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Abstract

With wireless communication systems moving toward larger user
capacity and higher data rate and the demand for high-frequency, thus the
high-performance devices are increasing on a global scale. The
high-speed microwave device manufacturers for global trade are
important. This category includes Metal-Semiconductor Field-Effect
Transistor (MESFET), High Electron Mobility Transistor (HEMT), and
Heterojunction Bipolar transistor (HBT), etc...

In this term paper, we will report the HEMT historical evolution,
structures, applications and high-frequency model build-up. The material
properties that have the greatest impact on the high-speed performance of
HEMTS are the high sheet charge density in the two-dimensional electron
gas (2DEG) and the superior electron velocity. Since HEMT has
high-speed electron mobility, it can result in higher transconductance (g.,)
and improved high-frequency characteristics. So the demands for the
HEMT applied to the cell-phone, satellite communication and military
have been growing tremendously.

Various kinds of wireless communication technological products are
formed by lots of various passive circuits, composed of high-speed
semiconductor devices. The device high-frequency characteristics are
essential in improving quality of the wireless communication products.
Therefore, the extraction of the high-frequency parameters is the key
point for the RF model build-up.

Knowledge of the small-signal equivalent circuit of a field-effect
transistor is very useful for the device performance analysis (gain, noise,
etc.) in designing microwave circuits and characterizing the device
processing. Usually, the small-signal equivalent circuit is obtained by
optimizing the component values to closely fit the device measurement
results of the small-signal microwave scattering parameters. Consequently,
this is the main motive for working on this term project.
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o % iR 5 0.5~Ipm/h 2 FF 23 5 0 As il & X

B
e id B oo — Hm T > As ¥ Ga vt S Jp BIF
2 b LA, R Gai bk o
B) AF+AREUBEERBEAF HAE I F -3 L0 &
AR gd AFF LI AL EETRE

(Beam flux monitor) | £ o fedtft =& @ > Fh45 ¢ F5d
A 47 4c # % (Substrate heater)4r # 3| 4517 600°C o ¥ ¢
PR EREENEFESZERSS AR
R (Substrate holder) % Jf ™M &8 A £ & 0> @ 7 %7
g o ¥ A R R % g 7.5pm i B

§E o

@) F RS8R BBk F 3 A BT B R

(Reflection high energy electron diffraction,RHEED) 3!
AL E 5 5~50keV e T F R~ SR R oG PR Y
05 R BH A AR Y g N AR R

(5) B & ¢ B &®R(Mass spectrometer) * %k i | R H £
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B FP AL B M AT LS R b B

AR HERETE P LA B - BIRATAR
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Bl e pE i R R e lift-off Bk > MR %
AT QP AR ﬁ@iﬁiﬁ%w@*ﬁﬁﬁﬁ)‘i&a«ﬁg ﬁﬁi
o B 2 I RRIERFIRE > XY BARF FoeRis A

fo ] % % AcR] 3-5 WARE ARG 0T w B 3

(D * iz

(2)Source(k #&)fr Drain(;® &) £ % i
)% & 5%

(4) W & 3 2L 49

3-3-1 #* & =Z_i>
M= & F T (T HFF A5 0 shd Bk lift-off # f2 pF
AARBRBIRY o4 £ 5 HAEREMES00)> w37 4

B oA RE* (01D » o>

Cap
Schottley 3 2 2
i bl
Channel ok B oL
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Substrate
S R/ R
Schottky # 4% (Au/Ge/Ni/Au)
- L — lift—off
— Buffer T $ @;’JA %
Substrate
N BE kA
Sehorky LYY
I 7 #2(Au)
e — lift—off
Substrate

® 3-7 HEMT #@lfz4 3¢ Rl %

3-3-2 Source(if#&)F- Drain(i® &) £ /& i

TR R4 > RIARTE? FRHAL* 5 RiF R
(NH}OOHH:0=1: 1)2 B2 F i & % & - & Flit AZ1400 %
PR ESS 1590 BT 30 A4 2 i8R A1 R e

gREw L

=
‘?5\
(‘ﬁ}
S
T
ﬁ\L‘;‘I

R AETCR IR NE Y, o FAE A
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AAfrBptls @ BT EY 2044108 % 343 kit
eI BHARF F R RS R & £ B A

£ Au/Ge/Ni ¥ L Z4EhAu b » 27 ,Tfi»’r" ARG = s gl 1N
o Lift-off # B2 5 1 REISfoft A Afeig BT LI &
iy R B Er BRI 5 AR RESES R

i e

(1%

Q)+ ke xrigid B E kiring
(3) 345 (G 5k 70 %)

(4) 58 &

(5)%8 B

(6) 7 4%

(7)Lift-off

()% £ ¥
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333 B L84

o e EF ERREFDAEFE . LAY RESS
AZ1400 ke f= 3 SR EMBIHRAL > LI L iR
%] - & GaAs - AlGaAs {r InGaAs & & °¢ 4%]7% 7% HsPOs:
H02: H2O=1:1:30-
SRFERAER BT EEA SRR 50§ B
a5 J* oy RAFRIBRERFEFRT O G on 3 o4
26 & ) FheT

(1)

(2)F ke g K FR[Ein]

(3) 975 (T & 0 445

(4)% %

O) & @

(6)F 5

(7)% %)

(8)# “ﬁf s fE
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3-3-4 Ria®: AR

e R F DR RA S o B RiEfe
Au % B & AlGaAs - 253 & A 4R1Y o & lift-off 4 21k H

R KM AEE LS o q BEER AR L BJE Rl

BiEEHEHI TR AT & SR I
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3-4 ~iEihiEiie E R

34-1 B§ &7

F# »c s (Hall effect)? £.F B3+ £ 17 22 3
AT R o B LRT K LEN T AR
(1) = A n 3 Lp I
(2) £R % B+ kR
Q) % &+ @B F
G AT B o FRIAIE A R R AR
Wenddeo 22a > eB B B LR NI RpH 27 K
T5 - BREBFEHNZ AT OTREY 227 o
- BEF qRAITRES ABESEY BBPEFAORL DT S
F=qVxB (3.3)
PP AHERBEES e R P EY A R

FREREEBEEwERT LB -
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* db ﬁ' r—g *‘k‘ﬁ ?\ﬁ{fﬁ’»fﬁ’&/ﬁ‘ ﬁ——i'lg Bt

WP BT EAc B 3-8 - BE G LT e HagE

- BET LR RSP o A fAkiR P > BHE b

iy

- BpAl L EH[pon) ¢ o AL EHMay=0 4% PRIE€T

T enEr Aok B¢ TR e B BIE Tyt v b R

/ J is |
; I | e
i ly
i
; 7
/ Cni U
; *'lr —= —
4 i i -
# o
/ I

3-8 Rl EF seben i i
BAR IR B B ERIGFAR BT Fhd £
'I‘/! I fg“? o E%ﬁl %g“.l‘_? J‘/( :—g% ];\;

F = q[E+VxB]=0 (3.4a)

i

g =

qEy= qViB, (3.4b)
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by et R BTHALER TS Hallfield) 2 F T
BE AL - BEARLEMNTR AL AR TR (Hall

voltage) o # i+ &
VH :+EHW (35)

9K ety o b Bl o @ B P OSTE VR L

——  Second measurement

=---  First measurement ‘__@.‘

C o7 -Ii o e '
(a) : oy
b Lo Sample oY
kel il ' et '
L o o
-+
v‘:"

o
(b)
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B- BopAl XY o TR LS PP o TR AT
BORERETRE- Brenid o d h- B3 LE2 P oo
RFASHEL S PN ERIRETAS L R TR

T A - BT EME 0 S p A o FEL

' Zep T (epyWd) (3.7)

:/E!é e{?;mﬁl‘jﬁo_ﬁ[j&_iﬁﬁ;\lglﬁ %5,

V, = Iexpzz (3.8)
BRfET R ER NP E T
I, B,
p=" v, (3.9)
d R B ZEETRAPT L BT kR -

H- B3 EMe T BERLRL

Vig =——— (3.10)
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n=-—"-* G.11)

AR EnF LR P HEFEITRI- B ES F o

d 2 NG I)M AT AT T ERT S - BD Gl o -

P SRR VU E M S
BHF o - BpAlchT EP ., AT g

J, =epu,E, (3.12)

TR ARE LHVIRER SRR TR FP g G

1, W epu,V,
wd - L (3.13)
BN e it ¥ s Atk el
L
o = epv wd (3.14)

Fn = enV.Wd (3.15)
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pAC)

3

NN\

Bl 39 : BFRlha AB,E A B BRI, B
BORE O g R, LR T S B
(BRI E B rdBs FalEh@ R 2278 -

Q& 5T ERAPFH

o

A NN

3-4-2 ERI2ZHKANZ

* =B 4 ST [V 2 3 45 B R MHEMT B4
SGC-MHEMT # 4 47 o # ¥ MHEMT 3} 3% % f847 > fpt 5 4
72 PC-MHEMT # SGC-MHEMT 4§ % it #i; PC-MHEMT

2 H 7_ InGaAs & &

\\\Xr

T 3 & MHEMT #7538 3 40 3 £

o

N

5 #4% SGC-MHEMT s 1 i S5k & » %20k & o
NP B R E R B SRR & PR L R
Nbne N E kT KA o T £ 3 SGC-MHEMT £ PC-HMET

B R
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Layers PC-MHEMT SGC-MHEMT
Cap n+-Ino0.5Gao.sAs
Schottky i-Ino.425Al0.575As
Carrier supply o-doped

Spacer i-Ino.425Al0.575As

Channel i-InxGal-xAs i-InxGal-xAs

x=0.65 x=0.5—0.65—0.5

Barrier i-Ino.425Al0.575As
Buffer i-InxGal-xAs x=0—0.45

Substrate S.I. GaAs Substrate

d AT A SRR LR AU E OB R o

Channel

@] 3-10 PC-MHEMT st #+

66
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Channel

@] 3-11 SGC-MHEMT st # B

%] % SGC-MHEMT &l if 4-feec it i@ 45 5

FAFR A 2B AFRRAE Y 4 > FR T AR AR E

B LB ERBE L A AR bR R

3-4-3 ~ -V £ R

2
|

k@ F & HEMT 244 &

SGC-MHEMT % % i 47 & -V #jhen 45

50tk 4oage

SR 0 R HR L B S 0 SRR

V o =V ps (5a1) =Vpo - (Vbi ~Vgs) (3.16)
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~ Vs . [ Voo +Vbi—Vgs T (vbi-vgs)"” -
hrl{Mﬂ2{ - }+4TE_J} (3.17)

2.0 g =\ (sat) K2 AEfo SRR G 0 Flut

_ _ -Vgs _g Vbi —Vgs
lo=1,(a)=| {1 3(—p0 ){ 3‘/—Vp0 } (3.18)

2R kR oA iR T B AR R R A& Mo B 3-12

BT - Bonid e $ond AT E LV B

28 s 1l'l,lj.-._[*n.ll.\.l — {lrr.'”” f.l,..'.:' LA V{ Y
o4 "\-LJIE‘\N[!.IJH“U!I \ Saturation
region region
20
_ﬂ_‘ 161 L’lr_,-'.'a 0
o 12 Ly
bt
TV
4 3V
0 : X
( 3] 1
Ve (volts)
Bl3-12n 3§ 35 H00d L HWILE LV #4
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24 3 %112 P SGC-MHEMT st 5 4> 2 S4Bl &

™ & 3-13

Source Gate Drain

n*-InGaAs

i-InP

i-InAlAs Schottky

> 7 (N*)

i-InAlAs Spacer layer

i-InAlAs Barrier layer

i-InzAl1-xAs buffer
X=0—0.45
S.| GaAs Substrate

®] 3-13 SGC-MHEMT % £ ]
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> SGC-MHEMT 2 £ jp| 113535 ~ 2 -V £ B(B

3-14)

Vs = 0.5 Vo -2 Vistep =05V

Drain Current Density (mA/mm)

Bl 3-14 SGC-MHEMT 7 [-V 4 4 [
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466

Yps=1.75Y¥
- SGC-MHEMT

208

100

Extrinsic Transconductance (mS/mm)

u ] E k I L i
L] 200 400 600
Saturation Drain Current Density (mA/mm)

B 3-15 g VS. In(sat) (£ @] » & Vpg=1.75V

BV R T LR i g BRI R 0 1 E D
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E |
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4 2= s
E E 08 I
e
& g |
= E b4}
= = r
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E [ | . 2 - B |
w 0.0 0.4 08 .
:E Gate-Drain Voltage (V]
I
-
" y
&
1
I
Al 1 g [ | S T N R N J
-18 -15 12 -9 b -3 0

CGate-Drain Vol age (VvV}
B 3-16 M iEitaims e g T R

i%gﬁlﬁmﬁi%/m@}i F&(ll'nlA&/Innl)];F“E éﬂg’fé_ﬁﬂ,ﬁ

T Rod pbw % RIS TF AR U1 “f# & 32 SGC-MHEMT

MR R AT E Y L R FG R AR

72 AE[ ISR BT ePaper(2005 )



BRTEHFT NME N FEFT MR E 2

I R LA

\

TAERRANEFESTE > R FARIAHHTE

BN BA TR AT A SRBER L B
g B dp o A B R AP A T B (RFIC) { A& ST i

PRE AR AEE B o

73 EPIAEES %r | ePaper(2005 )



BEFBBIT HWBN ST AN

FHIEWAPEFFREEIRNI 2T L ZRBAER
(Test Fixture Measurement) % & [f] % & ] ;2 (On-wafer

Measurement) = & > = f8 2 3 H i 8 o

(DR & K2
SR RS e BB R N SRRV £

I AW A F iR = 2 (Device Under Test, DUT):& {7

O'Jd\

Bpl e - BAp g K& g B (Chip-Form) B 2 & ¢ &
(Carrier Assembly)z_ F » ¥ 1 * 3= 5 (Bonding Wire)if 3% - &

B ¥ 1§ g (Metal Pad) e ¥ & F e jic 3 5 (Microstrip
Line) » 2% i #-§% % & ** Midsection * > £ 3= J* Midsection %

[

B SRR PR B b dopt T F PR B R

TR BB GR 41 F 5 ¢ A3 a2 Qv e Bk
3%~ ¥ At i § 9 Midsection > f 4= ¢t Midsection % @
R REPRRFLE TS ER c KE~E Y 2 K0T
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T
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d
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¥
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N
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74 P s i]i;r | €Paper(2005 )



BRS R F D KA R HE B B O 2
Moofed i ARy e EE] ReF R R
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Midsection

\

IR E = £k bl

l 4-1 Rl

-1

(2) &% Rl &gl -
5L PRBGR AL BRI 8 B FlaE R T RE
A4 T PR HE Fih o piEa R TG R

J—

(Coplanar Probes)si& * kg7 B>t £RNZ 7 e~ it @W4R



R TR LR S SR
TP FHfedh s R Ry > PED P FEIHR
B EN PRI FEME FLHEF IR 5t
PRF AR AR AT A FREL £ F D
Pt I8 g AT S A o ¥ b BE T RIRR AR
PRGBS RAek > B AR R B2 HT F 2

AEEE RHERBEOEAFRE SHTLRZRAR
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§ R REAR LB AR B O S T E R ik
7

3%
@3
4y
&H
%‘i‘:\
3

fr IR R <P AR T R F S 0 Flpt o |
RO % oy i TR B BT B o R LA 8 b
B 0 LT RS A B A kA TR 2§
BB RFRY A R R R A R 2 fEE S S
3§~ B (incident) ~ % 3% 4 (transmission) ~ o & &t
& (reflection) s gL & K & 77 > J * » &l 37 B &Rl 4 o % 47 fic

BN Ao B 42 S o

a, a,
—— Two-Port f—
— Networl ——s
b_l b'l a4 , 3 . Incident waves
b, . b, : reflected waves
Port1 Port 2
g by
ne a |a, =0 Input Reflection Coefficient
b =S,a,+S,a, =i o N
@ la,=0 Forward Transmission Coefficient
b, =S,a + S,.a, )
5
o=
B2 = a5 |z =0 Reverse Transmission Coefficient
g = b,
T a, |, =0 Output Reflection Coefficient

Bl 4-2 & oS 2T E
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(1) Network Analyzer : * & & 2% g4 2B (DUT)HS %
B E A0 D o #r R Rk sk T

#2337 DUT oy MEEZ AL chB 441 o
(2) Synthesized Sweeper @ * k% &7 5 5k o
(3) Test Set : 3% & g (Port-1 v Port-2) P-i# *7 3 it
o REAPA T PR S R
Z 2_w B S parameters °
(4) DC Bias Supplies @ * k3 & iFp|~ 2w jnip/RE

o T ERIE MR o

EEETRFIER N TR AREERE (S TR
ERl A E TS S8R Bk 5 500hm L 2 Fo BB S &
#cpF o 218 d DUT ¢ Port-1 i » » Port-2 terminate » * p& 7
' Pk &2 @,ﬁ?‘]ﬂ' Fove w5 SI1 4o S21 - %%E’ Test Set

ety Fe 7 i 0 3 ELd DUT &0 Port-2 i » » Port-1 terminate »
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ﬁfiﬁﬁ@ﬁ%t%ﬁiﬂﬁﬁ%aﬁﬁﬂ$W-ﬂwbw;
S22 4w S12 - f5d #3811~ S21~ S22 4= S12 ¥ v & S %

B T NER A ROFAE T E- s AT o

A 37 Ok TP > Bk T M U R T LA

¢

\/1

X

-\—l\

o pgas Ty F e A F I At

FRPRIA NS AR F AT o RA o BRI T
it 2 4 B
DFEFmEROTHES F8EE -

QR B B R AR EEEF RGP E R

Qi EFRimsk » TRTHEFTEFL FERNFRE

CHETIE S TR o

gl

(wafer-probing system)s= ;£ > ¥ 2ok ¥ HAEE P S sq BB

AFgEA T tE s nEHET LAY S8 A8
PR BE BN N7 & R A 17 R (network analyzer) ¥ o

s - e REE o
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AP ST EA G AT AR SN A B
S RRINA o 4] 430 31 B T F & RlcelE o o
3

APk A LA B

Intrinsic device

Lg Rg ng l I::" Ld

G D
% J_ J—c d
N %R. é %d'l":ds I ’

im=gmXexp(-jw  JXv

Al
th

[l

W 4-3 ] UBLE T T B

(1) *HF S dg3n s

EHFEES AT FELTREOD)  FLTE®R)

:54%,((3) H B2 | fi,‘;ﬁ»‘g' p;.o;\;ffaé_ﬁ’ﬁitﬁ

1

2L (0. 1GHZ~2OGHZ)“"§4 S SHGEFEPR > At A

T~

10GHz : ;L %2k o
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B % 1295 Curtice ~ Camisat ! <77"Cold FET” £ j|3Z

=1l

o e S MR 2R R S T B e F R (Vds=0V) -

e

WARE R 2 /R & 85— 53 &£ F (Vgs<Vth)» ¥ -

"

i i B Fr(Vgs>Vth) ©

5Vds=0>Vgs>Vth > Fl4-4 2 ~ 2 ST A GH BT

B S Bcw AL TF A NG AT

Z11=Rc¢/3+Zdy (4.1)

Z12 =721=Rc (4.2)

7Z22=Rc¢ (4.3)
Gate

Bl 4-4 "B HRT 5 R E AT A T B

i
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53R S B O S E P B A

HY Re 73 T2 Zdy 5 & A RenE s

Zdy ¥ rd 4 o Ae T R

dy
7., =
¥ 1+jeC, Ry, (4.4)
nkT S
H0 Ry = n A kLA EE F e C
g

A RET R Igh BIRE LR In o 2T &R 583 4o Ry
b CggHf4e o 2 F R RAySEVes ™ p Ripdc kg 5 BT
%% 5. 10-10°A/m” > 6-4 5% ¥ i - Cg - RdyaBiT+t % -

4.4 ;%8 & 4.5 5%

nkT nkT
Zoy =Ry = Zg =Ry, =
aly aly (4.5)
dOST AR R 0 T L MR B ouk 0 211 T LA
7 43V (4.6):
7. = RC +ﬂ
3 gl (4.6)
o Hapehngd At S Bk T RERNZ £
Bk T 4o RC
ZI1=R +R, +—+_+Jw(LS+|_)
3 ql (4.7)
Z12=2721= RS+%+ja)|_S (4.8)

Z22=R +R,+R + jo(L, +L,) (4.9)

(i
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#-P-18 S S #cficie 0 @ * Microwave Office iz & #0 %8

(TS Sl Z S Bcrnig i BT 7 Sl I B T A 3R
nkT.
I

qI
(4.7 ~4.8 ~49)+F %i’“E(RS\Rd Rg) °

Beit ; %F M ¥ Re BT oA o 5
Re(Z11)=Rs +Rg ¥ ¥ Rg
Re(Z12)=Re(21)=Rs ¥ {¥ Rs

Re(Z22)=Rs + Rd ¥ % Rd

B IRHCEINA o d AP T K o PR A5 5
w=2nf (4.10)
WP 7 Sl B E S~ N (47 4.8~ 4.9)2 &

IRA > BT

Im(Z12)=Im(21)=w(Ls) £1® Ls
Im(Z11)=w(Lg+Ls) k¥ Lg
Im(Z22)=o(Ls+Ld) 417 Ld

rﬂLL 2\ ik uj\%ﬁ%‘i ?J}E;(LS ’ Lg ’ Ld)ﬁ%i gi};‘g‘

(Rs > Rg - Rd)

&3
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P #22%

FFLRFOF > TRAERRREL V=0V
Vgs < Vp(pinchoff) » H p* if B iE 2 T o i £ 227 B B4 B

4-5 ;
Lg Rg Cb Rd Ld

G —S SR _L W {I——M*—Imn-——' D
S Cpg = Cb Cpd
[ L]

Bl 4-5 Vgs < Vp = i % »c T g i v ]

¢ CpgrCpd-Cb 3 *H &2 T % % # 5 5liE #ik GHz
o R Y $Hchm Nl B 4T 25N S Ao
Im(y,,) = @C,, +2C,) @ Cpg (41D)
Im(y,,) = Im(y,,) = -aC, v $1% Cb (4.12)
Im(y,,) =G, +C ) v 8@ Cpd  (4.13)
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