| BOUTIMAMN TRANSPORT EQUATION - INTRODVCTION

o To cowpletely specidy the operation of o device, one weust Bucwy the
| state of each oarrér witlin e device. If carriers are +reuted
as classical  parheles , one woy of speeifying tle stateof carriers
is +o solve Newlon's ec’ua:ér‘ous %

P __e? + R(ERL) and W= on
4 olt

 where R.('F)'F)’,t) is 0, random. force qunch‘ou olue +o :‘mPun‘He_s.
ov lathice vibrations. | |

o Alemnative Of:p_rwae,ﬁ,, would be 4o caleulate Ha ijbghf’ﬂg of

| .dﬂ'ndih% a carrier itk orystal womentiw & ok posthou T at
Hime %, given. by te distnbytiow Jfunetion -F(?J'E:.J t'),obhfvmd
b:j selving  BTE. _

| THis iwportant 4o note that His Hheory is based on the following
| 053ump-h‘ou5_ ¢ | | | |
() Eleotrons and toles are independent particles .
(1) The sys-[em is eesernbed byu set of Bloch funchous.
(9 Farhcles de net interact witk eack offar, but may be
seattered by impurities, Pﬁonbnz,)e:l-c_. |
(4) The number of electrons iw an elementary volume AV centereol
around r ot bove wave veetors jwm o range of A3t centered
around 'é? is given by:
ax B £(REE) Pk
| §at l . -
There fore | once the. olistribution éuncln‘_ou is specified | |
varous moments of the distnbutow funchou can give us
‘ . Parh‘c!e density, current densidy » enegy olensi'ty, ete. More
Pprecisely : | _

]I et = _L% paritd | | [ parhcle clensity
53 'I;('&'] 'J?(l”,ﬂ_,b) — current density
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o A Ll quantia weelaniead view fo Mis probleu is ratber
] oliffreult. The unoar*lm‘“f‘g Pm-ncjpfc a+n+es)ém‘ exawple, thak |
: we can uot speeidy sinwlbaneously the pontioy and e
woenbuw of e particle. Hence, one newds fo adopt a, |
coorse-grained average pointef vieo ,in whief, povitious |
are only specified within o masroscopic volume elowent ,and
mowentn, are also witlin some mterval. I_f one +ries o |
; go sHm‘a-E&-Fomman_ and construets LTk, t) frow fe
- Quankuus -wedhanical wavefunctious , eliffieulhes anse

sinee § camot be positive everyuwture.

|(A)__APPROXINATIONS UsSED For £ (T pB.t)

' The most difliewlt problene w device analysis is 4o calewlate |
the distrbubiow  funchiou £(T &, L), To overcome thae diffi-

| culkes, reasonable quess dor the olistntutiow lunchiou is

- often made. Two wost comwonty used approactes are:

— quasi - Fermi level concept ,

| | — displaced Maxwelliaw a.f:p-‘wm'ma_‘{'l‘ou Jor the elistrityhow

netion

| Quasi- Fermi_levels _ _ _
| Undler eqw‘h'bn‘um couditoys hrp=ni*, where n; s e inbinsre

| cartier conceutration; whick follows fww Mo use of Ve ecuiliénvey
| elistdu biou %’M‘oifs j@fé{’éct‘mas aud boles, /-e. '

o=l F 1| dnd | Ble)m i fade) 2l LA L]
_ !+exp(..g;’=) : /+€x;=(5-§—f)

' Under nan-e?w‘z?én‘uw condli hous ., Y. ) sl be ws eoé,/ fo _re,o;e;-
- sent He olstnbubou ofvac%ws wa ¢lectrons and toles as:

|
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| E-Epn Erp- E
| Herp(ﬁ_) | | — qrexp( _E;._T_)

| Therefore, under ponequelibnum gondihons ano assuming  nen-
] degenerate s¢ | we will Lave:

n=teep(E1E)  and p:‘m,exp(ég_f‘if).
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elechon density e}?::.:o ey T r
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.ﬁ)ge{' Hisexcess Sawe leere. Tol get
¢lechon dem‘h excess hole density,
the eleetron quasi- Fermi hole quas:' - Ferm(
lovel must move up, level woves dowuwad.
; e Juereasing the
! probabiity of state
| mP““}

e Howevu tis aau wot be correct distibubiou funchou since i+is

| even iu '& wlich weaus Mok l sugnests thak current can never -F!ow

L in a device | The fact that malies '+ not so unreasonable is that

. average carrier velocities are usually wuch, swaller thau l‘ﬁmspreaaT
v '13'1 given by :

J 3_.% ylot ew/s  for m¥=mo ({reeelectron wass)
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__ DISPLACED NAXWEWIAN DISTRIBUTION FuncTioN

o Beter guess for i £4) is +o assume thak He distritution funckiow
refains its shape , but that its averaﬁe momentune is ol'splaced
frvu the orugin.  For example, parbeviouly suitable form 4o wse is

f(rét}- P EF" ) a&p *m /ﬁ bl uilibeium
4
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a‘smg L’an'a‘éfc’ e/muge. £- fd 2= 2 - é’d r‘f e g‘?‘
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mfegraéou gives (2]

Wiie)= 2 nbeT + iaﬁf«* - (3le7 + h2s™ )
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The Kinghe enényy c/msm(g per carrierss e grvew Gy
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drift energy due to average  fhermal energy olue fo collisions
drift velocn‘g of carriers witt. phonons
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| Sinee in both cases, the quess for the ron-efuilibnum distntvhoy
has beew guided by e foru of e equilibnue, they are oty

valid in near -equilibnuyuw condsbevs, For far—fmw-egui&bnvey

couds iovs, the shape of Me distribubiou funchoy cau be raléer

obt',l/efeuﬁ. s requsres e solvhou of lhe BTE Thal /s /nbodeced
below

(B) THE BOLT2HANN TRANSPORT EQUATION (BTE)

o derive the BTE, consider a regron of phase space about

He ,oojn% {'xngl,z, PPy pz) - The number of parteles entering s
iow i tiwe db Fs egual fo The pumber which were i Re région

of phase space ab i (x - 'Vi—cfé,g - ?é;d.f.z"yécfﬁ,[“x - 5&5,}3‘_7"@&#,
pz-Fedt ) at a time db earlier.” T {(xy2,Puopypz) o the
distnéution Junchio whichk epresses the number of parkeles per
quantuse state u the wagion , then e clauge df whick ocurs
during time A olue 4o e mction. of lhe Panl;afes /. coordinats
space and due the fack that force fredds acting on (Te,
par#afe*s tend to wove thew .fm,u, oNeE regz‘oa. o anoflor i
momentuiu space /s

df= flc-mdd,y-vyelt s 2-%dl, pe - Treld, py -Fyolt pa - Belt )-
= ‘F{K!g.li'l'! P;‘; PJ,'P‘*N)

Using toylor series expansiou, we gek -

df=F v 3F _wy 38 95 8L _ G 3E 720 F 2R ot
3X 2y 2Z 9 px 3Py o Pz
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e So iar, Onig fte chauge 1w tta distnbuticu (Fd.'pl(:‘f-{cp{, elve 4o Tte

mctien of the parkicles 1 coordinate space ancl clve 4o Tl
mewenkuu ehanges arisng frow e force fields ac"ﬁ‘ﬂg}
on e Fm_rh’cieg ave beew acccunted -&)r. Partecles m

alse be transfered into oroutof a given regiow of phase

Ypace b& cellrsvous or sc-aJH:errwg} imterachions x‘nua&*a‘wg__




| otbar Pur-l—,‘e,l'es ol thw cishsbution or sco.ﬂerrnﬁ ceukers exder-
hal fo the assewmbly of Fnr*l-fcfes undesr considemten. I+ e
| rake of chawge of the distmbubiow dqunckion clue o ccliistons o
seakbering is dencted by (38/3€)edd , e total rate of chawge

G'f— {: becowes .

Q.’g.—..-_-’«_' ,—_q‘ .?_*-1—
ot i D,—«{- 5 VPL ) B‘L']c.gi[
e dt . v.v .7l = 2% +ampt)
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' The above aciuajrfot( represents the Bollmauw Transport ef:w%ou,
- whiek is notting were buk . book -reeping ao'«wh‘a.c r Ha

- parhele Llew in fle phase space. The various  terms that appecr

- represent

(a) % = - : ,U..‘Llé'f ?:@_—_—ﬁ,éﬁe=-—€(g+§x€j
9t [Forees & VPL 3 ot ok / \

Elechostabe ‘ﬂzf;
(b) _33‘;\ o 'T)‘-V,._(; - this tem arises i treis o
5t ldifp gpatial variation i M dishibubioe
éune*h‘ou cdue +o concudratiou gradient
or %empg-,m{'u re gradieat, bot ol
whick will resultm a dz‘%u wev of |
tarriers w wordinate space,

] — Tlis i= g colirmion. ferm  whick equals the
el  oliflerence between the in-sca ring awd
oru_i-~sca+¥era‘m3 processes | L€
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Fhe e ratur coupticated integro- differential equakiey for

%‘E‘;—uf{:’:;swﬁﬂse solutiou eeguires a nuwber o[ siwptfy g

’° 1
f i
| p-op |
b in-flow l
| | ftp-dp) et
b >
r-olr r

Cll v +Hwo-diwensoval fsom'#w-uwwenﬁu{ space,

© Tuw Mo absence of perturting frelds auol beusperabure gradsents,
the elisintubvu nc#:vu m.s#— be The Fermi- Dirac “function
Ih tus case, collrsioy terne wust vaxish auo’ [ll PRINCIE
OF DETAILED BALANCE @m&s Jor all £ aud &0 auwd all
seatteriug wtebaus s |
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, Molu)um‘ug zfui/;‘é»‘uw Ferwss - Dirae stakishes wecqeaﬁ: |
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&{0 (%) _ 1+expllEe +Er-Gr)/keT] | i
{48 {o{&‘) y l T iaexp [(Ec+€u~€F)/ﬁBT_l-/
1+exp [(Be +Ex-EF)/ T

e a‘(_ofﬂi _ erp[_ (Ee+ Eﬁ-EFD/&TJ

1- Jolt)
Therefore, if i plouoes ruderackup wn'tl M elochoss
are iu, M-U‘wqia.é ﬁ'ﬁ'én'qu we :

S(’ﬁ-’:‘a '5:') " exp (—-Ex’/&'r) - e Eg - &4’
SBB) wp(-E&/bT) 4 &7 )

T.f'ns nolaboy myst be Sa‘fi&_ﬁed ardles of e aygm g; Jhe SmHﬂJ"r@
ves, lLetasswue Ex>Exr'. St&%') whie invelves ‘emissien Must excees!
5184 L) whiek nolres aésorp#mh ]



