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4. Phuong trinh lién tuc

CuuDuongThanCong.com



http://cuuduongthancong.com

., - - A
Giéi thiéu

Trong chuong nay, ching ta khao sat c&c hién tugng van

chuyén khac nhau trong cac dung cu ban dan.

Céc qua trinh van chuyén bao gom troi, khuéch tan, tai hop,

sinh, phat xa nhiét ion, tunnel [duong ham], va ion hda va

cham. Chung ta xét cac chuyén dong ctia hat dan (electron va

10) trong ban dan dudi anh hudng cua dién truong va gradient

nong do hat dan.

Chung ta ciing ban vé cac khai niém diéu kién khong cin

bang ma & d6é tich s6 nong do hat dan np khac véi gia tri can

bang cta né 1a n?.

Tiép theo xét diéu kién tro lai trang thai can bang théng qua

céac qua trinh sinh-tai hop.

Sau d6 chiing t6i tim dugc cac phuong trinh co ban cho viée

van hanh dung cu ban dan, bao gom cac phuong trinh mat do

dong dién hién tai va phuong trinh lién tuc 8

3.1 Sw troi hat dan
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O

O

3.1.1 Pj linh dong

Ta xét mot mau ban dan loai N véi néng d6 donor déu trong diéu
Kién can bang nhiét.

Dudi trang thai can bang nhiét, nhiét ning trung binh cia mot dién
tir & dai dan c6 thé duogc lay tir cac dinh 1y can bang vung nang
lwong, 1/2 kT ning lugng cho mdi bac tu do, véi k 1a hang sé
Boltzmann's va T 1a nhiét d6 tuyét dbi. Bién tir trong ban dan c6 3
bac ty do (trong khdng gian). Do d6 dong ndng cua dién tir duoc
cho bai

1 3
Emﬂ_ﬁf;}:EkT, (1)

v6i m,, 1a khéi lugng hiéu dung cua dién tir va vy, 1a van téc nhiét
trung binh. O nhiét &6 phong (300°K), vy, ~ 107cmi/s véi Si va
GaAs.

3.1.1 Do linh dong (2)

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

Chuyen dong nhiét cia mdi dién tir c6 thé duoc xem nhu sy ndi
tiép cuia tn xa ngau nhién tir cac va cham vai cac nguyén ti trong
mang, CAC Nguyén tir tap chat, va cc trung tam tan xa khac (xem
minh hoa & hinh 1a). Chuyén dong ngau nhién cia cac dién tir dan
den sy dich chuyén cua dién tr 1a zero trong 1 khoang thoi gian du
dai.

Khoang céch trung binh gitra c&c va cham dgl dwong di tw do
trung binh (mean free path), va thoi gian trung binh gitta cac va
cham dgl thei gian tw do trung binh (average free time) 7.

Gia tri tiéu biéu cho dwong di ti do trung binh 12 105cm va

7~ 1ps=101%s.
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3.1.1 P9 linh dong (3)

(a) (b)

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

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

3.1.1 Do linh dong (4)

Khi &p dat 1 dién truong nho E vao mau ban dan, méi dién tir s& bi tac
dong 1 luc F = -gE va dugc gia tc theo chiéu nguoc chiéu E trong Itc co
cac va cham.

Do d6, thanh phan van téc thém vao s& dugc xap chong véi chuyén dong
nhiét ciia dién tir. Thanh phan duoc thém vao nay dgl van tac troi (drift
velocity).

Khi d6 d¢ dich chuyén ciia dién tir 1a khac zero va huéng nguoc E (xem
hinh 1b).

Ta c6 thé tinh dugc van téc tréi v, bang cach cho can bang momentum
(luc x thoi gian) &p dat vao dién tur trong Idc di chuyén ty do gitra cac va
cham v&i momentum c6 duogc béi dién tir trong cung khoang thoi gian.
Dang thirc nay ding vi & trang thai x4c 1ap, tit ca cac momentum c6 dugc
giira cAc va cham s& bi mat di trong mang.

Momentum &p dat vao dién tir la —-gET- va momentum co dugc 1a mgv,,.
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3.1.1 B¢ linh dong (5) — Van toc troi
o Taco:
—q&T, =myp, (2)

U, =—[q% Jé& (2@)

o Thanh phan thira sé trong (2a) dgl d6 linh dong dién
tir (electron mobility) p, (don vi la cm?/Vs)

T

g sl 3)
mﬂ.

vﬂ == #ﬂ(gl' (4)

3.1.1 B¢ linh dong (6) — Van toc troi

o Do linh dong 1a tham sé quan trong ddi voi su van chuyén hat
dan bai vi nd mo ta lam cach nao chuyén dong cia 1 dién tir bi
anh huong boi dién truong &p dat E.

o Véi Ib trong dai hda tri, ta ciing ¢d biéu thire twong tu cho van
toc troi cua 16 v, va do linh dong cua 15 .

vp =y, | (5)

o Trong (5) khéng c6 dau am vi 15 trdi ciing chiéu vai dién
truong E.

10
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3.1.1 B¢ linh dong (7) — Van toc troi

[
| Gads (Electons) |
£ g
B
2
E L
5 i
= -
i} = ’
It H
2 il T=3M)EK
< = Clectrcns
H_SJ ====lloks
hg £ Al .
10? 1 iy Ie? 1¢

Electric fiele (V/cm)

1

High field effects

: Velocity saturation

10x 100

Drift velocity (cm/s)

Electrons

Holes

Si
(300K)

1 2
e(V/em)

3 4x10*

Drift velocity versus electric field in Si.

*Velocity saturation
<" Ohm’s law is not valid!

12
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3.1.1 Do linh dong (8) — Tan xa

o Do linh dong lién hé truc tiep Vi thoi gian tu do
trung binh gifta 2 va cham, ma n6 duoc xac dinh boi
cac co ché tan xa khac nhau.

O Céc co ché tan xa quan trong nhét Ia tan xga mang
tinh thé (lattice scattering) va tan xa tap chat
(impurity scattering).

o Tan xa mang tinh thé 14 do nhirg dao dong nhiét
cua Cac nguyén tir mang & bat ky nhiét d6 nao > OK.
Do nhiing dao dong nay, nang lwong c6 thé duoc
chuyén giira nhirng hat dan va mang. 13

3.1.1 Do linh dong (9) — Tan xa

Vi nhirng dao dong mang tang khi nhiét d6 tang, anh huong cua tan xa
mang s€ thang thé & nhiét d6 cao. Két qua la do linh dong s€ bi giam.
Véi phan tich ly thuyét ching to rang do linh dong bi giam theo T-372,
Tan xa tap chat xay ra khi hat din dién tuong tac véi cAc tap chat (donor
hay acceptor). C4c hat dan dién s& bi léch do twong tac Coulomb giira 2
dién tich.
X&c suit cua tan xa tap chat phu thudc vao ndng do tong cong cia tap
chat (tong cac ion duong va &m). Tan xa tap chat it anh huong khi nhiét
do cao hon. CAc tinh todn ly thuyét cho thay tan xa tap chat ti I¢ vai
T%2/N; v6i Nt 1a nong do tong cong cua tap chat.
Xéc suat cua 1 va cham c6 thé dugc biéu dién theo thai gian tu do trung
binh
1 1 1
—= % ; (6)

¢ Tc, lattice T, impurity
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3.1.1 Do linh ddng (10) — Tan xa

O X&c suit ctia 1 va cham thi ti 18 véi 1/7c
Do linh dong co6 thé duoc md ta boi

1 1
=—t—.

1
m Hy Hy

Véi . do linh dong do anh hudng cua tan xa
mang va , la do linh dong do anh huéng cua
nong do tap chat

(6a)

15
10* T
AN T
= \ND= 10Mem™ —— W ol
N . a2,
: (TP, (e
2 N
o\ o
=
\ \ ] /\
\ Impurity Lattice
\ 10 \ scattering scattering
\ \ LOGT
= 10° \ -
=2
: \\\
1olﬁ
19
102 e B \
s ~0N
Z. .3
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50 | ]
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Fig.2 Electron mobility in silicon versus temperature for various donor concentrations. Insert 16

shows the theoretical temperature dependence of electron mobility.?
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Fig.3 Mobilities and diffusivitics in Si and GaAs at 300 K as a function of impnrity
concentration

3.1.2 Pién tré suat

o Taxét sy dan dién trong vat ligu ban dan thuan.

o Ap dat dién truong vao ban dan lam cho c6 su nghiéng trong cac dai ning
lwong. Nghiéng ciia dai niang lugng dgl udng cong dai (band bending).
Céc tiép xdc duoc xem la 1a Ohm (tiép xuc ly tuong). Ta s& xét cac tiép
xuc trong phan diode.

A 1

Eq
Y
Ei
Ey
’ Energy
x
(a) (b)
Fig.4 Conduction process in an n-type semiconductor (a) at thermal equilibrium and 18

(b) under a biasing condition.
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3.1.2 bién tro suat (2)

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

—q & = —(gradient of electron potential energy) = — %

o DAy cua dai dan E. tuong ing voi thé nang cua dién tur. Vita
quan tam dén gradlent cua thé ning, ta ¢ thé dung bt ctr
phan nao trong gian do dai ndng lrong ma song song voi E¢
(TD: Er, Ei hoic E,). Dé tién loi ta ding mic Fermi noi tai
E; boi vi ta sé dung né trong xét chuyén tiép p-n. Do do tur
(7) taco

1dE. 1 dE,
— = o b 8
TR 4 (8)

&=

19

3.1.2 Bién tro suat (3) — Thé tinh dién

O Tacé thé dinh nghia dai luong lién hé W 14 thé finh dién:

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

cho ta thiy quan hé giira thé tinh dién va thé ning cua dién tu.
Vi ban dan thuan (Hinh 4b), thé nang va E; giam tuyén tinh
theo khoang cach, nhu vay dién trudng 14 hang sb theo huéng
x 4m. D0 16n cua nd bang dién ap dua vao chia cho cung chidu
dai.

20
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3.1.2 Dién tré suat (4)

O Dién tir trong dai dan di chuyén vé bén phai nhu trong hinh
4b. Bong nang tuong ung véi khoang cach tir canh dai (TD:
E. v6i dién tir). Khi dién tir va cham, no mit 1 phan hay toan
bd dong niang vao mang tinh thé va roi xudng vi tri cin bang
nhiét. Sau khi dién twr mat 1 phﬁn hay toan by dong nang, no
lai bat dau chuyén sang phai va qua trinh nay duoc lip lai
nhiéu 1an. Sy dan dién cua 15 thi ciing twong ty nhung theo
hudng nguoc lai.

O Suvan chuyén ctia cac hat dan duéi tac dong cua di¢n truong
tao ra dong dién troi (drift current). Xét mau ban dan & Hinh 5
6 dién tich mat cét ngang A, chiéu dai L va néng d6 dién tur
n. Khi d6 mat d6 dong dién tu J,, la:

(—quv;)=—gnv, = gnl ¢, (11)

1

Jn_“z— ;

n
Iﬂ

3.1.2 bién trg suat (5)

O vamat do dong 16 J, Ia:

Jp = qpvp = qpiye. (12)
0 Nhu vdy dong tong cong la:
I=In +J, = (gnu, +gpu,)é. (13)
v6i thanh phan trong déu ngodc 1a dién dan suét:
o =g(ni, + pH,). (14)

va dién tré suat tuong tng la:

1 1
p;—:

T (15)
o qlny, +pu,)

Hinh 5 // n (cm™3)

22
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3.1.2 bién tré suat (6)

Véi ban dan ngoai lai thi dién tro suét ph@ln 16n phu thudc vao
néng do tap chét, thi du véi ban dan loai N (vi n>>p) co:

1
p= (15a)
qni,
va ban dan loai P (vi p>>n)
1
p= (15b)
qpH,
23
3.1.2 bién tro suat (7)
 Anh hudng cia néng do tap chét 1én dién tré suét:
‘\.IG‘} B .‘.:.';
R
107
H
g
&
& 101
102
== i :
...__.....10‘_‘4i i i a1 LU T TS
102 108 10% 10 10 107 1% 100 10 0%
Impurity Concentration (em™) 24
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3.1.3 Hi¢u uwng Hall

O Néng d6 hat dan c6 thé khac vai néng do tap chét, boi vi mat do

tap chét duogc ion héa phu thudc vao nhi¢t do va muc nang
lugng tap chat. Bé do néng do hat dan truc tiép, nguoi ta thuong
ding hiéu g Hall. Hiéu tng nay ciing cho biét loai hat dan 1a
dién ttr hay 1.

Hinh 8 cho thiy dién trudng duogc ap dit vao theo truc x va tir
truong dugc ap dat vao theo truc z. Xét mau ban dan loai P. Luc
Lorentz gqv x B (= qv,B,) do tur truong s€ tao nén 1 lyc trung
binh huéng 1én tac dong vao cac 16 chay theo truc x. Dong dién
hudng 1én gy ra sy tich luy cac 16 & phan trén cia mau lam
sinh ra di¢n truQng E, huéng xudng. Vi khéng c6 dong dién doc
theo truc y ¢ ché dd xac lap, dién truong doc theo truc y can
bang dung lyc Lorentz; nghia la

q¢, =qu,B,, (17)
hodc
&, =v,B,. (18 =

3.1.3 Hi¢u tng Hall (2)

“Area A

Hinh 8. Po ndng d6 hat dan bang hiéu ung Hall

26
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° N I4
3.1.3 Hi¢u tng Hall (3)
O Mot khi thoa (18), khéng co lyc tac dong vao cac 16 trdi theo hudng x.
o Sy thanh lgp dién trudng dugc goi 1a hiéu ung Hall. Dién truong E, dwoc goi 1a truong
Hall, va dién ép Vy duogc goi la dién ap Hall.
o Ding phuong trinh (12) cho van tbc troi cua 15, ta c6 thé viét lai Ey dudi dang sau:

=| L |B, =RyJ,B. , (19)
Vo1

HH =—, (20)

o Truong Hall ti 18 véi tich cia mat do dong dién va tir truong. Hing sb ti 16 Ry, 12 hé s6
Hall. Ta c6 két qua tuoniu,r v6i ban dan loai N, ngoai trir hé s6 Hall 4m:
By =——. (21)
qn

o Do dién ap Hall v6i dong va tir treong cho trudc, ta tinh duge ndng d6 15

1 J,B. (1/AB, IBW

gRy  q¢, q(Vg/W) qVhA
v6i tat ca cac dai lugng bén vé phai déu c6 thé do dugc. Nhu vay nong do hat dan va
loai hat dn ¢6 thé c6 dugc truc tiép tir phép do Hall. 27

3.1.3 Hiéu urng Hall (4) — Thi du

& EXAMPLE 3

A sample of Si is doped with 10%® phosphorus atoms/cm?®. Find the Hall voltage in a sample with
W =500 um, A = 2.5 % 10® em?, I = 1 mA, and B, = 10~ Wh/cm?.
SOLUTION  The Hall coefficient is
1 1 3
Ry=——=—c— —  —_ 625 cm’/C.
T ogn 16x1070x10%
The Hall voltage is

I
Vy= 6,W= (RH ZBZJW

107° - -4
={-625-————.10"* | 500x10
25%x107°

=-1.25mV. -«

28
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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
perpendicularto the direction of current. Whenno
magpnetic 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).

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

Hall probe - principal scheme of operation

‘ Lorentz force: F=q (E +v x B)

V=hIBsin(a)

V - measured voltage

temperature, ...

o - angle between B and E

h - constant that depends on geometry,

| - current driven through semiconductor

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

Typical sensitivity: 1-1000 mV/T
Dynamic range: typically £10 T

Maximum temperature: typically 100°C

Size: active area ~ 100um, sensor ~ 1 mm

30
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Hall effect sensors - applications

o Example is shown in the following figure where

the rpm of a shaft is sensed.

O Many variations of this basic configuration: for

example,

measurement of angular displacement.
Sensing of gears (electronic ignition)
Multiple sensors can sense direction as well

31

Hall element as a rotation sensor

'_\ hall element

]

magnet

‘DVI.

32

CuuDuongThanCong.com

16


http://cuuduongthancong.com

Electronic ignition

h

hall element

= v

biasing
magnet

33

Hall effect sensors - applications

o Example: measuring power
O The magnetic field through the hall

element is proportional to the current being

measured

O The current is proportional to voltage being

measured

o The Hall voltage is proportional to product

of current and voltage - power

34
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3.2 S khuéch tan hat din

35

3.2.1 Qua trinh khuéch tan

o Trong phﬁn trudc, ta da xét dong di€n tréi, nghia la sy van chuyén
cuia cac hat dan khi co6 dién truong duoc ap dat vao. Mot thanh
phan dong dién quan trong khac c6 thé ton tai néu c6 su thay doi
ndng d¢ hat dan theo khong gian trong vat liéu ban dan. Cac hat
dan c6 khuynh huéng chuyén dong tir mién c6 ndng do cao sang
mién c6 ndng do thip. Thanh phan dong dién nay duoc goi la
dong di¢n khuéch tin (diflusion current).

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

Xét s6 dién tir di qua mit phang & x = 0 trén don vi thoi gian va
don vi dién tich. Do nhiét d hiru han, cac dién tir co chuyén dong
nhiét ngdu nhién véi van tdc nhiét vth va duong di tu do trung
binh | (cha y 1a | = vy tc, VOi ¢ 1 thoi gian tu do trung binh.) o

CuuDuongThanCong.com
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3.2.1 Qua trinh khuéch tan (2)

Current
n(l)

=

= Electrons

E n {0)

z

e

=1

=

£ n (1)

51 d |

= i
I |
| |
1 |
1 |
I |
I I
1 I
| |

- 0 i
Distance x

Hinh 9. Nong do hat dan véi khoang cach; | duong di tu do trung
binh. Hudng cua dién tir va dong dién duoc chi boi cac mii tén

3.2.1 Qua trinh khuéch tan (3)

Tbc @6 trung binh cua ludng dién tir trén don vi dién tich F, cua cac
dién tr di qua mat phang x = 0 tir bén trai la:
, ;“(‘”'E 1 .
4 ='——Tc——‘=§ﬂ(—1,' * U (23)
Tuong ty, tée dd trung binh ciia ludng dién tir trén don vi dién tich
F, cta cac dién tir & x=1 di qua mat phang x = 0 tur bén phai la:

1
Fy = ry n(l)- vy, (24)
Tdc do cuia cac hat dan tir trai sang phai 1a:

F=F, —F, =%ﬁzh[n(—z)—nu)]. (25)

38
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3.2.1 Qua trinh khuéch tan (4)

O Xép xi cac mat do tai x=+I, béng 2 sb hang dau cua khai trién
Taylor, ta co

1 dn| | dn
F= —2' Uy, i:ﬂ{.”:'— l ‘Jx“' = ﬂ-(O) + la
= —Dth{'j—:z‘ = _Dn % 3 (26

voi D, dugc goi 1a hé sé khuéch tin (diflusion coefficient) hay

cling dugc goi 1a dg khuéch tan (diflusion coefficient). Boi vi moi

dién t&r mang dién tich -q, luong hat dan lam sinh ra dong dién

dn
Jo=—qF=qD, = (27)

o Dong khuéch tan ti 1é v&i dao ham theo khong gian cia mat do dién

tir. Dong khuéch tan c6 dugc tir chuyén dong nhiét ngau nhién cta

céc hat dan trong ban dan c6 gradient nong do. 39

3.2.1 Qua trinh khuéch tan (5)-TD

# EXAMPLE 4

Assume that, in an n-type semiconductor at T = 300 K, the electron concentration varies linearly
from 1 x 10' to 7 x 10" em™ over a distance of 0.1 em. Calculate the diffusion current density if
the electron diffusion coefficient is D, = 22.5 cm?¥s.

SOLUTION The diffusion current density is given by

dn An
]n,diff =an_=unE
1x10% —7x10'"

= ~19y9¢
= (L6x10 )(22.5)[ o1

]: 108 A/em?. 2

40
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3.2.2 Quan hé¢ Einstein

O Phuong trinh (27) ¢6 thé dugc viét lai theo dang hitu dung hon ding
dinh 1y can bang nang lugng voi truong hop 1 chiéu. Ta co6 the viet
1 2

o Tu cac phuong trinh 3, 26, va 28 va ding quan hé | = vy T, ta co

kT 1 n
D, =vyl =vy, (Uthrc) th[H” ]=[ ][# = ]a (29
: m, q

hodc

_[ kT
n Ho- (30)
q
| Phuong trinh (30) dugc goi 1a quan hé Einstein. N6 lién h¢ 2 hing
sO quan trong (d0 khuéch tan va d6 linh dong) ma chiing dic trung
van chuyén cta hat dan do khuéch tan va tréi trong ban din. Quan

h¢ Einstein ciing 4p dung cho D, va p,.

D

41

1
—m,vy =—kT. 28
5 m,, Uy, 5 (28)

3.2.2 Quan h¢ Einstein (2)

B EXAMPLE 5

Minarity carriers (holes] are injected into a homogencous ni-type semiconductar sample at one point.
An electric field of 50 V/em is applied across the sample, and the field moves these minority car-
riers a distance of 1 em in 100 ps. Find the drift velocity and the diffusivity of the minority carriers.

SOLUTION &, =—'%™  _10¢ cmss;
" 100x10" s
v, _10* Sl
=P o000 em?fVes
p;, P 50 ! om 85
kT
Dp=—pp—00‘209>&700—a 18 s e ]

42
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+ Einstein Relation
Einstein relation relates the mobility with diffusion;
kT D, (kT
—L =— and —L =|— | for electrons and holes
‘LLH q ILtp q
N _/
N
Constant value at a fixed temperature
2/ v
cm”/sec kI (J/K)(K)
= = volt = - =volt
cm”/V —sec q C
kT )
—=25mV atroom temperature
q
43
3.2.3 Cac phwong trinh mat do dong di¢n
0  Khico thém dién truong trong ban dan co gradlent nong do, sé& co ca hai dong troi va dong
khuéch tan. Mat d6 dong dién tong cong & bt ¢t diém nao 12 tong cua cac thanh phan tro1
va khuéch tan:
dn \
] - ’?“nn( + ‘?Dn d ('?'lfl
O  véi E la dién truong theo hudng x.
o Ta ciing ¢6 biéu thirc twong tu cho dong 15:
d
Jp =qupp& —9qD, dp (32)
O Ta st dung diu 4m trong phuong trinh (32) vi véi gradient 16 dwong, cac 16 s& khuéch tan
theo hudng x am.
O Taco mat do dong dién téng cong:
]comz' :.rn +jp' (33)
O Ba biéu thirc (31 > 33) tao thanh cac phuong trinh mat d6 dong dién. Cac phwong trinh

nay quan trong cho biéc phan tich cac hoat dong cua dung cu dudi dién trudng thép. Tuy
nhién vdi dién truong du cao, cac so hang dai dién cho van chuyén trdi s€ dugc thay thg
bang van toc bao hoa v;.
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3.5 Current Density Equation

The electric field and the diffusion of carriers have an influence on the
Fermi level. Therefore, we can express the current density as a function of
the Fermi level:

F= i dE, Electric field expressed in terms

_ - g dx of the intrinsic energy level
JP = JPF + JPD
dp
=qu,pl ql)p\ ]
dx kT
. D, :?/'lp Einstein relation
1 dE dp
=qu p| ——|—kTu,—
qt pp(q dx J H, Jx
_ E - E; @:L.(ﬁ,@]
P =1 exp kT dx KT \dx  dx

Boltzman distribution Derivative of the carrier concentration

45

3.5 Current Density Equation

dx kT
dEiJ—kTJ[{ dp/

dp _ P [dEidEFj
dx dx

1
J,= q;!pp(q-

dx 7 dx
J o=y 9 (dE,_dE.
g~ fpl dx Ly dx  dx
_ i . .
Jp = pH, B Hole current density equation
_ F . .
J,=nu, Electron current density equation

46
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3.6 Thermal equilibrium processes

A semicondutor sample or an electronic device is in thermal equlibrium if the
Fermi level throughout the entire sample is constant. As a consequence the
overall current flow through sample is zero.

Jp =pi, dE; =() J, =nu, 7F Thermal equilibrium

dx ¢
This means that the current flow for each position in the sample is zero.
Therefore, the electron and the hole current has to be zero. This ¢an only be
achieved if the drift current is equal to the diffusion current. This means that the
current caused by the electric field is compensated by the current caused by the
carrier gradient.

i =0 ]—dr{ﬁ — _]-dgﬁ” The drift current is equal to the diffusion current
s S S for electrons in thermal equilibrium

_diff The drift current is equal to the diffusion current

Arift _
==Jp for holes in thermal equilibrium

-

=0

Jp

47

3.7 Non-thermal equilibrium processes

In thermal equilibrium the product of the electron and hole concentration is
equal to the square of the intrinsic carrier concentration (n-p=n;2). If additional
carriers are introduced in the semiconductor the thermal equilibrium is
disturbed and the product of the electron and hole concentration is larger than
the square of the infrinsic carrier concentration (n-p>n;2). The semiconductor is
now in non-thermal equilibrium.

Additional carriers can be introduced by the injection of carriers via contacts
(carrier injection) or the generation of carriers via light exposure of the
semiconductor. For example forward biasing of a diode leads to the injection of
carriers. Additional carriers can be generated by illuminating a sample with
light. For example the absorbed light leads to the generation of additional
carriers in a photodiode.

During device operation an electric field is applied to the semiconductor device
device which leads for example to the injection of charge. Subsequently the
device is in non-thermal equilibrium. The thermal equilibrium of a
semiconductor can be restored by the recombination of the introduced
carriers.

48
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3.3 Cac qua trinh sinh va tai hop

49

|4 |4 \ * \ |

Cac qua trinh sinh va tai hop
O diéu kién can bang nhiét, quan hé pn=n;?thoa. Néu c6 thém hat dan dbi ra
trong ban dan dé pn>n?, ta c6 trang thai khong can bang.Qua trinh tao thém
céc hat dan thira dwoc goi 1 bom hat dén (carrier injection). Phan 16n cic
dung cu ban dén hoat dong béng cach tao ra cac hat dan thém vao cac gia tri
can bang nhiét. Ta c6 thé thém hat dan thira bang kich thich quang hodc
phan cyc thuan chuyén tiép p-n.
Bit ctr khi nao diéu can bang nhiét bi anh huéng (nghia 14 pn khac n;?), s&
t6n tai CAC qua trinh hoi phuc Vé trang thai can bang nhiét (nghia Ia pn = ng).
Trong truong hop bom c4c hat dan thira, co ché hoi phuc vé can bang nhiét
14 tai hop céac hat dan thiéu s6 dugc bom vao véi cac hat dan da sb. Ty theo
ban chat ctia qua trinh tai hop, nang luong giai phong tir qua trinh tai hop c6
thé birc xa ra photon hoic tiéu tan nhiét trong mang tinh thé. Khi c6 phat xa
photon, ngudi ta goi d6 1a tai hgp cb bac xa (radiative recombination),
nguoc lai thi goi 1a tai hgp khong cd bic xa (nonradiative recombination)
Céc hién tugng tai hop ¢ thé chia ra lam cac qua trinh truc tiép va gian tiép.
Téi hop tryc tiép ciing con duoc goi la tai hop tir dai dén dai (band-to-band
recombination), théng thuong tai hop nay ¢6 nhiéu trong cac ban dan khe
nang lugng truc tiép nhu GaAs, trai lai tai hop gian tiép qua cac trung tam
tai hop khe nang luong trong cac ban dan khe ning lwong gian tiép nhur Si.

50
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Radiative and Nonradiative Recombination

/’\ / "
/ R=Bnp

o0 O 0O0O0QCOO O O O © ©0O
(a)

Free electron

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 51

O

O

3.3.1 Swr tai hop truc tiep
Xét ban dan khe ning lwong tryuc tiép & diéu kién can bing
nhiét.
Su dao dong nhiét lién tuc ctia cadc nguyén tir trong mang tinh
thé 1am cho 1 s lién két giita cac nguyén tir s& bi pha vo. Khi
1 lién két bi pha vé thi s& sinh ra mot cap dién tir-18. Theo
gian dd nang luong, nhiét nang 1am cho mot dién tir hoa tri
chuyén 1&n dai dan, dé lai 15 [trong] ¢ dai héa tri. Qua trinh
nay duoc goi 1a sinh hat dan va dwoc biéu dién bang téc do
sinh G, (sb cap dién ti-16 dugc 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 ta-16. Qua trinh nay duogc goi la tai hop; nd duoc
biéu dién bang téc do tai hop Ry, trong hinh 10a. Duéi cac
diéu kién can bang nhiét, toc do sinh G, phai bang tdc do tai
hop Ry, dé cac ndng do hat dan giit khong ddi va van duy tri
diéu kien pn=n2, 52
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3.3.1 Su tai hop truc tiep (2)

(a) (b)
Hinh 10. Su sinh va tai hop tryc tiép cua cac cap dién tir-15:
a) ¢ dicu kién can bang nhiét
b) dudi diéu kién duoc chiéu sang

53

3.3.1 Sur tai hop truc tiép (3)

Khi c6 cac hat dan thira dirgc thém vao ban dan khe ning lugng truc tiép, xac sudt dé cac
dién tir va I3 tai hop tryc tiép s& cao, boi vi day cua dai dan va dinh dai héa tri thing hang
va khong cin thém momentum dé chuyén tiép qua khe ning lwong. Téc do tai hop truc
tiép R s& ti 18 voi sb dién tir kha dung trong dai din va sb 15 kha dung trong dai hoa tri;
nghia I3,

R = Bnp, (34)
vGi B 1a hiang sb ti 1&. Nhu dé ban trude day, & diéu kién can bang nhiét, toe do tai hop
phai dugc cin bang bai tbe d6 sinh. Do d6. véi ban din loai N. ta c6

crh= Rth = ﬁnnopm' (35)
Trong ky hiéu nay, déi véi ndng d6 hat dan: chi s6 thir nhat chi loai ban dan va chi sé thir
hai "0" chi dai lwrong khi & didu kién can bang nhiét. (TD: n,, chi ndng d6 dién tir & ban
dan loai N & didu kién can bang nhiét).
Khi ta chiéu sang vao bén dan dé tao ra céc cap dién ti-18 véi tée d6 GL (hinh 10b), cac
ndng d6 hat din & trén cac gia tri cAn bing ciia ching. Téc db tai hop va sinh lac nay 1a

R=fn,p, = Bin,,+An)p,, +Ap). (36)

voi nvap lanhiing nong G=Gp + Gy, (37)
An:nn My (383)

AP =Py =P (38b)

va n = p giit cho trung hoa dién tich trén ban dan.
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O

3.3.1 Su tai hop truc ticp (4)

Tébc do thay d6i ndng dé 15 duoc cho bai
%=G—R=Gﬁ+cﬁ,—ﬁ. (39)
O trang théi xac lap, don/dt =0. Tr phuong trinh (39), ta c6
s R=Ci=, (40)

vai U la toc d6 tai hop. Thay cac phuong trinh (35) va (36) vao phuong
trinh (40) cho

U=pn,, +p..+48p)Ap. (41)
D4i voi bom muc thap p, p,, << Ny, phuong trinh (41) duoc don gian
thanh

U:ﬁﬂnaﬁp= Pn Epr.o :

Bn, (42}

Do d0, toc do tai hop tj 1¢ véi ndng,do hat dan thiéu sb thira. Hién nhién,
U=0 ¢ diéu kién can bang nhiét. Hang s6 ti 1¢ 1/Bn,, duoc goi la thoi
gian sona t ciia cAc hat dan thiéu s6 thira, hoac

U = hi 3 g fid ; L. T 1

rp i VOl P Bn,, ' 55

[m}

[m}

3.3.1 Su tai hop truc tiép (5)
Thoi gian séng

Y nghia vat Iy cta thoi gian séng c6 thé dugc minh hoa t6t nhat bang dap ting
qua d6 ciia dung cu sau khi 1ay ngudn sang di mot cach dot ngot. Xét mau béan
dan loai N nhu trong hinh 11a, nd dwoc chiéu anh sang vao va ¢ cac cip dién
tir-16 dwoc sinh ra trong sut mau ban dan vai tée do sinh G, . Biéu thirc phu
thudc thoi gian dugc cho boi phwong trinh (39). O trang thai xac lap, tir cac
phuong trinh 40 va 43:

G, =U= Pn=Pno (45)
hoic Ty
n = Pno +7pGL- (45a)

Néu ¢ thoi diém bét ky, thi du t=0, dnh sang dot ngot bi tit, cac diéu kién bién la
Pa(t = 0) = pyo + 7,6, duoc cho boi phuong trinh (45a) va p,(t = ooc) = p,,. Biéu
thirc phu thuge thoi gian ctia phuong trinh (39) tré thanh

d
%=Gt}1_‘ﬁ=_U_ T)u Pw (46)
1 ‘L'p
va nahiém cua no la
Pa)=pg +T,Gp, exp(—tz‘rp). (47) 56
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3.3.1 Su tai hop truc tiép (6) — Thoi gian séng

(a)

Hinh 11. Sy suy giam cta
cac hat dan duoc kich thich
bang anh séng. 1 "
(2) Mau ban dan loai N dudi | ‘ N
chiéu &nh sang khong doi.
(b) Su suy giam ctia cac hat )
dan thiéu sé (16) theo thoi

g ian. Light pulse

(c) So db do thoi gian song
cua hat dan thiéu sé.

57

[m}

3.3.1 Sy tai hop truc tiép (7) — Thoi gian séng

Hinh 11b cho thay su thay d6i cua p, theo thoi gian. Cac hat dan thiéu sb tai
hop voi c&c hat dan da s6 va suy giam theo ham mii véi thoi hang T, Ma tuong
mg véi thoi gian séng duoc dinh nghia trong phuong trinh (44).

Truong hop ndy minh hoa y tuéng chinh ciia viéc do thoi gian song hat dan
bang cach ding phwong phéap quang dan. Hinh 11c minh hoa cach thiét lap so
d6 do. Nhiing hat dan thira (dwoc sinh ra déu khap trong mau ban dan boi
xung &nh séng) lam gia téng tac thoi do dan dién. Su gia tang do dan dién lam
cho sut &p trén mau giam xudng khi c6 dong dién khong doi chay qua. Su suy
giam d6 dan dién c6 thé dugc quan sét trén dao dong ky va ta do duoc thoi
gian song cuia cac hat dan thiéu so thira.

b EXAMPLE 6

A Si sample with n,,, = 10'* cm™ is illuminated with light and 101 electron-hole pairs/cm? are cre-
ated every microsecond. If 7, = 7, = 2 s, find the change in the minority carrier concentration.

SOLUTION Before illumination
Pao = 0710,y = (9.65%10%)° /10" = 931x10° em™.
After illumination

1013

= 2x10" cm™®, 4 58
1078

Pn = Puo+T,Gp =9.31x10% +2x 107 x
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3.3.2 Sw tai hop gian tiep

o Vi cac ban dan khe nang lugng gian tiép nhu Si, qua trinh tai hop

tryc tiép thi khong thé xay ra, bai vi cac dién tir & day dai dan c6
momentum khac khdng so véi cac 16 & dinh dai hoa tri.

Sur chuyén tiép tryc tiép ma bao ton ca ning lugng va momentum thi
khéng thé khdng c6 tuong tac dong thai véi mang tinh thé. Do d6 quéa
trinh tai hop chinh trong nhitng ban dan nhu vay la chuyén tiép gian
tiép qua cac trang thai ning lugng duoc cuc bo hoa trong khe ning
lwgng dai cAm. Nhiing trang thai hoat dong nhu nhirng cuc da tam
dirng giira dai dan va dai hoa tri.

Hinh 12 cho thay nhiéu chuyén tiép khac nhau xay ra trong cac qua
trinh tai hop qua cac trang thai mic trung gian (cling duoc goi la cac
trung tdm tai hop). Ta minh hoa trang thai thay d6i ctia trung tam
trudc khi va sau khi méi mot trong bdn chuyén tiép xay ra. Cac mili
tén trong hinh v& chi chuyén tiép cua dién tir trong 1 qua trinh cu thé.
Minh hoa nay ciing dung cho truong hop cua 1 trung tm tai hop voi
mirc ning luong trung hoa khi khdng bi chiém bai dién tir va am khi
bi chiém bai dién tu. 59

3.3.2 Su tai hop gian tiep (2)

Before

OB

After
5
a

|
Electron Electron | Hole Hole
capture emission | capture emission
|

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

Hinh 12. C4c qua trinh sinh-tai hop gian tiép & didu kién can bang nhigt. 60
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3.3.2 Su tai hop gian tiep (3)

Trong tai hop gian tiép, suy ra tc do tai hop thi phirc tap hon (xem phu luc I), téc d6 tai hop
duoc tinh theo

2
Dthoudet(Pﬂnn - )

J=
U (B, ~E,) /T

(E, —E,):kT] ’ (48)

o,lp, +ne +0,[n, +ne

VGi vy, 12 van téc nhiét caa cac hat dan (phwong trinh 1), va o, 1a phin ngang bét dugc cua
cée dién tir. Pai lvong o, mo ta sy cong hidu caa trung tam bét dién tir 1a s6 do cho biét dién
tir t6i gan trung tam bao nhiéu s& bi bat. o, 1a phan ngang bat dugc ciia c4c 15.

Ta ¢6 thé don gian h6a biéu thic cua U theo E, bang cach gia thiét o,=c,, =c, . Khi d6
phuong trinh 48 trg thanh

(pata =n?)

E-E ) 9
Pn +1, +2n; cosh[ t "J
kT

U =v,0o,N,

Duéi didu kién bom thip trong bén dan loai N dé n, >> p,,, tbc do tai hop cd thé dugc viét
lai nhu sau
Pn~=Pno __Pn_pﬂo‘ (50)

1+ (%} cosh[ By Ty J Ty

) Ny kT

Toc do tai hgp voi tai hgp gién tiép dugc cho bai cung biéu thire trong phuong trinh 43; tuy
nhién. 1, phu thudc vao nhiing vi tri cia cac trung tam tai hop. 61

U=v,o,N,

3.3.3 Swr tai hop bé mat

Hinh 13 cho thay céc lién két & bé mat ban din. Do sy bat lién tuc dot ngot cua
cau tric mang tinh thé ¢ bé mat, mot s6 16n cac trang thai niang luong bi cuc bd
héa hoac c6 thé co cac trung tm sinh-tai hop & mién bé mat. Nhing trang théi
nang lugng nay, dugc goi 1a nhiing trang thai bé mat (surface states), c6 thé 1lam
tang nhiéu toc do tai hop & bé mat. Su tai hop bé mat twong tu vai nhiing gi da
xét & nhiing trung tam bén trong. Tong s6 cac hat dan tai hop & bé mat trén 1 don
vi dién tich trong 1 gidy c6 thé duoc biéu dién véi dang tuong tu phuong trinh 48.
Véi diéu kién bom thap, va véi truong hop gidi han ¢ d6 nong do dién tir ¢ bé
mit chii yéu bang ndng do hat dan da s6 & phan khdi, tong sb hat dan tai hop ¢ bé
mit trén 1 don vi dién tich trong 1 gidy c6 thé duoc don gian hda thanh

Us EﬁthopNs‘t(ps _pﬂo)a (51

VGi pg chi ndng d6 15 & bé mat, va Ny, 1a mat do trung tam tai hop trén 1 don vi
dién tich trong mién bé mat. Vi tich s6 viyt,Ng c6 thir nguyén Ia cm3/gidy, n6
duoc goi 1a van toc tai hop bé mat bom thap S,

62
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3.3.3 Su tai hop bé mat (2)

Dangling bonds (Céac lién két treo lo Iing)

Surface (Bé mat)

% Bulk (Khoi)

Hinh 13. So do cac lién két 6 bé mét ban dan sach. Nhing lién két nay
dang hudng (anisotropic) va khac véi cac lién két trong mién khoi. 63

Surface Recombination

R S S T S S N S

P-type semiconductor

@

° ° ° ° ° .,
(b) C
E/ _«—2 — Surface states
00 0 000 000 O © o0 © o Ev

dAn(x,i)

© 5 P =Pt A = py
E
5 -
§ 5=0 rn=n0+M(x)
8
5 High | ¢\ face recombination velocity A =Gt
Qo Low " l
P (oAU, JUU0 U S
&
3
x=0 x

Fig. 2.9. (a) Illuminated p-type icond (b) band diagram, and (c) minority and
majority carrier concentration near the surface assuming uniform carrier generation due
to illumination. The excess carrier concentrations are An and Ap.

org

= G—R+li.}n
dt e dx

dAn(x,e)

o= el ax

2
AAn(x,1) - c- An(x,f} . Dna An(x,r)

af Ty ax?

= eAn(x,l)[hO
x=0

n(x) = ny+An(x)

= ng+Ang [l - TS exploxily) I

AAn(x,t)
eDy —6x

Ly + 1,8

64
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3.3.4 Swr tai hop Auger

o Su tai hop cap dién tir-16
Truyén nang lugng hoic momentum dén
hat thr ba (dién tir hay 16)
O Thidu
o Tai hop tryc tiép giai phong ning hugng
o Dién tr thir hai trong dai dan hap thu
nang lugng va tro thanh dién tir c6 nang
lugng

c o Dién tir ndy mat ning lugng vao mang
tinh thé boi cac sy kién tan xa

o Quan trong khi pha tap chit nhiéu
hoac & mirc bom cao (high injection
level)

Raug=Bn?p hogc Bnp?

VGi hang sé B phu thuge nhiéu vao nhiét do
o Qué trinh Auger lién quan vaéi 3 haf,

3.4 Phwong trinh lién tuc

66
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Phuong trinh lién tuc (2)

Trong nhiing phan trudc ta d& xét cac hiéu tmg riéng biét nhu tréi do dién
truong, khuéch tan do gradient nong do, va tai hop cac hat dan qua cac trung
tam tai hop & cac murc trung gian. Bay gid ta xét toan bo hiéu tng khi troi,
khuéch tan, va tai hop xay ra dong thoi trong vat liéu ban dan. Phuong trinh
cho thiy tat ca cac higu tng nay duoc goi la phwong trinh lién tuc (continuity
equation).

Dé suy ra phuong trinh lién tuc 1 chiéu cho dién ti, ta Xét mét miéng mong rat
nho véi d§ day dx tai X (Hlnh 15). S6 dién tir trong miéng 'mong c6 thé ting do
dong dién chay vao miéng mong va smh hat dan trong mleng mong. Toc do
tang toan bo cua dién tir 1a tong dai s6 ciia 4 thanh phan: s6 dién tir di vao
miéng mong tai X, trir v6i s6 dién tir di ra tai X + dx, cong véi toe do dien tir
dugc sinh ra, trir véi toc do dién tir bi tai hop trong miéng mong.

Hai thanh phan dau dwoc tim ra bang cach chia cac dong dién tai mdi bén ciia
miéng mong boi dién tich cua dién tir. Toe do sinh va tai hop duogc ky hiéu
bang Gn va Rn.

67

Phuong trinh lién tuc (3)

j’ﬂ{x Q\b j x +dx)
x|

x x + dx

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

68
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Phuong trinh lién tuc (4)

o Tdc do tong cong cua sy thay doi s6 dién tir trong miéng mong la
on A x + dx)A
=, Adc = [n(A _Jalx ) +(C, — R, )Adx, (54)
—q -q
v6i A la tiét dién ngang va Adx 1a thé tich ciia miéng mong. Khai trién
Taylor cho dong dién ¢ x + dx cho
]n[x+d:r)=]n(x;+'—3fidr+. 2 (55)
dx
O Nhu vay ta c6 dugc phu’o‘ng trinh lién tuc cho dién tir:
hekd _.l,d]n+fc -R,). (56)
ot g ox
o Tuong ty, ta c6 thé suy ra phuong trinh lién tuc cho 18, ngoai trir ddu cua s6
hang thtr nhat & vé phai phuong trinh 56 bi d6i dau do dién tich duwong voi
16:
__1% .c _R). (57)
* g P~y
69
N\ = A
Phuong trinh lién tuc (4)

o Tacd thé thay thé cac biéu thirc dong dién tir cac phwong trinh 31 va 32 va céc biéu
thirc tai hop tir phuong trinh 43 vao cac phuong trinh 56 va 57. Trong truong hgp 1
chidu dudi diéu kién mirc bom thap, phrrong trinh lién tuc cho céc hat dan thiéu sé
la

a%”:npu,,%+pn£%+mzx—";+cn —% (58)
L2 = —p,u, 2 Bx -ty féﬂw aj’” +G, ~ba—Pue. (59)
o Ngoai cac phuong trinh lién tuc, phuong trinh Poisson
dé _p,
A e, (60)
phai duoc théa, véi s 1a hing s6 dién méi ban dan va s 1a mat do dién tich khong
gian |4 tbng dai s6 ciia mat hat din va cAc ndng do tap chat bi ion hda, q(p - n +
ND+- NA-) .
O V& nguyen tic, cAc phuong trinh tir 58 dén 60 cling voi nhitng diéu ki¢n bién thich

hop cho nghiém duy nhat. Boi vi d6 phic tap vé dai s6 ciia by phuong trinh nay,
trong phan I6n cac truong hop cac phuong trinh duge don gian hoa bing cac xap xi
vat Iy dé dat dwoc nghiém d& hon. 70

CuuDuongThanCong.com

35


http://cuuduongthancong.com

In addition to the continuity equations, Poissons equation

e _p.

(60)
dx €

3

must be satisfied, where £, is the semiconductor dielectric permillivity and p, is the space
charge density given by the algebraic sum of the charge carrier densities and the ionized
impurity cancentrations, g(p —n + Nj; —=N7).

Tn principle, Eqs. 58 through 60 together with appropriale boundary conditions have
a unique solution. Because of the algebraic complexity of this set of equalions, in most
cases the equations are simplified with physical approximations before a solution is

attempted. We solve the continuity equations for three important cases.

341 Steady-State Injection from One Side

Figure 16a shows an n-type semiconductor where excess carriers are injected from one
side as a result of {llumination. Tt is assumed that light penetration is negligibly small (i.e.,
the assumptions of zero field and zero generation for x > 0). Al steady state there is a

71
Injecting
surlace
( x
x
Injecting
surface All excess
hv carriers extracted
T
—
x
(b}
Fig. 16  Steady-state carrier injection from one side, (#) Semiinfinite sample. (b) Sample with 72

thickness W.
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concentration gradient near the surface. From Eq. 59 the differential equation for the
minority carriers inside the semiconductor is

§P_ —0= DP_PQ_ Po=Pro (61)
o Ty

The boundary conditions are p, (x = 0) = p, (0) = constant value and p,, (x—eo) = p,,, The
solution of p,, (x) is

palx)=p., +[p,0)- pn!,}e_m"’. (62)

The length L, is equal to V'D, 7, and is called the diffusion length. Figure 16a shows the
variation of the minority carrier densnty which decays with a characteristic length given
by L.

If we change the second boundary condition as shown in Fig, 16b so that all excess
carriers at x = W are extracted, that is, p,(W) = p,,, then we obtain a new solution for

Eq. 61:
sinh(w_x]
L
Nt (63)

sinh(W / LP)

Pal@)=po, +[pa (0 -py,

The current density at x = W is given by the diffusion current expression, Eq. 32 with
&=0:

D 1
= o i - N L
-CI[Pn(O) pm)] LP sink (W/LP) z (64) 73

]:

342 Minority Carriers at the Surface

When surface recombination is introduced at one end of a semiconductor sample under

illumination (Fig. 17), the hole current density flowing into the surface from the bulk of

Surfave
recombination

hv

Fig. 17 Surface recombination at x = 0. The minority carrier d.\stnbutmn near the surface is
affected by the surface recombination velocity.®
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the semiconductor is given by gU,. In this example, it is assumed that the sample is uni-
formly illuminated with uniform generation of carriers, The surface recombination leads
to a lower carrier concentration at the surface. This gradient of hole concentration yields
a diffusion current density that is equal to the surface recombination current. Therefore,
the boundary condition at x = 0 is

qvpd%'—E o =Y =S a0 —p L. (63)
The boundary condition at x = o2 is given by Eq. 45a. At steady state the differential equa-
tion is

2 1 -
@&:0:[;?3_&1..,.@[‘_.8&_2&. (66)
ot axz Ty
The solution of the equation, subject to the boundary conditions above, is®
=il
T S;,e 2 ey
Fr;(x}=p'nu+TGL ]_pi ‘b')
¥ L, t%.S5,

A plot of this equation for a finite S;_is shown in Fig, 17. When 8. — 0, then p (x) =
Puo + TGy » as obtained previously (Eq. 43a). When §;,— e, then

P} =P +1,Gr(L-e"T). (68)

From Eq. 68 we can see that at the surface the minority carrier density approaches its
thermal equilibrium value p,,.

Tom tit cae phwong trinh ban dan

dn dE? on 1 dj,
J,=qunE+qD -—=un—=* Tz—-LJrG—R
dx dx or q dx
Current density for electrons Continuity equation for electrons
dp dE? op 1 di
by g o S e £ —=—Lt4+G-R
o dx g dx o1 g dx
Current density for holes Continuity equation for holes

dE _ d'¢p 1

T 2 = s
dx dx”  £,8

Poisson equation
/6
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