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Gioi thiéu
Trong chuong nay, chung ta khao sat cac hién tuong van
chuyén khac nhau trong cac dung cu ban dan.
Cac qua trinh van chuyén bao gom trdi, khuéch tan, tai hop,
sinh, phat xa nhi€t 1on, tunnel [dwong ham], va 1on hoa va
cham. Chung ta x¢t cac chuyén dong cua hat dan (electron va
10) trong ban dan dud1 anh huong cua dién truong va gradient
nong do hat dan.
Chiing ta ciing ban vé cac khai niém diéu kién khong can
bang ma ¢ do tich s6 nong dd hat dan np khac véi gia tri can
bang cua no la n?.
Tiép theo xét diéu kién trd lai trang thai can bang thong qua
cac qua trinh sinh-ta1 hop.
Sau do chung ta tim dugc cac phuong trinh co ban cho viéc
van hanh dung cu ban dan, bao gom cac phuong trinh mat do
dong dién hién tai va phuong trinh lién tuc
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3.1 Su tréi hat dan



3.1.1 Do linh dong

0 Ta xét mdt mau ban dan loai N véi nong do donor déu trong
diéu kién can béng nhiét.

O Dudi trang thai can béng nhi€t, nhi¢t nang trung binh cua mot
dién tir & dii dan c6 thé dugc lay tir cac dinh 1y can bang
vung ning luong, 1/2 kT ning lugng cho moi bac tu do, voi k
la hang s6 Boltzmann's va T 1a nhiét 6 tuyét doi. Dién tr
trong ban dan c6 3 bac tu do (trong khong gian). Do d6 dong
nang cua dién tur dugc cho boi

1, 3
5 Ml = 5 kT, (1)

v6i m,_ 14 khoi luong hiéu dung cta dién tir va vy, 1a van toc
nhiét trung binh. O nhiét 46 phong (300°K), v, ~ 107cm/s voi
Si va GaAs. >



3.1.1 Bo linh dong (2)

Do nhiét, dién tr chuyén dong nhanh theo moi huéng.

Chuyén dong nhiét ciia mdi dién tir ¢ thé dugc xem nhu sy noi
tiép clia tan xa ngau nhién tir cac va cham voi cac nguyén tir trong
mang, cac nguyén tir tap chat, va cac trung tdm tan xa khac (xem
minh hoa & hinh 1a). Chuyén dong ngau nhién ctia cac dién tir dan
dén su dich chuyén ctia dién tir 1a zero trong 1 khoang thoi gian du
dai.

Khoang cach trung binh gitra cac va cham dgl dwong di tw do
trung binh (mean free path), va tho1 gian trung binh gitra cac va
cham dgl thoi gian tw do trung binh (average free time) 7.

Gia tri tiéu biéu cho dwong di tw do trung binh 13 10-5cm va

T~ 1ps=10-1%s.



3.1.1 Bo linh dong (3)

Hinh 1. Pudng di cua dién tir trong ban dan
(a) Chuyén dong nhiét ngau nhién

(b) Chuyén dong két hop do nhiét va dién trudng E.



3.1.1 DO linh dong (4)

Khi 4p dit 1 dién truong nhoé E vao mau ban dan, moi dién tir sé bi
tac dong 1 luc F = -qE va duogc gia toc theo chiéu ngugc chiéu E
trong luc co cac va cham.

Do d6, thanh phan vén toc thém vao sé dugc xap chong véi
chuyén dong nhiét cua dién tir. Thanh phan dugc thém vao nay dgl
vdn toc tréi (drift velocity). Khi 36 @6 dich chuyén cta dién tir 1a
khac zero va huéng ngugc E (xem hinh 1b).

Ta c6 thé tinh duogc van toc trdi v, bang cach cho can bang
momentum (luc x thoi gian) ap dit vao dién tir trong lac di chuyén
tu do gitra cac va cham vé1 momentum c6 dugce boi dién tir trong
cung khoang thoi gian. Pang thitc nay dung vi ¢ trang thai xac lap,
tt ca cac momentum c6 duogc gitra cac va cham s€ b1 mat di trong
mang.

Momentum ap dat vao dién tur 1a —qEt. va momentum c6 duogc la
myv.. 8



3.1.1 Do linh dong (5) — Van toc troi
O Taco:
—q CgTﬁ: = m,u, {:2}

v, = -[q%ﬂ }5 (2a)

0 Thanh phan thira s6 trong (2a) dgl do linh dong dién tir
(electron mobility) . (don vi la cm?/Vs)

T

p =9% (3)
mﬂ

ﬂﬂ == #Tl£+ (4)




3.1.1 Do linh dong (6) — Van toc troi

O DO linh dong 1a tham s6 quan trong d6i vai su van chuyén hat
dan bdi vi n6 mo ta lam cach nao chuyén dong cua 1 dién tir bi
anh huong bo1 dién truong ap dat E.

O Véi 16 trong dai hoa tri, ta ciing co biéu thtrc twong tu cho van
toc trdi cta 10 v, va do linh dong cva 10 .

v, = 1,E, (5)

0 Trong (5) khong c¢6 dau am vi 10 tréi cung chiéu véi dién
troeong E.
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3.1.1 Do linh dong (7) — Van toc troi

ik
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High field effects: Velocity saturation

Drift velocity (cm/'s)

Electrons

* Velocity saturation
*«Ohm’s law is not valid!

Si
(300K)

0 1 ? 3 4% 10!
e(V/em)

Drift velocity versus electric field in Si.
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3.1.1 D6 linh dong (8) — Tan xa

0 Do linh ddng lién hé truc tiép véi thoi gian tu do trung binh
gilra 2 va cham, ma n6 dugc xac dinh boi cac co ché tan xa
khac nhau.

0 Cac co ché tan xa quan trong nhat 13 tdn xg mang tinh thé
(lattice scattering) va tan xa tap chat (impurity scattering).

O Tan xa mang tinh thé 1a do nhirng dao dOng nhiét cua cac
nguyén tir mang & bat ky nhiét d6 nao > 0 K. Do nhiing dao
dong nay, ning luong co thé duoc chuyén giira nhitng hat dan
va mang.

13



3.1.1 D6 linh dong (9) — Tan xa

Vi nhitng dao dong mang tang khi nhi€t do tang, anh huong cua tan
xa mang s€ thang thé ¢ nhi€t do cao. K&t qua 1a d linh dong sé bi
giam. V&1 phan tich 1y thuyét chung to rang d6 linh dong b1 giam
theo T-3/2.

Tan xa tap chat x4y ra khi hat dan dién tuong tac véi céc tap chat
(donor hay acceptor). Cac hat dan dién s€ b1 1€ch do tuong tac
Coulomb gitra 2 dién tich.

XA4c suat cua tan xa tap chat phu thudc vao néng do téng cong cua
tap chat (tong cac 1on duong va am). Tan xa tap chat it anh hudng
kh1 nhiét d6 cao hon. Cac tinh toan 1y thuyét cho thay tan xa tap chat
ti 1€ vai T%2/N voi N+ 1a nong d6 tong cdng cua tap chat.

X4c suat cua 1 va cham co thé duoc biéu dién theo thoi gian tu do
trung binh

1 1 1
— = +
T

T, Tc, lattice

, 6)

¢, impurity



3.1.1 D6 linh dong (10) — Tan xa

O Xac suat ciia 1 va cham thi ti 1€ v6i 1/t . D9 linh dong c6
thé duoc mo ta boi

1 1 1

— =t —

o Ky 4
vO1 . do linh dong do anh hudng cua tan xa mang va py; la do
linh dong do anh hudng cua nong do tap chat

(6a)
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Fig.2 Electron mobility in silicon versus temperature for various donor concentrations. Insert

shows the theoretical temperature dependence of electron mobility.?
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Thidu l:

Tinh tho1 gian tu do trung binh cua di€n tir do linh dong la
1000cm?/Vs ¢ 300K; va duong di tu do trung binh. Gia st
m,=0.26m, trong cac tinh toan nay.

Bai gidi.

Tu phuong trinh 3, thot gian tu do trung binh dugc cho boi

Te =myl,/q
=(0.26 x 0.91 x 1039 kg) x (1000 x 10*m2/ Vs) / (1.6 x 10°C)
=1.48 x 103 s =0.148 ps.

Puong di tu do trung binh dugc cho boi

[ =v,7. =107 cm/s)(1.48 x 10-135)
= 1.48 x 10-6 cm = 14.8 nm.
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3.1.2 Dién tro suat
0 Ta xét sy dan dién trong vat liéu ban dan thuan.
0 Ap dit dién trudng vao ban dan 1am cho co6 su nghiéng trong céc
dai nang lugng. Nghiéng cua dai nang lugng dgl uon cong dai
(band bending). Cac tiep xuc dugc xem la Ohm (t1€p xuc ly

tudng). Ta s& xét cac tiép xuc trong phan diode.
p

e

o I e S ey I e

E. Electron
E:'
E,
Energy
- X
(a) (b)
Fig. 4 Conduction process in an n-type semiconductor (a) at thermal equilibrium and 19

(b) under a biasing condition.



3.1.2 DPién trd suat (2)

0 Khi dua dién truong E vap ban dan thi moi dién tir s& chiu
mot luc —qE va luc nay bang am cua gradient thé ning cua

dlen tu

—g¢ = —(gradient of electron potential energy) = —d& (7)

dx

0 Day cua dai dan E., tuong tung vo1 the nang cua dién tu. Vi ta
quan tim dén grad1ent ctia thé ning, ta c6 thé dung bat cu
phan nao trong gian do dai nang lugng ma song song vo1 E.
(TD: Ep, E; hoac E,). Pé tién loi ta dung mirc Fermi nd1 ta1

E. bo1 vi ta 8 dung nd trong xét chuyén tiép p-n. Do do tur
(7) ta co

1 dE; _ 1 dE,
S=tiloz——~L 8
D g s (8)

20



3.1.2 DPién trd suat (3) — Thé tinh dién

0 Ta co thé dinh nghia dai luong lién hé ¥ 1 thé tinh dién:

dy
& =——. (9)
dx
O So sanh cac phuong trinh 8 va 9:
y=—t (10)
q

cho ta thay quan hé gifra thé tinh dién va thé ning cta dién tu.
Véi ban dan thuan (Hinh 4b), thé ning va E. gidm tuyén tinh
theo khoang cach, nhu vay dién truong 1a hang s6 theo huéng

x am. D0 16n ciia nd bang dién ap dua vao chia chiéu dai cia
mau ban dan. ’1



3.1.2 Dién trg suat (4)

0 Dién tir trong dai dan di chuyén vé bén phai nhu trong hinh

Jn

4b. Bong nang tuong irng vo1 khoang cach tir canh dai (nghia
1a E.. v6i dién tir). Khi dién tir va cham, n6 mat 1 phan hay
toan bd dong ning vao mang tinh thé va roi xudng vi tri can
bang nhiét. Sau khi dién t&r mat 1 phan hay toan bd dong ning,
no lai bat dau chuyén sang phai va qua trinh nay duoc lap lai
nhiéu lan. Sy dan dién cua 16 thi cling twong tu nhung theo
hudng nguoc lai.

Su van chuyén cua cac hat dan dudi tic dong cua dién trudng
tao ra dong dién troi (drift current). Xét mau ban dan & Hinh 5
c6 dién tich mat cat ngang A, chiéu dai L va nong d6 hat dan

la n dién tir/cm? . Khi d6 mat d¢ dong dién tir J_ la:
Iﬂ- —
A

—— z(_qﬂi:ﬂ:—qn{;ﬂ ZQH}UHCE, (]-1)
i=1



3.1.2 Pién trd suat (5)

va mat do dong 16 J, la:

Jp = qpvy = qpH,C.
Nhu vay dong tong cong la:

J=]a +], =(gnu, +qpu,)é.

v6i thanh phan trong dau ngoic 1a dién dan suat:

o =q(nu, +pu,).

va dién tr¢ suat tuvong ung 1a:

1 1

o qg(ny, + pJup) '

k!
ll

Hinh 5 2 n (cm™)

(12)

(13)

(14)

(15)
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3.1.2 Dién trd suat (6)

O Voéi ban dan ngoai lai thi dién tré suat phﬁn 16n phu thudc vao

nong do tap chat, thi du véi ban dan loai N (vi n>>p) co:

p=—1 (15a)
gni,
va ban dan loai P (vi p>>n)
! (15b)

p:
qp,

24



Thidu?2
Tim dién tré suat & nhiét d6 phong cua ban dan Si loai N dugc pha
101 nguyén tir P/cm3.
Bai giai.
O nhiét d0 phong ta gia st rang tat ca donor bi ion héa; nhu vay
n~Np=10"cm? .
Tir hinh 7, ta tim dugc p ~ 0.5 Q.cm. Ta cling c6 thé tinh dién tro
suat tr phuong trinh 15a:

p= ! ! = (.48 Q—cm.

qni, 1.6x107° % 10% x 1300
Ta c6 thé tim duoc do linh ddng tir hinh 3.

25



.,

3.1.2 Pién trd suat (7)

. An_h huodng cta ndong do tap chat 1én dién trd suat:
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Do dién tro suat

0 Phuong phap thong dung nhat dé do dién trd suat 1a phuong
phap dau do bon diém nhu trong hinh 6. Cac dau do duoc dit
cach déu nhau. Mot dong dién nho 7 tir nguon dong hang dugc
dua vao qua 2 dau do phia ngoai va dién ap ¥ do dugc lay tir 2
dau do phia trong. Vi mau ban dan mong c6 do day 1a W ma
n6 nho hon nhiéu dudng kinh d ciia mau, thi dién tré suat duoc
cho bo1

p=%-’W‘CF - cm, (16)

0 v&i CF 13 hé s6 hiéu chinh (correction factor). Hé s6 nay phu
thudc vao ti so d/s, vdi s 1a khoang cach gitra cac dau do. Khi
d/s > 20 thi CF = 4.54.
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Hinh 6 Do dién trd suat bang phuong phap dau do 4 diém

1

@__
@

il M

S A ey

-g———-
m-i |
Y
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3.1.3 Hi¢u wng Hall

O Néng d6 hat dan co thé khac véi néng do tap chat, bai vi mat do
tap chat duogc ion hoa phu thudc vao nhiét d0 va mirc nang
luong tap chat. Pé do nong do hat dan truc tiép, ngudi ta thuong
dung hiéu tmg Hall. Hiéu ng nay ciing cho biét loai hat dan 1a
dién tir hay 10.

O Hinh 8 cho théy dién trueong duoc ap dat vao theo truc x va tu
truong dugc ap dit vao theo truc z. Xét mau ban dan loai P. Luc
Lorentz qv x B (= qv,B,) do tu trrong s€ tao nén 1 lyc trung
binh huéng 1én tac dong vao cac 10 chay theo truc x. Dong dién
hudng 1€n gay ra su tich luy cac 15 & phan trén ctia mau lam
sinh ra dién tru:ong E, huong xudng. Vi khong c6 dong dién doc
theo truc y & ché do Xac 1ap, dién truong doc theo truc y can
bang dung luc Lorentz; nghia la

qé, =qu,B;, (17)
hoac
é, =v,B,. (18) #



3.1.3 Hiéu tmg Hall (2)

L!hMa_
V

Hinh 8. Po nong d6 hat dan bang hiéu tmg Hall
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3.1.3 Hi¢u ung Hall (3)

Mot khi thoa (18), khong ¢o6 luc tic dong vao céc 16 troi theo hudng x.

Su hinh thanh dién trudng dugc goi 1a hiéu ing Hall. Bién truong E, duoc goi la
truong Hall, va dién ap V; duoc goi 1a dién 4p Hall.

Dung phuong trinh (12) cho van toc trdi ctia 16, ta c6 thé viét lai Ey dudi dang sau:

&, = 3 B.=Ry],B., (19)
vOl1 {?1?9

Ry =—. (20)

Truong Hall ti 1é véi tich s6 ctia mat do dong dién va tir truong. Hang s6 ti 16 Ry, 14 hé
sO Hall. Ta c6 két qua tuong tu vo1 ban dan loai N, ngoai trir hé so6 Hall am:

R, =——. (21)
qgn

Do dién ap Hall vdi dong va tir trudng cho trudc, ta tinh duge nong do 16

1 B, (1/A)B, IB,W
p=L DB (WAB, _IBW (22)

qRy  q¢, q(Vyg/W) qVyA

vOi tat ca cac dai luong bén vé phai déu co thé do duoc. Nhu vay néng do hat dan va
loai hat dan c6 thé c6 duogc truc ti€p tur phép do Hall. 31




3.1.3 Hiéu ting Hall (4) — Thi du

Thidu 3
Mot mau Si dwoc pha véi 101 nguyén tir P/cm3. Tim dién ap
Hall trong mau véi W=500um, A=2.5x10- cm?, [ = 1 mA, va
B,=10* Wb/cm2.
Bai gigi. Heé s6 Hall 1a

L L = — 625 cm?/C.

H = e — I - =
T gn 16x1079 x10'°

Dién ap Hall 1a

I
Vy= &W= (RH EBEJW

25%107°
=-1.25 mV.

-3
=[—625- 19 -10“"4] 500 x 1074
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Hall-effect sensors

When a current-carrying conductor is placed into a magnetic
field, a voltage will be generated perpendicular to both the
current and the field. This principle is known as the Hall effect.

The figure shows a thin sheet of semiconducting
material (Hall element) through which a current is

passed. The output connections are

perpendicular to the direction of current. When no
magnetic field is present, current distribution is
uniform and no potential difference is seen

across the output.

When a perpendicular magnetic field is present,
a Lorentz force is exerted on the current. This
force disturbs the current distribution, resulting in
a potential difference (voltage) across the output.
This voltage is the Hall voltage (VH). Its value is
directly related to the magnetic field (B) and the

current (1).

— \ D

B

Hall effect sensors can be applied in many types of
sensing devices. If the quantity (parameter) to be
sensed incorporates or can incorporate a magnetg
field, a Hall sensor will perform the task



Hall probe - principal scheme of operation

Lorentz force: F=q (E + v x B)

V=h|Bsin(a)

V - measured voltage
h - constant that depends on geometry,

temperature, ...
| - current driven through semiconductor

o - angle between B and E

©

Materials: InAs, GaAs, InSb (bulk semiconductor, thin film, crystals)

Typical sensitivity: 1-1000 mV/T Maximum temperature: typically 100°C

Dynamic range: typically +10 T Size: active area ~ 100um, sensor ~ 1 mm

34



Hall effect sensors - applications

O Example 1s shown in the following figure where
the rpm of a shaft 1s sensed.

O Many variations of this basic configuration: for
example,
measurement of angular displacement.
Sensing of gears (electronic 1gnition)

Multiple sensors can sense direction as well

35



Hall element as a rotation sensor

'_\ hall element
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Electronic ignition
RN
) e

AN

\ | / biasﬁlg

magnet

hall element
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Hall effect sensors - applications

O Example: measuring power

0 The magnetic field through the hall
element 1s proportional to the current being
measured

O The current is proportional to voltage being
measured

O The Hall voltage 1s proportional to product
of current and voltage - power

38



3.2 Sw khuéch tan hat dén
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3.2.1 Qua trinh khuéch tan

0 Trong phan trude, ta d3 xét dong dién troi, nghia 1a sy van chuyén
cta cac hat dan khi c6 dién truong dugc ap dit vao. Mot thanh
phan dong dién quan trong khac cé thé ton tai néu co su thay doi
néng d6 hat dan theo khong gian trong vat liéu ban dan. Céc hat
dan c6 khuynh hudng chuyén dong tir mién c6 nong do cao sang
mién c6 nong d6 thap. Thanh phan dong dién nay duoc goi 1a
dong di¢n khuéch tan (diflusion current).

0 Dé hiéu qua trinh khuéch tan, ta gia sir mat d6 dién tir thay doi
theo hudng x nhu trong Hinh 9. Ban dan & nhiét d6 déu, dé nhiét
ning trung binh ctia dién tir khong thay doi theo x, chi c6 mat do
n(x) thay doi.

O Xét so dién tir di qua mat phang & x = 0 trén don vi thoi gian va
don vi dién tich. Do nhiét do htru han, cac dién tir co chuyén dong
nhiét ngau nhién véi van tbc nhiét vth va dudng d1 tu do trung
binh / (chu y la / = v, T, V61 1 1a thot gian tu do trung binh.) “



3.2.1 Qua trinh khuéch tan (2)

Current

Electrons
il

Electron density n(x)

|
|
I
|
I
I
|
r
I
|
|
I
|
|
I
i
|
|
!

0

Distance x
Hinh 9. Nong d6 hat dan véi khoang cach; / duong di tu do trung
binh. Hudng cua dién tir va dong dién duogc chi boi1 cac miii tén
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3.2.1 Qua trinh khuéch tan (3)

Toc d6 trung binh cua luéng dién tu trén don vi dién tich F, cua cac
dién tr di qua mat phang x = 0 ti bén trai la:

Lo

F, =2 ——=2nl=D - vy, (23)

Tuong tu, toc do trung binh cua luéng dién tir trén don vi dién tich
F, cua cac dién tur ¢ x=1 di1 qua mat phang x = 0 tu bén phai la:

F, = -12- n(l)- vg,. (24)
Toc d6 cua cac hat dan tur trai sang phai la:
1
F=F -F, = E’Uth In(=1)=n(l)]. (25)

42



3.2.1 Qua trinh khuéch tan (4)

I Xép X1 cac mat do ta1 x==/, béng 2 86 hang dau cta khai trién
Taylor, ta co

1 . d 1
F___EDHI{ {1{.11}—35;1]—[ (0}+I£:|}

dﬂ dﬂ
=—pyl—=-D —, (26
Wdx " dx )
vol D, dugc goi la hé so khuéch tan (diffusion coefficient) hay
cling dugc goi 1a dé khuéch tan (diffusivity). Boi vi moi dién tur
mang dién tich -q, ludng hat dan 1am sinh ra dong dién
dn
=—qF =qD_ —. (27)
Ja=—qk=qD, =
0 Dong khuéch tan ti 16 véi dao ham theo khong gian cia mat do dién
tir. Dong khuéch tan c6 duoc tir chuyén dong nhiét ngau nhién cia
cac hat dan trong ban dan c6 gradient nong do. 43



3.2.1 Qua trinh khuéch tan (5)-TD

Thi du 4: Gia st xét 1 ban dan loai N ¢ 300K, nong d6 dién
tir thay doi tuyén tinh tir 1x10'® dén 7x10'” cm= trén khoang
cach 0.1cm. Tinh mat do dong dién khuéch tan n€u hé so
khuéch tan cia dién tir 1a D =22.5cm?/s.

Bai gidgi. Mat d6 dong dién khuéch tan duoc cho bai

Ax
1108 =7 % 107
0.1

= (1.6 10‘”;(22.5}[ J: 10.8 A/cm®.
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3.2.2 Quan hé Einstein

0 Phuong trinh (27) c6 thé duoc viét lai theo dang hitu dung hon dung
dinh 1y can bang nang luong véi truong hop 1 chi€u. Ta co thé viét

é—mnﬂf = é—k'r. (28)

O Tu cac phuong trinh 3, 26, va 28 va dung quan hé / = v, T, ta co

am kT L, |
Dn =U1‘hz = Ug, (ﬂﬂlr{:)=uf%1[# ]:[m ](ﬁ ], (29)

q n q

hoac

kT
D, =|-—|u,.
( q }u 30

0 Phuong trinh (30) duoc goi 1a quan hé Einstein. N6 lién hé 2 hang
sO quan trong (d6 khuéch tan va d6 linh dong) ma chung dic trung
cho van chuyén cua hat dan do khuéch tan va troi trong ban dan.
Quan h¢ Einstein cting ap dung cho D, va p.

45



3.2.2 Quan h¢ Einstein (2)

Thidu 5:

Cac hat dan thiéu s6 (16) dugc bom vao 1 d1em clia mau ban
dan N. Ap dit 1 dién tru:Gng 50V/cm vao mau ban dan, va

dién truong nay lam cac hat dan thiéu so nay di dugc 1 doan
duang lcm trong 100 ps. Hay tim vén toc troi va do khuéch

tan cta cac hat dan thiéu so nay.

Bai giai.

v, = 1 cm = 104 cm/s;

100x 107 s

v, 10*

F 2
=L =uw~=200 /V-s;

Hp="g =50 200 em/V:

kT 5
D,=—pu,=00259x200=>5.18 cm®/s.

q
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s EInstein Relation

Einstein relation relates the mobility with diffusion;

—L = KL and = kL Jor electrons and holes

‘LLH q JLLP q

Constant value at a fixed temperature

2/ J/K)K
Cf? PYC ol KL = (// -1)( ) = volt
cm”/V —sec q C
kT

—=25mV at room temperature
q
47



3.2.3 Cac phwong trinh mat d¢ dong di¢n

Khi ¢6 thém dién truong trong ban dan co gradlent nong do, sé co ca hai dong tro1 va dong
khuéch tan. Mat do dong dién tong cong & bat ctr diém nao 1a tong cua cac thanh phan tro1
va khuéch tan:

dﬂ, |
Jn =qu,né +qD, —— T (31)
voi E 1a dién truong theo hudng x.
Ta ciing c6 biéu thuc tuong tu cho dong 16:
d
Iy =qﬁppﬁ-qﬂﬁd—:- (32)

Ta st dung dau 4m trong phuong trinh (32) vi voi gradient 16 duong, céac 16 s& khuéch tan
theo huéng x am.
Ta c6 mat do dong dién tong cong:

| jcﬂﬂd =jn +jp' (33)

Ba biéu thtrc (31 = 33) tao thanh cac phuong trinh mat do dong dién. Cac phuong trinh
nay quan trong cho biéc phan tich cac hoat dong ctia dung cu dudi dién truong thap. Tuy
nhién vo1 dién truong du cao, cac $6 hang dai dién cho van chuyén tro1 s€ duoc thay the
bang van toc bdo hoa v..




3.3 Cac qua trinh sinh va tai hop
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Cac qua trinh sinh va tai hgp
o O dicu kién can bang nhiét, quan hé pn=n.2thoa. Néu cO thém hat dan doi
ra trong ban dan dé pn>n2, ta co trang thai khong can bang.Qua trinh tao
thém cac hat dan thira ducrc gol la bom hat din (carrier injection). Phan
16n cac dung cu ban dan hoat dong bang céch tao ra cac hat dan thém vao
cac gia tri & cAn bang nhiét. Ta cO the thém hat dan thira bang kich thich
quang hodc phan cuc thuan chuyén tiép p-n.

O Bat ctr khi nao diéu can bang nhiét b1 anh hu’O’ng (nghia la pn khac n;?), sé

ton tai cac qua trinh hoi phuc vé trang thai can bang nhigt (nghla la pn =

n.?). Trong tru:ong hop bom cac hat dan thira, co ché hoi phuc vé can bang
nhiét la tai hgp cac hat dan thiéu so duoc bom vao véi cac hat dan da so.
Tuy theo ban chat cua qua trinh tai hop, nang lugng giai phong tir qua
trinh tai hop c6 thé birc xa ra photon hoac ti€u tan nhiét trong mang tinh
thé. Khi c6 phat xa photon, ngu’0’1 ta go1 do la tai hop co birc xa (radiative
recombination), nguoc lai thi goi 1a tdi hop khong co burc xa
(nonradiative recombination)

O Cac hién tuong tai hop co thé chia ra lam céc qua trinh truc t,ié'p va gian
tiép. Tai1 hop tryc tiép cling con dugc goi la tai hop tur dai dén dai (band—
to-band recombination), thdng thudng tai hgp nay co6 nhiéu trong cac ban
dan khe ning luong truc tiép nhu GaAs, trai lai tai hop g1an tiép qua céac
trung tam tai hop khe nang lugng trong cac ban dan khe ning luong gidh

1A nhir Q4



Radiative and Nonradiative Recombination

* & & o lll’lllF

f\ =
R=Bnp

\

— ¥
O 0 O 00000 O O 0O O QO

(a) (b}

Free eleciron

Ey

"r".l'-r.uip:_{ atoms [phonons)

Hale

Fig. 2.5, (a) Radiative recombination of an electron-hole pair accompanicd by the
emission of a photon with energy v = Eg. (b) In non-radiative recombination events, the
energy released during the electron-hole recombination is converted 1o prhovnoiis (adopted
from Shockley, 1950,

Recombination rate is proportional to the product of the concentrations
of electrons and holes, i.e. R = B n p, where B = bimolecular
recombination coefficient, n = electron concentration, p = hole
concentration 51

Non-radiative recombination creates heat instead of light
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3.3.1 Su tai hop truec tiep
Xét ban dan khe ning luong truc tiép & diéu kién can bang
nhiét.
Su dao dong nhi€t 11€n tuc cua cac nguyén tir trong mang tinh
thé 1am cho 1 s6 lién két gitta cac nguyén tir s& bi pha vé. Khi
1 lién két bi pha vo thi s& sinh ra mot cip dién ti-10. Theo
g1an dd nang luong, nhi¢t nang lam cho mot dién tir hoa tri
chuyén 1én dai dan, dé lai 16 [trong] & dai hoa tri. Qua trinh
nay duoc goi 1a sinh hat dan va duoc biéu dién bang toc do
sinh Gy, (s6 cip dién tir-16 duoc sinh ra trong 1 gidy trén 1
cm?) trong hinh 10a.
Khi dién tir chuyén tir dai dan vé dai hoa trj thi s& mat di 1
cap dién tir-16. Qua trinh nay duoc goi 1a tai hop; nd dugc
bicu dién bang toc do tai hop R, trong hinh 10a. Dudi cac
diéu kién can bang nhiét, toc do sinh G, phai bang toc do tai
hop R, dé cac nong do hat dan giir khong d6i va van duy tri
diéu kién pn=n_2.
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3.3.1 Su tai hop truc tiép (2)

(b)

Hinh 10. Su sinh va ta1 hop truc tiép cua cac cip dién tu-16:

a) 0 diéu kién can bang nhiét
b) dudi dieu kién dugce chi€u sang
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3.3.1 Su tai hop truc tiép (3)

Khi c6 cac hat dan thtra ducrc thém vao ban din khe nang lwgng truc tiép, xac suat dé cac
dién tir va 16 tai hop truc tiép sé cao, boi vi ddy ciia dai dan va dinh dai hoa tri thang hang
va khong can thém momentum dé chuyén tiép qua khe ning luong. Toc d6 tai hop truc
tiép R s& ti 16 v4i s6 dién tir kha dung trong dai dan va s6 16 kha dung trong dai hoa tri;
nghia 1a,

R = Bnp, (34)
v6i B 1a hang s6 ti 16. Nhu d3 ban trude ddy, ¢ diéu kién can bang nhiét, tbe do tai hop
phai duoc can bang boi toc do sinh. Do d6. vdi ban dan loai N. ta ¢6

Grh. = R‘[h = ﬁnﬂﬂ Pro - (35}

Trong ky hiéu nay, dbi véi néng d6 hat dan: chi s6 thir nhat chi loai ban dan va chi s6 thu
hai "o" chi dai hmng khi & diéu kién can bang nhiét. (TD: n, chi nong d6 dién tir & ban
dan loai N ¢ diéu kién can bang nhiét).

Khi ta chiéu sang vao ban dan dé tao ra cac cip dién ti-16 véi toc d6 GL (hinh 10b), cac
noéng do hat dan & trén cac gia tri can bang cta chiing. Téc d0 tai hop va sinh luc nay 1a

R=Bn,p, =Pn,,+A4an)(p,, +4p), (36)
G=Gp +Gy, (37)
v6in va p 1a nhitng ndng do hat dan thira, dugc cho boi
An=n,—-n,, (38a)
5P=PH_PW* (38b)

. - iAo Ao X 4
va n = p gilt cho trung hoa dién tich trén ban dan. >



3.3.1 Sy téi hop tryuc tiep (4)

Tbc do thay d6i nong dé 16 diroc cho hai

ddﬂ_c R=G, +Gy —R. (39)
O trang thai xac 1ap, dpn/dt =0. Tir phuong trinh (39), ta c6
G, =R-G,,=U, (40)

véi U 1a toc do tai hop. Thay cac phuong trinh (35) va (36) vao phuong
trinh (40) cho
U=p(n,, +p, +Ap)Ap. (41)

Poi véi bom mirc thap p, p,, << n,., phuong trinh (41) duoc don gian

thanh -
U = Bn, Ap = L= lp"w ,

B 42)

Do do, toc do tai hop t1 1¢ vo1 nong do hat dan thiéu so6 thira. Hién nhién,
U=0 ¢ diéu kién can bang nhiét. Hang so ti 1€ 1/Bn,, dugc goi 1a thoi
gian sOng t ctia cac hat dan thiéu so thira, hoac

— 1
U = Pﬂ- p'ﬂﬂ , | T . 55
Tp vVO1 P ﬁﬂm




3.3.1 Su tai1 hop truc tiép (5)
Thot gian sOng

Y nghia vat 1y cta thoi gian song co thé dugc minh hoa tot nhat bang dap tng
qua d6 cua dung cu sau khi lay ngudn sang di mot cach dot ngdt. Xét mau ban
dan loai N nhu trong hinh 11a, n dugc chiéu anh sang vao va cé cac cip dién
ti-16 duoc sinh ra trong subt mau ban dan vai toc do sinh G;. Biéu thirc phu
thudc thoi gian dugc cho bai phuong trinh (39). O trang thai x4c lap, tir cac
phuong trinh 40 va 43:

G, =U=En"Pno (45)

hoac Ty

Pn =pm+TpGL‘ (45&}
Néu ¢ thoi diém bat ky, thi du t=0, anh sang dot ngdt bi tat, cac diéu kién bién la
p.(t=0) = p,, + 1,Gy, dugce cho boi phuong trinh (45a) va p,(t = ooc) = p,. Biéu
thirc phu thudc tho1 gian cua phuong trinh (39) tré thanh

d —
pﬂ=cth_H:_U:_pn pﬂﬂ (46}

dt T,

va nghi€ém cua no la

Palt)=pn +7,Gp exp(—tf’rp). (47)
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3.3.1 Su tai hop truc tiép (6) — Thoi gian song

Hinh 11. Su suy giam cua cac

. ‘ Palt)
hat dan bi kich thich bang anh
: - 0
sang. TG )
X X . y e K “
(a) Mau ban dan loai N dudi 11 I \
chiéu anh sang khong do6i. — -~ """ ""777" Pog [77777 g
.Y ) , 0 Tp t
(b) Su suy giam cua cac hat ®)

dan thiéu so6 (10) theo thoi gian.
(c) So d6 do thoi gian séng cua
hat dan thiéu so.
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3.3.1 Su ta1 hop truc tiép (7) — Thot gian song
Hinh 11b cho théy sur thay d6i cua p, theo thoi gian. Céc hat dan thiéu so tai
hop véi cac hat dan da s6 va suy giam theo ham mii v4i thoi hang T,, Ma twong
tng vai thoi gian song duge dinh nghia trong phuong trinh (44).

Trudng hop ndy minh hoa ¥ tudng chinh cia viéc do thdi gian song hat dan
bang cach dung phuong phap quang dan. Hinh 11c minh hoa cach thiét lap so
d6 do. Nhirng hat dan thira (dugc sinh ra déu khap trong mau ban dan boi
xung anh sang) lam gia ting tirc thoi dd dan dién. Su gia ting do dan dién lam
cho sut &p trén mau giam xudng khi c6 dong dién khong d6i chay qua. Su suy
giam do dan dién c6 thé duoc quan sat trén dao dong ky va ta do duoc thoi
gian song cua cac hat dan thiéu so thira.

» EXAMPLE 6

A Si sample with n,,, = 10" cm™ is illuminated with light and 10** electron-hole pairs/cm? are cre-
ated every microsecond. If 7, = 7, = 2 us, find the change in the minority carrier concentration.

SOLUTION Before illumination
Pro = ni/n,, = (9.65x10°)2 /10" = 9.31x10% cm™,

After illumination

1013
1x1078

Pn = Poo+T,Gp =9.31x10° +2x107° x =~ 2x10" em™. « 38



3.3.2 Su tai hop gian tiép

O Véi cac ban dan khe ning luong gian tiép nhu Si, qua trinh tai hop
truc tiép thi khong thé xay ra, boi vi cac dién tir & day dai dan co
momentum khac khong so véi cac 16 & dinh dai hoa tri.

0 Su chuyén tiép truc tiép ma bao ton ca ning lugng va momentum thi
khong thé khong c6 tuong tac dong thdi voi mang tinh thé. Do d6 qua
trinh tai hop chinh trong nhiing ban dan nhu vay 1a chuyén tiép gian
tiép qua céc trang thai ning luong duoc cuc bd hoa trong khe ning
luong dai cam. Nhiing trang thai hoat dong nhu nhirng cuc da tam
ding gitta dai dan va dai hoa tri.

0 Hinh 12 cho thay nhiéu chuyén tiép khac nhau xay ra trong cac qua
trinh ta1 hop qua cac trang thai muc trung gian (cling dugc goi la cac
trung tAm tai hop). Ta minh hoa trang thai thay d6i cua trung tAm
trude khi va sau khi mdi mot trong bon chuyén tiép xay ra. Cac mili
tén trong hinh v& chi chuyén tiép cta dién tir trong 1 qua trinh cu thé.
Minh hoa nay cting dung cho truong hop cua 1 trung tam tai hgp véi
murc ning luong trung hoa khi khong bi chiém béi dién tir va am khi

bi chiém bai dién ta. 59



3.3.2 Su tai hop gian tiép (2)

g

e}

|5,

[l

.
| EG
!

g @O0 -E-- g
Electron Electron E Hole Hole
capture emission ] capture emission

(a) (b) (e) (d)

Hinh 12. Céc qué trinh sinh-tai hop gian tiép ¢ diéu kién can bang nhiét.
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3.3.2 Su ta1 hop gian tiép (3)
Trong tai hop gian tiép, suy ra toc do tai hop thi phirc tap hon (xem phu luc 1), toc dd tai hop
duoc tinh theo

g
DthgnUpNt(pﬂﬂ'n — Ny ]

[ =
t I:Ei—E‘)x’kT]

48)
(E,—E,) /KT’ (
o,lp,+ne +0,[n, +n,e ]

v6i v, 1a van toc nhiét clia cac hat dan (phuong trinh 1), va o, 1a phan ngang bat dugc cta
cac dién tu. Dai lugng o, mo ta s cong hi€u cua trung tam bat dién tur 1a s6 do cho biét dién
tir to1 gan trung tam bao nhi€u s€ bi bat. 6, 1a phan ngang bat dugc cua cac 10.

Ta co thé don gian hoa biéu thirc ciia U theo E, bang cach gia thiét 6,=0, =0 . Khi do
phuong trinh 48 tré thanh
(pnnn "ﬁ:'z) )
U =vy0o,N, : (49)
P, +n, +2n; {:{‘}Sh{ B —E ]
ki) T ] kT

Duéi diéu kién bom thép trong ban dan loai N dé n, >>p,, toc do tai hop co thé duoc viét
lai nhu sau

Uﬁvthaawt Pn = Pno _Pn " Pno . (50)

1+ 2n; cosh E —E, “p
N oo kT

Tbc @6 tai hop voi tai hop gian tiép duoc cho bdi cung biéu thire trong phuong trinh 43; tuy
nhién. t, phu thudc vao nhiing vi tri cua cac trung tam tai hop. 61




3.3.3 Su tai hop bé miit

Hinh 13 cho théy cac lién két & bé mat ban dan. Do su bat lién tuc dot ngot cua
cau tric mang tinh thé & bé mit, mot s6 16n céc trang thai nang luong b1 cuc bd
hda hoic co thé c6 cac trung tAm sinh-tai hop & mién bé mat. Nhiing trang thai
nang luong nay, duoc goi 1a nhitng trang thai bé mit (surface states), co thé lam
ting nhiéu toc do tai hop & bé mit. Su tai hop bé mit twong tu véi nhitng gi da
xét & nhirng trung tdm bén trong. Tong s6 cac hat dan tai hop ¢ bé mit trén 1 don
vi dién tich trong 1 gidy c6 thé dugc biéu dién voi dang tuong tu phuong trinh 48.
Vi diéu kién bom thap, va véi truong hop gidi han ¢ d6 ndng do dién tir & bé
mit chu yéu bang nong d6 hat dan da so & phan khoi, tong s6 hat dan tai hop ¢ bé
mit trén 1 don vi dién tich trong 1 gidy c6 thé duoc don gian hoa thanh

U-S‘ Eﬂ'thgpyﬂ(ﬁs _;Gﬂﬂj? (51)

v6i p, chi nong do 16 & bé mat, va N;; la mat do trung tam tai hop trén 1 don vi
dién tich trong mlen bé mit. Vi tich s6 VinTpNg €0 thr nguyén la cm?/gidy, no
duoc goi 1a van toc tai hop bé mit bom thap S

Sh. = Uthﬂpwst* (52)
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3.3.3 Su tai hop bé mit (2)

Dangling bonds (Cac lién két treo la litng)

> Surface (Bé mét}

> Bulk (Khoi)

Hinh 13. So d6 cac lién két 6 bé mat ban dan sach. Nhiing lién két nay
dang hudng (anisotropic) va khac vai cac lién két trong mién khoi. 63



Surface Recombination

R SR T S S S B S S

(a)
P-type semiconductor

(b) ,{ ]

()

o ® ) ° ® £
= Surface states
\ | F
OO0 O OCO OO0 O [e) o o o v
E i_r” = Fﬂ I .5‘(,'“] ':5 F;;,
=
£
E ¥ 50 .;,.—H=Hu+.im{x}|
o
5 w ILI‘;% } surface recombination velocity " "j‘”ﬂl_(”n
W [rr e T
=
B <
X

x=0

to illumination. The excess carrier concentrations are An and Ap.

Fig. 2.9. (a) Illuminated p-type semiconductor, (b) band diagram, and (c) minority and
majority carrier concentration near the surface assuming uniform carrier generation due

= ”u+r’i‘-ﬂm[l -

TS exp(=-x/L,)

dAn(x,t) - G-R+ lijn

dt e dx
J, = eD, dAn(x,f)

dx
2
dAn(x,t) -G ﬂn{,tlt_} + D d ﬂﬂ{jx*t)
of Ty ax”
dAn(x,t
eD, —"(x, ) = e&n(x,r)[
ax  |ioo x=0
nix) = ny+An(x)

L, + 1,8

|
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3.3.4 Sy tai hogp Auger
O Su tai hop cip dién tu-16
Truyén nang luong hoic momentum dén
hat thir ba (dién tir hay 10)
O Thidu
o Tai hop truc tiép giai phong ning lugng
0 Dién tir thir hai trong dai dan hap thu
nang luong va tro thanh dién tir c6 nang
lugng

C O  Dién tr nay mat nang luong vao mang
tinh thé boi cac su kién tan xa

0 Quan trong khi pha tap chat nhiéu hodc o
murc bom cao (high injection level)

RAug
vo1 hang s6 B phu thudc nhiéu vao nhiét

=Bn’p hodc Bnp?

Vv do

O Qua trinh Auger lién quan v61 3 hat.
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3.4 Phuong trinh lién tuc
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Phuong trinh lién tuc (2)

Trong nhitng phan trude ta dd xét cac hiéu tng riéng biét nhu troi do dién
truong, khuéch tan do gradient ndong do, va tai hop cac hat dan qua cac trung
tam tai hgp ¢ cac muirc trung gian. Bay gio ta xét toan bo hi€u trng khi troi,
khuéch tan, va tai hop xay ra dong thoi trong vat liéu ban dan. Phuong trinh
cho thay tat ca cac hiéu tng nay duoc goi 12 phwong trinh lién tuc (continuity
equation).

Dé suy ra phuong trinh lién tuc 1 chiéu cho dién tir, ta xét mot miéng mong rat
nho vd1 d day dx tai x (Hmh 15). Sb dién tur trong miéng mong co thé tang do
dong dién chay vao miéng mong va smh hat dan trong mleng mong. Toc do
tang toan bo cua dién tir la tong dai s6 cta 4 thanh phan. sO dién tu d1 vao
miéng mong tai x, trir voi s6 dién tur di ra tai x + dx, cong voi1 tbc do dién tur
duoc sinh ra, trir v6i toc dd dién tir bi tai hop trong miéng mong.

Hai thanh phan dau duoc tim ra bang cach chia cac dong dién tai mdi bén cua
miéng mong bo1 dién tich cua dién tu. Toc d6 sinh va tai hop dugc ky hi¢u
bang G, va R, .
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Phuong trinh lién tuc (3)

Ja) By T (x4 d)
U RN
IG |
| T |
x x + dx

Hinh 15. Ludng dong dién va cac qua trinh sinh-tai hop trong mot miéng rat mong c6 do day dx
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O

O

Phuong trinh lién tuc (4)

Toc do tong cong cua su thay do1 s6 dién tu trong miéng mong

0 pdx = [M A d’”‘*} (G, — R, )Adx, (54)
at /4 _q _q 2 /4

vol A 1a tiet dién ngang va Adx la thé tich cua mi€éng mong.

Khai trién Taylor cho dong dién ¢ x + dx cho

J,(x+d)=], (x %'];—‘dx++ . (55)

Nhu vay ta c6 dugc phuong trinh lién tuc cho dién tur:

19,
—_— ~+(G,, - R 56
at P +( n): (56)
Tuong tu, ta c¢6 thé suy ra phuong trinh lién tuc cho 19, ngoai
trir dau cua s6 hang thir nhat ¢ vé phai phuong trinh 56 b1 doi
dau do dién tich duong vo1 16:

3
%T:-c ;;; +(G,~R). (57) 69



O

Phuong trinh lién tuc (4)

Ta co thé thay thé cac biéu thirc dong dién tir cic phuong trinh 31 va 32 va cac
biéu thirc tai hop tir phuong trinh 43 vao cac phuong trinh 56 va 57. Trong
tru’(mg hop 1 chleu duéi diéu kién mirc bom thap, phuong trinh lién tuc cho
cac hat dan thiéu so 1a

on AL on 9°n n,—n
P _ = 4 .-"—“"P“-+D P +G. - P po : 58
o rHe g THC T " oo " T, (58)
@En - & _ : @Eﬂ a Pﬂ _ Pn " Pno

Ngoai cac phuong trinh lién tuc, phuong trinh Poisson

dé _p (60)

= o—

dx &

5

phai dugc thoa, voi g la hang sO dién moi ban dan va p, la mat do dién tich
khong gian 1a tong dal s6 ciia mat hat dan va cac nong do tap chat b ion hoa,
q(p-n+Np™ NyJ) .

Vé nguyén tac, cac phuong trinh tir 58 dén 60 cung VOl nhu’ng diéu kién bién
thich hO’p cho nghlem duy nhat. Béi vi do phu’c tap vé dai s ctia bd phu’(mg
trinh nay, trong phan 16m cac trudng hop cac phuong trinh dugc don gian hoa
bang cac xap xi vat 1y dé dat duoc nghiém dé hon. 70



Chiéu dai khuéch tan hat dan thiéu so (1/4)

B Xet trirong hop dac biét (xem hinh 16):
B Bom vao hat dan thiéu so6 (16) khéng do6i & x = 0
B O xac lap, khéng c6 hap thu anh sang véi x > 0

R O°Ap. A
L.ight absarbed a . pn pn
X = 1[Jv edge {:' bn:' 0= DP axz B T
: p
Light | Ap, (0)=Ap,
N\t Si bar ’
GL:O fOI’X>O
Iy}
0 ﬁzApn _Ap,  Ap,

Ox” Dyt - L’

B Chiéu dai khuéch tan 16 L, dwoc dinh nghia: L, = /Dy,

Twong tw, Ly =+Dy7,
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Chiéu dai khuéch tan hat dan thiéu so6 (2/4)

Injecting Ban dan Si lOal N
surface \k _ /
0 - x
Pn{ﬂ“
Pa(0)
A
Pao | ==~y _
0 LP = 'DPTP x
(a)
Injecting
surface e All excess
hv = carriers extracted
I — L -
P, (x)]
P,(0) |
|
|
Pm - === I N
0 W x
(b)
Fig. 16  Steady-state carrier injection from one side. (a) Semiinfinite sample. (b) Sample with 72

thickness W.



Chiéu dai khuéch tan hat dan thiéu so6 (3/4)

o a o L OAp, _Ap,
B Lol giai tong quat cua phwong trinh " T la:
P

Ap_(x) = Ae 't 4 B/l

B A va Bla nhirng hang sd duwoc xac dinh b&i cac diéu kién
bién:
Ap_ (0) =0 = B=0
Apn(o):ApnO = A:Apn()

ﬁ:")n(]

® Do do, ta co nghiém la:

_x/LP ’ﬁf]n{-‘t)

* Vé mat vat ly, L, va Ly biéu dién
khoang cach trung blnh ma hat dan
thiéu so c6 thé khuéch tan trwéc khi o ' 2
noé tai hop véi hat dan da so. 73




Chiéu dai khuéch tan hat dan thiéu so (4/4)

B Cho trwdc Np=10"° cm=3, 1, = 10° s. Tinh L.

..................................................

ssammsnsfrananfrens{ L i i dede i i ' i ' ' i B et SUEL U TR S S B . )\ .
........ It i v H 21 SRRt ; o &g i fod= £ preschenceeizcheisd . UJ do th I
i H H H H H H HIE :
....... : sasssssnmicas samas . - spressassadananns seenman Emmmm—— n: aa H ,
5 H H H H H H :
i H \ H H :
i i 1 13

1000 b=t—t— M, = 437 sz/V .S

My or f, (cm2/V-sec)
=
S
&
)
2

Hin JI N Lo i e, N i ioodiitiat

PPV i S ] S T T R q
Ea i) 1165 419

](}H ]QIS 1()I6 ]{]IT‘I IUIS

P PP T T é SR kT
: 1358 461 )
100 b= e = =25.86mV-437 cm’/V s
“ 1x1015, .. 1345 458 " ' g 5
VN 1332 g5 -l et v kel ieel s, i b Sl Ll gkt —
i S 1208 448 Lilo.oiooen | S LI T R =11.3cm /S
Px 10 ... 1248 437
F k107, .. 801 331 i P
10 peg LRG0 BB fuf
Ny or Np (em-3) :\/11.301112/5-10_6 s
-3
=3.361x10"" cm
— 33.61um

L, =./D

PTp
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Tém tit cac phwong trinh ban déin

dn dE’;

j,o=qunE +qD, -—=un—=

QI[ H q d‘l l[}? d}f
Current density for electrons

L, =qu,pE —qD, dp_ l IEy

Jp =4H, P q x HyP Iy

Current density for holes

dE d- 1
T §f = Ps

dx dx~  &,&.

Poisson equation

on

ot

I g,

g dx

+G-—R

Continuity equation for electrons

Continuity equation for holes
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