D S D F LW D Q F H � 7K LV LV V K R ZQ LQ p J X U H � �� � ,Q p J X U H

� �� � D � � W K H U H LV Q R U H F H V V H W F K � W K X V U H V X OW LQ J LQ V X E V W D Q W LD O IU LQ J LQ J F D S D F L�

W D Q F H � ,Q p J X U H � �� � E � R Q O\ W K H F R OOH F W R U V LG H ZD OOV D U H U H P R YH G OH D G LQ J W R D

| � � � U H G X F W LR Q LQ &

FE
� 7K LV H W F K S U R p OH U H V X OW V LI D G U \ H W F K LV X V H G R U LI

D D Q LV R W U R S LF ZH W H W F K LV X V H G � ,I D LV R W U R S LF ZH W H W F K LV X V H G � OD W H U D O X Q G H U �

F X W W LQ J G X U LQ J W K H H W F K U H V X OW V LQ W K H S U R p OH R I p J X U H � �� � F � � ZK LF K OH D G V W R

D V LJ Q Lp F D Q W IX U W K H U U H G X F W LR Q LQ &FE� 7K LV K D V E H H Q YH U Lp H G H [S H U LP H Q W D OO\�

+ H Q F H W K H F R OOH F W R U LV G H V LJ Q H G W R E H W K H X S S H U H OH F W U R G H �

7K H U H LV R Q H V LJ Q Lp F D Q W G LV D G YD Q W D J H W R W K H F R OOH F W R U E H LQ J W K H W R S H OH F �

W U R G H � 7K H W K H U P D O YLD V K R X OG S U H IH U D E O\ E H F OR V H V W W R W K H U H J LR Q ZK H U H

P R V W K H D W LV J H Q H U D W H G LQ W K H G H YLF H � )R U D + % 7� W K LV K D S S H Q V W R E H W K H

E D V H �F R OOH F W R U MX Q F W LR Q D U H D D V W K H H OH F W U R Q V D U H V ZH S W W R ZD U G V W K H F R OOH F W R U

F R Q W D F W X Q G H U K LJ K p H OG � *LYH Q W K D W W K H F R OOH F W R U LV R Q W R S W R D YR LG H [F H V V

&

FE
� W K H W K H U P D O YLD K D V W R E H R Q W K H H P LW W H U V LG H H YH Q W K R X J K W K H K H D W

J H Q H U D W LR Q LV S U LP D U LO\ LQ W K H F R OOH F W R U � + H Q F H � W K H U H LV D W U D G H �R o E H W ZH H Q

P LF U R ZD YH D Q G W K H U P D O G H V LJ Q R I W K H W U D Q V LV W R U �

,W LV H [S H F W H G W K D W ZLW K V X E P LF U R Q V F D OLQ J R I W U D Q V IH U U H G �V X E V W U D W H + % 7V �

IPD[ LQ H [F H V V R I � � � *+ ] V K R X OG E H S R V V LE OH � : LW K W K LV K LJ K E D Q G ZLG W K �

LQ W H J U D W H G F LU F X LW V R S H U D W LQ J D W YH U \ K LJ K V S H H G V V K R X OG E H IH D V LE OH � &LU F X LW

V S H H G G H S H Q G V R Q G H YLF H E D Q G ZLG W K D V ZH OO D V R Q R W K H U NH \ ID F W R U V R X W �

OLQ H G D E R YH � 7K H W U D Q V IH U U H G �V X E V W U D W H + % 7 ,& S U R F H V V K D V E H H Q G H V LJ Q H G

W R LQ F R U S R U D W H W K H NH \ ,& U H TX LU H P H Q W V � 7R U H D OL] H K LJ K �V S H H G F LU F X LW V D Q G
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G H YLF H V � H [W H Q V LYH S U R F H V V G H YH OR S P H Q W ZD V G R Q H � 7K H ID E U LF D W LR Q S U R F H V V

LV S U H V H Q W H G LQ W K H Q H [W F K D S W H U �



&KDSWHU �

)DEU LFDWLRQ

7K LV F K D S W H U G H W D LOV W K H ,& ID E U LF D W LR Q S U R F H G X U H � 7K H S U R F H V V LV F R P S OH [

ZLW K W H Q P D V N OD \H U V D Q G W H Q V R I S U R F H V V V W H S V � 6 W D U W LQ J ZLW K W K H ZR U N R I

% K D W W D F K D U \D >� � @� S U R F H V V G H YH OR S P H Q W LQ YR OYH G H [W H Q V LYH H [S H U LP H Q W D W LR Q

D Q G P X OW LS OH ZD IH U U X Q V � D Q H oR U W ZK LF K W R R N W ZR \H D U V R I LQ W H Q V H H oR U W �

7K H U H V X OW V IU R P H YH U \ S U R F H V V G H YH OR S P H Q W H [S H U LP H Q W D U H Q R W S U H V H Q W H G

K H U H LQ G H W D LO� R Q O\ W K H p Q D O S U R F H V V LV S U H V H Q W H G � 7K H S U R F H V V LV G H V F U LE H G

LQ G H W D LO LQ W K H $ S S H Q G L[�

��� 0 % ( OD\HU VWU XFWXU H

7K H $ O,Q $ V � *D ,Q $ V P D W H U LD O V \V W H P ZD V F K R V H Q IR U W K H ID E U LF D W LR Q R I W U D Q V �

IH U U H G �V X E V W U D W H + % 7V � 7K LV P D W H U LD O V \V W H P K D V V H YH U D O D G YD Q W D J H V R YH U

W K H $ O*D $ V � *D $ V V \V W H P LQ F OX G LQ J K LJ K H U H OH F W U R Q P R E LOLW \� K LJ K H U V D W X �

U D W H G H OH F W U R Q YH OR F LW \ D Q G OR ZH U V X U ID F H U H F R P E LQ D W LR Q � &R P E LQ H G ZLW K

W K H V F D OD E LOLW \ R I W U D Q V IH U U H G �V X E V W U D W H + % 7� W K H $ O,Q $ V � *D ,Q $ V V \V W H P

V K R X OG \LH OG YH U \ K LJ K �S H U IR U P D Q F H G H YLF H V � 7K H + % 7 H S LW D [LD O OD \H U V W U X F �

W X U H � p J X U H � �� � D � � LV J U R ZQ E \ P R OH F X OD U E H D P H S LW D [\ � E \ ' � 0H Q V D � R Q

D )H �G R S H G V H P L�LQ V X OD W LQ J � � � � � ,Q 3 V X E V W U D W H � V W D U W LQ J ZLW K D � � � �

{

$

$ O,Q $ V E X oH U OD \H U � 7K H *D ,Q $ V F R OOH F W R U LV � � � �

{

$ W K LF N� LV 6 L�G R S H G D W

� d � �

��
 F P

�
D Q G F R Q W D LQ V D � d � �

��
 F P

�
6 L S X OV H �G R S H G OD \H U � � �

{

$ IU R P

W K H E D V H � 7K LV S X OV H �G R S H G OD \H U G H OD \V W K H R Q V H W R I E D V H S X V K �R X W >� � @ D Q G

G H S OH W H V R X W �G LoX V H G % H LQ W K H F R OOH F W R U � $ W K LQ Q H U � � � � �

{

$ � F R OOH F W R U ZD V

D OV R X V H G LQ V R P H J U R ZW K V � 7K LQ F R OOH F W R U V LQ F U H D V H W K H F R OOH F W R U �E D V H F D �

S D F LW D Q F H G H J U D G LQ J I
PD[

� E X W LP S U R YH W K H F R OOH F W R U W U D Q V LW W LP H LQ F U H D V LQ J

� �
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emitter

base

collector

buffer

GaInAs 1000 Å 1•10
19

 Si

AlInAs 834 Å 1•10
19

 Si

Grade 66 Å

AlInAs 500 Å 8•10
17

 Si
Grade 300 Å

GaInAs 100 Å 3•10
19

 Be

GaInAs 400 Å 2•10
16

 Si

GaInAs 50 Å 1•10
18

 Si

GaInAs 2250 Å 1•10
16

 Si
AlInAs 2500 Å

S. I. InP

GaInAs 400 Å 5•10
19

 Be
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E LD V �

I
�

� 7K LQ Q H U F R OOH F W R U V D OV R LP S U R YH W K H . LU N H oH F W W K U H V K R OG W K X V H Q D E OLQ J

K LJ K H U F X U U H Q W G H Q V LW \ R S H U D W LR Q � 2I F R X U V H E U H D NG R ZQ LV ZR U V H LQ W K LQ

F R OOH F W R U V E H F D X V H R I W K H LQ F U H D V H G H OH F W U LF p H OG V �

7R U H G X F H W K H E D V H W U D Q V LW W LP H � W K H � � �

{

$ *D ,Q $ V E D V H LV J U D G H G LQ E R W K

G R S LQ J D Q G E D Q G J D S � 7K H � � �

{

$ R I W K H *D ����,Q ����$ V E D V H LP P H G LD W H O\

D G MD F H Q W W R W K H F R OOH F W R U LV % H �G R S H G D W � d � �

��
 F P

�
� 7K H U H P D LQ LQ J � � �

{

$ R I W K H E D V H LV % H �G R S H G D W � d � �

��
 F P

�
� % \ LQ F U H D V LQ J W K H *D F H OO

W H P S H U D W X U H S U R J U H V V LYH O\ G X U LQ J J U R ZW K R I W K H � � �

{

$ OD \H U � W K H *D �,Q U D W LR

LV J U D G X D OO\ LQ F U H D V H G � LQ W U R G X F LQ J D | � �� � H 9 E D Q G J D S J U D G LH Q W D F U R V V W K H

� � �

{

$ OD \H U � ,Q V R P H R I W K H U H V X OW V S U H V H Q W H G OD W H U � D W K LQ Q H U � � � �

{

$ � E D V H

ZD V X V H G � 7K LQ E D V H V LP S U R YH W K H E D V H W U D Q V LW W LP H D W W K H F R V W R I LQ F U H D V H G

E D V H V K H H W U H V LV W D Q F H � $ OV R � W K LQ E D V H V D U H G Lr F X OW W R J U R Z LQ D F R Q W U R OOH G

P D Q Q H U G X H W R S U R E OH P V D V V R F LD W H G ZLW K R X W G LoX V LR Q R I W K H % H G R S D Q W IU R P

W K H K H D YLO\ G R S H G E D V H OD \H U � 7K H H P LW W H U �E D V H H W F K LQ YR OYH V D V H OI�D OLJ Q H G

H W F K G R ZQ W R W K H E D V H H S LW D [LD O OD \H U � 3 U H F LV H D Q G X Q LIR U P H W F K LQ J LV G H V LU H G

W R D F K LH YH OR Z D Q G X Q LIR U P E D V H U H V LV W D Q F H � : LW K W K LQ OD \H U V � P R U H Q R Q �

X Q LIR U P LW \ P LJ K W U H V X OW G X U LQ J W K LV H W F K � $ Q D OW H U Q D W LYH W R U H G X F LQ J W K H

E D V H W K LF NQ H V V W R LP S U R YH W U D Q V LW W LP H ZR X OG E H W R LQ F U H D V H W K H E D Q G J D S

J U D G LQ J LQ W K H E D V H � % X W � W R R P X F K J U D G LQ J F D Q F D X V H H [F H V V LYH V W U D LQ D Q G

J U R ZW K G H IH F W V LQ W K H V H P LF R Q G X F W R U OD \H U V G X H W R OD W W LF H P LV P D W F K � $ OV R �

*D ,Q $ V H S LW D [LD O OD \H U V ZLW K W R R P X F K *D E H K D YH P R U H OLNH *D $ V ZK LF K
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K D V D K LJ K H U V X U ID F H U H F R P E LQ D W LR Q YH OR F LW \ D Q G P LJ K W G H J U D G H W K H F X U U H Q W

J D LQ R I W K H G H YLF H �

7K H E D V H LV W K H Q J U D G H G LQ � � �

{

$ W R W K H $ O,Q $ V H P LW W H U � 7K H p U V W � �

{

$

R I W K H J U D G H LV % H �G R S H G D W � d � �

��
 F P

�
D Q G W K H U H P D LQ G H U LV 6 L�G R S H G D W

� d � �

��
 F P

�
� 7K H $ O,Q $ V H P LW W H U LV D E R X W � � � �

{

$ W K LF N� 7K H p U V W � � �

{

$

D U H 6 L�G R S H G D W � d � �

��
 F P

�
D Q G W K H U H P D LQ G H U LV 6 L�G R S H G D W � d � �

��
 F P

�
�

7K LV LV J U D G H G LQ � �

{

$ W R W K H ,Q *D $ V H P LW W H U F D S � 7K H H P LW W H U F D S LV Q
�

G R S H G ZLW K 6 L D W � d � �

��
 F P

�
� 7K H H P LW W H U OD \H U G H V LJ Q LV V LP LOD U W R >� � @� $

,Q $ V H P LW W H U F D S ZD V X V H G LQ V R P H J U R ZW K V W R U H G X F H W K H H P LW W H U U H V LV W D Q F H �

7K H E D Q G G LD J U D P F R U U H V S R Q G LQ J W R W K H OD \H U V W U X F W X U H R I p J X U H � �� � D �

X Q G H U IR U ZD U G E LD V LV V K R ZQ LQ p J X U H � �� � E � � 7K H E LD V LQ J F R Q G LW LR Q V D U H

D V IR OOR ZV � E D V H �H P LW W H U YR OW D J H 9
%(

 � �� 9 � F R OOH F W R U �H P LW W H U YR OW D J H

9
&(

 � �� 9 � D Q G D H P LW W H U F X U U H Q W G H Q V LW \ R I � d � �
�
$ � F P

�
� 7K H F R OOH F W R U

F X U U H Q W G H Q V LW \ LV D V V X P H G W R E H W K H V D P H D V W K H H P LW W H U F X U U H Q W G H Q V LW \�

D V LV W K H F D V H R I D Q D U U R Z�F R OOH F W R U + % 7� 7K H H oH F W R I W K H H OH F W U R Q V LQ W K H

F R OOH F W R U V S D F H F K D U J H OD \H U G X H W R W K H F R OOH F W R U F X U U H Q W LV LQ F OX G H G ZK LOH

F D OF X OD W LQ J W K H H OH F W U LF p H OG D Q G W K H H OH F W U R V W D W LF S R W H Q W LD O LQ W K H F R OOH F W R U

V S D F H F K D U J H OD \H U � $ Q H OH F W U R Q YH OR F LW \ R I � d � �

�
P � V LV D V V X P H G LQ W K H V H

F D OF X OD W LR Q V � 7K H S X OV H �G R S H G OD \H U F D X V H V V LJ Q Lp F D Q W O\ E D Q G �E H Q G LQ J LQ W K H

F R OOH F W R U � F OR V H W R W K H E D V H D V V K R ZQ LQ W K H E D Q G G LD J U D P � $ V D U H V X OW R I

W K LV � W K H F X U U H Q W G H Q V LW \ F R U U H V S R Q G LQ J W R . LU N H oH F W W K U H V K R OG LQ LQ F U H D V H G

D V D K LJ K H U H OH F W U R Q F K D U J H LV Q R Z Q H H G H G W R q D W W H Q W K H F R Q G X F W LR Q E D Q G LQ

W K H F R OOH F W R U D W W K H E D V H H G J H �

��� )DEU LFDWLRQ

)LJ X U H V � �� D Q G � �� V K R Z V H TX H Q W LD OO\� W K H V W H S V LQ YR OYH G LQ ID E U LF D W LR Q R I

W U D Q V IH U U H G � V X E V W U D W H + % 7V � 7K H ID E U LF D W LR Q S U R F H V V V W D U W V ZLW K W K H H YD S �

R U D W LR Q R I 7L� 3 W � $ X � 6 L � | � z P W K LF N� H P LW W H U F R Q W D F W V � 7K H 6 L OD \H U LV

X V H G D V D P D V N IR U W K H IR OOR ZLQ J H W F K H V D Q G LV V X E V H TX H Q W O\ U H P R YH G � $

F R P E LQ D W LR Q R I D G U \ H W F K � D V H OH F W LYH ZH W H W F K � D Q G D Q R Q �V H OH F W LYH ZH W H W F K

LV W K H Q X V H G W R H W F K G R ZQ W R W K H E D V H H S LW D [LD O OD \H U � 7K H G U \ H W F K LV G R Q H LQ

D 5 ,( V \V W H P ZLW K &+ � + � $ U D Q G LW U H P R YH V P R V W R I W K H X Q P D V NH G H P LW �

W H U H S LW D [LD O OD \H U V � $ OD V H U P R Q LW R U LV X V H G W R G H W H U P LQ H W K H H W F K V W R S S R LQ W

D Q G W K H H W F K F R Q G LW LR Q V D U H G H V LJ Q H G W R J LYH D D Q LV R W U R S LF YH U W LF D O V LG H ZD OO

H W F K � $ V H OH F W LYH ZH W H W F K � ZK LF K H W F K H V $ O,Q $ V V H OH F W LYH O\ R YH U *D ,Q $ V � LV

X V H G W R U H P R YH W K H U H P D LQ G H U R I W K H $ O,Q $ V H P LW W H U OD \H U D Q G H [S R V H W K H
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metal 1 polyimide metal 2 SiN NiCr contact

(a)

C
B
E

InP substrate

AlInAs buffer

(b)

C
B
E

InP substrate

AlInAs buffer

(c)

BCB

C
B
E

gold ground plane
   gold
thermal
    via

ground
    via

InP substrate

AlInAs buffer

)LJ X U H � �� � )D E U LF D W LR Q S U R F H V V IR U W U D Q V IH U U H G �V X E V W U D W H + % 7V �
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ground viatransistor resistor capacitor microstrip

BCB

GaAs carrier wafer

In/Pb/Ag solder

C
B
E

gold ground plane

   gold
thermal
    via ground

    via

metal 1 polyimide metal 2 SiN NiCr contact

)LJ X U H � �� � )D E U LF D W LR Q S U R F H V V IR U W U D Q V IH U U H G �V X E V W U D W H + % 7V � F R Q W G �� �
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W R S *D ,Q $ V OD \H U LQ W K H H P LW W H U �E D V H J U D G H � / D W H U D O H W F K LQ J LQ W K LV V W H S

U H G X F H V W K H H P LW W H U G LP H Q V LR Q V W R E H OR Z W K H OLW K R J U D S K LF D OO\ G H p Q H G D U H D �

7K H V H F R Q G ZH W H W F K LV X V H G W R H W F K W K H � � �

{

$ J U D G H D Q G H [S R V H W K H E D V H

*D ,Q $ V OD \H U � 7K LV H W F K D OV R U H G X F H V W K H OD W H U D O G LP H Q V LR Q V R I W K H H P LW W H U �

)LJ X U H � �� V K R ZV D 6 ( 0 S K R W R P LF U R J U D S K R I W K H G H YLF H F U R V V �V H F W LR Q D IW H U

W K LV V W H S � 7K H OD W H U D O X Q G H U F X W V F D Q E H V H H Q LQ W K LV F U R V V �V H F W LR Q �

emitter

base

)LJ X U H � �� � 6 ( 0 F U R V V �V H F W LR Q R I G H YLF H D IW H U H P LW W H U �E D V H H W F K �

6 H OI�D OLJ Q H G 7L� 3 W � $ X E D V H P H W D O � | � � � �
{

$ W K LF N� LV H YD S R U D W H G D Q G

V LQ W H U H G D W � � �

r

& IR U � P LQ X W H � 7K H E D V H P H W D O W K LF NQ H V V LV F K R V H Q W R E H OH V V

W K D Q W K H W K LF NQ H V V R I W K H X Q G H U F X W H P LW W H U OD \H U V W R S U H YH Q W H OH F W U LF D O V K R U W V

E H W ZH H Q W K H H P LW W H U D Q G E D V H � 7U D Q V LV W R U V D U H W K H Q LV R OD W H G E \ IR U P LQ J

P H V D V X V LQ J D &O� � $ U 5 ,( G U \ H W F K ZLW K S K R W R U H V LV W D V D P D V N� V W R S S LQ J

R Q W K H $ O,Q $ V E X oH U OD \H U � 7K H S U R F H V V W R W K LV S R LQ W LV V K R ZQ LQ p J X U H

� �� � D � � 7K LQ p OP 1 L&U � � � �

{

$ � LV H YD S R U D W H G R Q W K H ZD IH U W R IR U P U H V LV W R U V

ZLW K � � n ( V K H H W U H V LV W LYLW \� 6 H YH U D O H [S H U LP H Q W V ZH U H G R Q H W R R E W D LQ

W K H U LJ K W W K LF NQ H V V IR U D V K H H W U H V LV W LYLW \ R I � � n (� 5 H V LV W R U V Q H H G W R

E H S D V V LYD W H G R Q H LW K H U V LG H � E R W W R P D Q G W R S � � 7K H E R W W R P Q H H G V W R E H

S D V V LYD W H G E H F D X V H D IW H U V X E V W U D W H �W U D Q V IH U LW ZLOO E H H [S R V H G W R D LU � % R W W R P

S D V V LYD W LR Q ZD V D F K LH YH G E \ H YD S R U D W LQ J � � �
{
$ R I 6 L2 E H IR U H H YD S R U D W LQ J

1 L&U � 7R S S D V V LYD W LR Q LV G R Q H H LW K H U E \ S R O\LP LG H R U E \ 6 L1 � E R W K R I ZK LF K

D U H X V H G LQ V X E V H TX H Q W V W H S V D Q G G R Q R W U H TX LU H D Q \ H [W U D S U R F H V V LQ J �
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emitter

polyimide

)LJ X U H � �� � 3 R O\LP LG H S OD Q D U L] D W LR Q R I W K H H P LW W H U p Q J H U �

base

polyimide

nichrome

emitter

)LJ X U H � �� � : D IH U D IW H U S R O\LP LG H H W F K LQ J �
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7K H G H YLF H V D U H S D V V LYD W H G D Q G S OD Q D U L] H G ZLW K S R O\LP LG H LQ D G U \ 2�

5 ,( H W F K ZLW K S K R W R U H V LV W D V D P D V N� )LJ X U H � �� V K R ZV W K H H P LW W H U V W U LS H

D IW H U E H LQ J S OD Q D U L] H G E \ S R O\LP LG H � 3 R O\LP LG H D OV R V H U YH V D V LQ W H U F R Q �

Q H F W F U R V V R YH U V IR U P X OW LS OH ZLU LQ J OH YH OV � $ IW H U S OD Q D U L] D W LR Q � S R O\LP LG H

LV OH IW R Q O\ D U R X Q G W K H G H YLF H V � IR U S D V V LYD W LR Q � D Q G ZK H U H YH U P H W D O�P H W D O

F U R V V R YH U V D U H U H TX LU H G � p J X U H � �� � � 5 H q R ZLQ J W K H S R O\LP LG H D W � � �
r

& LV

G R Q H IR U W H Q P LQ X W H V R Q D K R W S OD W H W R U R X Q G LW V H G J H V IR U V X E V H TX H Q W P H W D O

V W H S F R YH U D J H � 7K H V X U ID F H R I W K H S R O\LP LG H K D V W R E H V P R R W K D IW H U W K H

H W F K V R W K D W J R R G V X E V H TX H Q W OLW K R J U S D K \ LV S R V V LE OH R Q LW � 6 P R R W K Q H V V LV

H Q V X U H G E \ X V LQ J D OR Z H W F K U D W H E \ X V LQ J OR Z S R ZH U LQ W K H 5 ,( V \V W H P �

polyimide

metal1

)LJ X U H � �� � : D IH U D IW H U W K H p U V W OH YH O R I P H W D OOL] D W LR Q �

7K H p U V W OH YH O R I P H W D OOL] D W LR Q � 0� � � 7L� $ X � 7L � | � zP W K LF N� LV H YD S �

R U D W H G D W W K LV S R LQ W � )LJ X U H � �� V K R ZV D S K R W R P LF U R J U S D K R I W K H ZD IH U D W

W K LV S R LQ W � 7K LV H YD S R U D W LR Q LV G R Q H D W D Q D Q J OH D Q G ZLW K U R W D W LR Q R I W K H

ZD IH U F K X F N W R H Q V X U H D G H TX D W H V W H S F R YH U D J H D W W K H P H V D D Q G S R O\LP LG H

H G J H V � $ Q J OH H YD S R U D W LR Q D Q G U R W D W LR Q D OV R J LYH V OR S LQ J H G J H V LQ 0� ZK LF K

ID F LOLW D W H V P R R W K V X E V H TX H Q W F U R V V R YH U V � 7K LV P H W D O IR U P V P R V W R I W K H W U D Q V �

P LV V LR Q OLQ H V � LQ W H U F R Q Q H F W ZLU LQ J � S U R E H S D G V � F D S D F LW R U E R W W R P S OD W H D Q G

U H V LV W R U F R Q W D F W V � ( P LW W H U V D Q G E D V H V D U H D OV R F R Q W D F W H G E \ W K LV P H W D O� 7K H

LQ W H U ID F H E H W ZH H Q 1 L&U D Q G 0� Q H H G V W K H U P D O W U H D W P H Q W IR U J R R G F R Q W D F W �

7K H H [D F W W H P S H U D W X U H IR U W K LV V W H S ZD V Q R W G H W H U P LQ H G LQ D V H S D U D W H H [�
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S H U LP H Q W � E X W D W H P S H U D W X U H R I � � �
r

& W K D W LV X V H G V X E V H TX H Q W O\ IR U R W K H U

V W H S V ZD V IR X Q G W R E H D G H TX D W H � J LYH V | � F R Q W D F W U H V LV W D Q F H � � 5 H V LV W R U

P H D V X U H P H Q W V LP P H G LD W H O\ D IW H U H YD S R U D W LR Q R I 0� ZLOO V K R Z YH U \ K LJ K

F R Q W D F W U H V LV W D Q F H �

metal2

metal1

)LJ X U H � �� � : D IH U D IW H U V H F R Q G OH YH O R I P H W D OOL] D W LR Q �

6 L1 G LH OH F W U LF LV W K H Q G H S R V LW H G R YH U W K H H Q W LU H ZD IH U E \ 3 ( &9 ' D W � � �

r

&� 7K LV G LH OH F W U LF V H U YH V W K U H H S X U S R V H V � LW IR U P V W K H G LH OH F W U LF IR U P H W D O�

LQ V X OD W R U �P H W D O F D S D F LW R U V � LW IR U P V W K H LQ V X OD W R U IR U F U R V V R YH U V E H W ZH H Q

0� D Q G W K H V H F R Q G OH YH O R I P H W D OOL] D W LR Q � D Q G � LW IR U P V D LQ V X OD W LQ J OD \H U

R YH U W K H ZK R OH ZD IH U S U LR U W R W K H S U R F H V V R I V X E V W U D W H W U D Q V IH U � 7K H V H U R OH V

S OD \H G E \ W K H 6 L1 ZLOO E H F R P H F OH D U D V ZH J R W K U R X J K W K H S U R F H V V � 7K H

6 L1 LV V H OH F W LYH O\ H W F K H G D ZD \ LQ V R P H S OD F H V ZLW K D 6 )� � 2� � $ U G U \ 5 ,(

H W F K � X V LQ J S K R W R U H V LV W D V D P D V N� 7K H S X U S R V H R I W K LV V W H S LV W R H [S R V H

W K H X Q G H U O\LQ J 0� LQ V R P H S OD F H V � W R E H D E OH W R P D NH F R Q W D F W V W R LW � 7K H

V H F R Q G OH YH O R I P H W D OOL] D W LR Q � 0� � LV G R Q H � V LP LOD U W R 0� � 0� D OV R IR U P V

W K H W R S S OD W H IR U 0,0 F D S D F LW R U V � 7K H S U R F H V V D W W K LV S R LQ W LV V K R ZQ LQ

p J X U H � �� � E � � )LJ X U H � �� V K R ZV D F U R V V R YH U E H W ZH H Q 0� D Q G 0� � 1 R W H W K H

V OR S LQ J H G J H V F D X V H G E \ D Q J OH G H YD S R U D W LR Q R I P H W D O ZK LF K H Q D E OH V V P R R W K

F U R V V R YH U V � )LJ X U H � �� V K R ZV S K R W R P LF U R J U D S K R I D ZD IH U D W W K LV S R LQ W �

)LJ X U H � �� � � D � V K R ZV D S K R W R P LF U R J U D S K R I D G H YLF H D IW H U W K LV V W H S �

7K H V X E V W U D W H W U D Q V IH U S U R F H V V V W D U W V E \ F R D W LQ J W K H ZD IH U ZLW K D W K LF N
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metal2

)LJ X U H � �� � : D IH U D IW H U 0� H YD S R U D W LR Q �

(a)

emitter

base

(b)

collector

)LJ X U H � �� � � 6 ( 0 S K R W R P LF U R J U D S K R I G H YLF H D IW H U � D � S D U W LD O ID E U LF D W LR Q

D Q G � E � F R P S OH W H ID E U LF D W LR Q �
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� | � � zP � OD \H U R I % H Q ] R F \F OR E X W H Q H � % &% � s
U
 � �� � D Q G F X U LQ J D W D

P D [LP X P W H P S H U D W X U H R I � � �
r

& � ZLW K W H P S H U D W X U H U D P S �X S D Q G U D P S �

G R ZQ � � 7K H U P D O YLD V R Q W K H H P LW W H U V D Q G J U R X Q G YLD V D U H IR U P H G E \ G U \

H W F K LQ J R S H Q LQ J V LQ W K H % &% � $ � � �
{
$ W K LF N 1 L P D V N LV X V H G IR U W K LV H W F K �

( W F K LQ J LV G R Q H ZLW K 6 )� 2� LQ D 5 ,( V \V W H P D Q G U H V X OW V LQ D V R P H ZK D W

R YH U F X W S U R p OH � 7K LV H W F K D OV R H W F K H V W K H 6 L1 LQ V X OD W R U OD \H U LQ W K H YLD V � 7K H

1 L P D V N LV U H P R YH G ZLW K 1 L H W F K D Q W D W � �
r

&� $ E OD Q NH W % &% H W F K LV G R Q H

W R F OH D Q X S W K H YLD V D Q G W R U R X J K H Q W K H V X U ID F H R I % &% IR U J R R G D G K H V LR Q R I

W K H P H W D OV W R IR OOR Z� 3 ( &9 ' 6 L1 LV G H S R V LW H G R Q W K H E D F NV LG H R I W K H ZD IH U

W R S U H YH Q W J R OG S OD W LQ J R Q W K H ZD IH U E D F NV LG H LQ V X E V H TX H Q W H OH F W U R S OD W LQ J

V W H S V � 7K H YLD V D U H W K H Q p OOH G ZLW K W K LF N $ X � | � � z P � E \ H OH F W U R S OD W LQ J �

7K H H OH F W U R S OD W H G $ X D OV R IR U P V D Q H OH F W U LF D OO\ D Q G W K H U P D OO\ F R Q G X F W LQ J

J U R X Q G S OD Q H � W K X V J U R X Q G LQ J D OO H P LW W H U V �

0LF U R V W U LS LQ W H U F R Q Q H F W OLQ H V R Q % &% S U R YLG H D OR Z�F D S D F LW D Q F H ZLU LQ J

H Q YLU R Q P H Q W IR U G H Q V H F LU F X LW V � *U R X Q G YLD V W R W K H W K LF N H OH F W U R S OD W H G

J U R X Q G S OD Q H S U R YLG H OR Z J U R X Q G U H W X U Q LQ G X F W D Q F H � 7K H U P D O YLD V S U R YLG H

H r F LH Q W K H D W �V LQ NLQ J IR U G H YLF H V R S H U D W LQ J D W YH U \ K LJ K F X U U H Q W G H Q V LW LH V �

)LJ X U H � �� � F � V K R ZV W K H S U R F H V V D W W K LV S R LQ W �

SiN

base mesa

base pad

emitter pad

)LJ X U H � �� � � : D IH U D IW H U ,Q 3 V X E V W U D W H U H P R YD O�

7K H ZD IH U LV W K H Q LQ YH U W H G D Q G E R Q G H G W R D *D $ V W U D Q V IH U V X E V W U D W H

� ZLW K V S X W W H U H G 7L� $ X R Q LW � X V LQ J D ,Q � 3 E � $ J V R OG H U D W � � �
r

&� 7K H V R OG H U
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polyimide

metal3

metal1

)LJ X U H � �� � � : D IH U D IW H U F R OOH F W R U � 0� � H YD S R U D W LR Q �

V K R X OG K D YH D OR Z P H OW LQ J S R LQ W � OR ZH U W K D Q W K H F X U LQ J W H P S H U D W X U H R I S U H �

F H H G LQ J S R O\P H U V � � V K R X OG ZH W W K H H OH F W U R S OD W H G $ X V X U ID F H V ZK H Q P R OW H Q �

K D YH OR Z V W U H V V � K D YH J R R G W K H U P D O F R Q G X F W LYLW \ D Q G V K R X OG E H LP P X Q H W R

W K H V X E V H TX H Q W + &O H W F K � $ IW H U H [S H U LP H Q W LQ J ZLW K D YD U LH W \ R I E R Q G LQ J

P D W H U LD OV � W K H ,Q � 3 E � $ J V R OG H U ZD V F K R V H Q � 7K LV V W H S LV S H U IR U P H G LQ D D X �

W R P D W H G q LS �F K LS E R Q G H U LQ R U G H U W R H Q V X U H V R OG H U W K LF NQ H V V X Q LIR U P LW \ D Q G

F R Q W U R OOH G E R Q G LQ J S U H V V X U H D Q G W H P S H U D W X U H � 7K H E D F NV LG H 6 L1 LV H W F K H G

D ZD \ LQ E X oH U H G + )� 7K H ,Q 3 V X E V W U D W H LV U H P R YH G LQ D Q D TX H R X V V R OX W LR Q

R I + &O� 7K H $ O,Q $ V E X oH U OD \H U LV D OV R U H P R YH G E \ W K H V D P H H W F K W K X V

H [S R V LQ J D OO W K H E X U LH G H OH P H Q W V R I W K H ZD IH U � 7K LV H W F K V W R S V V H OH F W LYH O\ R Q

W K H ,Q *D $ V F R OOH F W R U OD \H U � )LJ X U H � �� � V K R ZV D S K R W R J U D S K R I D G H YLF H D IW H U

W K LV V W H S � 7L� 3 W � $ X 6 F K R W W N\ F R OOH F W R U F R Q W D F W V D U H W K H Q G H S R V LW H G � 7K LV

P H W D O OD \H U F R X OG E H X V H G D V D W K LU G OH YH O R I P H W D OOL] D W LR Q � 0� � � LI Q H H G H G �

ZLW K S R O\LP LG H D V W K H LQ V X OD W R U � )LJ X U H � �� � V K R ZV V X F K D F U R V V R YH U � 2X W �

V LG H W K H D F W LYH F R OOH F W R U D U H D � D E R X W � � � �
{
$ R I W K H F R OOH F W R U G U LIW U H J LR Q D U H

W K H Q U H P R YH G E \ D V H OI�D OLJ Q H G ZH W H W F K W R U H G X F H F R OOH F W R U �E D V H IU LQ J LQ J

F D S D F LW D Q F H � 7K LV H W F K F R X OG D OV R E H G R Q H ZLW K U H D F W LYH LR Q H W F K LQ J LI P R U H

S U H F LV H F R Q W U R O � ZLW K D OD V H U P R Q LW R U � LV Q H H G H G IR U W K LQ Q H U F R OOH F W R U OD \H U V �

% X W � D V H [S OD LQ H G E H IR U H � D ZH W H W F K K D V W K H D G G H G D G YD Q W D J H R I OD W H U D O

X Q G H U F X W W K X V IX U W K H U U H G X F LQ J W K H F R OOH F W R U �E D V H F D S D F LW D Q F H � 7K H S U R F H V V
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D W W K LV V W H S LV V K R ZQ LQ p J X U H � �� � )LJ X U H � �� � � E � V K R ZV D S K R W R P LF U R �

J U D S K R I D F R P S OH W H G G H YLF H � )LJ X U H � �� � � F U R V V �V H F W LR Q V D P S OH V S U H S D U H G

E \ -� *X W K U LH � V K R ZV D 6 ( 0 S K R W R P LF U R J U D S K R I W K H F U R V V �V H F W LR Q R I D Q

LQ W H J U D W H G F LU F X LW ZLW K D F W LYH D Q G S D V V LYH F R P S R Q H Q W V �

solder

ground plane

resistor device capacitor

GaAs carrier

)LJ X U H � �� � � 6 ( 0 S K R W R P LF U R J U D S K R I F U R V V �V H F W LR Q W K U R X J K D Q ,&�

7U D Q V LV W R U V ZLW K Q R Q �J U R X Q G H G H P LW W H U V � U H TX LU H G LQ ,&V � D U H ID E U LF D W H G

E \ S U R W H F W LQ J W K H 6 L1 LQ V X OD W R U ZLW K 0� � p J X U H � �� � � E H IR U H D S S O\LQ J % &% �

$ V ZH F D Q V H H � W K H U H LV Q R Z D S D U D V LW LF F D S D F LW D Q F H E H W ZH H Q W K H H P LW W H U R I

W K H G H YLF H D Q G W K H J U R X Q G S OD Q H � 7K LV F D S D F LW D Q F H F R X OG E H G H W U LP H Q W D O W R

F LU F X LW S H U IR U P D Q F H � G H S H Q G LQ J R Q LW V YD OX H D Q G W K H OR F D W LR Q R I W K H G H YLF H

LQ D S D U W LF X OD U F LU F X LW � 7K H P D J Q LW X G H R I W K LV F D S D F LW D Q F H ZLOO E H H V W LP D W H G

OD W H U � 3 R ZH U V X S S O\ E \S D V V F D S D F LW R U V F R X OG E H IR U P H G V LP LOD U O\ D V V K R ZQ

LQ p J X U H � �� � � 2Q W U D Q V LV W R U V Q R W K D YLQ J W K H OD \H U R I 0� � W K H 6 L1 LQ V X OD �

W R U LV U H P R YH G G X U LQ J W K H YLD IR U P D W LR Q H W F K � W K X V J U R X Q G LQ J W K H H P LW W H U �

)LJ X U H � �� � V K R ZV D 6 ( 0 S K R W R P LF U R J U D S K R I W K H F U R V V �V H F W LR Q R I D IX OO\

ID E U LF D W H G G H YLF H ZLW K D Q R Q �J U R X Q G H G H P LW W H U �

7K H W K LF NQ H V V R I W K H 6 L1 OD \H U Q H H G V W R E H G H V LJ Q H G F D U H IX OO\� 7K LQ OD \H U V

J LYH K LJ K H U F D S D F LW D Q F H S H U X Q LW D U H D IR U 0,0 F D S D F LW R U V � W K X V P D NLQ J OD U J H

R Q �ZD IH U F D S D F LW R U V S R V V LE OH � ,Q D G G LW LR Q � W K LQ OD \H U V D OV R ID F LOLW D W H K H D W �

V LQ NLQ J IU R P W K H G H YLF H E H F D X V H R I OR ZH U W K H U P D O LP S H G D Q F H � $ W W K H V D P H

W LP H � W K LQ OD \H U V LQ F U H D V H W K H S D U D V LW LF H P LW W H U �W R �J U R X Q G F D S D F LW D Q F H IR U

G H YLF H V ZLW K Q R Q �J U R X Q G H G H P LW W H U V � ZK LF K F R X OG E H F R P H LP S R U W D Q W LQ V R P H

F LU F X LW W R S R OR J LH V � ,I OD U J H F D S D F LW R U V D U H Q H H G H G D Q G W K H H P LW W H U �W R �J U R X Q G

F D S D F LW D Q F H F D Q Q R W E H W R OH U D W H G � W K LQ LQ V X OD W R U IR U 0,0 F D S D F LW R U V F D Q E H
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metal 1 polyimide metal 2 SiN NiCr contact

  bypass
capacitor

transistor resistor capacitor microstrip

BCB

GaAs carrier wafer

In/Pb/Ag solder

C
B
E

gold ground plane

   gold
thermal
    via ground

    via

)LJ X U H � �� � � )D E U LF D W LR Q S U R F H V V IR U G H YLF H V ZLW K Q R Q �J U R X Q G H G H P LW W H U V �
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G H S R V LW H G LQ D V H S D U D W H V W H S IU R P W K H W K LF N LQ V X OD W LQ J OD \H U X V H G IR U W K H

+ % 7�

' H YLF H V ZLW K Q R Q �J U R X Q G H G H P LW W H U V V K R X OG K D YH V LP LOD U S H U IR U P D Q F H

D Q G K H D W �V LQ NLQ J D V W K H G H YLF H V ZLW K J U R X Q G H G H P LW W H U V � 6 L1 K D V sU  � D Q G

| � � �� � : � P �. W K H U P D O F R Q G X F W LYLW \ G H S H Q G LQ J X S R Q 3 ( &9 ' G H S R V LW LR Q

F R Q G LW LR Q V � ,Q W K H ZR U N U H S R U W H G K H U H � IR U D Q + % 7 ZLW K D � �� d � � z P
�

H P LW W H U � W K H W K H U P D O YLD LV � � d � � zP
�
� )R U Q R Q �J U R X Q G H G H P LW W H U G H �

YLF H V � W K H F D OF X OD W H G F D S D F LW D Q F H IU R P W K H H P LW W H U D LU E U LG J H W R W K H J U R X Q G H G

V X E V W U D W H LV � � I) � IR U � � � �
{
$ 6 L1 � � ZK LF K LV P X F K V P D OOH U W K D Q � � � I) E D V H �

H P LW W H U F D S D F LW D Q F H � 7K H F D OF X OD W H G � � �� � � . � : W K H U P D O U H V LV W D Q F H R I W K H

6 L1 OD \H U V K R X OG U H V X OW LQ OH V V W K D Q � ��
r

& D G G LW LR Q D O W H P S H U D W X U H U LV H IR U

D G H YLF H E LD V H G D W � �
�
$ � F P

�
D Q G � �� 9 �

(b)(a)

solderBCB

mesa

polyimide

collector(metal3)

emitter

self-aligned
base metal

thermal via

metal2

metal1

)LJ X U H � �� � � 6 ( 0 S K R W R P LF U R J U D S K R I � D � F U R V V �V H F W LR Q W K U R X J K D G H YLF H

D Q G � E � F OR V H �X S R I LQ W U LQ V LF G H YLF H �

)R U LQ W H J U D W H G F LU F X LW D S S OLF D W LR Q V � K LJ K G H YLF H \LH OG LV U H TX LU H G � 7K H

W U D Q V IH U U H G �V X E V W U D W H + % 7 ,& W H F K Q R OR J \ LV F R Q V W D Q W O\ E H LQ J LP S U R YH G W R �

ZD U G V W K LV J R D O� 7K H W H F K Q R OR J \ LV F X U U H Q W O\ F D S D E OH R I \LH OG LQ J F LU F X LW V
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)LJ X U H � �� � � 3 K R W R P LF U R J U D S K R I S D U W R I D ZD IH U ZLW K ,&V D Q G G LV F U H W H

G H YLF H V �
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ZLW K IH Z W H Q V R I W U D Q V LV W R U V � )LJ X U H � �� � V K R ZV D S K R W R J U D S K R I S D U W R I D

U H F H Q W ZD IH U ZLW K G LV F U H W H G H YLF H V D Q G LQ W H J U D W H G F LU F X LW V � 4X D U W H U V R I � �LQ

U R X Q G ZD IH U V ZH U H S U R F H V V H G LQ W K LV ZR U N ZLW K J R R G X Q IR U P LW \�

2Q H LP S R U W D Q W U H TX LU H P H Q W R I W K H W U D Q V IH U U H G �V X E V W U D W H + % 7 ,& S U R F H V V

LV W K D W R I D OLJ Q P H Q W E H W ZH H Q W K H H P LW W H U D Q G F R OOH F W R U V W U LS H V � &X U U H Q W O\�

F R Q W D F W D OLJ Q H U V ZLW K | � zP OLQ H ZLG W K D Q G D OLJ Q P H Q W F D S D E LOLW \ D U H E H LQ J

X V H G � ( YH Q V R � R YH U D OD U J H ZD IH U � TX D U W H U R I D � �LQ F K ZD IH U � LW LV YH U \

G Lr F X OW W R D F K LH YH S H U IH F W D OLJ Q P H Q W � ,Q D G G LW LR Q � W K H � TX D U W H U R I � �LQ F K �

ZD IH U V K U LQ NV E \ IH Z P LF U R Q V G X H W R D F F X P X OD W H G V W U H V V IU R P W K H V W D F NH G

X S OD \H U V R I % &% � H OH F W U R S OD W H G $ X D Q G V R OG H U � 7R R E W D LQ ZR U NLQ J G H YLF H V

D Q G F LU F X LW V LQ V S LW H R I W K H V H S U R E OH P V � ? V W D J J H U LQ J � LV X V H G LQ W K H P D V N

OD \R X W � 7K LV LQ YR OYH V K D YLQ J D Q D U U D \ R I V LP LOD U G H YLF H V R U F LU F X LW V Q H [W W R

H D F K R W K H U � E X W ZLW K W K H H P LW W H U D Q G F R OOH F W R U G H OLE H U D W H O\ D Q G V X F F H V V LYH O\

P LV D OLJ Q H G LQ V W H S V R I � �� z P D Q G E \ D P D [LP X P R I � �� P LF U R Q V � 7K LV

H Q V X U H V W K D W D W OH D V W R Q H G H YLF H R U F LU F X LW LQ W K H D U U D \ LV ZH OO D OLJ Q H G D Q G

IX Q F W LR Q V D V H [S H F W H G � 7K H R W K H U U H S H W LW LR Q V R I W K H V D P H G H YLF H R U F LU F X LW

ZLOO E H P LV D OLJ Q H G D Q G ZLOO W K X V K D YH S R R U F K D U D F W H U LV W LF V � $ V D U H V X OW � D E R X W

� � � R I W K H ZD IH U D U H D LV ZD V W H G � ' LV F R X Q W LQ J W K H G H OLE H U D W H P LV D OLJ Q P H Q W �

W K H FLUFXLW \LH OG H YH Q R Q F LU F X LW V ZLW K D V P D Q \ D V W ZH Q W \�W ZR W U D Q V LV W R U V

ZD V YH U \ K LJ K �

7R R E W D LQ K LJ K H U V F D OH V R I LQ W H J U D W LR Q � W K H D OLJ Q P H Q W D Q G ZD IH U V K U LQ ND J H

S U R E OH P V K R X OG E H D G G U H V V H G � 7K H D OLJ Q P H Q W S U R E OH P LV D G G U H V V H G E \ X V H

R I E H W W H U OLW K R J U D S K LF W R R OV � H �J � S U R MH F W LR Q OLW K R J U D S K \ V \V W H P V � � 8 &6 %

K D V U H F H Q W O\ D F TX LU H G D ZD IH U V W H S S H U ZLW K | � �� zP U H V R OX W LR Q D Q G | � ��

zP D OLJ Q P H Q W W R OH U D Q F H � 7K LV V \V W H P ZR X OG D YR LG W K H Q H H G IR U V W D J J H U LQ J

G H YLF H V D Q G F LU F X LW V � W K X V V D YLQ J ZD IH U D U H D � 6 P D OOH U W R OH U D Q F H V E H W ZH H Q

OD \H U V ZLOO D OV R H Q D E OH P R U H G H Q V H OD \R X W � 7K H LV V X H R I ZD IH U V K U LQ ND J H

F D Q E H D G G U H V V H G E \ H LW K H U R I W ZR P H W K R G V � -� *X W K U LH K D V G H YH OR S H G D Q

H Q K D Q F H G W U D Q V IH U V X E V W U D W H S U R F H V V LQ ZK LF K W K H V R OG H U D Q G F D U U LH U ZD IH U

D U H U H S OD F H G E \ H OH F W U R S OD W LQ J R I &X � W K X V IR U P LQ J D | � � � zP W K LF N F R S S H U

V X E V W U D W H � D OW H U Q D W LYH O\� V P D OO OH YH OV R I V K U LQ ND J H F D Q E H F R P S H Q V D W H G IR U

E \ D G MX V W P H Q W R I W K H F R OOH F W R U P D V N G LP H Q V LR Q V �

7K H W U D Q V IH U U H G �V X E V W U D W H + % 7 ,& ID E U LF D W LR Q S U R F H V V ZD V G H YH OR S H G �

6 H YH U D O ZD IH U V ZLW K D YD U LH W \ R I G H YLF H V D Q G LQ W H J U D W H G F LU F X LW V ZH U H S U R �

F H V V H G � 3 U R F H V V G H YH OR S P H Q W LV F OR V H O\ W LH G ZLW K P H D V X U H P H Q W V � E R W K G X U LQ J

D Q G D W W K H H Q G R I W K H S U R F H V V W R H YD OX D W H W K H 0% ( P D W H U LD O� G H YLF H V W U X F W X U H

D Q G R W K H U H OH P H Q W V R I W K H ,& S U R F H V V � ' H YLF H P H D V X U H P H Q W V R YH U D YD U LH W \
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R I E LD V F R Q G LW LR Q V D U H D OV R U H TX LU H G W R P R G H O W K H G H YLF H W R E H D E OH W R G H V LJ Q

LQ W H J U D W H G F LU F X LW V ZLW K W K H G H YLF H V � 7K H V H P H D V X U H P H Q W V D U H S U H V H Q W H G LQ

W K H Q H [W F K D S W H U �



&KDSWHU �

'HYLFH 5HVXOWV

$ P X OW LW X G H R I P H D V X U H P H Q W V E R W K G X U LQ J W K H S U R F H V V D Q G D IW H U F R P S OH W LR Q

R I W K H S U R F H V V D U H Q H H G H G IR U S U R F H V V G H YH OR S P H Q W D Q G S U R F H V V D Q G P D W H �

U LD O H YD OX D W LR Q D Q G F K D U D F W H U L] D W LR Q � $ YD U LH W \ R I G H YLF H V ZH U H ID E U LF D W H G

ZLW K G LoH U H Q W H P LW W H U D Q G F R OOH F W R U ZLG W K V � 2W K H U G H YLF H V W U X F W X U H V OLNH

F R P P R Q �E D V H G H YLF H V � G H YLF H V ZLW K Q R Q �J U R X Q G H G H P LW W H U V � G H YLF H V ZLW K

Q R Q �V H OI�D OLJ Q H G H P LW W H U D Q G E D V H � D Q G G H YLF H V ZLW K R X W W K H U P D O YLD V ZH U H

D OV R ID E U LF D W H G � ' LD J Q R V W LF V W U X F W X U H V OLNH 7/ 0 S D W W H U Q V D Q G OD U J H �D U H D

H P LW W H U �E D V H D Q G F R OOH F W R U �E D V H G LR G H V D U H LQ F OX G H G � 3 D V V LYH V W U X F W X U H V W R

P H D V X U H W K LQ �p OP 1 L&U V K H H W U H V LV W LYLW \� 0,0 F D S D F LW R U V � P LF U R V W U LS W U D Q V �

P LV V LR Q OLQ H V D Q G R S H Q D Q G V K R U W H G P LF U R ZD YH S U R E H S D G V W R P H D V X U H S D G

S D U D V LW LF V ZH U H G H V LJ Q H G � )R U R Q �ZD IH U F D OLE U D W LR Q G X U LQ J Q H W ZR U N D Q D O\V LV

IR U P LF U R ZD YH P H D V X U H P H Q W V � R S H Q � V K R U W � W K U X D Q G � � n OR D G V W D Q G D U G V

ZH U H D OV R G H V LJ Q H G � ,Q D G G LW LR Q W R W K H S U R F H V V W H V W V W U X F W X U H V P H Q W LR Q H G

D E R YH � YD U LR X V W \S H V R I G H YLF H P H D V X U H P H Q W V D U H G R Q H D IW H U F R P S OH W LR Q R I

W K H S U R F H V V � 7K H V H LQ F OX G H G F P H D V X U H P H Q W V � *X P P H O� ,�9 F K D U D F W H U LV �

W LF V D Q G E U H D NG R ZQ � D Q G 5 ) P H D V X U H P H Q W V � D W YD U \LQ J E LD V � � 3 D U D P H W H U

H [W U D F W LR Q F D Q W K H Q E H G R Q H E D V H G X S R Q W K H V H P H D V X U H P H Q W V �

� �
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(a) (b) (c)

AlInAs 834 Å 1•10
19

 Si

Grade 66 Å

AlInAs 500 Å 8•10
17

 Si
Grade 300 Å

GaInAs 50 Å 1•10
18

 Si

GaInAs 2550 Å 1•10
16

 Si

AlInAs 1000 Å 1•10
16

 Si

GaInAs 1000 Å 1•10
16

 Si
AlInAs 1000 Å UID

S. I. InP

GaInAs 400 Å 1•10
16

 Si

InAs 250 Å 3•10
19

 Si

GaInAs 500 Å 5•10
19

 Be

GaInAs 500 Å 1•10
19

 Si

GaInAs 250 Å 3•10
19

 Si

GaInAs 1000 Å 1•10
19

 Si

AlInAs 834 Å 1•10
19

 Si

Grade 66 Å

AlInAs 500 Å 8•10
17

 Si
Grade 300 Å

GaInAs 400 Å 2•10
16

 Si

GaInAs 50 Å 1•10
18

 Si

GaInAs 2050 Å 1•10
16

 Si
AlInAs 2500 Å UID

S. I. InP

GaInAs 400 Å 5•10
19

 Be

GaInAs 1000 Å 1•10
19

 Si

AlInAs 834 Å 1•10
19

 Si

Grade 66 Å

AlInAs 500 Å 8•10
17

 Si
Grade 300 Å

GaInAs 100 Å 3•10
19

 Be

GaInAs 400 Å 2•10
16

 Si

GaInAs 50 Å 1•10
18

 Si

GaInAs 2250 Å 1•10
16

 Si
AlInAs 2500 Å

S. I. InP

GaInAs 300 Å 5•10
19

 Be

)LJ X U H � �� � 0% ( OD \H U V W U X F W X U H V R I ZD IH U V $ � % 	 &�

3 D U D P H W H U : D IH U $ : D IH U % : D IH U &

H P LW W H U ZLG W K � �� zP � �� z P � �� � z P

F R OOH F W R U ZLG W K � �� zP � �� z P � �� z P

E R Q G P H G LX P H S R [\ V R OG H U V R OG H U

J U D G H G E D V H Q R \H V \H V

W U D Q V LW W LP H � �� � S V � �� � S V � �� � S V

E D V H U H V LV W D Q F H � n � � n � n

F R OOH F W R U H W F K �V W R S \H V Q R Q R

5 H V X OW V IU R P W K U H H G LoH U H Q W ZD IH U V $ � % D Q G & ZLOO E H S U H V H Q W H G K H U H �

7K H P D W H U LD O D Q G S U R F H V V X V H G LQ W K H V H W K U H H U X Q V D U H V LP LOD U W R W K D W G H �

V F U LE H G LQ F K D S W H U � � E X W Q R W LG H Q W LF D O� )LJ X U H � �� V K R ZV W K H 0% ( OD \H U

V W U X F W X U H V R I W K H W K U H H ZD IH U V � 7K H LP S R U W D Q W S U R F H V V G LoH U H Q F H V E H W ZH H Q

W K H W K U H H ZD IH U V D U H D OV R V K R ZQ LQ W K H W D E OH D E R YH � ' H YLF H V ZH U H ID E U LF D W H G

ZLW K Q R P LQ D O H P LW W H U G LP H Q V LR Q V R I � z P d � � zP D Q G ZLW K Q R P LQ D O F R O�

OH F W R U G LP H Q V LR Q V R I � zP � Q D U U R Z�F R OOH F W R U � D Q G � zP � ZLG H �F R OOH F W R U � d
� � zP � 7K H D F W X D O D U H D V R I W K H H P LW W H U V D Q G F R OOH F W R U V D U H V R P H ZK D W OR ZH U

W K D Q W K H LU Q R P LQ D O D U H D V G X H W R OD W H U D O X Q G H U F X W V F D X V H G E \ ZH W F K H P LF D O

H W F K H V � ' H YLF H V ZLW K YH U \ ZLG H F R OOH F W R U V � | � zP � YH U \�ZLG H �F R OOH F W R U � �
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D V LV Q R U P D OO\ W K H F D V H LQ G R X E OH �P H V D + % 7V � ZH U H D OV R ID E U LF D W H G � $ OO G H �

YLF H V K D YH W K H LU H P LW W H U V J U R X Q G H G E \ W K H U P D O YLD V � H [F H S W ZK H U H H [S OLF LW O\
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R1 = 40 Ω
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Vcc = 1.5 V
V = 1.75 V
I1 = 15 mA
I2 = 13 mA
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S K R W R P LF U R J U D S K R I W K H D P S OLp H U � 7K H F K LS G LP H Q V LR Q V D U H W K H � �� � P P d

� �� P P �
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s 2
1, d

B

frequency, GHz

measured, 10 dB, ~60 GHz

simulated, 10 dB, ~70 GHz

)LJ X U H � �� � � 0H D V X U H G IR U ZD U G J D LQ V�� R I W K H D P S OLp H U �

7K H D P S OLp H U F K D U D F W H U LV W LF V ZH U H P H D V X U H G ZLW K D Q H W ZR U N D Q D O\] H U

W R � � *+ ] � )LJ X U H � �� � V K R ZV W K H IR U ZD U G J D LQ V�� R I W K H D P S OLp H U � 7K H

OR Z�IU H TX H Q F \ J D LQ LV � � G % D Q G W K H � �G % E D Q G ZLG W K � U H OD W LYH W R W K H OR Z�

IU H TX H Q F \ J D LQ � LV J U H D W H U W K D Q � � *+ ] � 1 H W ZR U N D Q D O\] H U P H D V X U H P H Q W V

ZH U H D OV R G R Q H E H W ZH H Q � � D Q G � � � *+ ] LQ D Q D W W H P S W W R G H W H U P LQ H W K H

D P S OLp H U E D Q G ZLG W K � 7K H E D Q G ZLG W K ZD V IR X Q G W R E H E H W ZH H Q � � D Q G

� � *+ ] � ,Q W H U S R OD W LR Q W R p Q G W K H H [D F W E D Q G ZLG W K F R X OG Q R W E H G R Q H

E H F D X V H W K H J D LQ F K D U D F W H U LV W LF G R H V K D YH D ZH OO E H K D YH G U R OO�R o� ( [F H V V LYH

J D LQ S H D NLQ J D Q G U H q H F W LR Q F R H r F LH Q W V J U H D W H U W K D Q � G % D U H R E V H U YH G � 7R

LP S U R YH W K H J D LQ �E D Q G ZLG W K D Q G W K H U H W X U Q OR V V H V � P LU U R U �' D U OLQ J W R Q V >� � @

D Q G I

�

�G R X E OH U V >� � @ K D YH W R E H H P S OR \H G �
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Vout

-VEE

Vin

Q1
Q2 R

e1

R
f

R
e2

Q1 = 1 X 20 µm2

Q2 = 1 X 15 µm2
Rf = 250 Ω
Re1 = 4.5 Ω
Re2 = 6 Ω

)LJ X U H � �� � � 6 F K H P D W LF F LU F X LW G LD J U D P R I W K H G LoH U H Q W LD O D P S OLp H U �

��� 'LoHU HQWLDO DPSOLpHU

,Q D G G LW LR Q W R W K H V LQ J OH �H Q G H G U H V LV W LYH IH H G E D F N D P S OLp H U V R I W K H S U H YLR X V

V H F W LR Q � G LoH U H Q W LD O ' & F R X S OH G D P S OLp H U V ZH U H D OV R G H V LJ Q H G D Q G ID E U L�

F D W H G � $ V ZLW K D OO G LoH U H Q W LD O F LU F X LW V � W K H G H V LJ Q LV E D V H G R Q D K D OI�F LU F X LW

P R G H O� D Q G LV W K H U H IR U H V W U R Q J O\ U H OD W H G W R W K H G H V LJ Q R I W K H V LQ J OH �H Q G H G

D P S OLp H U V � ' LoH U H Q W LD O D P S OLp H U V K D YH V \P P H W U LF D Q G Q R Q �V D W X U D W LQ J OLP LW �

LQ J F K D U D F W H U LV W LF V V H W E \ W U D Q V LV W R U F X W R o� D Q G $ *& F D Q E H D S S OLH G ZLW K R X W

LQ W U R G X F LQ J ' & OH YH O V K LIW V W R W K H V LJ Q D O� )R U W K LV U H D V R Q G LoH U H Q W LD O V W D J H V

D U H S U H IH U U H G IR U W K H $ *&� OLP LW LQ J >� � � � � @ V W D J H V R I R S W LF D O U H F H LYH U V � )X �

W X U H K LJ K �V S H H G p E H U �R S W LF V \V W H P V ZLOO U H TX LU H D P S OLp H U V ZLW K YH U \ K LJ K

E D Q G ZLG W K V � $ W ZR V W D J H ' &�F R X S OH G E U R D G E D Q G OX P S H G G LoH U H Q W LD O D P �

S OLp H U LV G H V F U LE H G LQ W K LV V H F W LR Q �

)LJ X U H � �� � V K R ZV D V F K H P D W LF F LU F X LW G LD J U D P R I W K H D P S OLp H U ZLW K W K H

H OH P H Q W YD OX H V � $ YD U LD W LR Q R I W K H F OD V V LF W U D Q V D G P LW W D Q F H �W U D Q V LP S H G D Q F H
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G H V LJ Q E \ &K H U U \ 	 + R R S H U >� � @� ZLW K � � n LQ W H U V W D J H LP S H G D Q F H V LV X V H G

K H U H � 7K H p U V W V W D J H K D V D H P LW W H U �F R X S OH G S D LU ZLW K LQ S X W H P LW W H U IR OOR ZH U

E X oH U V ZLW K H P LW W H U G H J H Q H U D W LR Q � � � n V K X Q W LQ S X W U H V LV W R U V V H W W K H LQ S X W

LP S H G D Q F H R I W K H R YH U D OO D P S OLp H U � � � n R X W S X W U H V LV W R U V D U H X V H G LQ W K H

F R OOH F W R U V � V H W W LQ J D � � n R X W S X W LP S H G D Q F H R I W K H p U V W V W D J H � 7K H V H F R Q G

V W D J H H P S OR \V W U D Q V LP S H G D Q F H OR D G LQ J W R R E W D LQ D � � n LQ S X W LP S H G D Q F H

D Q G � � n R X W S X W LP S H G D Q F H � / H YH O�V K LIW LQ J G LR G H V D U H X V H G W R E LD V D OO W U D Q �

V LV W R U V E H OR Z E U H D NG R ZQ � $ F W LYH E LD V LQ J ZLW K W U D Q V LV W R U F X U U H Q W P LU U R U V D Q G

D V LQ J OH Q H J D W LYH V X S S O\ LV X V H G � ,Q S X W D Q G R X W S X W ' & OH YH OV D U H G H V LJ Q H G

W R E H W K H V D P H D W �� �� � 9 W K X V H Q D E OLQ J ' & F R X S OLQ J E H W ZH H Q V X F F H V V LYH

V W D J H V R I W K H D P S OLp H U � 7K H W U D Q V D G P LW W D Q F H R I W K H p U V W V W D J H LV J LYH Q E \

J

P��H[WULQVLF� 7K H W U D Q V LP S H G D Q F H R I W K H V H F R Q G V W D J H LV J LYH Q E \ W K H IH H G �

E D F N U H V LV W R U 5

I

� + H Q F H W K H R YH U D OO J D LQ LV J

P��H[WULQVLF5I

� % \ YD U \LQ J W K H

E LD V F X U U H Q W V LQ W K H p U V W V W D J H � W K H D P S OLp H U J D LQ F D Q E H YD U LH G � 7K H H P LW W H U

F X U U H Q W V R I W K H H P LW W H U �F R X S OH G S D LU LQ W K H p U V W V W D J H ZD V YD U LH G ZLW K D H [�

W H U Q D O YD U LD E OH U H V LV W R U LQ W K H F X U U H Q W U H IH U H Q F H W U D Q V LV W R U � ,Q U H D O V \V W H P V �

W K LV LV G R Q H E \ D S S O\LQ J D F R Q W U R O YR OW D J H � : K H W K H U D S S OLH G YLD D YD U LD E OH

U H V LV W D Q F H R U D YD U LD E OH YR OW D J H � E R W K YD U \ W K H U H IH U H Q F H F X U U H Q W D Q G W K H

E LD V F X U U H Q W W K U R X J K W K H LQ S X W W U D Q V LV W R U S D LU � D Q G W K X V F K D Q J H W K H J D LQ R I

W K H D P S OLp H U � 7K H D P S OLp H U E D Q G ZLG W K LV G H V LJ Q H G W R E H F R Q W U R OOH G E \ W K H

V H F R Q G V W D J H � W K X V J LYLQ J D YD U LD E OH �J D LQ � F R Q V W D Q W E D Q G ZLG W K � D P S OLp H U �

% D Q G ZLG W K D Q D O\V LV LV V LP LOD U W R W K D W R I W K H ' D U OLQ J W R Q D P S OLp H U � 7K H p U V W

V W D J H K D V D F X U U H Q W G H S H Q G H Q W LQ S X W W LP H F R Q V W D Q W � D Q G K H Q F H W K H V W D J H

E D Q G ZLG W K YD U LH V ZLW K E LD V � 7K H V H F R Q G V W D J H W LP H F R Q V W D Q W LV P D G H G R P L�

Q D Q W D Q G K H Q F H W K H R YH U D OO D P S OLp H U E D Q G ZLG W K LV F R Q W U R OOH G E \ W K H V H F R Q G

V W D J H � LQ G H S H Q G H Q W R I W K H p U V W V W D J H E LD V � 7K H V LP X OD W H G J D LQ �IU H TX H Q F \

F K D U D F W H U LV W LF V D U H V K R ZQ LQ p J X U H � �� � � 7K H E D Q G ZLG W K ZD V D E R X W � � *+ ]

D Q G W K H J D LQ F R X OG E H YD U LH G IU R P � �� � G % E \ F K D Q J LQ J W K H E LD V F X U U H Q W LQ

W K H J D LQ F R Q W U R O V W D J H IU R P � �� � P $ D V V K R ZQ � )LJ X U H � �� � V K R ZV D S K R �

W R P LF U R J U D S K R I W K H D P S OLp H U � $ W R W D O R I � � W U D Q V LV W R U V D U H X V H G � 7K H F K LS

G LP H Q V LR Q V D U H � �� � P P d � �� � P P �

7K H D P S OLp H U S H U IR U P D Q F H ZD V P H D V X U H G ZLW K D Q H W ZR U N D Q D O\] H U W R � �

*+ ] � 2Q O\ V LQ J OH �H Q G H G F K D U D F W H U LV W LF V � W ZR �S R U W � ZH U H P H D V X U H G � ZLW K W K H

R W K H U S R U W V W H U P LQ D W H G LQ � � n� $ W W K H G H V LJ Q H G E LD V F R Q G LW LR Q V � V K R ZQ R Q

J U D S K � � YD U LD E OH J D LQ R S H U D W LR Q ZD V R E V H U YH G D V G H V LU H G � ,
UHI

LV W K H F X U U H Q W

W K U R X J K W K H U H IH U H Q F H W U D Q V LV W R U LQ W K H D P S OLp H U p U V W V W D J H � 7K H LQ S X W ' &

OH YH O R I �� �� � 9 ZD V D S S OLH G ZLW K D LQ G H S H Q G H Q W V X S S O\� + R ZH YH U � W K H J D LQ
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)LJ X U H � �� � � 3 K R W R J U D S K R I W K H G LoH U H Q W LD O D P S OLp H U ,& � � �� � P P d � �� �

P P � �

F K D U D F W H U LV W LF V H [K LE LW H G R V F LOOD W LR Q V D W | � � *+ ] D V V K R ZQ LQ p J X U H � �� � �

7K H R U LJ LQ R I W K H V H R V F LOOD W LR Q V LV D V \H W X Q F OH D U � / D \R X W S D U D V LW LF V P D \ E H

U H V S R Q V LE OH D V P D \ W K H Q H J D W LYH U H V LV W D Q F H H oH F W V V H H Q LQ W K H ' D U OLQ J W R Q

V W D J H V � S D U W LF X OD U O\ LQ W K H V H F R Q G V W D J H � % \ OR ZH U LQ J W K H E LD V YR OW D J H � E LD V �

LQ J W K H W U D Q V LV W R U V D W U H G X F H G 9
&(

� � V W D E OH R S H U D W LR Q ZD V D F K LH YH G � )LJ X U H

� �� � V K R ZV W K H IR U ZD U G J D LQ V�� R I W K H D P S OLp H U � 7K H OR Z�IU H TX H Q F \ J D LQ LV

� � G % D Q G W K H � �G % E D Q G ZLG W K LV !� � *+ ] � + R ZH YH U � D W W K LV E LD V � W K H J D LQ

F R X OG Q R W E H YD U LH G LQ G H S H Q G H Q W R I W K H E D Q G ZLG W K � D V W K H p U V W V W D J H Q R Z

D oH F W V W K H E D Q G ZLG W K D V ZH OO D V J D LQ � 7K H G D V K H G F X U YH V K R ZV W K H J D LQ R I

D G LoH U H Q W D P S OLp H U D W G LoH U H Q W E LD V F R Q G LW LR Q V � $ OR ZH U E D Q G ZLG W K D Q G D

P R U H q D W U H V S R Q V H LV R E W D LQ H G � 7K H E LD V YR OW D J H V D Q G R YH U D OO F X U U H Q W LV W K H

V D P H � E X W W K H U H IH U H Q F H F X U U H Q W LQ W K H p U V W J D LQ V W D J H LV U H G X F H G � IU R P � �

W R � � P $ � D Q G W K D W R I W K H V H F R Q G J D LQ V W D J H LV LQ F U H D V H G � 7K H G LoH U H Q F H

LQ J D LQ �E D Q G ZLG W K F R X OG D OV R E H G X H W R V S U H D G LQ W U D Q V LV W R U F K D U D F W H U LV W LF V

D F U R V V W K H ZD IH U � 7K H OR Z IU H TX H Q F \ J D LQ LV W K H V D P H � E X W W K H LQ �E D Q G J D LQ

YD U LD W LR Q LV OH V V W K D Q � G % � D Q G W K H E D Q G ZLG W K LV � � *+ ] IR U W K H G D V K H G

F X U YH � 6 X F K q D W J D LQ U H V S R Q V H LV LP S R U W D Q W IR U D F F H S W D E OH E LW �H U U R U �U D W H V LQ

K LJ K �V S H H G V \V W H P V � 7K H J D LQ U LS S OH D W K LJ K IU H TX H Q F LH V LV D U H V X OW R I X V �
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  ref

 = 4 - 12mA

)LJ X U H � �� � � 6 LP X OD W H G YD U LD E OH IR U ZD U G J D LQ V�� R I W K H D P S OLp H U � ,
UHI

LV

W K H F X U U H Q W W K U R X J K W K H U H IH U H Q F H W U D Q V LV W R U LQ W K H D P S OLp H U p U V W V W D J H �
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frequency, GHz

6-12 dB variable gain, 
~40 GHz bandwidth

V
EE

 = -3 V      I
  total

 = 92 - 102 mA

V
in
 = -0.45 V  I

  ref
 = 5.5 - 10.5 mA

)LJ X U H � �� � � 0H D V X U H G YD U LD E OH IR U ZD U G J D LQ V�� R I W K H D P S OLp H U � ,UHI LV W K H

F X U U H Q W W K U R X J K W K H U H IH U H Q F H W U D Q V LV W R U LQ W K H D P S OLp H U p U V W V W D J H �
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frequency, GHz

11 dB gain, 40-50 GHz bandwidth

V
EE

 = -2.5 V

V
in
 = -0.3 V

I
total

 = 96 mA

)LJ X U H � �� � � 0H D V X U H G IR U ZD U G J D LQ V�� R I W K H D P S OLp H U �

LQ J D � �S R U W F D OLE U D W LR Q ZLW K R o�F K LS W H U P LQ D W LR Q V R I W K H W ZR X Q X V H G S R U W V �

)LJ X U H � �� � V K R ZV W K H LQ S X W D Q G R X W S X W U H W X U Q OR V V H V D Q G W K H U H YH U V H LV R OD �

W LR Q R I W K H D P S OLp H U � 7K H U H YH U V H LV R OD W LR Q LV YH U \ J R R G E H F D X V H W K H U H LV Q R

G LU H F W IH H G E D F N S D W K IU R P W K H R X W S X W W R W K H LQ S X W � 7K H LQ S X W U H W X U Q OR V V H V

D U H S R R U D W K LJ K IU H TX H Q F LH V D V LQ W K H F D V H R I W K H ' D U OLQ J W R Q D P S OLp H U V � 7K H

R X W S X W U H W X U Q OR V V LV S R R U H YH Q D W OR Z IU H TX H Q F LH V G X H W R W K H OR Z 9

&(

E LD V

OH D G LQ J W R S R R U R X W S X W F R Q G X F W D Q F H R I W K H G H YLF H � 7K H ,& F R Q V X P H V � � �

P : ' & S R ZH U �

��� 'LVWU LEXWHG DPSOLpHU V � 7 KHRU \

7K LV V H F W LR Q U H YLH ZV G LV W U LE X W H G D P S OLp F D W LR Q W K H R U \ E U LH q \� ,Q J H Q H U D O�

D P S OLI\LQ J F LU F X LW V F D Q E H F OD V V Lp H G LQ W R W ZR F D W H J R U LH V � OX P S H G D Q G G LV �

W U LE X W H G � / X P S H G F LU F X LW V F D Q H LW K H U E H U H V R Q D Q W R U Q R Q �U H V R Q D Q W � 5 H V R Q D Q W

F LU F X LW V D U H LP S H G D Q F H �P D W F K H G D W W K H LQ S X W D Q G W K H R X W S X W W R W K H J H Q H U �

D W R U D Q G W K H OR D G IR U V R P H IU H TX H Q F LH V D Q G K H Q F H � D F K LH YH W K H IX OO S R ZH U

J D LQ R I W K H G H YLF H IR U W K R V H IU H TX H Q F LH V � 1 R Q �U H V R Q D Q W F LU F X LW V K D YH E U R D G �
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E D Q G J D LQ X S W R IU H TX H Q F LH V OLP LW H G E \ G H YLF H S D U D V LW LF V � 6 LQ F H W K H \ D U H Q R W

LP S H G D Q F H �P D W F K H G � W K H \ D F K LH YH S R ZH U J D LQ V ZH OO E H OR Z W K R V H D YD LOD E OH

IU R P W K H G H YLF H � ' LV W U LE X W H G F LU F X LW V LQ F R U S R U D W H D V H W R I OX P S H G V H P L�

F R Q G X F W R U G H YLF H V LQ W R D W U D Q V P LV V LR Q OLQ H � 7K H OLQ H V S U R YLG H P D W F K LQ J D W

W K H LQ S X W D Q G R X W S X W � ' H YLF H S D U D V LW LF V D U H D E V R U E H G LQ W R W K H W U D Q V P LV V LR Q

OLQ H V � D Q G K H Q F H E U R D G E D Q G J D LQ OLP LW H G E \ W K H G H YLF H D YD LOD E OH S R ZH U J D LQ

D Q G % U D J J F X W R o IU H TX H Q F \ R I W K H G LV W U LE X W H G V W U X F W X U H LV R E W D LQ D E OH �

Collector

Emitter

gmVbeC
be

+

-

Vbe
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rbb

(b)

Collector

Emitter

gmVbeC
be

+

-

Vbe R
ce

C
cbBase

rbb

R
be

(a)

)LJ X U H � �� � � � D � 6 P D OO�V LJ Q D O H TX LYD OH Q W F LU F X LW R I W K H + % 7 D Q G � E � V LP S OL�

p H G P R G H O�

)LJ X U H � �� � � D � V K R ZV W K H V P D OO�V LJ Q D O K \E U LG �} H TX LYD OH Q W F LU F X LW R I D

+ % 7� ' H YH OR S LQ J W K H W K H R U \ R I G LV W U LE X W H G D P S OLp F D W LR Q ZLW K V X F K D P R G H O



� �� � ' ,6 75 ,% 8 7( ' $ 03 / ,),( 5 6 � 7+ ( 25 < � � �

LV H [W U H P H O\ F R P S OH [� H V S H F LD OO\ E H F D X V H R I W K H IH H G E D F N F D S D F LW D Q F H &

FE

D Q G W K H LQ S X W U H V LV W D Q F H 5

EH

� D Q G ZLOO Q R W K H OS J D LQ LQ V LJ K W V LQ W R G H V LJ Q
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