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Lecture 5 - Carrier generation and
recombination (cont.)

February 14, 2007

Contents:

1. G&R rates outside thermal equilibrium (cont.)
2. Dynamics of excess carriers in uniform situations

3. Surface generation and recombination

Reading assignment:

del Alamo, Ch. 3, §33.4-3.7
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Key questions

e Outside thermal equilibrium, how is the balance between genera-
tion and recombination upset for each G&R mechanism? (cont.)

e What governs the carriers dynamics in semiconductors outside
equilibrium?

e In particular, if one shines light onto a semiconductor, how do
the carrier concentrations evolve in time?

e What happens when the light is turned off?

e How about if the light excitation is turned on and off very
quickly?

e How can surface G&R be characterized?
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1. G&R rates outside equilibrium (cont.)

c¢) Trap-assisted thermal GER

No N>Ngo
Ec Ec
l l'o,ec=lo,ee T ‘ ro,ec>ro,eeT
t——————— - t -~ —————= -
J F'o,hc=ro,he ] I ro,hc>fo,he]
Ev Ev
Po P>Po
thermal equilibrium with excess carriers

Out of equilibrium, if rate constants are not affected:

Tee = Cen(Ny — ny)
Tee = €Nt = CeTiMy
The = CpPNy

The = en(Ny —ng) = cpn(INy — ny)

Recombination: capture of one electron + one hole =

net recombination rate = net electron capture rate

= net hole capture rate

Utr = Tec — Tee = The — The

From this, derive n;, and finally get Uy,

U, — np — NPy
" Tho(n ) 4 Teo(p 4 1)
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d) All processes combined

U= Urad + UAugeT + Utr
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OO0 Special case: Low-level Injection

Define excess carrier concentrations:

/
n=mn,+n

p=po+p

LLI: Equilibrium minority carrier concentration overwhelmed but
majority carrier concentration negligibly disturbed

~ thermal low-level high-level
equilibrium injection injection
> < > <
>
Po ] No log n'~ p’
- for n-type:

po < n' ~p <mn,

- for p-type:

n0<<n/2p/<<po
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In LLI:
np — NePo = NePo + NP’ + pon’ +n'p’ — nyp, = (n, + po)n/

All expressions of U follow the form:

7; is carrier lifetime of process 4, a constant characteristic of each

G&R process:

1
Trad —
e Trad(”o + po)
1
TA ~
e (reehno + 7ﬂehhpo) (no + po)

Under LLI, net recombination rate depends linearly on excess carrier
concentration through a constant that is characteristic of material
and temperature.
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If all G&R processes are independent, combined process:

U ~

n/
T

with

The G&R process with the smallest lifetime dominates.

Physical meaning of carrier lifetime:

e U is net recombination rate in unit volume in response to excess
carrier concentration n’ (linear in n’) [em ™3 - s71]

% is net recombination rate in unit volume per unit excess carrier

[s7]

n/

e 7 = 7 Is mean time between recombination event per excess
carrier |s)

or average time excess carrier will ”survive” before recombining

— constant characteristic of material
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For n-type material, n, > p,:

1
Trad =
T'radTo
1
TAuger —
Teehng
1
Ttr = Tho X —F
Ny

log ©

log ng
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Trap recombination (n-type material):

e Lifetime does not depend on n,, [trap occupation probability rather
insensitive to n,)
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e Lifetime depends on trap concentration as 7 oc N, !

10"2 RS0 S R R R IR L 5 0 I R SR8 o "'“§
10°3 3
[ ...h E
® ]
] (4 2
10+ 0“?.\..., g
© . 8 :
& 107 » ® 3
l“:: . .\ . S ;
10-6 ® LT ) 3
% e * ]
10-7 TSR TTT] IS S R U TT ST TSI S AT 111 ST A WY TT | IR
10° 1010 10t 1012 1013 1014
Ny, (em)

Schroder, D. K. "Carrier Lifetimesin Silicon." |EEE Transactions on Electron Devices 44, no. 1 (1997): 160-170.
Copyright 1997 IEEE. Used with permission.
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O Measurements of carrier lifetime in Si at 300 K
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For low doping levels, Ny p < 10' em ™3, 73, dominates:

e 7 depends on material quality and process — wide data scatter

o NN, correlated with Ny p — 7 NE}D
For high doping levels, N p > 10" em =3, T Auger dOminates:

e "intrinsic’ recombination: — tight data distribution

® T X NE’QD

Common range of lifetimes: 7 =1 ns ~ 100 us
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2. Dynamics of excess carriers in uniform situations

Consider:

e extrinsic uniformly doped semiconductor

e no surfaces nearby

In thermal equilibrium:

n=mn,
P = Do
G,— R,=0
No
Ec
Ev
Po

thermal equilibrium
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Now add:

e uniform excitation throughout body, G

hv
No n>ng
Ec Ec
Go Ro Gext Gint R
Ev Ev
Po P>Po
thermal equilibrium under external illumination

If there is imbalance between total generation and recombination,
carrier concentrations change in time:

dn dp
—=-—=G—-R
dt  dt

oifG>R = n, p]

oif G R = n, pl

Distinguish between nternal and external generation:

G = Gext + Gint
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Then:
G_R:Gext+Gint_R:Gext_U

and:
dn dp
E—E—Gext_(]
0oifGoyy >U = n, p

oifGopy <U = n, p|

Under LLI:
U ~ E/
-
Also:
dn _du
dt  dt
Then:
dn’ n'
G — —
dt -

Homogeneous solution (G = 0) is: e /7
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e Example 1: Turn-on transient

Gext
O

t=0 t
n'(t)

gt

t=0 T t

n'(t)=gr(1—e ™) fort>0

Define:
steady-state = initial transient died out (need a few 7’s)

In steady state:

generation = recombination

or
n/
gr= —
~
Then
n = qgr
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e Example 2: Turn-off transient

Gext
g

t=0 t
n'(t)

gt

t=0 T t
n'(t) = gre /™ fort >0

Technique to measure 7:
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Reprinted with permission from Dziewior, J., and W. Schmid. "Auger Coefficients for Highly Doped and Highly Excited Silicon."
Applied Physics Letters 31, no. 5 (1977): 346-348. Copyright 1977, American Institute of Physics.
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e Example 3: A pulse of light

Gext 1
91—
0
0 T t
n'(),
Ot - ;
0 5
0 T t
n'(t) = g (1 — e ') for 0 <t <T

n'(t) = gt (1 — e T/m)e= =17 for T'<'t
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Two extreme cases:
n'(t)

grm

973

e If 71 > T, pulse too short for final value of n’ to be reached:
n'(t) ~ gt for 0 <t <T

o If 3 <« T, final value of n" achieved quickly:
n'(t) ~ gim3 for 0 <t <T

shape of n/(t) similar to shape of light pulse: quasi-static sit-
uation = no memory effect

d / /
d—T; = Gyt — n? = n/(t) = Ge(t) T
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e Example 4: A pulse train

Important point: difference between quasi-static and steady-state

-steady-state: initial transient associated with turn-on of excitation

has died off
-quasi-static: time derivatives irrelevant in time scale of interest

Gext
g1 r—1

0 ke tysl<tos| t

n'(t) T << tl, ty

g

n'() T>> 1t
OIT -

Cite as: Jesus del Alamo, course materials for 6.720J Integrated Microelectronic Devices, Spring 2007.
MIT OpenCourseWare (http://ocw.mit.edu/), Massachusetts Institute of Technology. Downloaded on [DD Month YYYY].



6.720J/3.43J - Integrated Microelectronic Devices - Spring 2007 Lecture 5-19

3. Surface generation and recombination

Surface: severe disruption of periodic crystal = lots of traps (G&R

centers)
lots of
traps ~ -
semiconductor
bulk
Under LLI:
/
Us >~ Sn'(s)
S = surface recombination velocity (cm/s)
note units:

Usfem™2 -5 =S(em - s n/(em™)

S is perpendicular component of velocity with which excess carriers
"dive” into the surface to recombine.
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Key conclusions

e Fxcess np product is driving force for net generation /recombination.

e Under low-level injection:

with 7 = carrier lifetime.

e Carrier lifetime: mean time that an average excess carrier ”sur-
vives” before recombining.

e Dynamics of carrier concentrations in quasi-neutral low-level in-
jected situations governed by carrier lifetime.

e (Quasi-static situation: perturbations with time scale much longer
than 7.

e Steady-state situation: condition established after initial tran-
sient has died off.

e In Si around 300K,

— 7 ~ N~ ! for low N (trap-assisted recombination),

— 7 ~ N2 for high N (Auger recombination).
e Order of magnitude of key parameters for Si at 300K:

— 7~ 1ns — 1ms, depending on doping
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Self study

e Carrier extraction, generation lifetime
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