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Trong chwong nay, ching ta khdo sat vat liéu ban dan don tinh thé
chira ca 2 mién loai N va P ma tao thanh chuyén tiép p-n (p-n
junction). Phan I&n cac chuyén tiép p-n hién dai dwoc lam bang
céng nghé planar (dwoc mo tad & phan 4.1).

Chuyén tiép p-n déng 1 vai trd quan trong trong ca cac rng dung
dién tl hién dai va viéc hiéu cac dung cu ban dan khac. N6 dwoc
dung réng rai trong chinh Iwu dong dién, chuyén mach (mach xung)
va cac hoat déng khac trong cac mach dién tr. N6 la khoi xay dwng
co ban cho BJT va thyristor, cling nhw cho MOSFET. V&i cac diéu
kién phan cwc dung hodc khi dwoc anh sang chiéu vao, chuyén tiép
p-n cling co chirc nang nhw dung cu vi-ba (microwave) hoac dung
cu quang dién tur.

Chung ta ciing xét dung cu lién hé, chuyén tiép di thé
(heterojunction), day la chuyén tiép dwoc tao tr 2 ban dan khac
nhau. Chuyén tiép di thé I1a khbi xay dwng quan trong cho BJT
chuyén tiép di thé, FET dwoc pha tap chat co diéu ché
(MODFET=modulation doped field effect transistors), dung cu hiéu
ng lvong tir, va dung cu quang dién tur.

Va ta cling khao sat cac loai diode ban dan khac va cac ing dung
cla chung.



Cu thé ta sé khao sat cac chud dé sau:

S tao thanh chuyén tiép p-n.
Hoat ddng clia mién nghéo khi cé phan cwc dién ap.

Dong dién trong chuyén tiép p-n va anh hwéng cla cac qua
trinh sinh va tai hop.

Pién tich chlra trong chuyén tiép p-n va anh hwéng cla véi hoat
déng qua do.

Sw nhan danh thang trong chuyén tiép p-n va tac ddng cla né
lén dién ap nguwoc cuc dai.

Pac tuyén dong-ap (1-V).

Cac mé hinh cla diode ban dan.

Chuyén tiép di thé va cac dac tinh co ban cla né.
C4c loai diode ban dan.

Cac (rng dung cua diode ban dan



4.1 Cac buédc cheé tao co ban

« Ngay nay nguoi ta st dung nhiéu céng nghé planar dé ché tao IC.
Céac hinh 1 va 2 cho thay cac bwdc chinh cia qua trinh planar.
Céac budc nay (theo thr tw) gom cé oxy hoa (oxidation), quang
khac (lithography), cay ion (ion implanation), va kim loai hoéa

(metallization).

n->5i

(a) Phién ban dan (wafer) Si loai N. (¢) Cho chét can quang (resist) 1én.

Hinh 1

(b) Phién ban dan Si duoc
oxy hoa kho hay udt.

(d) Phoi sang chat can quang (Resist exposure)
qua mat na (mask).



Hinh 2 (a) Wafer sau khi
dugc rira xong
(development).

(b) Wafer sau khi lay di
phan SiO, khéng mong
muon.

(c) Két qua sau cung cua
qua trinh quang khac.
(d) Chuyén tiép p-n dugc
tao ra bang qua trinh
khuéch tan hoac cay ion.
(e) Wafer sau khi dugc
kim loai hoa.

(f) Chuyén tiép p-n sau
qua trinh day du.

Dopant gas
or

accelerated impurity ions

L




4.1.1 Oxidation

» Oxide Silic (SiO,) chat lwgng cao dwgc st dung nhiéu trong ché
tao IC. T6ng quat SiO, co chirc nang nhw chat cach dién trong

1 so cau tric dung cu hodc nhw rao chan sy khuéch tan hay
cay trong ché tao dung cu.

 Trong ché tao chuyep tlep p-n (Hinh 1), mang SiO,dung dé dinh
nghia dién tich chuyén tiép.

« CO 2 phwong phap tang trwdng SiO,: oxy héa khé va wét, phu
thudc vao viéc st dung oxy khd hay hoi nuwéc boc hoi. Oxy hoa
khd thuworng dwoc dung dé tao oxide mdng trong cau trdc dung
cu do no giao tiép Si-SiO, tot, trai lai oxy hoa wét dwoc ding
cho céc I&ép day hon do toc dd tang trwdng nhanh. Hinh 1a cho
1 phan ctia phién ban dan Si chuan bj cho oxy héa. Sau qua

trinh oxy hoa, moét I6p SiO, dwoc tao thanh trén toan bo bé mat
wafer. Hinh 1b cho thay be mat phia trén cua wafer bi oxy hoa.



4.1.2 Lithography (quang khac)
M6t cdng nghé khac, dgl 1a quang khac (photolithography), dwoc dung dé
dinh nghia dang hinh hoc clia chuyén tiép p-n. Sau khi tao thanh I&p SiO2,
wafer dwoc phu bang vat liéu nhay v&i anh sang tia cwc tim (UV) dgl chat
can quang (photoresist) ma dwoc ép 1én bé mat wafer bang may quay toc
dd cao. Sau do (hinh 1¢),wafer dwoc nung & 80-100°C dé lay dung mdi ra
khoi chat can quang va lam cing nd dé cho két dinh tét hon.

Hinh 1d cho thay budc ké tiép, phoi sang wafer qua 1 mé&t na ¢ khudn véi
ngudn sang UV.Vung dwoc phoi sang cua wafer co phu chat can quang sé
c6 phan &rng hda hoc, tuy theo loai chat can quang.

Dién tich dwoc anh sang chiéu vao tré nén bi polymer héa va ving nay
dwoc gilr nguyén khi cho wafer vao may rira, trai lai vung khong cé anh
sang chiéu vao sé bi hoa tan va tréi di. Hinh 2a cho thay wafer sau khi qua
may rcra.

Wafer lai dworc nung dén 120-180°C trong 20 phut dé tang cuwdng sw két
dinh va cai thién sw chiju dwng v&i qua trinh khac tiép theo. Roi viéc khac
dung hydrofluoric acid (HF) lay di bé mat SiO2 khéng c6 bao vé bdi chat
can quang (hinh 2b) Sau cling chat can quang dworc loai di bang dung dich
héa hoc hay hé thong pasma oxy. Hinh 2c cho thay két qua sau cung cla

mién khong co oxide (ctra so) sau qua trinh quang khac. Wafer luc nay san
sang cho viéc tao chuyén tiép p-n bang qua trinh khuéch tan hay cay ion.



4.1.3 Khuéch tan va cay ion

« Trong phwong phap khuéch tan, bé mat ban dan khéng
dwoc bao vé bdi oxide dwoc phoi ra cho ngudn c6 nong doé
cao c6 tap chat ngwoec lai. Tap chat di vao tinh thé ban dan
do khuéch tan.

» Trong phwong phép cay ion, tap chat dwgc dwa vao ban dan
bang cach gla toc nhung ion tap chat dén murc nang lrong
cao va cay cac ion vao ban dan. Lép SiO, 1am rao chan sy

khuéch tan tap chat hay cay ion.

» Sau qua trinh khuéch tan hay cay ion, chuyén tiép p-n dugc
tao thanh nhuw & hinh 2d. Do khuéch tan tap chat hoac cay

ion theo chiéu ngang, bé réng cdia mién p hoi I&n hon phan
ctra sb



4.1.4 Metallization (kim loai hoéa)

Sau qua trinh khuéch tan hay cay ion, ngudi ta dung qué
trinh kim loai hda dé tao nén céac tiép xic Ohm va cac két noi
(hinh 2e). Cac mang madng kim loai c6 thé dwoc tao nén
bang lang dong hoi vat ly va lang dong hoi héa hoc
(chemical vapor deposition=CVD).

Mét lan nira nguoi ta diing qué trinh quang khac dé dinh
nghia tiép xuc phia trwdc (hinh 2f).

Thuc hién kim loai héa twong tw cho phan tiép xtc phia sau
kKhGng dung qua trinh quang khac. Thong thwong

Viéc nung U nhiét d6 thap (<=500°C) s& lam cho c6 tiep xUc
dién tré thap gitra Ip kim loai va ban dan.

Khi hoan tat qua trinh kim loai héa thi ta c6 thé st dung céac
chuyén tiép p-n dwoc roi.



4.2 Piéu kién can bang nhiét
 Da&c tinh quan trong nhat clia cac chuyén tiép p-n la chinh lwu
dong dién, nghia la ching cho phep dong dién chay dé dang
chi theo 1 hwéng. Do dé dung cu dau tién tr chuyén tiép p-n la
diode chinh lwu (rectifier diode)

« Hinh 3 cho thay dac tuyén dong-ap cla chuyén tiép p-n tiéu biéu
v&i ban dan Si. Khi ta dwa “phén cwe thuan” (forward bias) vao
chuyén tiép (nghia la dién ap dwong vao bén P), dong dién tang
nhanh khi dién ap tang.

« Tuy nhién, khi ta dwa “phan cwc ngworc” (reverse bias) vao, thi
gan nhw khéng cé dong dién chay qua. Khi tang phan cuc
ngwoc thi dong dién & gia tri rat nhd cho dén khi dat dén dién ap
t&i han, & diém doé dong dién tang dot ngot. Sw tang dét ngot
nay trong dong dién dwoc goi la ddnh thdng chuyén tiép
(junction breakdown). Dién ap thuan dwa vao thvong <1V,
nhwng dién ap t&i han, hodc dién ap danh thing co thé thay doi
tr vai Volt dén nhiéu ngan Volt phu thudc vao ndng do tap chat
va cac tham sb6 dung cu khac. 10



Cach nhan bi,é't su phan cuc @
chuyén tiép PN

« Dwatrén V,— V,: (V, la thé & dau Anode va V) la thé & dau

Cathode)
» <0 :phan cuwc ngwoc (REVERSE BIAS )
» =0 : khéng co phan cuwc hay can bang
» >0 : phan cwc thuan (FORWARD BIAS)

EQUILIBRIUM FORWARD BIAS R EVERSE BIAS
Vs v,
i i

{

Depletion region Anode Cathode
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breakdown a

(danh thiing nguoc) I
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Hinh 3 Pic tuyén dong-ap (dic tuyén I-V) cua chuyén tiép p-n tiéu biéu

vO1 ban dan Si.

Forward
conduction

(dan thuén)

I | Vv {V}
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Gia thiét khi phan tich

1. Chuyén tiép PN loai buwéc
2. Dung mo hinh dién tich khdng gian buwéc

13



Mo hinh dién tich khong gian budc
Mién P trung hoa Mién N trung hoa (Mién khéi)
(Mién khoi) P N

2o E

B e

e

%T 0 T A

Mién tich  Mién tich
diéenam  dién duong
<— E  Hudngdién truong

—> Dong hat khuéch tin —> Dong dién khuéch tan
<—— Dong hat troi <— Dongdién troi
< Donghatkhuéchtdn 3 Dong dién khuéch tan

pién tl
— > Dong hat troi <—— Dongdién troi
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4.2.1 Gian do dai nang lugng

-

(a) (b)

Hinh 4 (a) Cac ban dan (du:oc pha tap chat déu) loai P va N trudc khi tao thanh chuyén tlep.
(b) Dién tmong trong mién nghéo (depletion region) va gian do dai ning luong cta chuyén
tiép p-n ¢ diéu kién cin bang nhiét.

Mcrc Fermi « Pé lai
— Gan dai dan ( loai N) — lon donor dwong (Ng*), bén phai
— Gan dai hoa tri (loai P) — lon acceptor am (N,"), trai

Gan lai v&i nhau Tao nén dién trvdng €
— Dién t&r dwoc khuéch tan € Tao nén dién thé.

— L6 khuéch tan = Y e s " . 15
Mién dién tich khong gian



Chuyén ti€p PN & can bang nhiét

Space-charge
—> neutral < region—plneutrale—

ST
p DN n
L5

« Cb 2mién trung hoa
(neutral) va mién dién
tich khong gian SCR

(<space-charge” region).

« Mién SCR ciing dwoc
goi la mién nghéo
(«depletion region~) do
ngheo (khong co) cac
hat dan tw do.

16



4.2.2 Nhirng mirc Fermi cdn bang
(Equilibrium Fermi levels)

O can bang nhiét, cac dong dién tlr va 16 chay qua cac chuyén tiép thi déng nhéat

bang zero.

I =] ,(drift) + ] ,(diffusion)

=qupp5—qﬂpgxﬂ
VO
D, = (kT/q)p,
p= HIE(Ef—EF]IkT
dp _ p |dE; _ dE
dx kT \ dx dx

. dE
Thi J»=Hpp dxF =0
hoac
dEy
el )
dx

Twong tw, ta cd6 mat dé dong dién tu:
J» =J, (drift) + ], (diffusion)
dn
= q}"tﬂﬂcg] + qDﬂ- E;
dEg ~ 0.
dx
Nhw vay, v&i diéu kién dong dién tl]j va 16 bang
khéng, mirc Fermi phai la hang s6 (nghia

& doc 1ap véi x) trén toan bé méu thir
nhw dwoc minh hoa trong gian do Hinh 4b. 17

= Hpn



Rao thé V,, (Bult-in potential)

Mtrc Fermi khéng doi & can bang nhiét dan dén sy phan bo dién tich khong gian duy
nhat & chuyén tiep. Sy phan bd dién tich khéng gian duy nhat va thé tinh dién dwoc
cho b&i phwong trinh Poisson:

Exﬂz_f_abe_s:-g(%-wﬂp-n). (7)

O day ta giad st rang tat ca cac donor va acceptor déu bj ion hoa.

Trong nhirng mién cach xa chuyén tiép do luyén kim, sy trung hoa dién tich dwoc duy
tri va tong mat do dién tich khéng gian la khéng. B6i voi cac mién trung hoa, ta co thé

don gian hoa (7) thanh: ay _ (8)
: dx’ |
va
Np=Ny+p—-n=0. ®)

Pbi v&i mién trung hoa bén P, ta gid st rang Np=0 va p>>n. Thé tinh dién ctia mién
trung hoa bén P so voi mirc Fermi, duwoc goi la ¥, (xem hinh 5b) va cé thé tinh dwoc
bang cach dat N, = n = 0 trong (9) va bang cach thay két (p = N, ) vao (2):

1 \ kT
‘P'p = _;(Ei - ‘EFJ 1S=x, = _?lﬂ[ n, J (10)
Twong tw ta cling c6 thé tinh dién ¥, ctia mién trung hoa bén N so v&i mirc Fermi
= _Llp _ __kT _IL] ~.
l.*;‘(:r:-. = q(E: EF) r2x, q ln[ ﬂf J- {11;
Chu y: Phuong trinh (2): = ﬂigtﬂrﬁﬂfki" (2) ;



Rao thé V,; (Bult-in potential)

+ Hiéu dién thé tinh dién gitra mién trung hoa bén P va bén N &
can bang nhiét dwoc goi la dién the néi (built-in potential) hay
rao thé V,;

kT, [ N,N
Vi =V¥n =¥ = ln[ — ] | (12)
1.

i

« Chuy:
— Nguoi ta con goi V,,; v&i céc tén khac la thé chuyén tiép, thé tiép xic,
hoac dién ap khuéch tan (diffusion voltage)
— M6t s6 TLTK khac st dung ky hiéu ¢; (j=junction) thay cho V,,
— Hé qua: Quan hé gitra hat dan da sé - thiéu soé:

Pn0o = Pp0 exp[— Vii /VT]
npo = 1po exp[— Vi /VT]
v&i p,, 1a nong dd 16 ctia ban dan N & can bang nhiét

19



Hinh 5

(a) Chuyén tiép p-n voi sy pha
tap chat thay d6i dot ngot tai
chuyén tiép luyén kim.

(b) Gian do dai ning luong cua
chuyén tiép budc ¢ can bang
nhiét.

(c) Su phan b6 dién tich khong
glan.

(d) Xap xi hinh chit nhat cho su
phéan bd dién tich khong gian

Electrostatic
potential ¥

Metallurgical junction
I.ﬁ:

(a)

g
Charge density due
to uncompensated
impurity ions

e« Depletion

region

(d)

20



4.2.3 Dien tich khong gian

- Di tr mién trung hoa t&i chuyén tiép, ta gap 1 mién qua dé
hep nhw & hinh 5¢. O day dién tich khéng gian cta cac ion
tap chat dwoc bd chinh 1 phan b&i cac hat dan tw do. Vwort
qua mién qua do ta di vao mién hoan toan nghéo (hat dan ty
do) & do méat do hat dan tw do la khéng. Pay dwoc goi la
mién nghéo (con dwoc goi la mién dién tich khéng gian).
V&i cac chuyén tiép p-n tiéu biéu trong Si va GaAs, bé rong
ciia méi mién qua dd nhé hon nhiéu bé rong ctia mién
nghéo. Do dé, ta c6 thé bd qua mién qua dd va biéu dién
mién nghéo bang phan bo hinh chir nhat nhw trong hinh 5d,
vOi x, va x, chi be rong mién nghéo bén P va bén N (hoac
Wp va WN) vé&i mién nghéo hoan toan co p = n =0. Phwong
trinh 7 tr& thanh

dﬂ
dxf ;q;( -Np ). (13)

21



Do lo’n cua ¥, va ¥ theo (10) va (11) deO’c v€ trong hinh 6 nhu ham
ctia nong do pha tap vao Si va GaAs. V&i nong do tap chat cho trudc,
thé tinh dién ctia GaAs thi cao hon cua Si vi n6 ¢ nong do hat dan ndi
tai 7, nho hon.
0.8

GaAs| | | | #’Tﬂ:

0.6 s

el

|l;;]| ory (V)
o
e

0.2

300K

e TR

0 L

1014 1015 lﬂlﬁ 1{]1":' 1018
N,or N, (em™3)

Hinh 6 Cac dién thé ndi bén P va bén N ctia chuyén tiép budc
trong S1 va GaAs la ham cua ndng do tap chat. 22



Thi du 1: Tinh rao thé V,, v&i chuyén tiép p-n Sicé N, =
10" cm3 va Ny = 10"% cm= & 300 K.

Bai giai. Tlr phwong trinh 12, ta cé

' 18 13
vy, =(0.0259)In =21 0774V

2
| (9.55 Y 109)

cuing tw hinh 6
Vg =¥, +|V,|=0.30V +047V=077V.

23



o

4.3 Mien ngheo (depletion region)

» Dé gidi phwong trinh Poisson (13), ta phai biét sw phan bo
tap chat. Trong phan nay ta xéet 2 trirong hgp quan trong —

chuyén tiép bwérc(abrupt junction) va chuyén tiép bién déi

tuyén tinh(linearly graded junction).

Hinh 7a cho thay chuyén tiép bwdc 1a chuyén tiép duoc tao
b&i khuéch tan can hay cay ion nang lwong thap. Sy phan
bd tap chat cla chuyén tiép co thé xem xap xi 1a thay dbi dét
ngdt clia ndng dd tap chat gitra cac mién N va P.

Hinh 7b cho thay chuyen tiép bién doi tuyén tinh. Khi cho
khuéch tan sau hay cay ion nang lwong cao, profile tap chat
c6 thé xap xi bang chuyen tlep blen doi déu tuyen tinh, nghta
la s phan bd tap chat thay doi tuyén tinh qua cho chuyen
tiép. Ta xét mién nghéo clia ca 2 loai chuyén tiép nay.

&
=L (Na- ) (13)

24



Eommsssonmne”

Hinh 7 Mién nghéeo

NN,  Chuyén tiep bwéc (Abrupt
junction)

M — Chuyén tiep PN duoc tao thanh bang
khuéch tan can hoac cay ion nang
o lwong thap.

— Sy phan bd tap chat

'l o » Xap x7 bang sw chuyén dét ngot
nong do pha tap gitta mién N va P.

« Chuyén tiép bién déi déu tuyén
tinh
Wiz — Khuéch tan sau hodc cay ion nang
Bol x lwo'ng cao.

— Sw phan b tap chat thay doi tuyén tinh
& chd chuyén tiép PN.

25



Chuyén tiép budc (Abrupt junction)

X &

d* N. , .
'tif:__q__g_ volr O0<x<x,.
mién dx* €
mién P - hag —— mién N

trung hoa | ILg e; \  trung hoa N AX, = N DX, W = IP + X
: r p—1¥a '
L 2 I‘ Nyl x+
-, @ I dl]tf q t"h(I IP) .
1 xl X cf?(:t)=—m=— vOl —X <x<0

(a) : - ¢ : dx E; P
| |
| ' Nyx N -
| -N, I rﬁ’(x)=-c€:n+ 9*p* _ 97 (:t:—x“) vOl O<x<x,,
; | N
| |
1 |

(b) 0 > Vi =] T;P é(:t)dx =—] iﬂ é”(x)dx pside —J 0" f(x)dx n-side
Naxy Nyl 1, -

—r — —_— W

Vi ; 2€, 2¢, "
g, = Ppty _ IVa%p w= 26 [NatNp |y
" Es Es q N A‘ND

Dién truong cuc dai £, Bé rOng mién nghe¢o W 26



Chuyén tiép buéc 1 bén
(One-sided abrupt junction)

p’

== El ! a1y X << X,
" - NA ::} ﬁﬂ - nghia la p 7
D A
ND N
X
. -, 128V gfx) =~ + 92BY
{b:l l n | W = :t: —rt . m
[ N.4 = Nﬂ | n qN E&,
D

Trwdng gidm xudng zero tai x=W, do do

C U '
“ / gNzW
| ngm =
— : ES
v | N X
A i— 6(x)=L2(-W+2)==¢,| 1-—
v, E; w
(d) 0 ‘rt' * 2
‘ . w(x)=—jg édx = &,| x ——— |+ constant
V&i Ng la ng“)ng do khoi duoc
pha tap chat it (nghia la Ny voi Vi, x x
chuyén tiép p+-n) 'F(l') =W 2_E - .



» EXAMPLE 2

For a silicon one-sided abrupt junction with N, = 10'® em™ and N}, = 10 em™, calculate the deple-
tion layer width and the maximum field at zero bias (T = 300 K).

SOLUTION  From Egs. 12, 21, and 23, we obtain

18 16
V,, = 0.02501n| 0 %10 —|=0805V,
(0.65x10°)
W= 26V _ 3.41x10™° =0.343 um,
\ gNp
£ = ﬁ%ﬂ =0.52x 10* V/em. P

28
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Mién ngheo vai phan cuc

Depletion
region E._.
" \ ‘ \J“ﬂ"‘r‘; E.
) W Ey * Phan cuwc thuan (Forward
(a) .
bias)
+q{vh.‘ =V
I qVy — -
— . Stk Vii-VE
________ P A A Y .
e TN, — Bé& réong mién nghéo W {
' "
. « Phan cwc nguoc (Reverse
b .
bias)
[y t
p n = { -V, +Vg
& — Bé& rong mién nghéo W T
(c)
VéiVia dién ap dat vao diode: W 2€,(Vy - V)
* phan cwc thuan V=V.>0 gNpg

* phan cwc nguwoc V= -Vy <0

29



Chuyeén tiép bién déi déu tuyén tinh

2 o o X7 7
Np—Ny d IF -_ -d{? = _P-"T = q ax — EL <TS i
’ i Ix?  dx £ £ : 2
Wiz 0 i : (X 5 5
e Wiz *
| = -
@ Sw phén b6 tap chat 90 [“. ) 2]; ik
X|j=-
—W/2 W/2 : : [ ) £ 3] g
\ ) [ -
—)< Vv S -

rea = bi

) Sw phén bo dién truwong

v 8¢,

—W/2 W/2 ‘ffﬂ

X

. . 3
(© Sw phin bo dién the ¥ = qga 4

LLLLL theo khoang cach bi =
A 12¢.
bi

FE

’ _ 3
Ex.» 1'" 2 lEEﬁ“.-{'I
@ Gian db dai ning lwgng | qa |

Véi a 1a nong d6 tap chat [cm>] va W 1a bé rong mién nghéo [cm]



Vi V)

Rao the V,,

bi =
q "12 q 2n,

KT In|:(aWr’2)(a1‘W2)] T h{ aw]_

0.4
1[]]9 “]2[] l{]El 1[]22 lﬂEI‘]

a (em™)
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EXAMPLE 3

For a silicon linearly graded junction with a impurity gradient of 10?° em™, the depletion-layer width
is 0.5 pm. Calculate the maximum field and built-in voltage (T = 300 K ) :

SOLUTION From Eq. 29a and Eq. 32, we obtain

2
gaw?  16x107°x10% x(0.5%107)

&, =475%x10° V/cm,
8¢, 8% 11.9%x8.85x107*
20 -4
v, = 2T (‘jw] = 20,0259 | 20X 05X 1{1 = 0.645 V.
g | 2n, 2% 9.65x 10 “
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ot

4.4 PDién dung mién ngheo

. Dac tuyén dién dung-dién ap
(Capacitance-voltage characteristics)

« DPanh gia sw phan bo tap chat
(Evaluation of impurity distribution)

- Diode bién dung (Varactor=Varicap)

33



o ~n7

Pién dung chuyén tiép

Metallurgical Dlnh nghia: CJ la‘ dioén dung tr én
/_.iunr.linn do’n v.i di.én tl’ch [mét Cét ngang]

l
P
|

n —eV+dV

- Khi dién tich thay dbi dai lwong nhd dQ

sé& [am cho dién trworng thay dbi 1 dai

-

lwong nho dE=dQ/e, (tr phwong trinh

I
I
I
W —
/—/r, Poisson).

« Sw thay ddi twong rng & dién ap dwa vao
dV dwoc biéu dién bang dién tich gach
chéo & hinh bén va xap xi bang

0

*. ; WAE=WdQ/¢,. Do d6 Cj sé bang
dV—”;’\\ ff/j C EQ:id =i
Vi ITav L do W
= :
C,=<t F/cm®
W 34




Pac tuyén dién dung-dién ap

« Phan cuc nguoc - V&i chuyén tiép bwdc 1 bén

— Dién dung chuyén tiép o _ q&,Ng
» Phan cwc thuan w2V - V)
— Dién dung khuéch tan

» Tw hat dan chuyén dong

— Dién dung chuyén tiép 1 Z(VH - V)
C? qEENB
1/C?

L« Pdthiclia 1/C2theo V la duong
Np thang, E)o doc cua duo’ng thang nay
Phan cyce thuan ChC‘) ble‘t nong do tap Chat NB cua
mién nén
 Phan giao (tai 1/Cj2 =0) cho V,,

slope o

Phan cuc
nguoc
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EXAMPLE 4
For a silicon one-sided abrupt junction with N, = 2 x 10'® em™ and N, = 8 x 10'3 em™, calculate
the junction capacitance at zero bias and reversed bias of 4 V (T = 300 K).
SOLUTION From Egs. 12, 27, and 34, we obtain at zero bias
2x 10" x §x 10"

vh = ﬂ.ﬂ%gln 2 = {}gﬂﬁ v:
(9.65 x mg)

=14
W, = \/25315’5{ i szu,gxa.asxm X 0906 _ 5 o 10 = 0386 um

=0\ gNp 1.6% 107" x8 x 10'°
E

Gjl =—35 = ‘?EFNE=2.T28x10'5chm2.
o W V2

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

_ -14
] EJ%% V',i:\llel.ﬂxs.sﬁxiﬂ X(O906:+4) g 00,10~ 0,899
V=-4 gNp 1.6x107¥ x8x%x10
C, =& o | 95N =1.172x10°° F/em?, . A
vt W[ N2V V)
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(f) Dién dung lop nghéo (Depletion layer capacitance):
2 Xét chuyén tiép p'n, hay chuyén tiép 1 bén, s& c6 W:
2kgeq(Vy; FV)

qNp
2 bién dung mién nghéo dugce tinh bang:

CZdQC :qNDdW _ qNDkSSO R 1 :2(Vbl$V)
v v 20V,; FV)  C?  gNpkgeg

W =

2
1/ C Thiet 1ap do lwong:
1
slope oc —
W
" ° _B.aw
an cuc
y— Phan cuc thuan

Vi =V I
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Panh gia su phan bo tap chat

—~ Metallurgical junction

n ] V+dv
.

Xét chuyén tiép p+-n v&i pha tap chat bén N:

2
dv =(d&) W [d‘?] w = W) dW
£, 2¢€
Biéu thirc clia ndng do tap chat & canh
mién ngheo

9 1
qE; d(l xcf)fdv

N(W)=

Nhw vay ta co6 thé do dién dung trén dién
tich don vi voi dién ap phan cuwc nguwoc va
vé 1/C theo V.

Po déc ciia @b thi = d(1/C )/dV, cho nong
46 N(W)
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Diode bién dung
(Varactor=Varicap)

n 7}7

N J’J_N.ﬂl

/ Hyper abrupt m = _%

Linearly graded m =1

 da®

S dung tinh chat dién dung mién nghéo
thay ddi theo dién ap phan cwc nguoc:

Cj oc (Vbi +VH)-H
C; o (VH)-ﬂ VoL v s>V,

Vé&i n=1/3 cho chuyén tiép bién dbi déu
n=1/2 cho chuyén tiép budc
n>1/2 cho chuyén tiép hyperabrupt

ay._ _B[L) W oe (Vﬁ)lftmm

V&i m=-3/2, thi n=2, khi dé varactor nay duwoc
noi v&i dién cam L. tan s6 cona hwona:

=VH Vé’l ﬂ=2
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4.5 Pac tuyén dong-ap

« Khi dwa dién ap vao chuyén tiép p-n né sé pha sw can bang
chinh xac gira dong dién khuéch tan va dong dién trdi clia dién
tr va 16:

— V@i phén cwe thuan, dién ap dwa vao lam gidm thé tinh dién trén
mién nghé&o (xem phan gitra hinh 16a). Dong dién tréi bi giam so
v&i dong dién khuéch tan. Ta co sw khuéch tan manh hon cua 16
tlr bén P sang N va cua dién t tir bén N sang P. Do dé sw bom
hat dan thiéu sé xay ra (minority carrier injection), nghia la, dién
tr dwoc bom vao bén P, trai lai |16 dwoc bom vao bén N.

— V@i phén cwe nguworc, dién ap dwa vao lam tang thé tinh dién trén
mién nghéo (xem phan gitra hinh 16b). Diéu nay lam gidm dang
ké dong dién khuéch tan, dan dén két qua Ia cé dong dién ngworc
nho.

 Trong phan nay, trwdc hét ta xét dac tuyén dong-ap ly twéng
(ideal current-voltage characteristics) va sau do tr cac xét anh

hwdng do sw sinh va tai hop va do cac hiéu irng khac.
40



Hinh 16. Chuyén tiép PN v&i phan cwe thuan (V)
va phan cyc nguec (Vy)

L, 1;,;.[;,}_:J

Mién nghéo

Glan do

1018

Phan bé 9.65 x 10°
hat dan 9.3 x 10!

Phan cwc thuan Phan cwc nguoc
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4.5.1 Piic tuyén dong-ap ly twéng

Gia suw:

«  Xap xi mién nghéo bwdc; bén ngoai mién nghéo gia st trung hoa
dién.

« Mat dd hat dan tai cac bién lién hé vai hiéu dién thé tinh dién trén
chuyén tiép

«  Bom murc thap (Low-level injection) = mat d hat dan thiéu s6 dwoc
bom vao phai nhd hon nhiéu mat dd hat dan da sé

« Khéng c6 s sinh-tai hop trong mién dién tich khédng gian SCR
(space-charge region)

(a) Mien nghéo:

/4
& \ np = ”12 exp(V /V;)
) ?ﬂ _ ——E, np(—xp)znpoexp(V/VT)
1?;_ . \ Pu(x,) = PuoexplV /Vr)
- ):Cp x” 42



(b) Nhirng mién [twa] trung héa (Quasi-neutral
regions):

S dung cac phuong trinh lién tuc cta hat dan thiéu so, ta co
dwoc cac biéu thirc sau cho cac mat dé 16 va dién tw thira

trong mién twa trung hoa:
A% —(x—x,)/L
Apn(x):pn()(e ! _l)e g

Vive e(x+xp)/Ln

D

Anp(x):npo(e

n,(x) 1 t p,(x)

Mién dién tich han cwc thuan

knong gian W

“Pno

» X
P 7 Phan cuc nguod

— X

Voi L, la chiéu dai khuéch tan cta 16 trong mién N ¢6 tri 1a sqrt(D,t,).
43



o Tuong Gng voi nhitng mat 6 dong khuéch tan:

. D (x—x )/
szﬁ(x): 9 Puo (eV/VT e (x—x,)/L,

Ly

qD

VIV (x+x,)/L,

T ()= 17000

—1)e

M6 hinh Shockley
T )+ I (=x))

n

J

tot —

majority J , aff 4 J, drift majority J aff | J

N

drift

. SR diff
minority J j w minority Jp

vy 7 -
—)Cp / X,

Khong co ta1 hop trong mién SCR




Phan bb cla
hat dan thiéu sbé
dwoc bom vao

Mat d6 dong
dién tor va

16 [ly twdng]
(J = VA)

(a)
Phan cwc thuan

np

I
= |"E:
= =]
|
\
2

|JT| [ |
| |
[ |
| |
| |
| |
| |
| |
L
_'-.‘\‘l- T
. L
| np
0 ' "‘A—'I'—x
=X X
P n
(b)

Phan cwc nguwoc 45



(c) Mét dp dong dién tong cong:

» Dong tong cdng bang tong ctia nhirng dong dién khuéch tan hat dan
thiéu s0 duogc dinh nghia & cac canh cua SCR:

I,
Ly =157 (x,)+ 137 (-x,) Ge Si Gads

_ qA[DppnO 4 Dn”pOj(eV/VT _1)

L, L

* Dong bao hoa nguogc (Reverse saturation current) /g:

D D n D D
ISZQA[ ppn()_l_ ! pOJIQAI’Z.z[ P + n ]

L, L
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Pac tuyén dong-ap ly twéng

(a) D0 thi tuyén tinh

gV/kT

Ij/si

(b) D6 thi semilog

107!

gIVI/kT | 47



(d) Nguon goc ciia dong dién:

Phan cuwc thuan Phan cuwc ngwoc

Ec i |
i\TQ(Vbi -V)
E QV | EFp'
/.*_‘! —_—— . " —
EFp— .= E . E/ - EFn EV
N é \
*— — o
o—

Dong bao_hoa nguwoc la do
cac hat dan thiéu so bj thu
thap qua khoang cach c&
chiéu dai khuéch tan.
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(e) Dong dién hat dén da so:

«  Xét mot diode dugc phan cuc thuan dudi cac diéu kién bom muc thap

Tinh tya trung hoa can:

n (x
N () - An,y(x) = Ap, (x)
A Diéu nay dan dén:

P, (%) . D .
I P10 J,ff’ﬁ(x) = ——”Jd’ﬁ(x)
X " D, *

 Dong 16 tong cong trong mién tua trung hoa (quasi-neutra regions):

tot , ~ _ 7diff drift . _~\ _ rdiff
J, (x)—Jp (x)+Jp (x)~Jp (x)

49



o Dong troi dién tir trong mién tua trung hoa:

Jjﬂkx)=Jﬁt+(

D

D

n

P

— 1 Jzﬁ(x), E(x)= :
qn(x)u,,
drift
J
\'\'-/l\.\(x) J o1

%t T () 4+ T ()

Jdlﬁ()(f)

I
-
-

T (x)

50



(f) Cac gioi han cua mo hinh Shockley :

MO hinh Shockley (dugc don gian hoa) mé ta chinh xac dic tuyén I-
V cua cac diode Ge ¢ nhitng mat d§ dong dién thap.

* D01 vat cac diode Si1 va Ge, nguoi ta can ké dén nhi€u hi¢u ung
khong 1y tuong quan trong nhu:

> Su sinh va tai hop ciia cac hat dan trong mién nghéo.

> Nhiing hiéu tng dién tré ndi tiép do sut ap trong nhitng mién tua
trung hoa.

= Danh thung chuyén tiép xtic & nhitng phan cuc nguoc cao do hié¢u
rng duong ham va ion hoa va cham.
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4.5.2 Nhirng hieu irng sinh-tai hgp
va su bam [vao] muc cao
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Nhirng tinh chat khong 1y twéng trong chuyén tiép PN:

(A) Nhirng dong dién sinh va tai hop

- J . * Phuong trinh lién tuc cta 16:
0 10J
P_o_"TPiG , R,
O— 3t —@ ot g Ox
* Trang thai xac 1ap va qua trinh

khong c6 anh sang:
op/ot=0,G, =0
« [Mat do] Dong ta1 hop ta1 SCR :

| dJ,(x)=J,(x,)~J ,(~x,)=—q | Rdx

—p —p

xl’l
Jseor =4 ] R,dx
x,
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Cac diéu kién phan cwe ngugec:
«  Nong d6 n va p c6 thé duge bod qua trong mién nghéo:

2

. __ _ b, — E,
R = = , rg—rpexp[ T ]+rnexp[

T, +7T,D) T, l B

Thoi gian song dé sinh hat dan

 Dong SCR thuc ra la dong sinh:

Ei _Et

kT

gn. W gn.W
Jscr - _']gen - Jgen = \/Vbi -V
T T
g g
* Dong bao hoa nguogc tong cong:
VIV
J =Js(e d —1)+ S oo 7 >—(JS +Jgen)

|
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Dong sinh thang thé khi n, nho, day 1a trudng hop thuong thay trong

cac diode Si va Gads.

t I (log-scale)

V (log-scale)

AJ

AJ

gen

Dic tuyén I-V dudi
diéu ki€n phan cuc nguoc

Cac hat dan sinh ra bi
quet ra khoi mi€n ngheo
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Cac diéu kién phan cuc thuan:

Nong do n va p 16n trong mién nghéo:

2 V/V

np=n;e —> R =
| o Tp(n+n1)+rn(p+p1)
Dicu kién dé toc do tai hop cuc dai:

n=p=n o/ 12T Thoi gian song tai hop
T
2 VIV, l
max - € ’ Trec_rp+rn

nt,+ Pt T
Uéc luong dong tai hop:
gmax _ qniWeV/ZVT

scr

TI"@C
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Biéu thtrc chinh x4c cho dong tai hop:

gn;® yoy e ]
Sser = Tl € ", (D:\/;VTEa Enp:\/

rec np

Cac stra do1 vo1 mo hinh:
_9m® yimy;

TI"QC

J

sScr

Dong thuén tong cong:

O
J:JS(QV/VT _1) am®@ yimyy _

TI"@C

qND (ZVbin B V)

Seﬁ

kSSO

(V/nVT _1]

n — hé so Iy twong (ideality factor). Nhiing sai biét ctia i véi 1 cho

biét dong tai hop.

~ exp| 1
]F EKP[ nkT ]’
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Sw quan trong cua cac hiéu wng tai hop:
Dién ap thap, n;nho = dong tai hop thang thé

DPi¢n ép lon — dong khuéch tan thing thé

log(/)

sScr

-V
/i,

» O murc dong dién thap, dong tai hop thang thé va n = 2.
« O mlrc dong dién cao hon, dong khuéch tan thang thé va n
tién toi 1. 58




1071

0 02 04 06 08 10 12

107° -

Vg(V)

So sanh dac tuyén I-V phan cuﬁclthuén cua diod,e Si va GaAs & 300K.
Cac duwdng dut nét chi cac dd doc voi cac hé so ly twdng khac.
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Hiéu ing cua bdm mu'c cao

(B) Boom mirc cao

« O murc dong dién cao hon ni¥a, ta thay rang dong dién l&éch khéi trudng
hop ly twdng n=1 va tang lén tr tr v&i dién ap thuan. Hién twong nay
lién quan dén 2 hiéu &ng: dién tré’ néi tiép va bom mirc cao.

 Trwdc hét ta xét hiéu trng dién tré néi tiép. O nhirng mirc dong dién
thap va trung binh, sut ap IR & mién trung hoa thwéng nhé so véi kT/q
(26mV & 300K), v&i | 1a dong dién thuan va R l1a dién tré ndi tiép. Sut ap
lam gidm phan cwc mién nghéo, do d6 dong dién I /a

q(Vk;IR)] _ I, expli(q‘(v f’;cT)
gl IR
exp| ——=

I=1I, exp{
kT

va dong khuéch tan ly twéng bi gidm di 1 dai lwong 1a exp[g(IR)/kT]
« O mat do dong dién cao, mat dd hat dan thiéu sd dwoc bom vao co thé
so sanh voi nong d6 hat dan da so, nghia la 1 P, (x =x,) =n,

Pay 1a diéu kién bom cao 0



bién trd ndi tiép R

Slope-over
region

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

Anh hwéng cua dién tré noi tiep

Rs =1 kQ

3

Rs = 3 k(2

0.0

0.2

| 04 06
Voltage (V)

I

0.8

1.0

Current (mA)

0.3

ot
no

©
——d

0.0

0.0

0.2

Rs =1kQ

y Rs=3kQ

l

| L I

Voltage (V)

04 06 0.8

1.0
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Pac tuyén semilog ctia dong dién diode & phan cuc thuan

CURRENT 1 (A)

10-3

10-6

10-Y

10-12

10-15

I"»’f[lél"l I | Mién
: | f Diode hoat déng nhu
Dong | | dién trd tuyén tinh
sinh-tai hop | \
_théngthé | HK_I:LQEQ

| 'S
|
|

[ Gir) |
)

|

|
__ﬂ__

|

|

|

|

02 04 06 08

FORWARD BIAS, V (volt)
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