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CARRIER ACTION

inh nghia: La dong dién sinh ra dwdi tac déng cua dién tredng ngoai

What we can measure

(c)

Visualization of carrier drift: (a) motion of carriers within a biased semiconductor bar

(b) drifting hole on a microscopic or atomic scale; (c) carrier drift on a macroscopic scale.

(
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Dong dién (current) = so hat tai trong mét don vi thdi gian di qua méat phang g
nam vudng goc vai chiéu chuyén dong clia dong hat tai do.

\ CARRIER ACTION o/
\) Drift current — Dong (dién) tréi

Xét khoi ban dan loai p, ap dién trwdng ngoai , van toc dong troi

vyt A: tat ca 16 trong trong khoi sé di qua mat A trong thoi gian t
pv4tA: sO 16 trong di qua mét A trong thoi gian t

gpvytA: tong dién tich di qua mat A trong thdi gian t

gpv4A: dién tich di qua mat A trong mét don vi thoi gian

Inin = V.A
(v6 hwéng-scalar) P|drift qp Yy

JPidrift = 4P Yy

(vector)
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\ - CARRIERACTION
1\) * Do van toc dong troi v4Phu thudc vao dién trrdng ngoai € (khi e nho

va b&o hoa khi & 16n)

O

Electrons

l Vay khi dién trwdng ngoai € nhd, ta co thé viét .
vge €

€

Q vd=“‘p

104
€ (Vicm)

Mat do dong tréi cho 16 trong Mat do dong tréi cho electron

JPfdn'ft =q Pva%

JNIdrift = qu,né
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\> CARRIER ACTION o/
Mobility — D¢ linh dong [(

,\l\j Vai tro: 1a théng s cwe ki quan trong, nham danh gid, so sanh va lwa chon
S cac chat ban dan cho cac muc dich cu thé.

Y nghia: 1a mirc dd hat tai chuyén dong dé dang trong tinh thé.

DB linh déng cua electron:

D¢ linh déng cla 16 trong: p,
l Pon vi: cm?/V-sec

(AR = 10"/cm® and N, = 10"/cm’ doped SiJlllat 300 K (Y, or N, < 10°/cm’) GaAs
Cﬁ O u, = 1360 cmz/V-sec M, = 8000 sz/V-sec

p, = 460 cm?*/V-sec mp, = 320 cm’/V-sec
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N I

Do: J-r- q{f}f' ™

1 Trong do
<t> : thoi gian trung binh gitra hai lan va cham
m* : khoi lwong hiéu dung

Cé&c co’ ché tan xa chi yéu (trong ban dan khéng suy bién):
a) tén xa voi mang tinh thé (thermal vibration of lattice)
b) tan xa véi ion tap chat (ionized impurity, donor/acceptor sites)

l Vay:

@) Pd linh ddng tdng khi s6 va cham tan xa (scattering) giam va nguoc lai.
Do linh ddng ti 18 nghich véi khoi ltrong hiéu dung, hat tai “cang nhe” thi di chuyén cang
nhanh.

%
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CARRIER ACTION

DO linh dong phu thudéc vao mue pha tap

) R

ionized impurity scattering;
—Increases with N, or Ny
—Increases with decreasing T

iy GO 4L, (CTAV-56C)

M, ar N lem-3)
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CARRIER ACTION

Do linh dong phu thudc vao nhiét do

OO - . S e SO

.
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CARRIER ACTION

There exist surprisingly accurate “empirical-fit” relationships that are widely em-
ployed 1o compute the carrier mobilities at a given doping and temperature. Figures
3.5 and 3.7 were constructed using such relationships. The form of a computational
relationship is typically established on an empirical basis by noting the general func-
tional dependencies predicted theoretically and observed experimentally. Parameters
in the relationship are then adjusted until an acceptable march is obtained to the best
available experimental data.

The majority carrier mobility versus doping at room temperature is popularly
computed from

Mo

= +
T B T (NIN_

where u is the carrier mobility (g or o N is the doping concentration (¥, or N ),
and all other quantities are fit parameters. To model the temperature dependence, one
additionally employs
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O

CARRIER ACTION

A m the above equation represents ge ;. . Lig. N, OF @ Aagg is the 300 K value of the
parameter, T is temperature in Kelvin, and 7 is the temperature exponent. The fit
parameters appropriate for 5i are listed in the following table:

Value at 300 K Temperature
Pt:ramﬂer Eiecrmn: Hole Exponent ( 'I'IJ

§
235 X 107
e eI V-50) —057

fq{cm?/V-sec) 406.9 ~2.33 electrons
- 2.23 holes

P: (a) Construct a Iug*!ﬂg plot of g, and u, versus N, or Ny, for 10M*/em® < N, or
Np = 10'/cm? using the quoted fit r:lalmnslup and the IIStEd Si fit parameters.
Compare your result with Fig. 3.5(a).

(b} Construct log-log plnts of £, versus T and u  versus T for200 K = T = 500K
and N, or N, stepped in decade values from 10'%/cm? to 10'8/cm?. Compare your
results with Flgs 3.7(a) and 3.7(b), respectively.
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CARRIER ACTION

S: (a) MATIL.LAB program script . . .

FoMiobility versus Dopant Concentration (Si,300K)

2oFit Pararneters
NDref— 1.3e¢l17; NAref—2.35e17;
2enMin=—92; gepmin=35<4.3;

22Nn0= 1268 ; LepO=4206.9;
an=0.91; ap=—0.88

GoMobility Calculation
N=—logspace(14,19);

gan=genmin -+ 2en0. /(1 + (IN/INDref).Man);
p=gapmin—+ gapO. /(1 +(IN/NAref ). ~ap);

o Plotting results
close
loglog(IN,en, INz2p); grids
axis{[1.0e14 1. 0cl19 1.0l 1.0c4]):
xlabel('IN.A or IND (cm-3)»");
viabel("Mobility (cm2Z2/V-sec)");
text(]1 . Oel S, 1500, "Electrons”™);
text{] . Oel S5.500."Holes");
text(1l.0cl B, 2000.,"'Si . 300K ");

(b) Part (b) 1s left for the reader to complete.

uuDuongThanCong.com https://fb.com/tailieudi
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CARRIER ACTION

Resistivity — Dién tré suat

Pién tré suat la théng s cho biét mirc do can tré dong dién cla vat liéu.
Khac véi dién tré (resistance), dién tré suat (resistivity) khdng phu thudc vao
hinh dang khoi vat liéu.

Trong do la dién dan suat
Trong mdi trwérng dong nhat (homogeneous)

Although electrons drift in the direction opposite to the applied electric field (v, = ~u,€), the current
ansported by negatively charged particles is in turn counter to the direction of drift (Jx = —gnu,).

s

(
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CARRIER ACTION o/

1
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O

Phwong pha

CARRIER ACTION

p truyén thong

— R(resistance) = V/I = pl/A

Resistance =
Voltage

s : khoang cach gitra cac mii do
F : hé sb hiéu chinh

Semiconductor

sample
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CARRIER ACTION

Dinh nghia ng
Khuéch tan |a qué trinh trong d6 cac hat cé khuynh hwéng phan tan hoac tai pha
bd do tac dung cua chuyén ddng nhiét ngau nhién. Cac hat nay sé dich chuyén tw
noi c6 ndng dd cao sang noi c6 nong dd thap hon. Két qua 1a sw phan bd dong déu
cla cac hat trong khdng gian hé.

Chuyén ddng nhiét 1a tdc nhan chinh thic day qua trinh khuéch tan.

Trong chat ban dan, chinh electron va 16 trong sé khuéch tan, tao thanh dong
chuyéen déng cua cac hat.
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CARRIER ACTION

The “DiffDemo” MATLAB file listed below was written to help the user visualize the
diffusion process. The program provides a pseudo-animation of a nn:-dinmn?iuna!
particte system similar to that described in the text. The y=[] staternent 1n thl:
program controls the initial condition, N specifies the maximum number of moni-
tored “jumps,” and the number in the pause statements controls the time between
jumps.

%Simulation of Diffusion (DiffDemao)

% One-dimensional system, right and left jumps equally probable

Solnitialization

close

x=[0.51.525354.5];

y=[1.0e6 0000]; %NOTE: initial position can be changed
[xp.¥pY=bar(x,y);

plot(xp.yp); text (0.5,1.1e6,'t = 0');

axis([0,5.,0.1.2e6]);

pause (0.5)

N=135; F%MNOTE: increase N for extended run
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CARRIER ACTION

%Computations and Plotting
forii=1:N,
%Diffusion step calculation
bin(1l)=round(v(1)/2 + y(2)/2),
bin(2)=round(y(1)/2 + y(3)/2);
bin(3)=round(y(2)/2 + y(4)/2);
bin{4)=round(y(3)/2 + y(5)/2),

bin(5)=round(y(4)/2 + y(5)/2),
y=bin;
%Plotting the result
[xp.yp]=bar(x,y);
axis(axis);
plot(xp.yp); text(0.5,1.1e6,{'t = "num2str(ii)}]};
axis([0,5.0,1.2e6]);
pause (0.5)
end
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CARRIER ACTION

(a) Enter the program into your computer. Run the program

(b) Rerun the program after changing the initial conditions so that all of the

carriers are in the middle box at =0

S: Sample output
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\3 CARRIER ACTION
\l\] Hot-point probe measurement — PP mdi do nong

Day la pp nhanh dé test mau ban dan la lo@i n hay p

O

l Energetic holes Energetic electrons

diffuse away diffuse away

? P \ung xung quanh mi dd néng sé la cac hat tai (electron hodc 16 trong) cé nang lwong
cao hon cac hat tai & xa mai do.
Do ¢6 nang lwong cao hon, cac hat nay sé khuéch tan ra xa khai mdi do nong, dén cac
vi tri khac trong mau ban dan.
Két qua: xung quanh mi do néng sé thiéu hut electron (ban dan loai n) va 16 trong (ban
dan loai p) = vi tri dé sé mang dién tich dwong (ban dan loai n) va dién tich &m (ban dan
loai p) = kim ampere ké sé |&ch twong &ng.



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Diffusion current — Dong khuéch tan

Dinh luat Fick:

= -DVn
F: mat d® dong (sO hat/cm2.gidy) di qua mat phang vudng géc vOi chi€u chuyén dOng

cla dong hat
l n: mat do hat
O D: hé sO khuéch tan (electron hodc 16 trOng) cm?2/gidy
V: toén tl gradient, thé hién sw chénh 1&ch (nOng dO hat) trong hé

Mat dé dong khuéch tan:

%

1 AR AT -
\

(
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CARRIER ACTION o/

Total current — Dong téng céng g

Dong dién tdng cong trong chat ban dan 1a téng clia dong dién khuéch
tan va dong trai.

Twong &ng trong chat ban dan loai n va loai p

Jo = Jpain + Jpiam qr,pE€ ~ gDpVp
1 drift I diffusion
In = Inwaein + Inigiwy = qiean® + gDy Vi
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Hé thuare Einstein

K\WO/
N\

O Xét chat ban dan khéng suy bién, pha tap khong d("ing déu, dang O trang thdi
cdn béng

Hé thirc Einstein cho electron Hé thre Einstein cho 16 trong

“De over muy equals kTee over q”
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Recombination-Generation — Qua trinh tai hop-Phat sinh hat tai

) Dinh nghia:
S electron va 16 trong két hop voi nhau
electron va 16 trong dwoc tao ra do anh hwéng cia tac nhan bén
ngoai.
Cé nhiéu qua trinh tai hop va phat sinh hat tai trong chat ban dan
l Tai hgp vung-vung (Band-to-band recombination)
Phat sinh vung —vung (Band-to-band generation)
@) Tai hop tai tam (R-G center recombination)
Phat sinh qua tam (R-G center generation)
\ Tai hgp Auger /Oh-jay/ (Auger recombination)

Phat sinh do va cham ion héa (Carrier generation via impact ionization)

w - . [
\

(
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CARRIER ACTION

£
PR Thermal
rl n r. . palle])] encrey ~
(Light) or ‘
Lignt U

P E,
{2) Band-to-band recombination

)
S S

{b)} R—G center recombination

o) E,
()} Band-to-band generation

(e) R—G center generation
Centers = lattice defects, impurities
Energy level = midgap, not donor or acceptor levels

&= £,

£,
{c} Auger recombi i .
Ze hulauunc DTG o {(Ff) Carrier generation via @it zarion
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Tai hop vung-vung (Band-to-band recombination) (
Electron va 16 trong tai hop, phat sinh ra photon

| CRER Ao -
\

O Tai hop tai tam (R-G center recombination)
Tam: mire ndng lwong nam gitka ving cam cla tap chat khdng mong mudn
hodc sai hdng mang tinh thé
Electron va 16 trong tai hop tai tdm, phat sinh ra phonon
l Hodc electron mat mat nang lwong 2 buéc, tai tam va tai hop véi 16 trong.

Tai hop Auger (Auger recombination)
Electron va 16 trong tai hop, phat sinh ra photon
Photon d6 dwoc mét electron khac nam trén viing dan hap thu
Electron nhay 1én mirc nang lwong cao hon, sau d6 chuyén vé muirc E. theo
cach méat dan nang lwong theo hinh bac thang.
/> Tai hop Auger: quan trong v&i cac ban dan pha tap nang

@)
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CARRIER ACTION

Si Ge 5 SN
0058 006 006 006

3kT = 0.0777 eV

Gap center

2 05 07 09 095 .1
028 028 031 OH B> = o4

Be Mg Zn 581 Cd Li Ge Au Mn Ag

conduction barmnd

— Pt (0.044) — Ast (0.049) — Sb*t (0.039)

— CuT (0.49)

— B (0.045) — Al (0O.057) —Ga (0.065)
valence band

CuuDuongThanCong.com https://fb.com/tailieudientucntt

000000000000
SNOQANOAQN A
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Phat sinh vung —vung (Band-to-band generation) (
Electron hap thu phonon = “direct thermal generation”
Electron hap thu photon = “photogeneration”

Phat sinh qua tam (R-G center generation)
Electron hap thu phonon = E: = E,

Phat sinh do va cham ion hoa ( Carrier generation via impact ionization)

M6t electron nang lweng cao va cham véi mang tinh thé > mat
mot phan nang lwong. Electron & ving hoéa tri nhan nang lwong do,
nhay lén viing dan = mét cap e-h

Quan trong khi c6 dién trwedng du manh
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Thong thuwdng, ta khéng quan tdm dén tat ca cac qua trinh tai hop-phat
sinh xay ra trong chat ban dan tai mét th&i diém ma chi quan tam qué
trinh tai hop-phat sinh nao dang dién ra véi toc dd nhanh nhat. Mot s6
qué trinh chi chiém wu thé trong nhitng diéu kién dac biét.

Vi du: tai hop Auger chiém wu thé khi chat ban dan dwoc pha tap nang,
hoac qua trinh ion héa chi xay ra trong vung c6 dién trwedng lon.

O nhiét dd phong, chi khi cd anh sang bén ngoai chiéu vao khdi tinh thé
thi qua trinh quang phat sinh (photogeneration) m¢i that ro rang
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O

Mé hinh ly thuyét viing nang lwong & trén giup giai thich qua trinh phat g
sinh-tai hop hat tai.

Tuy nhién, trong qua trinh phat sinh-tai hop hat tai, ca nang lwgng va

dong lwong déu phai bao toan.

Q\WO/
1\

Ta xét gian do E-k
Pay ving dan tring dinh vung hoa tri
- ban dan chuyén mc thang (direct semiconductor)
Pay ving dan khong tring dinh ving hoa tri
> ban dan chuyén murc xién (indirect semiconductor)

{1 Diee semiconchctor (b nicet semiconductr
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phonon , <
Photon: c6 gia tri xung lwong thap, nang lwgng tuy thuoc tan so
> Chuyén md&c chi phu thuéc photon la chuyén mirc theo chiéu doc

O Phonon: cé gia tri xung lwgng kha I&n, nang lwvong cé khoang 10-
50meV
> Chuyén mdc c6 phu thudc phonon la chuyén mirc theo chiéu
ngang
Trong ban dan chuyén murc thang, cac electron va 16 tréng tap trung
& dinh vung hoa tri va day vang dan k=0
- chuyén mirc thang sé dé dang thda man nguyén ly bdo toan nang

lwong va xung lwvong.

Q Trong ban dan chuyén mdrc xién, sw tai hop van thda nguyén ly bao
toan nang lwgng nhwng khéng thda nguyén ly bao toan xung lwong
- chuyén murc trong loai ban dan nay sé hap thu hoac phat ra mot

phonon.

= tbc do tai hop trong ban dan chuyén mdrc xién thap hon rat nhiéu
so v&i ban dan chuyén murc thang.

() Diret semicondicor

\; CARRIER ACTION
\j C6 hai loai hat c6 lién quan dén qua trinh chuyén mrc: photon va

(0 e semiconducioe
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Phéan tich toan hoc qua trinh phat sinh-tai hop hat tai
Qué trinh phét sinh- tai hop hat tai chi xay ra cuc bd bén trong khéi ban dan
- khéng phat sinh dong dién tich ma chi lam thay d6i ndng dd hat tai

O

Qua trinh quang phat sinh

Xét mot hét, trong d6 anh sang don sac dwoc roi 1én khoi ban dan. Néu anh sang do

c6 nang lwong I&n hon nang lweng ving cam Eg, nd sé bi chat ban dan hap thu theo
l quy luat

| =1, lo: cwong do anh sang tai x=0
o hé sb hap thu (absorption coefficient)

? Light (4,v)

(number/cm’-sec)

0
I
L

X

Trong d6, G (x,A) = G, oe* la tdc dd phat sinh hat tai do hap thu
anh sang. G, la tot dd phat sinh hat tai tai x=0

K\WO/
N\

(
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CARRIER ACTION

Hé sb6 hap thu a phu thudc vao bwédc séng A clia cac chat ban dan khac nhau
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CARRIER ACTION
Trong chéat ban dan thwc, cac qua trinh co thé xay ra dong thoi
> nong dd hat tai tang/giam theo thdi gian
Phwong trinh trang thai mé ta sw bién thién cla nong dé hat tai:

_ B_n on on on

+ thermal + other processes

0t laie O g O |R-G 01 | (photogen., ec.)

op Jap
a_ thermal + a_ other processes
! |rR-G 4 {photogen., etc.)

0 0
_ 9 4
o |agine O |aigr

+
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N R o
\l\j Trong do on|  on =l(6~’m+%;l+@) | (

O | arif ot | gige q

0x oy 9z

O
92’ +a—p =_l(a']f’x+_%)i+
Ot i O | g q\ ox ay
buoc goi la cac phwong trinh lién tuc (continuity equations) do hat tai khong
l “bong nhién” xuat hién cling nhw “béng nhién” bién mat.
¢ vay

on
“~_ | other
ot processes
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Phuong trinh khuéch tan hat tai thiéu so6
Phwong trinh khuéch tan hat tai thiéu s6 dwoc suy ra t& phwong trinh lién
tuc v&i cac gia dinh sau:

w - . [
\

1. H& 1 chiéu: cac bién chi phu thudc vao truc x

2. Ta chi xét cac hat tai thiéu sb

3. Hé dang xét khéng chiu anh hwdng cua dién triwdng ngoai

4. Nong dd hat tai thiéu s6 & trang thai can bang dwoc phan bd déu, khéng phu thudc vao vi
l tri (Ng #No(X); Py #Po(X)) ‘ ,

5. Trong hé dang xét xay ra qua trinh phun hat tai v&i ndong dé thap

O 6. Qua trinh phat sinh-tai hop hat tai gian tiép do nhiét chiém wu thé trong cac qua trinh
phat sinh-tai hop trong hé

7. Chi c6 qua trinh quang phat sinh trong hé

%
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l\> CARRIER ACTION
\) Néu chi xét electron va hé 1 chiéu, phwong trinh lién tuc cho ta

O

3An _ dAn

—_ + =
l 0 ax ox
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O

CARRIER ACTION

Theo (6) va (7), ta co

trong do, 1, 1a thoi gian séng cla hat tai thiéu so6 trwde khi bi tai hop; G, 1a toc d6 quang phéat
sinh hat tai (néu khéng roi anh sang Ién hé, G, = 0)

Theo (4), ta chi xét ndng d6 hat tai thiéu s6 & trang thai can bang n, =n,(t);
gn __ Jdng + 3An  J0An
3t ot ot 9tz

Thay tat ca cac gia dinh trén vao phwong trinh lién tuc, ta c6

Minority carrier

diffusion equations
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Simplification statement Mathematical simplification

Steady state

*An

No concentration gradient or no diffusion Dy e
X

current

No drift current or € = 0 No further simplification. (€ == 0 is assumed in
the derivation.)

No thermal R-G

No light
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Gidi phwong trinh khuéch tan hat tai thiéu s6 cho cac bai toan cu thé

Solution no. I
GIVEN: Steady state, no

SIMPLIFIED
DIFF. EQN: o

SOLUTION: An(x) = Ae ™™™ + Be™™
where Ly N Dyt

and A, B are solution constants.

Solution no. 2
GIVEN : No concentration gradient, no light.

SIMPLIFIED dAn An,

DIFF. EQN: —F = —
dz T

n

SOLUTION: An (z) An_(0)e "
Solution no. 3
GIVEN: Steady state, no concentration gradient.

SIMPLIFIED A
DIFF. EQN: o= —

E + G,

SOLUTION : An, = G, 7,
Solution no. 4

GIVEN: Steady state, no R— G, no light.

SIMPLIFIED
DIFF. EQN: o=

SOLUTION: An(x) =
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Giai phwong trinh khuéch tan hat tai thiéu s6 cho cac bai toan cu thé

Bai toan 1:

* K\ CARRIER ACTION
\

Problem: A uniformly donor-doped silicon wafer maintained at room temperature is
suddenly illuminated with light at time ¢ = 0. Assuming Np, = 10°/cm’, 7, = 107° sec,
and a light-induced creation of 10" electrons and holes per cm’-sec throughout the
semiconductor, determine Ap,(¢) for t > 0.

Solution: Step I — Review precisely what information is given or implied 1n the state-
ment of the problem.

The semiconductor is silicon, 77 = room temperature, the donor doping is the same
everywhere with N, = 10°/cm?®, and G, = 10" /cm’-sec at all points inside the semi-
conductor. Also, the statement of the problem implies equilibrium conditions exist
for ¢t << O.

Step 2 — Characterize the system under equilibrium conditions.

For Si at room temperature n; = 10'°/cm?®. Since Np > n;, n, = Np = 10”°/cm’
and p, = n’/Ny = 10°/cm’. Because of the uniform doping, the equilibrium 7, and p,
values are, of course, the same everywhere throughout the semiconductor.
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Step 3 — Analyze the problem qualitatively.

Prior to t = O, equilibrium conditions prevail and Ap, = 0. Starting at 1 = O the
light creates added electrons and holes and Ap, will begin to increase. The growing
excess carrier numbers, however, in turn lead to an enhanced thermal recombination
rate, with 8p/0t | permair-c = —Ap./7,. Consequently, as Ap, increases as a result of
photogeneration, more and more of the excess holes are eliminated per second by ther-

mal recombination through R—G centers. Eventually, a point is reached where the car-
riers annihilated per second by thermal recombination balance the carriers created per
second by the light, and a steady state condition is attained.

Summarizing, we expect Ap,(¢) to start from zero at ¢ = 0, to build up at a decreas-
ing rate, and to ultimately become constant. Since dp/ 9t |y + 9P/ 3t | permair- = O Or
G. — Ap,/7, = O under steady state conditions, we can even state that Ap (t — ®) =
Gy7,.
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Step 4 Perform a quantitative analys1s ((

utlllzlng the d1ffu51on equation

subject to the boundary condition

Since Ap, # Ap,(x), the diffusion equation simplifies to

The general solution AP,,( £) = GLTp + Ae ="

Sl Ap,(1) = Gyr,(1 — &™)
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Step 5 — Examine the solution

(2) Approximate mode] for the light output from the siroboscope in the photoconduc-
tivity decay measurement, (b) Sketch of the combined hgm onflight-off solution for the excess
minority-carier concentration,
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O Giai phwong trinh khuéch tan hat tai thiéu s6 cho cac bai toan cu thé

Bai toan 2:
Problem: As pictured in Fig. 3.18(a), the x = O end of a uniformly doped semi-infinite
bar of silicon with N, = 10 /cm’ is illuminated so as to create Ap,o = 10"°/cm’ excess

holes at x = 0. The wavelength of the illumination is such that no light penetrates into
the interior (x > 0) of the bar. Determine Ap,(x).

Light absorbed at
x = 0 edge of bar

Si bar Q Ap,(x)

(a)

Fig. 3.18 (a) Pictorial definition of Sample Problem No. 2. (b) Solution to Sample Problem
No. 2 showing the excess hole concentration inside the Si bar as a function of position.
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\3 CARRIER ACTION o/
\l\] Solution: The semiconductor is again silicon uniformly doped with an Np = 10%/cm’.

Steady state conditions are inferred from the statement of the problem, since we are
asked for Ap,(x) and not Ap,(x,t). Moreover, at x = 0, Ap,(0) = Ap,y = 10°/cm?’,
and Ap, - 0 as x — «. The latter boundary condition follows from the semi-infinite
nature of the bar. The perturbation in Ap, due to the nonpenetrating light can’t possi-
bly extend out to x = ®. The nonpenetrating nature of the light itself tells us that

G, = 0 for x > 0. Finally, note that the problem statement fails to mention the tem-

perature of operation. When this happens it is reasonable to assume an intended T =
room temperature.

If we take T = room temperature, the silicon bar in Problem 2 would revert to an
equilibrium condition identical to that described in Problem 1 if the light were re-
moved. Under equilibrium conditions, then, n, = 10°/cm’, p, = 10°/cm’, and the
carrier concentrations are uniform throughout the semiconductor bar. |
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the boundary conditions

l the general solution

Because exp

\l\\? reduces to the form

CARRIER ACTION

Under steady state conditions with G, = O for x > O the hole diffusion equation
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\j Supplemental concepts — Cac khai niém bd sung

Diffusion length — D6 dai khéch tan

\/ RN DO dai khuéch tan cua 16 trong (hat tai thiéu so) trong ban dan loai n

RV Wl Do dai khuéch tan clia electron (hat ti thieu so) trong ban dén loai p

D0 dai khéch tan 1a quang dudng trung binh hat tai thiéu s6 co thé di
? chuyén trwdc khi bi két hop véi hat tai da so.

Vi du: tai T = 300K, ban dan Si cé N = 10%*5/cm3, t, = 10 sec

= VDyr, = VKT /g)nsr, = [(0.026)(458) (1079)]”

~3.5X%X 107 cm
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Supplemental concepts — Cac khai niém bé sung
Quasi-Fermi levels — Gia mrc Fermi

Gia mirc Fermi la mirc nang lwong dung dé mo ta nong do hat tai trong chat ban dén & trang
thai khdng can bang (nonequilibrium conditions).

K\W/
N\

O trang thai can péng, ta c6 moi quan hé 1-1 gitra ndng dd hat tai va merc Fermi. Khi hé & trang
thai khéng can bang (bi kich thich phat sinh hat tai-bai toan 1), gia mic Fermi s€ mé ta moi quan
CRICHE

Lwu y gia mirc Fermi [:N va Fp la cac khai niém toan hoc. Khi hé chuyén ttr trang thai kich thich
tré vé trang thai can bang thi Fy 2 Eg; Fp 2 Ef

n

n
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Vi dy: Xét lai bai todn 1, khit >> 1. Do n~n, 2 F ~ Ev
Néu ta xét p =10"" /em3 (n, = Om/cm3 va kT = 0.0259 eV), theo céng thlbc trén, ta

cod
Fo. = E —0.06 eV

Gia mlrc Fermi cling cé thé dwoc st dung dé tinh todn phWOng trinh ’rruyén hat tai
trong chat bén dan.
Vi du: T phwong trinh dong 10 trOng

Léy dao hdm hai vé theo vi tri cla phwong trinh Jp = qp'Pp% - quVp

—_— (E;— Fp)/kT

Ta cé

— (nl) (E;— Fp)lkT(vE VFP)

- (@) - (2)on
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Theo phwOng trinh Einstein gDp/kT = Hop

) =
O
/)

%

JN = p’nnVFN
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P: In Sample Problem No. 2, nonpenetrating illumination of a semiconductor
bar was found to cause a steady state, cxcess-hole concentration of Ap,(x} =
Ap.o exp(—x/Lg). Given the prevailing low-level injection conditions, and noting
that 7 = p, + Ap, we can therefore state

n = n
P = po + Appe Xt

for the illuminated sample.

(a) Making use of Eqs. (3.72), establish relationships for Fy; and Fp in the illumi-
nated bar.

(b} Show that F, is a linear function of x at points where Ap, (x} 2 p,.

-F. n
n= nie(FN Eikr or Fy=E + kT ln(—-——) p=ne& M o F o=FE — kT ln(-e—)

n;

n.

1
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(c) Using the results of parts () and (b), sketch the energy band diagrams describing
the semiconductor bar of Sample Problem No. 2 under equilibrium and illuminated
steady state conditions. (Assume € = 0 in the illuminated bar.)

(d) Is there a hole current in the illuminated bar under steady state conditions?
Explain.

(e) Is there an electron current in the illuminated bar under steady state conditions?
Explain.

S: (a) Since n = n,, it follows from Eq. (3.72a) that F,, = E,. Likewise, substituting
the preceding p-expression into Eq. (3.72b), we conclude

Fp = E; — kT In(p/n)) = E, — kT Inlpo/n; + (Apy/n;)e=ie]



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

CARRIER ACTION

(b) If Ap, (x) & pg.then (Ap ,/fn,)exp(— x/Lp.) > p,/n, and
Fp = E, — KT In[(Ap,o/n;)e—~'ir]
Fo = E;, — kT InfAp /)y + KT(xfL;)
(c) We know from Sample Problem No. 2 that Ap_, = 10'/cm?3, n;, = LO9/cm?®, and

Pn = nE/Ng = 10F/cm? Thus
(i) Near x = 0, Ap_ (x) & p, and F_ is a linear function of x.

(ii} At x = Q. Ap, o = n; and we deduce from the part (b) result that F, = E;.
(111} For large x, Fp eventually approaches F,y = Eg.

{iv) Foy — E,= Eg — E, = kT In{Ng/r;} = 0.30 eV,

Uilizing the preceding information, one concludes

E,
Ep

M —— . — — —— —— — V— ——— E'

L LN R
7

\

E,

O gedttinayd

=L IEREY]
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(d) Assuming p = 0, it follows from Eg. (3.7Ga) that there will be a hole current

whenever dFp/dx # 0. There is obviously a hole current in the illuminated bar near
x=0.

(e} Appearances can sometimes be deceiving; Sy # 0 nearx = 0! One might conclude
from the part (c) result that dF/dx = 0 and therefore Jy, = (. Under steady state
conditions, however, one must have J(total current) = J, + Jp = constant at all

points in the bar. Since no current leaves the bar at x = 0, J moreover must va_ni;sh at
x = 0. Thus Jy (x) = — Jp(x)and we know Jp # 0 near x = 0. The apparent discrep-
ancy here stems from the fact that J is proportional to both » and VFy,. Because the
majority carrier electron concentration is much larger than the minority carrier hu:ia
concentration, dFy/dx must be correspondingly smaller than dFp/dx. The slope in
F., simply cannot be detected by inspecting the energy band diagram.
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Numerical Values for Key Parameters.

Quantity Approximate Value (S1,T = 300 K)

0.026 eV
1.12 eV
10"°/cm’

1360 and 460 cm?/V-sec
(for Np or N, = 10*/cm’)

~107° sec (actual values can range from
107 to 107 sec)

~1072-10"% cm



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

\

O

CARRIER ACTION

Carrier Action Egquation Summary.
Eguaricres af Stare

an ﬂ.ﬁ.n

=l AP, _

wrilnear
or Procosses s

Curren: and R—G Relarionships

I = Fuigin T Tntair = GiL,, 8 + g, Vn
T drift T diffusion
Je = Fplarin + Fplair — qu B — gD Vp
FJ =Ty + Fp

kT

o
=T

Clueasi-Fermi Level Relfationships

er ()
()
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