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6.1 Gioi thiéu



Diode = Transistor

P — n junctions

Forward bias: Reverse bias:
Minority carrier injection Depletion Width
Bipolar Junction Transistor Junction Fieldl'Effect Transistor
(BJT) (JFET)
Minority carrier - bipolar Majority carr‘ier - unipolar

Three terminal devices (transfer resistor — transistor):
- Amplification

« Switching
BJT FET
Realized: 1947 Suggested: 1930 (Lilienfeld)
(Bardeen and Brattain) Realized: 1960!

(Kahng and Attala)



History of FET

As early as 1925, an FET was proposed by Julius Edgar Lilienfeld.
A US patent was issued in 1930 (Lilienfeld, 1930, U.S. Patent

1,7435,175).
FET structure proposed by T Gate
Julius Lilienthal I
e
W~
Source Semiconductor Drain
(CupS)

T— Ohmic metal contact

In the early 1930s, Oskar Heil described an FET structure similar to the
modern junction field-effect transistor (Heil, 1935, British Patent

439,457).

Neither Lilienfeld nor Heil were able to construct a working device.



Other milestones in transistor development:

1925
1930
1947

1949

1958
1959

1960s
1970s
1980s
1990s

FET proposal by Lilienfeld
Junction FET proposal by Heil

Point-contact transistor by Brattain and Bardeen of Baell
Laboratories

Bipolar junction transistor by Brattain, Bardeen, and Shockley of
Bell Laboratories

First Integrated Circuit by Jack Kilby of Texas Instruments

Silicon planar process: Procedure resembles integrated circuits
of today by Robert Noyce of Fairchild

PMOS process
NMOS process
CMOS

CMOS, BIiCMOS



Shockley’s model of a junction FET
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JFET = PN junction FET

TD: JFET kénh N

Ves = reverse bias (negative)
Vps =0

L_Channel is pinched off

S G. "W p

Vs = reverse bias (negative)
Vbs > 0

L_Channel is pinched off



MESFET = Metal-semiconductor FET =
Schottky gate FET

TD: MESFET kénh N

S G D
—— Vs =0

\ / Vps =0

-----------------

Channel is open

S
_ Vgs = reverse bias (negative)
t";'-ji _________________ ! r -! VDS = 0
i —————
Channel is pinched off
S G D
. A . Vgs = reverse bias (negative)
"lh (. / ':' Vps >0
n-type S i‘

o e s .
________

L Channel is pinched off



JFET and MESFET follow similar principles

Similarity:

A MESFET can be thought of as a p'n junction FET with p™ > =

Differences:

1.

JEFT has a higher gate barrier. This is an advantage for low-gap

materials (e. g. GalnAs). As a result, JFETs have a low gate leakage

current

MESFET has ohmic contacts only to n-type material.

Advantage: Ease of fabrication.
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All discrete JFETs and MESFETs have an n-type channel due to higher

electron mobility as compared to hole mobility.

Gate current = 0 for JFET and MESFET = FETs are voltage-controlled

devices

Comparison: FET vs. BJT

FET:
Input power = Vs /g (I = const = 0) (1)

BJT:
Input power = Vg 5 (Veg =const=0.7 VforSi) (2)
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Note: 99 % of all ICs are made of FETs.

MESFET and JFET applications:

High frequency devices, cellular phones, satellite receivers, radar,
microwave devices

GaAs is primary material for MESFETs

GaAs has high electron mobility (8000 cm? / Vs)

Generally, if f>2 GHz = GaAs transistors are usually used

f< 2 GHz = Si transistors are usually used
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Fabrication

(1) JFET
JFET G S G G

n-type n-type n-type n-type

Semi-insulating Semi-insulating Semi-insulating Semi-insulating

substrate substrate substrate substrate
Typical contact materials for a GaAs JFET:
AuGe for S and D (annealed)
AuZn for G (annealed)
(2) MESFET

MESFET -
1 Dt St G D¢
n-type n-type n-type
Semi-insulating Semi-insulating Semi-insulating
substrate substrate substrate

Typical contact materials for a GaAs MESFET
Au Ge for S and D (annealed)

Ti for G (not annealed)
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Gioi thiéu

 FET (Field Effect Transistor=transistor hiéu &rng trwo’'ng) cling
la mét trong cac dung cu dién tl& quan trong nhat trong cdng
nghé ban dan hién dai.

« Nhw chdng ta da xét & chwong BJT thi ching ta da thay nhirng
thuan lgi va bat loi ciia BJT, BJT la dung cu lwdng cwe. FET 1a
dung cu don cwe (unipolar), dong dién tao béi dién t&r hoac 16.
FET diéu khién dong dién chay trong k&nh bang cach gi¢i han
hay m& kénh dan (xem hinh 1). Viéc nay dwoc thwe hién bang
cach dwa dién ap phan cwc vao cuc diéu khién duwoc goi la
cong.

Do FET la dung cu don cwc nén né co thé lam viéc véi cac toc
dd cao vi sw tai hop dién ti-16 khdong gi¢i han dung cu. Bang
cach s dung vat liéu “nhanh hon”, toc do clia dung cu tré nén
rat nhanh, ldm cho FET dwoc chon trong nhiéu irng dung s6 va

Vi ba.
14



Gate

@,
Source Drain
\ /
A
/N

Mat dé hat ’dén o] diéu khién
b&i dién thé & cong (Gate)

Hinh 6.1. Nguyén tac vat ly cia FET dwa trén viéc sy
dung cong dé thay déi dién tich trong kénh bang cach
lam hep kénh dan. Dién thé & cdng thay ddi dan dén
dong dién qua kénh thay doi
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Khai niém vé FET thi hoan toan don gian va dwoc minh
hoa trong hinh 6.1.

Dung cu gdm c6 mot kénh d\én tich cwwc ma cac dién tor
chay trong kénh nay tr nguén S (source) dén mang D
(drain).

Cac tiép diém & ngudn va mang la cac tiép diém Ohm.
Po rdng cla kénh bi diéu ché b&i dién thé dwa vao cong
G (gate).

Su diéu ché dé rong kénh dan dén diéu ché dong dién di
qua kénh nay.

Piém quan trong trong qua trinh nay la cach ly cong voi
dong dién chay qua kénh. Néu cong khdng dwoc céch ly
tot véi kénh dan thi no kéo nhiéu dong dién va dan dén
dung cu c6 dé loi kém (nghia Jé ti Ié cua cbng suat ra
(hoac dong dién) voi cbng suat vao (hoac dong dién)).
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Sw cach ly cong véi kénh dan

Sw cach ly cdng dwoc thwe hién bang nhiéu cach,
dan dén co nhiéu dung cu khac nhau:

— Trong MOSFET cdng dwoc cach ly véi kénh dan bang
oxide.

— Trong FET kim loai-ban dan (MESFET) thi cong tao thanh
rao Schottky v&i ban dan va dong dién cong nhé trong tam
dién ap hiru dung & cong.

— Trong FET dwoc pha diéu ché (MODFET), céng cling tao
rao Schottky, va ngg’c‘)’i ta S:f]’ dung cac khai niém cau truc
di thé (hay khong dong nhat ) (hesterostructure) dé gidm
tan xa tap chat ion hoa.

— Trong FET tiép xtc (JFET), nguwdi ta st dung tiép xuc P-N
dwoc phan cwc nguwoc dé cach ly cong.
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Phan loai FET

« Tbng quat, chung ta c6 thé chia FET lam 2 nhém chinh:

1. Céc dung cu ma sw cach ly cong dat dwoc bang cach s dung chat
cach dién giira cong va kénh tich cwc ma & doé c6 dong dién tor
chay qua. Néu khe nang lwong cla chét cach dién 1&n thi cac dién
t&r co thé bi “cdm wng” vao kénh dan khéng can phai pha tap chét.

2. Cac dung cu trong d6 cach ly cong dat dwoc bang cach s dung
rao thé Schottky. O day cac chat kich tap (dopants) dwoc dung dé
cung cap cac hat dan tw do va cdng dung dé thay déi sw dan dién
cua kénh bang cach thay déi bé rong mién nghéo.

Cac FET dwa trén Si str dung khai niém MOSFET trong khi
d6 phan I&n cac ban dan hop chat ll1-V dwa trén cac khai
niem MESFET hoac MODFET. Trong chwong nay chung ta
chu yéu sé xét JFET va chwong ké sé khdo sat MOSFET

18



6.2 Cau tao va
nguyén tac hoat dong cua JFET
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Cau tao cua JFET kénh N

- FET don gidn nhat 1a FET tiép xuc hay JFET. Hinh 6.2 cho ta
thay cau trac JFET don gian. Dung cu gdm mét Ié¢p mong
ban dan loai N c6 pha thém céac tap chat dé tao cac lop P* &
hai bén. Mién & gitra 2 mién p* dwoc goi la kénh, va cac dién
t&r co thé chay trong kénh nay & gilra 2 tiép xuc thuan tré goi
la cwe ngudn S (source) va cwe mang D (drain). Hinh 6.2 cho
ta thay dung cu c6 pha 2 bén, méac du thdng thwdng cac
dung cu chi cé mét cdng va bé réong kénh 1a h.

Cwec ngudn S dwoc dat phan cwe am hon so véi mang D dé
cac dién tlr chay tr ngudn dén mang. Cac mién p+ tao thanh
cwe cdng G clia dung cu va phan cwc &m dwoc ap dat vao
chung. Phan cwc ngwoc nay trén céac tiép xuc p+-n lam cho
tdng thém bé rdng mién nghéo bén n. Khi cac dién t& di qua
mién n thi bé rdng hiéu dung cta kénh dan co lai. Két qua 1a
tinh dan dién cla ké&nh dan bj diéu khién béi phan cuc tai
cwe cong.
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Hinh 6.2 (1/2)

Gate

21



Hinh 6.2 (2/2)

Source Gate Drain
O Si0,

_P*

D D
Aluminum
G G
S S
N -JFET P-JFET

(c) Ky hiéu cho JFET kénh N va kénh P

Substrate

(d) CAu trac co ban ctia mé hinh 1 céng
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Hoat dong — Hi€u ung cua V¢

Hinh 6.3 (a) JFET v61 phan

cuc c61~1g bang khong dé . Vs =0 Vps1s small
kénh dan m¢& 16n. Dung cu i . ! RN
nhu vay dugc goi 1a dung cu = - . _> p / <— Linear -V
ché d6 ngheo (khi hoat dong
lam ting mién nghéo); Vbs

g  negative Vg D
(b) Dung cu v&i phan cuc [ ! I ! I ]
cong Am cho thay su giam @ Ip G ‘
d6 mo cua kénh va giam " ofeurrent |
dong dién; Vps

large negative Vg

(¢) Phan cyc cong am 16n ff 1 f’
lam kénh dan bi nghet \:2‘1 = : I | : :> I N
dong dién trong kénh dan la | | OFF

khong (khi do V4=
Vsiorr < 0).
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. Pé hiéu hoat ddng ctia JFET (cling twong tw cho MESFET) ta
hay xét cac trwdng hop & hinh 6.3. Trong hinh 6.3a ta thay
JFET vé&i phan cwc ngudn-mang Vp nho va khdng co phan cuc
cdng. Khi phan cwc cdng duwoc tdng va diode p*-n bi phan cwc
nguwoc, dong dién qua ké&nh dan gidm cho dén khi kénh dan bj
“that” hay “nghén” hay “nget” (pinch off) va khéng c6 hat dan
tw do trong kénh dan.

. Bay gidy, ta xét trwdrng hop phan cwe cong cd dinh va tang
phan cwc mang nhu trong hinh 6.4. Khi phan cwc mang tré nén
cang luc cang dwong hon thi tiép xuc p+-n gan cwc mang tr®
nén bi phan cwc nhiéu hon. Két qua 1a kénh dan bj that & gan
cwc mang. O diém nay dong dién khong thé tang thém dworc,
ngay ca khi dién ap cwc mang dwoc tang. Mién nay dwoc goi la
mién b&do hoa. Mét khi dung cu dat dén bao hoa, dong dién
trong kénh dan git khéng doi.
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Hoat dong — Hi€u ung cua Vg
Hinh 6.4 Hi¢u ting cua
tang phan cuc mang voi g Vas=V
phan cuc cong co dinh: ;—‘
(a) phan cuc mang nho;

D
Vps=Vpsi
Ip

(b) ting phan cuc mang s et )

\ 1A . 4 ] I [ Vs = Vps2>Vpsi
va kénh b1 han ché = Ip
nhi€u hon ¢ gan cuc .

, (b)
mang;
Pinch-ofT at drain
- A 2 VooV

(C), tangxpha.nx cue O CEIC ] {Jf D Vps=Vpss>Vps,
mang dén diém ma kénh L ] [ e

b1 that ¢ bén cuc mang,
dong dién mang bao ©
hoa.

Vs

Vps

Current saturates

Vs
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S + Vo= Vb
ptgate Depletion layer < .
j— Nchanne] -----
= LSPINRETARSPEAnP AARSALENTS “ IDI
bl I 0y —
I O Vﬁ-: )
i ; :
:S ------------- e Vp=Vp,
—0
= | L aemsasspascntRRsARtI .
- Rz e LTS ‘I. ID:
[ I 2] ey
I V=0
T —
x S I Vb= Vsar
..... . b=
= | .eesmmemetTT )
S b ] Ip3=Isar
! Vsar> Ve
W N —
2 S i V3> Vsar
L - [ >
) e 3 Ips=Isar
=L : 23

Hinh 6.5

INCTEASES WILH Vﬂ and saturates at fs AT for VD = 'Ir-"s AT

-"n i
Ip1}-
0 Vp Vp
ID i
Toaf----- e
Vb2 Vp
Iy
7] | S T—— v
VSAT VD
Iﬂ .
Tsarfoe .
Vsar Vbs v,

(a) Increase of drain voltage at V; = 0 results in pinchoff. (b) Drain current

26



Ip(mA) —

Pac tuyén |-V ctia N-JFET
(TD v&i V= —3V)

Quy tich cac diém bat dau bao

. hoa (nghet)
Mién tuyén tinh :
: Miéen bao hoa

I: VG = n
1.0 ’
I:I
: I
0.8 |- :

Lo 0.5V
f] |
0.6 |- A
M I
N [

‘ | -1.0V
0.4 |- " |

: ~1.5V

0.2 G I N
Y /4 ! 20y Miencat Vgg < Vp,=-3V
' 1 -2.5V /




Tinh toan I, va V, cua JFET

Gate

Source

\\4

P+

Drain

Cau tao clia JFET kénh N

Vi

e 2h: d0d rdng kénh dan khi chwa phan cuc

«  L:chiéu dai kénh dan

-  W: chiéu dai bé ngang ctia kénh dan
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Tinh dién ap ngwong V-, (1/2)

« Trong céac phan phan tich va tinh toan sau, gia st ta |ay dién thé
tai S lam dién thé dat (Vs=0).

« Néu cwc mang D dwoc phan cwc voi gia tri dwong nho (6Vp>0)
trong khi dién thé tai cong VG =0, khi do co6 dong dién chay tw
nguon S dén mang D vé&i gia tri 1a

2(h—x )W

]D — qunND 5VD

V@i q la dién tich dién tw, u, 1a do linh dong cua dién tw, Nj la
nong dd Donor trong ban dan N va 2(h—xn)W la tiét dlen ngang

« Tada biét bé rong mlen nghéo bén N v&i chuyén tiép P+N c6 tri
xap xi bang bé rdng mién nghéo:

N /N,
X, = ZSVbZ VOi V., Vln( : ]
gN, n;

vGi N, 1a nong do acceptor trong cac mién P* va Ny 1a nong do
donor trong cac mién N . 29




Tinh dién ap ngwong V-, (2/2)

Néu bay gi® ta ap dat dién thé &m vao cwc cong (V5<0), khi d6 bé
rong mién ngeo xn sé tang Ién theo cong thire sau:

2
x"_\/qND (Vo =V5) v&i Vs < 0.

Nhw vay ta c6 thé dleu ché kénh dan bang céach thay déi dién thé
phan cwc Vg tai cwe cong.

Khi tang phan cwc nguwoc tai cwc cong sé dan den trwong hop 2
mién ngheo cham nhau, khi doé h = x,,. Khi 2 mlen nghéo cham nhau,
khong co dong dién chay gilta S va D Pién ap cbng luc nay dwoc
90| la dién ap ngu’o’ng V74 (threshold voltage) dinh nghia ngwdng
gitra sw dan dién va khong dan dién trong kénh dan.

Thay x,, = h trong céng thirc trén ta tim dwoc biéu thire cla dién ap

ngudong N 2
D

VTH:VG_VS :Vbi_

luc N-JFET tit 28

Chua y: V;, <0voi JFET kénh N va V>0 v&i JFET kénh P.
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Mo hinh tinh dién ap ngwong (Vp = 0)
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Mo hinh tinh dong dién mang /,
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Tinh dong dién mang I,

Xét N-JFET voi Vi > Vo, va V>0
Theo dinh luat Ohm, ta cé:

J =cFE =
T 2(h-x, ()W

Y

Suy ra:

I

D

oAy _ o VY

dy - qll'ln D dy

Ipdy = 2(h=x,(y)Wqu,NpdV (y)

2qu,N WV j (h=x,(Y)dV (y) = j Iydy=1,L

Nhuw vay dong dlen mang la

_ 2qu, N ,Wh 2| 2¢ 3/2 R
1,=~5 {VD N Vo4V =Ve) " = (Vo) ]}
2 | 2¢
1) = &0 {VD_E qNDShz |:(VD+Vbi_VG)3/2_(Vbi_VG)3/2:|}
2qu N, Wh

L



bién ap mang bao hoa V., va dién ap nghet V,

« Chuylax,(y=L)> x,(y=0) vi V(y=L)=V, > V(y=0)=V4=0. Do do khi
tadng V,, thém nira thi sé dan dén trworng hop 2 mién nghéo sé cham
nhau tai vi tri y = L. Gia tri V5 luc nay dwoc goi la dién ap mang bao
hoa V... Khi dé nguoi ta goi kénh dan bi nghet (hay nghén [pinch-
off]).

2 S
xn(y:L):\/qz;i (V,=Ve+V(y=L)) — hz\/q;D(V Ve +Vpeur)
e Suyra
N, h
VDsat — q _Vbl + V V VTH
&g

« Hiéu dién thé Vy—V; lam cho kénh bat dau nghén dwoc goi la dién
ap nghet (hay nghén) V, (khi do x,(y=L)=h). Luc kénh dan bat dau
nghet thi dong ID gilr khong doi va Vp=Vp, = Ve—Voy

Nhw vay dién ap nghet Vp = Vi, — Vg =—Vy
Gia trj tiéu biéu cha Vp la 2 dén 4 V.
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Dong dién mang bao hoa /I,

« Thay gié tri V=V, vao biéu thirc clia I, ta tim dwoc
dong dién mang bao hoa /.

N h2 2 Qe
]Dsat:go{q6g _(I/bl,—VG)-I—g\/qN Shz (I/bi_VG)yz}
S D




Phwong trinh xap xi cho I, trong mién tuyén tinh

« Trong mién tuyén tinh V<<V, va V<<V, tr phwong trinh /,

3\ gN i’
L

« Neéu dat X=V,/(V,-V;) va ap dung (1+X)" =1+nX v&i X<<1 thi ta c6
phwong trinh sau:

[D =8 {VD_% 28S |:(VD+I/bi_VG)3/2_(Vbi_VG)3/2:|}

voi g, =

_gNpi’
2¢

v

po

I, = g, [1 _ Vbi — VG ]VD v&i dién thé nghet noi Vpo

« Phwong trinh c6 thé dwoc don gidn héa hon nira bang khai trién Taylor
quanh diém V= Vo,

g .
]D = 21/20 (VG _VTH)VD khi Vg~V
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Phwong trinh xap xi cho I, trong mién bio hoa

« Mién b&o hoa bat dau tr V= Vp,, = Vg =V, tr
phwong trinh /,

N h’ r [ 2¢
]Dsat:g(){q6§ _(I/bi_VG)+§\/qN 5}72 (Vbi_Vg)yz}
S D

I

Dsat — gO

v s v —v ) ) N, B
;O _(I/bi_VG)[l—g\/—I/bl VG} VOl V _q

7

- 2¢&

» Phuwong trinh c6 thé dwoc don gidn héa hon niva bang
khai trien Taylor quanh diém Vs = V5,

- 8o khi Vg~V
[Dsat ~ 4V (VG _VTH) G TH
pO
dl :
g, =—L2~5 (v ) khi Vg= Vyy
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Céac ky hiéu so d6 JFET

D D D D
O O O O
Go— go.l. GO— go-l
O O O O
S S S S
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So sanh JFET va BJT

JFET BJT
Ip = Ips ll JI/GE) = lc= Blg
LF ]
J(D:fg = J'rf;J'rE

lo=0 A o V=07V
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6.3 Pac tuyen dong ap cua JFET
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Pic tuyén tong quat cta JFET kénh N (N-JFET)

Ip 4 Nonlinear’ Saturation ] '} J

Ve=Vm<0 j
d]fﬂ T
Y% A ’
(a) Pac tuyén |-V chwa xét danh thdng (b) Bac tuyén |-V v&i danh thang

Qui woc cac ky hiéu dong va ap trong dac tuyén JFET:

I,ss= dong dién tir ngudn sang mang khi ngan mach & cong (V=0).
V,=dién ap nghet (pinch-off voltage) (<0 voi N-JFET va >0 voi P-JFET
V7i=Vss or=dién ap lam tat JFET= -V, (khi do /,=0)

O
O
O
0 Vps sa=Ves—Vasor= Vps khi JFET bat dau nghet (vao mién bdo hoa). 41



Tom tat phwong trinh I, trong N-JFET tai cac mién hoat déng
* Voo < Vit mién tat = 1,=0
*Vos > V! . ) :
o Vps < Vps sat - Mi€n tuyén tinh (con goi la mién Ohm, dién tr&, hay triode)

2
V V 4
[ =7 201— GS DS DS
’ o { VTH j _VTH [VTH j
21, | 5
1 :%_(VG _VTH) DS _%S}
N&u Vos 0 2(Ves =V ) thi I, 1 ham tuyén tinh theo Vg (c6 thé hoan déi
D vé S) 27
I, = gSS (VGS _VTH)VDS
VTH
Khi do JFET twong dwong vdi dién tro Ryg (con goi la dién tro ON hay Rps op):
Ve

Ry =
2[DSS (VG o VTH )
oVps = Vpgsar : Mién béo hoa (con goi 1a mién tich cuc)

2
1 2 V
I, = ;szj (VGS _VTH) = I pss (I_ZG;J

42



Mach do dac tuyén JFET kénh N

0-10V

470 © D

MN—e T >
S

2N5459
Vv
100 k2 1ksl§ CGB
T potentiometer
@ Y kY

100 Q
MN
Dn-w mA

Dale R. Patrick
Electricity and Electronics: A Survey, 5e

Copyright ©2002 by Pearson Education, Inc.
Upper Saddle River, New Jersey 074Zp3
All rights reserved.



Pac tuyén ra cua JFET

Ip A Pinch-off
voltage
Ohmic E Saturation
region ! region
;
;
[ ]
(a)

> Vps

Saturation
region
Increasing
Ves
> Vps
(b)
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Pac tuyén truyén dat

— similar shape for all forms of FET — but with a different offset

— not a linear response, but over a small region might be
considered to approximate a linear response

I A Ip A I, A

>V — > VG g
GS VT

(a) JFET (b) DE MOSFET (c) Enhancement MOSFET

Vs
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Dai lam viéc binh thwon

Normal
operating
range

: Ip A

T > Vs

Operating
point

(a) JFET

Normal
operating
range

y

_

> Vs

Operating
point

(b) DE MOSFET

g cua FET

Normal
operating
range

Ip A /

T > Vs

Operating
point

(c) Enhancement MOSFET
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H6 dan g,

 When operating about its operating point we can
describe the transfer characteristic by the change in
output that is caused by a certain change in the input
— this corresponds to the slope of the earlier curves

— this quantity has units of current/voltage, which is the reciprocal
of resistance (this is conductance)

— since this quantity described the transfer characteristics it is
called the transconductance, g,,

Note:

Alp Ip
_ z D
Em AVGS Em VGS
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TD: Xét dac tuyén that cia N-JFET 2N4339

SPECIFICATIONS FOR 2N4338 AND 2N4339 (T = 25°C UNLESS OTHERWISE NOTED)

Limits
2N4338 2N4339
Parameter Symbol Test Conditions Typ?2 | Min | Max | Min | Max | Unit
Static
Gate-Source Breakdown Voltage V(BR)GSS lg=—1pA,Vps=0V -a7 —50 50
- \
Gate-Source Cutoff Voltage VGs(off) Vpgs =15 V,Ip=0.1pA 03 -1 086 -1.8
Saturation Drain Currentb Inss Vops=15 V, Ves=0V 0.2 086 0.5 15 mA
Ves=-30V,Vps=0V -2 -100 -100 pPA
Gate Reverse Current lass
Ta=150"C —4 -100 -100 nA
Gate Operating Current? I Vpe =15V, Ip=0.1mA -2
A
Drain Cutoff Current Ip(off) Vpg =15 V,Vgg=-5V 2 50 50 P
Gate-Source Forward Voltage© VesiF) lg=1mA Vpg=0V 07 v




Ip — Drain Current (mA)

Pac tuyén ra cia N-JFET 2N4339

| | | | |
 Vesen=-15V 1 T o
| Vasem=—-15V
_ 038
Ves =0V | / 03V
= VGS =0V 4 —
-
' E’ 06 / Pl
03V _| o -~
= JE—
_g_.__l_ 2 o P e 06V
m .
J - y.y.d
06V 5 / 7
12V 09V // . .
—— 0 —
0 4 8 12 16 20 0 0.2 04 0.6 0.8 1.0
Vs — Drain-Source Voltage (V) Vps — Drain-Source Voltage (V)
(a) Pac tuyén ra (b) Mién triode
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Ip — Drain Current (mA)

[

o
o

o
=~

Pac tuyén truyén dat ciia N-JFET 2N4339

| I I I I |
Vasem =—15V

Vel-= m-::-;aa"-"

/

I
Akm = 55°C
\ |

|
0°2e-= 4T

1/

A /
7
/
/

P —

N

/ J%s
-5—'-_-/

0 —04 08 —1.2 —1.6

Ve — Gate-Source Voltage (V)

L N

0.I-

Cr-

8.0-

hO-

(V) spstloV sowoe-aisd) — =5V

a.r

cr

8.0

kO

1D — DLW CnLsug (L)
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V& dac tuyén truyén dat tlr dac tuyén ra

VGS’ =0V
VG_'S' = —l V
2 Ves=-3V
VGS=’—4V
- | | |~ g
Vs (V) =4 15 20 25 Vos
I.D = 0 ]TIA, VGS = VTH
JFET Transfer Characteristic Curve JFET Characteristic Curve
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Tém tat dic tuyén I-V cia N-JFET

Vi 4

Ddac tuyén truyén dat

Vé&i vpg<Vgs—Vryvavgs—Veyy>0
Mién | (mién tuyén tinh)

21 v,
I, = V;;:S (VG _VTH)VD _%S

N-JFET

D

Mien tat: vg;<V;,

> Vss  Mién lam viéc:

Vin<ves<0, vps>0

[D

Aip

Vos=Ves-Vrn Region II

X 1
FRegionl |

U=V g5* Vo

Viu™ Van

Ve~ Vag

Vipm™ Vign
Vgn=VF -
Vg™ Vin
T
Vg

Ddac tuyén ra

Véi vpg 2> Vg Vy va vgs—Vey >0
Mién Il (mién bao hoéa)

2

VGS

=] _ 2GS

DSS
VT H
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Tém tat dic tuyén I-V caa P-JFET

Ao s A iy
VTH o V ¢ | -.:D Vs Vi — SR T o
0 GS VP :?VGH 0
li” Van™ Vam
. i D Vam=Vas
Mién tét: VGS 2 VTH Vs = Vam
IDSS Mién Iém Viéc: vGﬂ}VG,ﬁ:D i Regiﬂu I
Viy> Vs> 0, vps<O0 Region I Vos™VesVr

Ddac tuyén truyén dat

V&i vpg > VsV va vgs—Viy <0
Mién | (mién tuyén tinh)

21 V:
D:ﬁj{(VG _VTH)VD _%S

Ddac tuyén ra

Véi vpg < VgV va vgg—Voyy <0
Mién Il (mién bao hoéa)

[D :[DSS
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Mién Iam viéc an toan cia N-JFET
1. Pp 0t CONG sudt tiéu tan cho phép téi da.

vDS X lD< PD, max

2. Vps, max * dién ap danh thung nguwo'c

Vs < VDS, max ip
N , Lo ! m Safe operating region
o Do o
3. I}y o dOng mang toi da S
o

TR
in<Ip, mas §\\\
S

sl

S
Gy
.

)
7
2

r

IEmw:
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Transistors as Amplifiers and Switches

« Use the |-V characteristic curves of BJT and MOSFET
« Use the regions of operation of these transistors

— BJT
- Cutoff Region T > Switch operation
« Active Linear Region >  Amplifier operation
« Saturation Region
— JFET/MOSFET
- Cutoff Region i * Switch operation

* Ohmic or Triode Region
- Saturation (Active Region) > Amplifier operation
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v&i dat trong cac trwong hop sau:
a) V,=5V, V=3V, va V=4V.
b) V,=4V, V=2V, va V=7V,
c) V=6V, V=1V, va V=5V.
Bai giai. V&i N-JFET ta phai xét cac dién ap sau:

TD 1: Tim mién hoat déng cua JFET

N-JFET c6 Ipgs= 10mA va V= -5V. Hay cho biét mién hoat déng
cua JFET nay néu nguwoi ta do dwoc cac dién thé tai D, Gva S so

o Vgg< Vry: mién tat = [,=0

o Ves> Vit (Vpssat = Ves— Vin)

Q Vps < Vpgsar - Mi€n tuyén tinh
Q Vps > Vpg e : Mi€n bdo hoa

TH | V, | Vo | Vs | Vas | Vosear| Vos Mién hoat déng
a 5V | 3V | 4V | 1V | 4V | 1V Tuyén tinh
b 4V | 2V | 7V | -5V Tat
c | 6V |1V | 5V | -4V | 1V | 1V Bao hoa
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TD 2: Tim diém tinh Q ctia N-JFET (1/2)

Mach tw phan cuc
N-JFET trong hinh c6 /,5s=5mA va V;,=-3V. Mach nay c6 V=15V,
Rpy=5KQ, Re=1MQ, va R¢=1KQ. Hay tim Ipq va Vsso?
Bai giai.
Vi dong cdng bang khdng (do phan cwc nguwoc cdng va kénh dan):
Ves= —Rslp (1)
Gia st N-JFET & ché do bao hoa (Vs> Vy=—3V va Vg 2
Vs sat=Yss—V71), néu sau khi tinh xong ma gia thiét nay khéng thoa

thi ta phai chon gia thiét khac! Vop
V 2
=1 (pﬁj @) R,
VTH
D
G
Mach ty phan cuwc
S
R
G §RS




TD 2: Tim diém tinh Q ctia N-JFET (2/2)
Mach tw phan cuwc

Két hop phwong trinh (1) va (2) ta c6 phwong trinh bac 2 theo /,
hodc theo V5. Néu chon bién 1a I, 1a c6 phwong trinh sau:

Rs’Ipsslp® * ( 2RslpssVp—Vy,?) Ip * IpssVp?=0
Giai phwong trinh trén tim dwoc 2 nghiém:
I~ 6.392mA (loai vi > |55g), Va
Ip~ 1.408mA (nhan vi 0 < /; < lpgs)
= Ipg=1.408mA = Vi5q=—-Rslpqg=-1.408V >V,
Kiém chirng lai gia thiét:
Vps = Vpp— Ip(Rp + Rg) = 15 — 1.408mA (5KQ + 1KQ)= 6.552V
Vps = 6.952V > Vyo.s = Vg~ V7= 1.592V

Nhw vay nghiém la Ipq=1.408mA va V5o = —1.408V
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TD 3: Tim diém tinh Q clia N-JFET (1/2)
Mach phan cwc bang cau chia ap

+V

DD

R
R1£D

Sau khi bién d6i twong dwong
Thévenin cho mach phan cuwc cdng
Voi V=V RAR+R,) = V,
va
Rs=R.//R,
Vi dong céng bang khéng, ta c6
Ves = Ve - Vs =V;-IpRs

/\/

+— ©,
S

Sau do thay Vg vao phuwong trinh [,
& mién bao hoa dé tim I, va V.

R,

R
2 ?Rs
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« MESFET la mét I&p transistor quan trong dwoc str dung

nhiéu trong cac &ng dung xt& ly tin hiéu tdc dd cao ciing
nhw cac mach vi ba. Dung cu nay co6 thé dwoc ché tao
tin cay bang cac ban dan GaAs va InP.

MESFET s dung rao kim loai Schottky dé diéu che dién
tich tw do trong kénh dan bang cach thay doi bé rong
mién nghéo trong kénh dan.

MESFET la dung cu dwoc ché tao twong doi don gian
va co cau hinh nhw chi & hinh 6.6. Cac vat liéu thédng
dung cho MESFET |a GaAs va InP. Vat liéu dé cho
MESFET GaAs la GaAs ntra cach dién co dién tré cao
ma dwoc ché tao bang cach dwa vao mét cach can than
cac tap chat ma co cac mre nang lwong gan dai gidra
cua GaAs.
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Hinh 6.6. So 6 MESFET GaAs

Semi-
insulating
GaAs

-
GaAs

Source
(ohmic)

Gate
(Schottky)

Drain
(ohmic)
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(a) Khi khdéng c6 phan cyc
ngudn-mang, bé réng mién
nghéo déu va bj diéu khién
b&i phan cwc cong.

(b) Khi ¢é phan cwc ngudn-
mang, bé rdng mién nghéo
nhiéu hon vé phia cuc
mang.

S G D

A S

N

+ . .
" Kénh dan n

Phan cuc Vps=0 |

Substrate

G D

AP SN

Kénh dan

T~

Phan cuc VDS =)

Substrate

ib)

Hinh 6.7. So' d6 ciia MESFET cho thay bé rong mién nghéo & dwdi cuc cdng
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« Cac tiép xuc & ngudn va mang la cac tiép xuc thuan tré va cong
dwoc tao thanh bdi rao Schottky. Hoat déng cua dung cu nay
tudn theo ly thuyét van chuyén hoi phirc tap dac biét trong cac
vat liéu nhw GaAs ma & do cac quan hé van tdc-trwdrng hoan
toan phire tap. Chung ta sé xét mét mé hinh dwoc don gian hda
nham minh hoa hoat ddng ctia MESFET. Trwdc khi gidi thiéu cac
tinh toan mo6 hinh, chung ta hay xem lai tinh chat vat ly trong hoat
dong cua dung cu.

« Trong hinh 6.7 cho ta thay mat cat ngang cia MESFET cung VO
bé réng mién nghéo & dwdi cwe cong. Khi khédng co phan cuc
ngudn-mang, bé rdng mién nghéo déu nhw & hinh 6.7a. Néu
phan cuwc cong dwoc lam cho am hon, bé rong mién nghéo trai
rong thém vao mién tich cwec cho dén khi ké&nh dan bj lam nghéo
hoan toan. Nhw vay khi ta tdng phan cwc cdng (t¢i cac gié tri
am), toan bo dién tich kha dung cho sw dan dién gidm dan cho
dén khi kénh dan bi nghén. Sy diéu khién cong nay twong tw voi
diéu khién & JFET nhw & hinh 6.3. Néu phan cuwc & cwec mang
dwoc tang thi mién nghéo tré nén Ién hon vé phia cwe mang nhuw
@ hinh 6.7b.



« Néu phan cuc cdng cd dinh va dién ap mang duoc tang
dén céc gia tri dwong, dong dién bat dau chay vao kénh
dan. Ban dau dung cu hoat ddng nhw mot dién tr&. Tuy
nhién, khi dién 4p mang dwoc tang, bé rdng mién nghéo
hwdng dén cwe mang bat dau tang vi hiéu dién thé gitra
cwe cOng va cwec mang tang. Roi kénh dan bat dau
nghé&n & cwc mang. Khi diéu nay xay ra, dong dién bat
dau bao hoa. Cudi cung & cac gia tri phan cwc mang rat
l&n, dung cu “danh thung” va dong dién tang nhanh.

- Giai tich day da dong dién thi hoi phirc tap, ngay ca
trong bai téan 1 chiéu b&i vi nguwdi ta can gidi cac
phwong trinh lién tuc va Poisson. Chung ta don thuan sé
xét m6 hinh ma cho hinh anh na dinh lwgng.
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Gia thiét cho mé hinh toan (1/2)

Ta co cac gia thiét cho md hinh cua chung ta:

« D6 linh ddng cua cac dién tir 1a hang so6 va doc lap véi dién trwedng. Ta
biét rang diéu nay chi duang & cac dién trwong thap. O cac dién trwdng cao,
van toc cla céac dién t& bao hoa, va trong trwéng hop cac vat liéu nhw
GaAs, c6 mién dién tré am. Do do, sw gidi tich chi hop ly néu trwéng trong
kénh ( xap xi bang phan cwc mang chia cho chiéu dai kénh dan) nhdé hon 2-
3KV/cm. Vi day la diéu khéng dung v&i cac dung cu hién dai, do do giai tich
chi n¥a dinh lwong va gitp hiéu hoat ddng cda dung cu.

« Chung ta gia str xap xi kénh bién déi déu dwoc gi®i thiéu b&i
Shockley. Khi khdng c6 bat cir phan cwe ngudén-mang, bé rdbng mién nghéo
dwoc cho b&i mo hinh 1 chiéu nhw véi diode p-n. Tuy nhién, chat ché hon
khi c6 phan cwc ngudn-mang, nguwdi ta phai gidi bai téan 2 chiéu dé tim bé
rdng mién ngheéo va tiép theo Ia dong dién. Trong xap xi kénh bién doi deu,
ta gid s rang truong theo hudng tr cwc Cong dén mién dé manh hon nhiéu
trwdng ttr nguodn dén mang nghla la dién thé thay déi “cham” doc theo
kénh dan khi so v&i sw bién dbi dién thé theo huwdng tir cwe cdng dén mién
dé. Nhw vay bé rdng mién nghéo & diém x doc theo ké&nh dan dwoc cho bdi
dién thé & diém ma dung cac két quéd mé hinh 1 chiéu don gian. Sw xap xi
nay dung néu chiéu dai cong L I&n hon do sau kénh h.
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Gia thiét cho md hinh toan (2/2)

e Xap xi mién nghéo, nghia la ta gid st rang khéng c6 hat dan
trong mién nghéo, va bén ngoai mién nghéo mat dd hat dan
bang mat dé donor dwoc ion hda. Ta sé gia st 1a ion héa hoan
toan cac donor va pha tap chat déu trong kénh dan. Mét khi
dung cu dat dén mién bao hoa, sw xap xi nay bi pha v&. Ta sé
ban chi tiét hon vé ché dd bao hoa & phan sau.

D

Semi-insulating substrate
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Tinh dong dién mang Iy

Duoi cac gia st nay, dong dien trong cwc mang dwgc cho boi (trirong =-dV/dx)

Ip = dien tich kenh x (mat do dien tich) x (do linh dong) x (trirong)

Z[h — h(x)]gNo tin f;!V (9.4)

v&i h(x) la be rong mién nghéo nh chi trong trong hinh 9.8 va h la do day kenh. Nhu
vay h — h(x) la d6 m¢ kenh. Bé rong mién nghéo ¢ diem x dwoc tinh theo dién ap
cong Vg, rao thé Vi, va dien ap kenh V(x) nhw sau

hx) = \/255[V(x)+m, Vo] ©.5)

qNbp

Ta thay h(x) vao phwong trinh 9.4 va lay tich phan (Ip 1a hang so trong suot kénh dan)

2es[V (x)+ Vor— V.
ﬁ:[jdx :_q,unj\ﬁ:azﬁ {f«;— \/ sl (x); i G]} AV (9.6)
qi D
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va sau khi chia 2 veé cho L ta duoc

guNoZh | 2VorVeVe) - (Vi-Vo) ]
Ip=————|VD- -

o : - (9.7)
L 3(gNoh®/ 2¢s)

Ta g, lado dan kénh khi kénh duoc mé hoan toan

o q,uni'DZh 9.9)

va Vp la dien ap pinch off no1 cua kenh

gNoh’

V= (9.9)

2&s

Khi Vi,—Vg bf’il]g Vp thi be rong mién ngheo trai ra toan bo kenh. Ta co phwong trinh

ID theo VD duot dang sau (thay (9.8) va (9.9) vao (9.7))

A(Vo+Vi—Vs)’ S Va-Ve) ] ] ©9.10)

Ip=go| Vb— _
Ve
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Chiing ta phai nho la phwong trinh trén dwoc suy ra duci diéu kién la cde dién dp o
céng va mang sao cho khéng cé pinchoff gan mién cuee mang, nghia 1a

Vo + Ve —
gNb

h(L) —{255 VG] <h (9.11)

Ta gia str vo1 xap xi bac nhat, khi pinch off xay ra, dong dien mang bao hoa va khi do
dien ap mang luc xay ra bao hoa la

Vosae =V —Vei+ Ve (9.12)
va dong dien kenh bao hoa la (suy tir (9.10) vo1 (9.12))

stm’ — Qo (& — Vb: + VG— — Z(Vbj_VG)

. - } (9.13)

Mot tham sO quan trong cta dung cu la ho dan g, dinh nghia diéu khién cta dién ap
cong vol dong mang. Tu phwong trinh 9.10 ta suy ra dwoc ho dan g, nhu sau

dIp ( Vot Vei—Vs) " - (Ve—Ve)'

= B (9.14)

gm =

VD=const

Tt cac phuong trinh 9.8 va 9.14 ta co the thay rang ho dan dwoc cai thien bang cach
str dung vat lieu co do linh dong cao hon cting nhw chiéu dai kénh dan ngan hon. Khi
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ho dan dwoc cai thién thi ¢6 nghia 1a cong kién soat kénh nhiéu hon va két qua 1a cl
d6 1oi cao hon va tan so hoat dong cao hon.
Khi dién ap nguon-méng nho, bieu thite ctia dong dién co thé duroc don gian hoa bang
cach str dung

Vo= Vi—Ves (9.15)

St dung khai trién Taylor ta c6 dwoc tix 9.10:

Vei—Ve
I's

1/2
Ip = go 1{ J Vo (9.16)
Dl_l[lgﬂCl_lﬂI]hll’ la dien tro (tuyén tinh) trong ché do nay nhw dwge minh hoa ¢ hinh 9.8,
vo1 ho dan gy, la
go VD
W' (Ve—Vo)'”
O ché d6 bao hoa ho dan 1a (tt 9.13)

Vir—Ve |/ 2
Gmsat — Go 1—( 7 } (918)

P

gm = (91?)
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Pac tuyén |-V tiéu biéu cia MESFET kénh N
I Quy tich cla Vgt
t Mién Mi&n bao hoa

tu’yén . Midn
tinh 1| danh thang

| VGS > ()
Ché do giau J

y

DRAIN CURRENT

. Vgs<0
Ché db ngheo

v I

DREAIN VOLTAGE



6.4 Cac hiéu (ng thtr cap

- Diéu ché chiéu dai kénh dan

« Panh thung

« Su thay ddi trong dé linh ddong
« Anh hwéng cla nhiét do
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Diéu ché chiéu dai kénh dan

« Xét N-JFET & mién b&o hoa, néu tang Vs thi I sé tang, vi khi tang
Vs dan dén L giam (chiéu dai hiéu dung ctia kénh dan N) = dién
tré kénh dan giam hay I, tang. Hiéu &rng nay twong tw véi diéu ché
mién nén trong BJT. Do d6 tat ca cac dac tuyén & mién bao hoa khi
kéo dai ra dén truc hoanh thi déu giao nhau cung 1 diém trén truc
hoanh, irng v&i dién ap Early V, (Vps=-V,). V, thuc té cé tri tlr 30V
dén 200V. Dong I, phu thudc vao Vg va cé dang

2
V V.
A (A
VTH VA
« Nhuw vay tai diém tinh Q trong mién bao hoa thi JFET c6 dién tré ra
|a:

VitVoso v,

Lo I
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Danh thung

Péanh thing thac 1{ xay ra trong JFET khi phan cuc nguoc tai chuyén tiép cong-
kénh dan (chd dau cuc mang cua kénh) bang dién 4p danh thing ctia chuyén tiép,
BV=BVy.) — Ve

V(;=l'.] I
|
|
1.0 % BV:BVDGO_ VGS
/I (TD nay c6 Vs=0)
|
|
-2.0 |
|
|
-3.0 |
|
4.0 J |
| L
15 20 25 30
BV,
Vp(V) — P
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Sw thay déi trong dé linh déng

« Khi dién trwrong co gia tri I&n thi van troi khong tang nira,
dan dén doé linh dong gidm. Trong JFET ké&nh dan ngan v&i
dién 4p & mang co dinh, khi tdng dién trwdng tai cong thi
lam gidm d6 linh ddng hay lam giam dong I, so vai gia thiét
ban dau dd linh déng 1a hang so.

Dnift velocity v

]
:{'—_ Constant mobility

! 2-piece linear approximation

£ —— e = = = = = =
! _..--'"'—"-
-
- .
f\&Expenment
/\
1'

N HE
1+(%,/2,)

-

¢ Longitudinal field &,
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Anh hwéng cua nhiét do

« Nhiét dé tang lam dé linh déng giam = dong /5 giam khi
nhiét do tang.
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