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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, §§3.4-3.7 

Cite as: Jesús 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].
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Key questions


• Outside thermal equilibrium, how is the balance between genera­

tion and recombination upset for each G&R mechanism? (cont.) 

• What governs the carriers dynamics in semiconductors outside 
equilibrium? 

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

• What happens when the light is turned off? 

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

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

c) Trap-assisted thermal G&R 

no n>no 

Ec Ec 
ro,ec=ro,ee ro,ec>ro,ee

Et Et 
ro,hc=ro,he ro,hc>ro,he 

Ev Ev 

po p>po 

thermal equilibrium  with excess carriers 

Out of equilibrium, if rate constants are not affected: 

rec = cen(Nt − nt) 

ree = eent = cenint 

rhc = chpnt 

rhe = eh(Nt − nt) =  chni(Nt − nt) 

Recombination: capture of one electron + one hole ⇒ 

net recombination rate = net electron capture rate 

= net hole capture rate 

Utr = rec − ree = rhc − rhe 

From this, derive nt, and finally get Utr: 

np − nopo
Utr = 

τho(n + ni) +  τeo(p + ni) 
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d) All processes combined 

U = Urad + UAuger + Utr 
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� Special case: Low-level Injection 

Define excess carrier concentrations: 

n = no + 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 ni no log n' p' 

- for n-type: 

po � n ′ � p ′ � no 

- for p-type: 

no � n ′ � p ′ � po 
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In LLI: 

np − nopo = nopo + nop ′ + pon ′ + n ′ p ′ − nopo � (no + po)n ′ 

All expressions of U follow the form: 

n
Ui � 

τi 

τi is carrier lifetime of process i, a constant characteristic of each 
G&R process: 

1 
τrad = 

rrad(no + po) 

1 
τAuger � 

(reehno + rehhpo)(no + po) 

τhono + τeopo
τtr � 

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: 

n
U � 

τ 

with 

1 1 
= Σ  

τ τi 

The G&R process with the smallest lifetime dominates. 

Physical meaning of carrier lifetime: 

• U is net recombination rate in unit volume in response to excess 
carrier concentration n′ (linear in n′) [cm−3 · s−1] 

• 
n
U 
′ is net recombination rate in unit volume per unit excess carrier 

[s−1]


• τ = n
U 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, no � po: 

1

τrad = 

rradno 

1

τAuger = 

reehn2 
o 

1

τtr = τho ∝ 

Nt 

log τ 

τAuger 

τrad 

τtr 

no 
-1 

no 
-2 

log no 
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Trap recombination (n-type material): 

• Lifetime does not depend on no [trap occupation probability rather 
insensitive to no] 

Ec EF 

Ev 

Et 

Ec EF 

Ev 

Et 

rhc is bottleneck 

• Lifetime depends on trap concentration as τ ∝ Nt 
−1
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� Measurements of carrier lifetime in Si at 300 K 

1E-1 

1E+13 1E+14 1E+15 1E+16 1E+17 1E+18 1E+19 1E+20 1E+21 

donor concentration (cm-3) 

n-Si 

T=300 K 

1/τ=7.8x10-13 ND+1.8x10-31 ND 
2 

ca
rr

ie
r 

lif
et

im
e 

(s
) 

1E-1 

1E-2 1E-2 

1E+13 1E+14 1E+15 1E+16 1E+17 1E+18 1E+19 1E+20 1E+21 

acceptor concentration (cm-3) 

p-Si 
T=300 K 

1/τ=3.5x10-13 NA+9.5x10-32 NA 
2 

1E-3 1E-3 

1E-4 1E-4 

ca
rr

ie
r 

lif
et

im
e 

(s
) 

1E-5 1E-5 

1E-61E-6 

1E-71E-7 

1E-8 1E-8 

1E-9


1E-10


1E-9 

1E-10 

For low doping levels, NA,D < 1017 cm−3 , τtr dominates: 

• τ depends on material quality and process → wide data scatter 

• Nt correlated with NA,D → τ ∝ N−1 
A,D 

For high doping levels, NA,D > 1018 cm−3 , τAuger dominates: 

• ”intrinsic” recombination: → tight data distribution 

• τ ∝ N−2 
A,D 

Common range of lifetimes: τ = 1  ns ∼ 100 μs 
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2. Dynamics of excess carriers in uniform situations 

Consider: 

• extrinsic uniformly doped semiconductor 

• no surfaces nearby 

In thermal equilibrium: 

n = no


p = po


Go − Ro = 0 


no 
Ec 

Go Ro 

Ev 

po 

thermal equilibrium 
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Now add: 

• uniform excitation throughout body, Gext 

hυ 

no n>no
Ec Ec 

R 

Ev 

Go GintRo Gext 

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 

• if G > R  ⇒ n, p ↑ 

• if G < R  ⇒ n, p ↓


Distinguish between internal and external generation:


G = Gext + Gint 
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Then: 

G − R = Gext + Gint − R = Gext − U 

and: 

dn dp 
= = Gext − U 

dt dt 

• if Gext > U  ⇒ n, p ↑ 

• if Gext < U  ⇒ n, p ↓ 

Under LLI: 

n
U � 

τ 

Also: 

dn dn′ 
= 

dt dt 

Then: 

dn′ n′ 
= Gext − 

dt τ 

Homogeneous solution (Gext = 0)  is:  e−t/τ
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• Example 1: Turn-on transient 

Gext


gl


0 
t=0 t 

n'(t)


glτ


0 
τ tt=0 

n ′(t) =  glτ (1 − e −t/τ )  for  t ≥ 0 

Define: 

steady-state ≡ initial transient died out (need a few τ ’s) 

In steady state: 

generation = recombination 

or 
n

gl = 
τ 

Then 
n ′ = glτ 
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• Example 2: Turn-off transient 

n ′(t) =  glτe−t/τ for t ≥ 0 

Technique to measure τ : 

tt=0 

Gext 

gl 

t 

n'(t) 

glτ 

t=0 

0 

0 
τ 
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• Example 3: A pulse of light 

t0 

Gext 

gl 

t 

n'(t) 

glτ 

0 

T 

T 
0 

0 

n′(t) =  glτ (1 − e−t/τ )  for  0  ≤ t ≤ T 

n′(t) =  glτ (1 − e−T/τ  )e−(t−T )/τ for T ≤ t 
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0 
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Two extreme cases: 

• If τ1 � T , pulse too short for final value of n′ to be reached: 

n ′(t) � glt for 0 ≤ t ≤ T 

• If τ3 � T , final value of n′ achieved quickly:


n ′(t) � glτ3 for 0 ≤ t ≤ T


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

dn′ n′ 
= Gext − ⇒ n ′(t) � Gext(t) τ 

dt τ 
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• 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


gl


0 

n'(t)


glτ


0 

n'(t)


glτ


0 
t 

t0 

t0 

0 

t1 t2 

τ << t1, t2 

>>τ t1 t2, 
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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: 

Us(cm −2 · s −1) =  S(cm · s −1) n ′(cm −3) 

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


• Excess np product is driving force for net generation/recombination. 

• Under low-level injection: 

n
U ∼ 

τ 

with τ ≡ carrier lifetime. 

• Carrier lifetime: mean time that an average excess carrier ”sur­

vives” before recombining. 

• Dynamics of carrier concentrations in quasi-neutral low-level in­

jected situations governed by carrier lifetime. 

• Quasi-static situation: perturbations with time scale much longer 
than τ . 

• Steady-state situation: condition established after initial tran­

sient has died off. 

• In Si around 300K, 

– τ ∼ N−1 for low N (trap-assisted recombination), 

– τ ∼ N−2 for high N (Auger recombination). 

• Order of magnitude of key parameters for Si at 300K: 

– τ ∼ 1 ns − 1 ms, depending on doping 
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Self study 

• Carrier extraction, generation lifetime 
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