PHBK Tp HCM-Khoa B-DT
BMBT

GVPT: H6 Trung My

M6n hoc: Dung cu béan dan

Chwong 4

Chuyén tiép PN
(PN Junction)

Noi dung chwong 4

. Chuyén tiép PN — Gi6i thiéu cac khai niém
. Diéu kién can bang nhiét

. Mién nghéo

. Dién dung mién nghéo

. Dé&c tuyén dong-ap

. Cac md hinh cla diode ban dan

.Dién tich chira va qua trinh qua doé

. Danh thang chuyén tiép

. Chuyén tiép di thé (Heterojunction)

10. C4c loai diode ban dan

11. Gioi thiéu cac ing dung cla diode ban dan

©O© 00 N O O A WN P
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4.1 Chuyén tiép PN —
Giéi thiéu cac khai niém tong quat

Cic chuyén tiép PN buéc va bién doi déu

* Chuyén tiép PN 1a 1 dyng cy hai cue.
* Dua vao @lﬁ thi pha tap chat , nguoi ta c6 thé chia cac
chuyén tiép PN thanh 2 nhdm chinh:
- c4c chuyén tiép budc
- céc chuyén tiép bién d6i déu tuyén tinh

Np—Ngu Np—Ny
ax
bén p bén n bén p bén n
Chuyén tiép budc Chuyén tiép bién doi déu tuyén tinh
(Step or abrupt junction) (Linearly-graded junction)
4
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Nhan biét sw phan cwc & tiep xiac PN
* Dya trén Vp — Vi (Vp 1 thé & dau Anode va vy la the &
dau Cathode)
» <0 :phan cyc nguoc (REVERSE BIAS )
» =0 : khéng c6 phan cyc hay can bang
» >0 : phan cyc thuan (FORWARD BIAS)

EQUILIBRIUM FORWARD BIAS REVERSE BIAS
7 4

r

t il J tﬂ/ J

AN \
\ )

i / N n \ n "
. 8 §
St

Depletion region ArGde Cathode

'\\ . ":;- » /Jr
CL—H—LO 5

: P

( e E,
EEEEEE e
FRFE R G Ep,
ccecececce fm
GrerPEe® E, @ @
(a)
Hole density, Pp Electron density, n,,
Electron density. n), Hole density, p,,
Junction
formation

U

E,ac = Mirc nang lugng chan khong
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S tao thanh chuyén tiép PN (2/2)

Eyac
. By
Drift L
o O e JI(_ Depletion of —>
E,. S i mobile charge }
| <+—— Diffusion of electrons
|
|
l F Electrons
& eceeccoceceaee E
: | “Sdreceee c )
S e J‘L—‘——‘——L—'———— Fermi level is flat
E, 4 = ‘
I D |
| = |
|
Diffusion 1 | |
| | I
! e W St
Wy | Wy g & E,
I Drift
p-lype =— | ——> n-lype
(b)

4.2 Piéu kién can bang nhiét
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Diéu kién can bang nhiét (1)

« Dac tinh quan trong nhat cla cac chuyén tiép p-n la sw chinh lwu
dong dién, nghia la ching cho phép dong dé dang chay theo chi 1
chiéu. Hinh sau cho thdy dac tuyén dong-ap cta 1 chuyén tiép p-n Si
tiéu biéu.

« Khi ta dwa "phan cwc thuan" vao chuyén tiép (dién ap dwong vao phia
P), dong dién tang nhanh theo dién ap tang. Tuy nhién khi dwa vao
"phén cwc ngwoc”, khdng co dong dién chay qua.

« Khi phan cuwc ngwoc tang, dong dién gitr khéng dbi tri rat nhé cho téi
khi dat dén dién &p t&i han ma tai d6 dong tang dét ngét. Sy ting dot
ngoét & dong dién nay dwoc goi la danh thang chuyén tiép (junction
breakdown). Bién ap thuan dwoc dwa vao thuwdng < 1V, nhwng dién
ap téi han nguoc, hay dién ap danh thiang, co thé thay déi ti vai volts
dén hang ngan volts phu thudc vao ndng dé pha tap chat va cac tham
sb dung cu khac. °

Piéu kién can bang nhiét (2)

I{mA)

3 Forward
conduction

‘_ba<
T

1 S | T | | Il [l

Il L 1 L L
-6 -5 4 -3 -2 -1 0 1 2 W

e Reverse -2
breakdown

Dic tuyén dong-ap cua 1 chuyén tiép p-n Si tiéu biéu.
10
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Gia thiét khi phan tich

1. Chuyén tiép PN loai buéc
2. Dung mé hinh dién tich khéng gian buwéc

11

M6 hinh dién tich khéng gian bwéc
Mién P trung hoa Mién N trung hoa  (Mién khoi)
(Mién khdi) P N

el et

Q@& &

2@ @
%T OT W,
Mién tich  Mién tich

dienam  dién duong

<— E Hudng dién trudng

—>» Dong hat khuéchtdan —> Dong dién khuéch tan

<—— Dong hat troi <«—— Dong dién troi

o <« Donghatkhuéchtan — Dong dién khuéch tan
bién tu
> Déng hat tréi <—— Dongdién troi
12
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Gian do dai nang lwong (Band diagram)

. oO~®
P A 1P 188 [ " &
by ———— — ¢ Ee 'liift I
EF _______ EF ______________ C
By T I - L
Ditfusion ~ E,
Drift
) (b)
* Mdrc Fermi * Pé lai
— Gan dai dan (loai N) — lon donor dwong (Np*), bén phai
— Gan dai hoa tri (loai P) — lon acceptor am (N,), tréi

Gan lai véi nhau
— Pién t&r dwoc khuéch tan €
— L& khuéch tan 2

Tao nén dién trwong €
Tao nén dién thé.
Mién dién tich khéng gian

13

Mdrc Fermi can bang
(Equilibrium Fermi level)

O can bang nhiét, cac dong dién t& va 16 chay qua cac chuyén tiép
thi dong nhat bang zero.

J, =J,idrif)+] (diffusion) Thi— Jp=typ iiF =0
=qu,pé —qD, % hoac r
=qﬂpp[l@]_kn,p£{ﬁ =0, ?Fﬂ)'

g o Twong tw, mat d dong dién tl:
el I =], (drift) + ], (diffusion)
Dy = (KTigh, - hné vqp, 2
p= nie(E,—EF}KkT =“nn%=0‘

Nhw vay, véi diéu kién dong dién t&r va |16 bang
dp _ P dE, dE; khéng, mipc Fermi phai |a hng sé.
dx kT \ dx dx

14
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(A) Chuyén tiép bwéc & cin bing nhiét:

Ec ™ i T, (2 Diénap ndi (Built-in voltage) V,;:
Eimm——— o A I‘“' (con goi 1a thé ndi @)
Evﬁ:‘,: QVpi :(Ei _EF)p+(EF _Ei)n
enp 1 bé
W il Mo = N exp[(EF —Ej)/kgT ]

L Ppo =N exp[E;j —Eg /kgT]

+
' kgT | [ PpoMno NaNp
N, L] x  Vhi= q '”[ 2 J =V '”[2

n; n;

X, Pno = Ppo &Xp[-Vii /V7 ]
X Npo =Nno exp[— Vi /Vr ]

| X (b) Quan hé giira hat din da s - thiéu so:

15

(¢) Bé rong mién nghéo (Depletion region width):
= Giai phuong trinh Poisson bac nhat ding x4p xi mién
ngheo, véi cac dieu kién bién sau:
V(=x,)=0, V(x))=V,, E(=x)=E(x)=0
N 2
V,(x) = 28’* (x+ xp)

S

bén p:

bén n: N
q 2
V (x) = —?D(xn —X)" +V,
S
< St dung su lién tuc cua 2 nghiém tai X=0, va su trung
hoa dién tich, dé c6 dugc bicu thirc cho mién ngheo W:

X, +X, =W
V,(0)=V,(0) } sw = 265 (N, + Np)V,
aN,N,
N,X, = NpX,
&g = hing s6 dién moi cua ban dan 16
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(d) Dién trwong cuc dai:

Dién truong cuc dai, s€ xay ra & chuyén tiép luyén kim,
duoc cho boi:

avl  gN,NW

™ dxle,  &s(NL+Np)

(e) Su thay déi ndng dd hat din:

10%° S _
= 1 Np=Np=10%cm™
e A D
102 _;
S, ] Weaie =1.23um
é 10% : Emax( DC) = 9.36kV /cm
?) 10° : Emax(sim) =8.93kV /cm
e 1 £
o 3
o 2
10 ik
3.5
Distance [um]
17
1015 T T TTT T T [—
IS
L
] &
e
]
2
1 ©
Q
s L L b Lu
0 0.5 1 15 2 2.5 3 3.5
Distance [um] Distance [um]
18
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S M e e e O L ) A

5x10%° [ 3

5x10"°

(/g [em?]
Electric field [kV/cm]

N Ll P R R R ]
0.6 0.8 1 1.2 1.4 0.6 0.8 1 1.2 14

TS [ SR | _705.\..

Distance [um] Distance [um]

19

(B) Equilibrium analysis of linearly-graded junction:
12k e (Vi TV) T
ga
gaw 2
8k380

(a) Depletion layer width: W :[

(c) Maximum electric field: Epax=—

_ _ qak2:2 1/3
(d) Depletion layer capacitance:  C=|. ;-0
12(Vbi +V)

Based on accurate numerical simulations, the depletion
layer capacitance can be more accurately calculated if V,;
is replaced by the gradient voltage V,:

2
Vg — gVT In akSS%VT
3 8qn;

20
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4.3 Mien nghéo
(Depletion region)

21

“W/2 |

W/2

Mién nghéo (Depletion region)

« Chuyén tiép bwéc (Abrupt junction)
— Chuyén tiép PN duoc tao thanh bang

khuéch tan can hoac céy ion ning

lwong thap.
— Sy phan bé tap chat

» XAp xi bang sy chuyén dét ngot

néng do pha tap gitra mién N va P.

« Chuyén tiép bién déi déu tuyén tinh

— Khuéch tan sau hoac cay ion nang

lwong cao.

— Sw phan bé tap chét thay ddi tuyén tinh

& chd chuyén tiép PN.
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Chuyén tiép bwéc (Abrupt junction)

2
v ﬁ;/:______ND VoI 0<x<x,.
\ ) £
N mién N #
mién P | heo _,:_, mien N
trung hoa ! r;vg b i trung hoa Nﬁxp = Npx,,. W= ?CP + Xy
DT A !
_):(p ND ® i dw q‘NA(x+xP) .
3 i 0 Xln x f(x)=—‘-&';'=———£"‘—— VoI —:Cpﬁ:r(O
I o I 3
| | gNpx _ gNp .
:__NA : cé”(x)=~é°m+ D™ — (x—x“) VOl 0O<x<x,,
< W—— x Es

I e I
| )

®) 0/( V=) E(x)de =0, ()] 15" ()| s
Al _ gN 473 LNoxn 1w :

m

Vi 2, 2¢, 2
& _QNDIH _qNAx?’ W= % M v
™o £, T g, s q NAND bi
bién truong cuc dai E,, Bé rong mién nghéo W #
Chuyén tiép bwéc 1 bén
(One-sided abrupt junction)
(a:’_{ p* ||N » : " ’_,J” NA >-> ND - nghia la xp << xﬂ:
i wer o |2V 8(x)=-g, + LT
L "\ 9Np &
e V:V ' Trwéng giam xudng zero tai x=W, do d6
© B i &, = gNzW
R g@):ﬂfia(_wﬂ):_gm( 1_1]
Vi | — - — = E. W
2

e x o B .
@ g W w(x) == S Edx = &, (:r - 2_W] + constant

V6i Ng la nong d6 khoi dwoc
pha tap chat it (nghia la Np, vOi W(x) _ Vi o_ %
chuyén tiép p+-n) W w |
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Mién nghéo vé&i phan cwc

Depletion

region \ E.
4V E.
-~ Wi E

v * Phan cwc thuan
(Forward bias)

)
Ip _{ ‘;}F P
= T N — B& rong mién nghéo W {
VF
®) * Phan cwc nguoc
I = N (Reverse bias)
- = * — VitVr
i[1f

— Bé rong mién nghéo W T

(©

Véi VIa dién ap dat vao diode: i 2€,(Viy = V)
* phan cuwc thudn V=V>0 qNg :
* phan cyc nguwoc V= -Vg <0 25

Linearly graded junction

2 P
Np =Ny u——d Iﬂ:_—(f(' =—_p“ ::-(iﬂl' —E(t{
P n ¢ =l =
_wr2 o ® | ([.1'2 dx £ g, 2
"o Wiz x
@ ‘[r)- qa [\l',"Q)- -x*
_W/Z\_)KW/Z * ‘ - ) E‘ 2 .
*ﬂmj Area=V,, %
® p qaW~=
€ m - , 1
v 8e,
—wy/2 wrz Y N
(o] %
© v t}ﬂ'“ <
by =
> 12s
I‘ 12ev, )
. 2e V;
@ W =[ s ' bi ] )
9
26

-
N)l-l-_
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Built-in potential

/// s - AT (aW /2)(aW /2) =£ln[£]
1'0/ I ‘ ‘ " q ﬂ|2 q 2n, .
g_ 08 Si /"
= //
L]
06 ‘
300K
04 ‘ ‘
101 1020 104 10% 10%
afem™
27
4.4 Pién dung mién ngheo
28
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Pién dung mién nghéo

 P&c tuyén dién dung-dién ap
(Capacitance-voltage characteristics)

« Panh gia sw phan bd tap chat
(Evaluation of impurity distribution)

« Diode bién dung (Varactor=Varicap)

29

Pién dung chuyén tiép
binh nghia: C, la di¢n dung trén

Metallurgical A , C z
/ P don vi dign tich [mat cat ngang]
! ''n —eV+av 2
x| F | : ' « Khi dién tich thay ddi dai lwong nhd dQ
! s& lam cho dién tredng thay déi 1 dai
" W lwong nhé dE=dQ/ (tir phwong trinh
' [ Poisson).
0 W ad B b
: ! | » Sy thay doi twong ng & dién ap dwa vao
a—"1 /1 I dV dwoc biéu dién bing dién tich gach
Co E chéo & hinh bén va xap xi bang
0 \ : - WAE=WdQ/e,. Do d6 Cj s& bang
WL _de Tmav - ,do W
_e _F & Ss
C,==t F/cm®.
w 30
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Pac tuyen dién dung-dién ap

. * V6i chuyén tiép bwéc 1 bén
* Phan cwc nguoc

— Dién dung chuyén tiép c =5 _ q€;Np
L =—t=
Tw 2(VH -V)
e Phan cwc thuan
— Dién dung khuéch tan
. L i _v
» Tur hat d&n chuyén don iﬁ - ﬂb‘_).
— Dién dung chuyén tiép Cy G&,Np
iyc? ‘ .
e Do thjctia 1/C2theo V la dwdng thang,
\ 1 ~ X > J\ ~ \ K
slope o« — Do doc cua dwong thang nay cho biét
Np ndng do tap chat Ng ctia mién nén
nglllr;gc Phan cwe thuan~ *  Phan giao (tai 1/C2 =0) cho V,
V
7bi -V 31

Example 4

For a silicon one-sided abrupt junction with N, = 2 x 10" cm™® and N, = 8 % 10'% cm™, calculate
the junction capacitance at zero bias and reversed bias of 4 V (T = 300 K).

SOLUTION From Eqs. 12, 27, and 34, we obtain at zero bias

= 19 15
Vi = 0.02501n 2210 X810 _ 455y,
(9,65 x It)QJ
—_— I 14
“)__| x ‘Igssvb’ _ r'?,x 11.9x8.85x 107" x 0.906 _ 3.86 %10~ = 0.386 pm,
v=o "\ gNp Y 1.6x107"% x8x10'®
- 7.
o | = R 9ENp _ 5798%10* F/ cm?.
llv=n ‘ﬂ \ievg

V=0

From Egs. 27 and 34, we can obtain at reverse bias of 4 V:

[ =V)  [2x11.9%8.85x107" x(0.906 5
'W|, = =‘Eé‘,z[Vh, V) I2):(119)(_ ‘bx"l! *( - +4) —899x10° =0.899 pm,
v="Y gNp ¥ 1.6 % 107" x 8 x 10"
£ ' q&,N 8 2
i = | B =1172x107° F/ em®. <
ilvas  wi Y&V, —V)
V=—d
32
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(f) Dién dung l6p nghéo (Depletion layer capacitance):
= Xét chuyén tiép p*n, hay chuyén tiép 1 bén, s& co W:

W = ZkSSO Vbi TV
| dNp

> Pién dung mién nghéo duoc tinh bang:
dQ; _ gNpdW _ [gNpksgg 1 2(Vy+V)
C = = = — _) J— S N B———
dv dv 2(\/bi +V) C2 qN DkSSO
yc? :
Thiéet 1ap do lwong:

\ 1
slope oc ——
—hdw ’
Phan cuc

nguoc Phén cuc thuan Ve

v Vv
Vp; —V v

—

33

Panh gia sw phan bé tap chat

~ Metallurgical junction

Xét chuyén tiép p+-n voi pha tap chét bén N:

o n —s vy
8 [ W 2
) dv;(dg)w=[d_9 w = INW) dW

P 1 J ! ) - 5; st

! :‘—W—"‘ —dw

! e Biéu thirc clia ndng do tap chéat & canh

’ . mién nghéo

®)

= 2 1
N(“j=_ 7 R i
9| di1/C.” |rdv
N

Nhw vay ta cé thé do dién dung trén dién
tich don vi v&i dién ap phan cwc nguoc va
vé 1/C{? theo V.

3t D¢ déc cua db thi = d(1/C? )/dV, cho néng
v dé N(W)

34
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Diode bién dung
(Varactor=Varicap)

Cp o (Vi + Vi)

NpNy Cy o (V) VOl v s vy,

Hyper abrupt m = - 3 PR
/ 2 n=1/2 cho chuyén tiép budc

Linearly graded m =1

2 m. ‘

Bl : Abruptm =0 x _‘Zx_g=_}3(x%} W o (Vﬂ)lf(m+2,
' K g, -1/({m+2
| C =L ()

S dung tinh chét dién dung mién nghéo
Veo—i p n — thay d6i theo dién 4p phan cwc nguoc:

V6&i n=1/3 cho chuyén tiép bién adi déu

n>1/2 cho chuyén tiép hyperabrupt

Vé&i m=-3/2, thi n=2, khi d6 varactor nay dwga
noi v&i dién cadm L, tan sé cong hwédng:

wr=@xﬁ=vﬁ VoI n=2
4.5 Pac tuyén dong-ap
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Chuyén tiép PN vé&i phan cwce thuan (V)
va phan cwc ngworc (Vg)

1018

Phanbb =X
hat dan 9.5% 104

(b)
Phan cyc thuan Phan cwc ngwoc 37

4.5.1 Pac tuyén dong-ap ly twéng

38
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Pic tuyén dong-ap ly twéng:

Gia sw:

« Xé&p xi mién nghéo budc; bén ngoai mién nghéo gia st trung hoa
dién.

« Mat do hat dan tai cAc bién lien hé véi hiéu dién thé tinh dién trén
chuyén tiép

« Bom murc thip (Low-level injection) = mat dé hat dén thiéu sé dwoc
bom vao phai nhé hon nhiéu mat do hat dan da sé

« Khéng cé s sinh-tai hop trong mién dién tich khéng gian SCR
(space-charge region)

Mié héo:
(a) Mien ng :eev

39

(b) Nhirng mién [twa] trung hoa (Quasi-neutral
regions):
« St dung cac phwong trinh lién tuc ctia hat dan thiéu sb, ta c6

dwoc cac biéu thirc sau cho cac mat do 16 va dién ti thira
trong mién twa trung hoa:

\V V- —(x=x,)/L
App(X) = ppoe” T =De & P
\V V- (x+x,)/L
Anp(x)=nyo(e” T —1e T
N, (x) P, (%)
Mién dién tich han cwc thuan
khéng gian W
n J Pno
0
p =] /<
—Xp X X
Phan cyc nguog

40
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« Tuong (mg v6i nhimg mat d6 dong khuéch tan:

dlff( )_q ppnO(V/VT e —(x=x,)/ L,

Lp
; D,n /
ngff (X) = qLnNpo (eV v _1)e(X+Xp) Ly

n

M® hinh Shockley

diff diff

“]tot_‘]pl (X)) + 35" (=% )‘

majority J diff 4 3 g”ﬁ majority J 4 4 g drift
‘]tot
Y
minority J & minority J , diff
>/ 7 X
- X P Xn
Khong c6 tai hop trong mién SCR

41

Phan bb cla
hat dan thiéu s6
dwoc bom vao

Mat dé dong
dién tr va
16 [ly twéng]
A =1/A)
ta) {b)
Phan cwc thuan Phéan cwc nguoc

42
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(¢) Mét d¢ dong dién tong cong:

« Dong tong cong bang tong cua nhitng dong dién khuéch
tan hat dan thiéu s6 dugc dinh nghia ¢ cac canh cuia SCR:

diff diff :
tot — IpI (Xq) + |nI (_Xp) Ge Si GaAs

—q Dp Pno n DnnpO (eV/VT _1)
L L

P n

* Dong bdo hoa nguoc (Reverse saturation current) |g:

DpPro Dnnpo o[ D D
ISqA{ IOL " LIO = AN, LI\T LN
p n p''D n'vA

43

Dic tuyén dong-ap ly twéng sl

(a) D6 thj tuyén tinh -

l
-5 0 5 GVAT

(b) Db thi semilog =

44

gVI/kT
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(d) Ngudn gdc ciia dong dién:

Phan cwe thuin Phin cwe ngwoc

Dong bdo hoa nguoc la do
cac hat dan thiéu sé bi thu
thap qua khoang céch c&
chiéu dai khuéch tan.

45

(e) Dong dién hat din da sé:
* Xét mot diode dugce phan cuc thuan dudi cac diéu kién bom

mirc thép :
Tinh tya trung hoa can:

n,(X
N (%) - AN, (X) ~ AP, (X)
o Piéu nay dan dén'
Pn (X)
e Prg It (== "5 (x)
X p

n

* Dong 16 téng cong trong mién tya trung hoa (quasi-neutra

I‘eglons) tOt (X) J diff (X) 4] drlft(x) J diff (X)

46
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* Dong troi dién tir trong mién tya trung hoa:

Jr?lﬁ (X) = Jior + (Dn 1}3 Slﬁ (x), E(x)=
p

1
an(x)uy,

Jr(]jiff (x)

drift
gn\“ (x) Jiot

—

3700 (x) = 38 (x) + 3 8™ (%)

38T )+ 35 (x)

47

(f) Cac gidi han cia mo hinh Shockley :

* M6 hinh Shockley (dugc don gian hda) mo ta chinh xac dac
tuyén [-V cuia cac diode Ge ¢ nhitng mat do dong dién thap.

* D0ai voi cac diode Si va Ge, nguoi ta can ké dén nhiéu hi¢u
ung khong 1y tuong quan trong nhu:

= Su sinh va tai hop ctia cac hat dan trong mién nghéo.

= Nhirng hiéu tmg dién tro ndi tiép do sut ap trong nhiing
mién tya trung hoa.

= Danh thung chuyén tiép xtc & nhitng phan cuc nguoc
cao do hiéu trng dwong ham va ion hoa va cham.

48
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4.5.2 Nhirng hiéu ng sinh-tai hop
va sw boom [vao] murc cao

49

Nhirng tinh chat khong Iy twéng trong chuyén tiép PN:

(A) Nhirng dong dién sinh va tai hep

— Jgr e Phuong trinh lién tuc cua 16:
0J
P__1% +G, -R,
O— 3t —@ ot g ox
* Trang thai x&c lap va qua trinh

khong c6 anh sang:
op/ot =0, GID =0
 [Mat d6] Dong tai hop tai SCR :

Xn Xn
[ ddp(x)=d,(X)=J,(=xp)=-q | Rydx
—Xp —Xp
Xn
=q [ Rpdx

"] SCr

50
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Céc diéu kién phan cuc ngwoc:
« Nong do n va p c6 thé duoc bo qua trong mién nghéo:
2
R~ MM S E,-E 1, exp Ei-E
TpM +Th Py Tg l kgT kgT
Thai gian séng dé sinh hat dan
» Dong SCR thuyc ra la dong sinh:
qn;W

T

n\wW
J —)Jgenzq' oC

J. =—

scr — ~Ygen

bi —V

g T

« Dong b&o hoa ngugc tong cong:

g

i Js(eVNT _1)+Jsch)—(Js +Jgen)

51

« DOng sinh thang thé khi n. nho, day la truong hop thuong
thdy trong cac diode Si va GaAs.

| (log-scale)
AT, V (log-scale)
AJ gen
bic tuyén 1-V dudi Céc hat dan sinh ra bj
dieu kién phan cuc ngugc quét ra khoi mién nghéo

52
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Céc diéu kién phan cuc thuan:
« Nong d6 n va p Ién trong mién nghéo:

niz(eV N —1)

Tp(” +ny)+1,(p+py)
Diéu kién dé téc do tai hop cuc dai:
n=p= nieV 12Vy Thot gian song tai hop
. r]izev IN;
max ~ -
nrp +pPT, T

V /V.
np:nize T 5>R=

Ny vi/av; _
€ , ’Crec—’tp+’tn

rec

U6c luegng dong tai hop:

gmax _ qnW oV 12Vr
scr

Trec

53

« Biéu thic chinh xac cho dong tai hop:

gnid v /ov. T 1 gNp(2Vyin —V
T g By L g, - @B )
Trec 2 Epp s€0

e C4c stra d6i v&i md hinh:
_ qniCDeV/erT
T

J

SCr
rec

« Dong thuan tong cong:
3 =JS(eV/VT _1)+ an;® v /mpvy - (eV/an _1]
Trec ,
n — hé s6 1y tuong (ideality factor). Nhing sai biét cta
vai 1 cho biét dong tai hop.
W
Jr exP[nkT]’ 54
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Sw quan trong cua cac hiéu ing tai hep:
Pién ap thap, n.nho — dong tai hop thang thé

Pien 4p Ion — dong khuéch tan thing thé

log(l)

A Scr

v
/o

« O mic dong dién thap, dong tai hop thang thé va n =2. )
« O muc dong dién cao hon, dong khuéch tan thang thé van tién téi 1.
55

107!
1078
=<
< 105
,_‘h.
107+
10—9 ] L L 1 L
0 02 04 06 08 10 12
Ve(V)
So séanh dac tuyén I-V phan cuc thuan cla diode Siva GaAs & 300K.
Cac dwdng dit nét chi cac do doc véi cac hé so ly twdng khac.
56
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Hiéu trng cua boom murc cao

(B) Boom murc cao

« O muc dong dién cao hon nia, ta thay rdng dong dién I&ch khdi trwéng
hop ly twdng n=1 va tang Ién tlr tir v&i dién ap thuan. Hién twong nay
lién quan dén 2 hiéu &ng: dién tré nédi tiép va bom mikc cao.

« Trwdc hét ta xét hiéu trng dién tré néi tiép. O nhivng mirc dong dién
thap va trung binh, sut 4p IR & mién trung hoa thwérng nhé so véi kT/q
(26mV & 300K), v&i | 1a dong dién thuan va R 1 dién tré ndi tiép. Sut 4p
lam giam phan cuwc mién nghéo, do d6 dong dién | 1a

g(V-IR)| 1, exp[qV /kT)
kT | . Mﬂ}

’cPL kT
va dong khuéch tan Iy twéng bi gidm di 1 dai lwong 1a exp[q(IR)/kT]

- O'mat do dong dién cao, mat d6 hat dan thiéu s6 duoc bom vao co thé
so sanh véi néng do hat dan da sb, nghiala . p, (x =x,) =n,

Day |2 diéu kién bom cao | 57

I':'Ixexp{

Dién tr& noi tiép Rg

A log(d)
AN Miégn Y _
Va nghéo = AV
e—V;—|

Slope-over
region

Va

At higher current level, the effect of series resistance kicks in
Needs a larger applied voltage to achieve the same level of current

58
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Anh hwéng cua dién t

ré noi tiép

Rs =1kQ
100 \‘ 0.3
1 ==t - Rs=1k
10 2 Rs =3 kQ S
e — y FRs=3ka
< . < o2
£ = Rs=0 l
e i c Y
@ s
E 106+ 5 01 A
=%
3 , O
10 -8 4
s s e e e D 0.0 ) R e e T
00 02 04 06 08 10 00 02 04 06 08 1.0
Voltage (V) Voltage (V)

59

DPac tuyén semilog ctia dong dién diode & phan cwc thuan

A
) e Mién phun cao
Mién | Mién  |"\idn
103 F 1 | 2 E . .
| | Diode hoat dong nhu
Déng | | \ dién trd tuyén tinh
sinh-tai hop | | \
10-6 thang thé | / | ~J]= A_VD
rs
"

109 | // \\“‘L_ [EXP(

|

|

|

|

|
10—12/*__—}
|

|

|

0

CURRENT | (A)

1015

0.2 4 06 08
FCRWARD BIAS, V (volt)

eV
kpT
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4.6 Cac mo hinh

cua diode ban dan

61

Cac mo hinh diode

(chwa xét dén danh thiing ngworc)

1

0
nguec
Phan cuc:
OFF

Diode: S

thuan
e

ON

(a)

M6 hinh diode ly twéng
(xap xi bac 1)

 Von=0.7V Véi Si

o I'pladién tro thuan = dv/dl tai diém Q (c6 Vpg >Voy) = Villng

I

0 VPN thuin Vv

nguoc

OFF | ON
<
_|9‘

(b)

Mb hinh sut &p hing

(xap xi bac 2)

1

0| Ve A
nguoc V O~ thudn 14

OFF | ON
o

I
—_—
Ip
o—b—]I|—w——0
Vox .
+ —y _

(c)

(xap xi bac 3)

62

Iy

M6 hinh véi dién tré thuan
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Céac cap dién tré

« Ban dan hoat déng khac nhau véi dong dién DC va AC.

* C6 3loai dién tr&
— bién tré tinh hay DC :
Rp = Vp/l,
— bién tré dong hay AC:
rq = AVp/ Al
— bién tré AC trung binh:
ry = AVp/ Alp (ttr diém dén diém)

p o Aly
VD
AV,
bién tro tinh Ry bién tro dong ry bién tré AC trung b‘mrg 2
> M0 hinh tin hiéu nhé (Small Signal Model):
Dic tuyén dong-ap (I-V): i I, =1"™ (giast V,>>V;)
Vi dién ap tuc thoi Vo (D): Vp(t) =V, +Vy(t)
Thi ta c6 dong dién ap tirc thoi la i, (Y):
|D(t) — IDevd (t)/nVy
Néu v, (t)/nV; <<1, nghiala gia st tin hi¢u nho
. t) I
i =1 evom™ 1 14 Ye® oy oy
o) =1p o( V- )=l V. o (1)
Néu i (t)=1,+i,(t)=DC+AC;
Ta ¢6 cac thanh phan i-v AC
. |
i,()=—L-v,(t
¢ (1) v, ¢(0)
Vi vay, ta cd dién tré tin hiéu nho
v () nV.
g=—t =" (Q)
PO
64
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Circuit Model

»Categories of Circuit -V Models:

Exponential (physical);

Piecewise Linear; Non-Linear Model
Constant Voltage Drop;

Ideal-diode;

Small signal (linear approximation);

- Reference : Table 3_1

65

Madel Graph Equations Circuit Comments

o poneni izl s

=10 A w107 A,
depending on junction
area

Vy=25 mY

n=1t?2

E 1
fp=ifed &

o g fin
o= 230N ng | =
e 5 I‘.J‘\J
Vo Vo o Bty 1o | 222]
Lemhea i it -\EJ Physivally based and
5 . remarkably accurate
23r¥; =60 m¥ forn=1 model 7

Useful when accurate

23nV, = 120m¥ forn=2 ° ey 1
apalysis 18 needed

(Continued)
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Mode| Graph Equations Circuit Comments

Plecewise-linear Fot ey, 2 ¥, Choiee of Vi and ry, 1s
(battery-ploa- Al i it determined by the cur-
resistance) aps = L L renc range over which

For wn = Vgt

Tdeal

7
Ehid

Constanl-voltage-
drop (or the
“007-% mindel )

03y

Py

For ip =

v =0TV

the maodel s required.
For the smount of work
involved, not as use-
ful as the constant-
voltage-deop model.
Lised only infrequently,

Fasy to use and very
popular Tor the quick,
hand smalysis that is
essential in circuit
desipn.

67

Tdeal-dimde

For iy =
=1

Smmall-siznal

(Fors=1.
3 m¥:tor e =2, W mV)

T

Tdeil

Cioeed T determining,
whiezh dicsles are con-
ducting and which are
cutoff in a multiple
dicde circuit.

Linod for obtaining
very approximale val-

ues for diode curments,

cspecially when the
clreuic voltages are
much greater than ¥,

Uselul lor [inding (he
signal component of
the diode voltage
(e.g.. in the voltage-
regulator application),

Serves as he busis
for umall-signal mod -
eling of ransistors
(Chapters 4 and 3.
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> ldeal-diode Model:

{ i=0, forv<O0 < OFF
i =any positivevalue >0, forv>0 < ON

1

—> — — —Reverse bias —>f<— Forward bias —— —

(c) (d)
69
» Example of the Branch Current Calculation :
(based on the ideal-diode model)
+10V +10V
1 k0 1 kO
\ 0 mA
Y ) Y
0oV 10V
(a) (b)
70
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» Constant Voltage Drop Model:

. >V
i=0, forv<0.7 < OFF ‘ 0.7V
i =any positive value >0, forv>0.7 < ON
+10V +10V
1k 1 k)
9.3mA |0 mA
v o
0.7V 10V
(a) (b)
71
> Piecewise Linear Model:
i=0, forv<V,, < OFF
V -V,
i:M, forv>V,, < ON
ry :
+10V +10V
i
[J)
i Ideal
1k 1 k)
Slope = — vp Voo
'p 9.1mA |0 mA
) y 1 V.
D :
Voo 10V
0 Voo " '
(a) (b) = =
(a) (h)
72
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» Terminal Characteristics of a Real Diode:

*Real I-V in normal scale

[

0
\ |
Compressed |

—Vac scale |
T [

0 | 07V v
| 05V
| E
Breakdown || Reverse v
|
‘ |

Expanded scale

73

* The forward - bias diode current :

i — Is(ev/n~vt ~1) ~ Isev/n~vt

where

| is the saturation current or the scale current;
Vv, is the thermal voltage (= 25mV);

n is the ideal factor.

For two diode currents 1, and I,,
we can have

V, -V, = thIn(II—Zj =2.3n V; logqg (:—Zj
1 1

74
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> Temperature Effect on the diode current:

At a given constant current the voltage drop
across the diode decreases by approximately
2mV for every 1°C increase in temperature.

*See the practice before!
75

Ex. Using the fact that a silicon diode has 1,;=101* A at 25 °C
and that I, increases by 15% per °C rise in temperature,
find the value of I  at 125 °C.

Sol:
IL=10"A @25C
,=? A @1l125C

S

(T-25°)
I,(T)=(1+15%) ¥ -1.(25)
=
1,(1257) = (1.15)"°-10™ =1.174x10° (A)

76
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» A Real |-V model, Graphical Analysis, and lterative Analysis:

Iy ' Diode
- -V

Vpp==—"

For theset of (V;, I5), the load line is

Vpo/R / I, = (VDDR_ VD)

v
VDD

7

*Graphical Analysis: - read out the intersection point directly!

Voo
R Diode characteristic
0
G (operating point)
f."_} __________
Load line
Sl i
ope = ——
P R
0 - —
Vi Voo o

78
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elterative Analysis: Device |-V + Load Line - Current Conservation.

Diodel-V: 1, =1, exp(VDJ (Ex.3.4) practice.
v,
VDD _VD

R

Load I-V: I, =

Diode characteristic

Q
+ (operating point)

Load line

Original guess

79
> Small Signal Model:
Thediode I -V characteristics: 1, =1.e"*™ (assume V, >>V,)
For an instantaneous voltage v, (t) : v, (t) =V, + Vv, (1)
then we have the instantaneous current i (t) :
iD t)= IDeVd(t)/th
if v,(t)/nV, <<1, thatis, a smallsignal assumption
. v, (b) |
ip(1) =187 ™ = 1,1+ 4 ) 2 1, + =2 v (t
o =1p o(Lr ) o+ T8, 0
Sincei, () =1, +i,(t)=DC+AC;
We can have the ACi - v components :
. I
i,(t)=—L-v,(t
=15V
So, we can also have the small - signal resistance (or the incremental resistance)
B0 )
iy o
80
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Resistance levels

* DC or Static resistance

* AC or Dynamic resistance

* Average AC resistance

81

DC or Static resistance

4 Ip (mA)

Ip
9

I'VD

For a specific applied DC voltage Vo,
the diode will have a specific current I,
and a specific resistance Ry,

Vp (V)

[Formula 1.5]

The amount of resistance Ry, depends on the applied DC voltage.
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AC or Dynamic resistance
Forward bias region:

.. 26mV
rd= +1B

[Formula 1.8]
* The resistance depends on the amount of current(ly) in the diode.

* The voltage across the diode is fairly constant(26 mA for 25 C).

« rB ranges from a typical 0.1 Ohms for high power device to 2 Ohms
for low power, general purpose diodes.

Reverse bias region:
r'd=w

« The resistance is infinite. The diode acts like an open.

83

AC or Dynamic resistance(contd)

Diode characteristic ~

Q-point Aly
|~ Tangent line
P-point
(dc operation) S
! AV,
AV,
' r, = —=
v d
— AV, A Id

84
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Average AC resistance

Ip(mA)

20—

15—

AVd . .
a1gd 10k Irav = ———(point to point
' Ald ® pount)

[Formula 1.9]

1 I | | | 1 |
0 0.1 02 03 04 05 06 07 08 09 1 vy (v
L] b

AV,

AC resistance can be determined by picking 2 points on the characteristic curve developed
for a particular circuit.

TABLE 1.2 Resistance Levels

Special Graphical
Type Equation Characteristics Determination

)
DC or static Ry = 1 Defined as a point
p on the characteristics

Ip
Q.
Vb
AvY, 26 mV
AC or ry= 4 omY Defined by a tangent Ip Al
[ S——
AV,

dynamic line at the Q-point

Ay,
AL

Al

Average ac Fuv Defined by a straight
pLtopt line between limits

of operation

AV,
¢ 86
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Diode specification sheets

Data about a diode 1s presented uniformly for many different diodes. This makes
cross-matching of diodes for replacement or design easier.

L. Vi, forward voltage at a specific current and temperature

2. I, maximum forward current at a specific temperature

3. I.. maximum reverse current at a specific temperature

4. PIV or PRV or V(;p), maximum reverse voltage at a specific temperature
5. Power Dissipation, maxinmun power dissipated at a specific temperature
6. C, Capacitance levels in reverse bias

i, reverse recovery tume

8. Temperatures, operating and storage temperature ranges
87
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