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8.2 Generation-Recombination Currents and High-Injection Levels

In deriving our ideal /-V relationship, we have assumed low injection levels and
neglected any effects inside the depletion layer (space region). Some causes for
changes from the ideal include:

» generation-recombination

» high-level injection

8.2.1 Generation-Recombination Currents

Section 6.5 (skipped) discusses the Shockley-Read-Hall recombination theory.
We will not go into this material in depth, but use some key portions.
CnCpNt (np —nl.z)

» The recombination rate (see section 6.5) is R = (8.35).
C,(n+n)+C,(p+p

We won’t worry about the parameters Cy,, C,, N, n’, & p’.

Reverse-Biased Generation Current

» In the reverse-biased depletion layer, there are few free/mobile charge
~CC N, n
n"p TtV

carriers, i.e., n = p = () = R=
C,n'+C,p'

< 0 (8.36).

> A negative recombination rate R implies that electron-hole pairs are being
generated in the depletion layer!

» The semiconductor atoms in the depletion layer, at temperature 7, continue to
produce thermal mobile electrons and holes (trying to reestablish thermal
equilibrium concentrations).

» As these mobile electrons and holes are generated, the electric field in the
depletion layer ‘sweeps’ them out via Coulomb force (see Figure 8.12 on next
page) = reverse-biased generation current (density) Jgen.
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From Semiconductor Physics and Devices: Basic Principles (4th Edition), Donald A. Neamen, McGraw
Hill, 2012, ISBN 978-0-07-352958-5.
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E E-field

Figure 8.12 | Generation process in a reverse-biased pn
junction.
—N. —nN.

1 1

» This can be rewritten as R = = where n; 1s the intrinsic
1 N 1 T oo+ Ty

NC, NG,

carrier concentration for the semiconductor and 7,0 & 70 are the excess minority

carrier hole & electron lifetimes.

T,+7
» Defining an average excess carrier lifetime as 7, :% (8.39), we get

R="li- G (8.4). So, the generation rate in the depletion layer is G = N
27, 27,
» Now, we can find the reverse-biased generation current (density) as
Jn =] eGax=[" elrdv = |J,, = enW - 842)
¢ x=0 =0 27, ¢ 27,

» Now, the total reverse-biased current density is Jr = Js + Jgen (8.43).

Note: J; does not depend on Vz, however, Jeen depends on W which does = Jr
changes with V!
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How big of an effect is the reverse-biased generation current density Jgen
compared to the ideal reverse saturation current density J; ?

Example-

Let’s revisit our germanium pn junction at 300 K where N, = 6 x 10> cm™ (p
region) & Ny =3 x 10> cm™ (n region). The carrier lifetimes are 7,0=2x10%s &
7m0 = 2x10%s. Find J; and then calculate Jgen when Vz=0,1, & 2 V.

From earlier examples-

Figure 5.3 pp == 1600  cm?/Ves in = 3400 om?/V-s
Table B.4 er Ge:=16  ni Ge:=2410" m3
o : kB-T kB-T
(5.47) Einstein relation Dp := pp- Dn = pn
qe qe
Dp = 41.363  cm?/s Dn = 87.897 cm?/s

Calculate diffusion lengths in meters

+f Dn-Tn0 =
Ln = T{; Ln=2.651744x 10 ~ m
Lo — + Dp-7p0 Y
P= "0 Lp = 9.095405 » 10 m
5
p region pp0 := Na pp0 = 6 x lt]"l m majority
7
m_Ge” 16 3 L
npl = — 0 npl = 9.6 x 10 m" minority
PP
- - 21 3
n resion nn0 := Nd nn0 = 3 x 10 m majority
7
ni_Ge~ S 17 ‘ 3
pnl = 0 pn0 = 1.92 x 10 m minority

B qe-Dp-lﬂ_q-pni] . qe-Dn-lﬂ_4-npi]

8.26 Is
(5-26) ° Lp Ln

Is = 19.0878 | A/m?
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Find thermal and built-in voltages as well as average lifetime-

kB-T
(7.10) Vi = Vit = 0.025852 V
q&
Na-Nd
Vhi == Vt-ln[ ] Vb= 0.267562 V
m Ge”
(8.39) 70 := 0.5-(Tp0 + Tn0) 0=5x10° s
Ve=0
VRO := 0
o=y =10 i
(7.34) WO := J' ér_Ge-<0-(Vbi + VRO) -(Na il Nd} W0 = 4.86398 x 10| m
qe Na-Nd
ni_Ge- WO |
(8.42)  Jgen0 = X m;_; (gen0 = 18.7031 |  A/m?
(8.43) total reverse-biased JRO := Js + Jgen0 ITRO = 37.7900 | A/m?

current density

Is

. . ——-100 = 50.509 9%

Ts ot Jp percentage due to Js RO °
Jgen0 Teen0

JR percentage due to Jgen W 100 = 49.491 %

> With no reverse bias voltage, the ideal reverse-saturation current density
and the generation current density are roughly the same size.
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VeR=1YV,
VR1=1 V
2-er Ge-g0-(Vbi+ VR1) { Na + Nd _
(734) w1 |2EGec0(Vb j-( : J W1=1.0588x10° m
qe Na-Nd
ni_Ge- W1 |
(842)  Jgenl = T Jgenl = 407085 ]  A/m?
|
(8.43) JR1 := Js + Jgenl TR1 = 59.7964 | A/m?
Is
Ts J5 percentage due to Js ——-100 = 31.921 %
Teenl 0.469 RP g RI

Jgenl
J percentage due to Jgen %-lﬂﬂ = 68.079 %

> With a reverse bias voltage of 1 V, the ideal reverse-saturation current
density is roughly half the size of the generation current density.

VR=2V
VR2 := v
2-er Ge-g0-(Vbi+ VR2) [ Na + Nd -
(734) w2 .= [2EGec0 (Vo j-( : J W2=141599%10° m
qe Na-Nd
eni Ge- W2 .
(8.42)  Jgen2 := 1 ’?'_-EJ Tgen2 = 54.4478 | A/m?
Faa |
(8.43) JR2 := Js + Jgen2 TR2 = 73.5356 | A/m?
Is
Te Jp percentage due to Js RS 100 = 25.957 %
——— = 0.351
Jgenl

Jgenl
JR2

Jp percentage due to Jgen 100 = 74.043 %

> With a reverse bias voltage of 2 V, the ideal reverse-saturation current
density is roughly a third the size of the generation current density.



ee362 section 8 2.docx 6/14

Forward-Bias Generation Current

» Here, clectrons and holes are continually injected across the deletion layer,
e, nz0&p=#0.

P n
E, —
-"N \“--.._ E
R W aeog = —E
/ i s Er;
Epy == m e R I
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¥ o — ] Fr
\\‘-q_ E"-
x=10

Figure 8.13 | Energy-band diagram of a forward-biased pn
junction including quasi-Fermi levels.

(Epy=Ep)kpT (Epi=Epy) kT

» Using Chapter 6 results, we can get n=n, e and p=n.e

» In Figures 8.3 & 8.13, we showed eV, = Er, - Erp = (Ern - Eri) + (EFi - Erp)
where V, is the applied forward-bias voltage.

» Per section 6.5, let n” = p’ = n; and rewrite the recombination rate R as

. 2
R= i (8.44).

z-pO (n+n')+z-p0 (p+p')
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» As shown in Figure 8.14 below, R peaks at the center of the depletion layer.

Relative
recombination

rate

1 | 1 1 | L L 1 1

-6-5-4-3-2-1 01 2 3 4 5 6
Relative distance lhlmug_]l space
charge region

Figure 8.14 | Relative magnitude of the
recombination rate through the space
charge region of a forward-biased pn

junction.
» The maximum recombination rate Rmax can be found by noting that at the center of
the depletion layer Er, - Eri = EFri - Erp = eVa/2 which gives n=p=n, oVal2ksT

Then, letting 7,0 = 70 = 0 at the center of the depletion layer, we find

V,lksT
n, e’ —1

- V [2ksT
" 2r, e+

(8.51).

» This can be further simplified by assuming V, >> V; = kzT/e which makes the
exponential terms in (8.51) much bigger than 1, i.e., we can neglect the -1 & +1

terms. This leadsto R = Z”—feeVa/ZkBT (8.52).
To

w
» We can find the recombination current density as J_, = J. _OeR dx .

X

» However, R changes across the depletion layer as shown in Figure 8.14. So,
considering that 70 may not be known to great precision, Jwc 1S approximated by
letting R = Rmax, ylelding

enW i V 12k, T
=2—’ee“ ih=J e ] (8.55).
[

rec




ee362 section 8 2.docx 8/14

Total Forward-Bias Current

» Figure 8.15 gives an overview of what is happening. (Note: The horizontal axis is
shifted by -x, so the right edge of the depletion layer 1s at x = 0.) In order to have

eV, lky

p, =D, """ at the right edge of the depletion layer, we start with p_+ Ap at the

left edge of the depletion layer to allow for recombination. These extra holes
account for the recombination current density Jrec.

P n

78(_.—— Recombination
—
’ 1
| &
p (N P eXp

xr = ()

Figure 8.15 | Because of recombination, additional holes
from the p region must be injected into the space charge region
to establish the minority carrier hole concentration in the

n region.

» The total forward-biased current density is the sum of the recombination current
density Jrc and the ideal diffusion current density Jp, i.¢.,

/4
J=J _+J, :ezn—leeVa/ZkBT+Js [eeVa/kBT_l]:Jro eV, /2kyT +J e ilksT| (8.56)
o
or
J=J e +J "
where |J _enW and |J _ Dy P +eDnnp _eD plwo D,y
r0 s

27, L, L, D,z \/D T,

> The total current is then |/ = J (4) = (JFO e g el )A .
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» From the prior example, we can expect that J.o> J;.
» Taking the natural log of each current density component gives
Vo _ LVa +1In(J,,)] and
2k, T 2V

In(J_)=In(J )+

eV 1
In(J,)=In(J))+—%=—V +In(J )|
( D) ( s) k T V a ( s)

B t

These are linear equations!

» Figure 8.15 shows that for small values of the forward bias voltage V, << Vy, i.e.,
when it is near V,, the recombination current dominates.

» For larger values of the forward bias voltage V; << V, <V, the ideal diffusion
current Jp dominates. [Note: We can’t calculate Jiec when V, > V; as the depletion
layer width W goes to zero (or less), i.e., NOT low-level injection. ]

In (J)—w

Ideal diffusior

)

: (510
Recombination
current, J_..

1
-'».|.||'-\‘ ]

ek
current, J

In (Jpp) 7

InJ)r

€ i”ﬂ
kT

Figure 8,10 | Ideal diffusion, recombination, and total
current in a forward-biased pn junction.

» A combined approximate /-V equation can be written as

I=J(A)=1]"" 1]l (8.59)

where n is called the ideality factor; n = 2 when V, is small (recombination
dominates) and n = 1 when V, is larger (diffusion dominates).
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Example-

Let’s revisit our germanium pn junction at 300 K where N, = 6 x 10> cm™ (p
region) & Ny =3 x 10" cm™ (nregion). The carrier lifetimes are 7,0=2x10%s &
o = 2x10%s. Find J; and J,o. Then, calculate Jp, Jrec, and J as V, varies.

From earlier examples-

Figure 5.3 pp == 1600 em?/Ves pn = 3400 cm?/V-s
Table B.d4 er Ge:=16  ni Ge:= 24107 m?3
. . kBT kBT
(5.47) Einstein relation Dp = pp- Dn = pn
=
Dp = 41.363 cm?/s Dn = 87.807 cm?/s

Calculate diffusion lengths in meters

o Dn- Tl

—3
Ln:= ——F—— Ln=2.651744 < 10 ~ m
100
Lo +f Dp-Tp0 -
P= "0 Lp = 9.095405 x 10 m
,
p region pp0 = Na ppl = 6 x 1[:1"1 m3 majority
nt Gez 16 3 ..
npl = — np0 = 9.6« 10 m- minority
ppo
0:= Nd 0=3x 10" 3
I region L= = 3 = m majority
¥
0. 2O 0=192,10"7 | m?
pub = — puy = 1.74 % m minority
eDp-10” “pn0  qe-Dn-10" "np0
(8.26) Jg = P g P Js = 19.0878 | A/m?

Lp Ln
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Find thermal and built-in voltages as well as average lifetime-

kB-T
(7.10) Vt .= Vt=0.025852 V
qe
Na-Nd
Vbi := ""Jt-hl[ ] Vbi = 0.267562 V
m_ Ge”
(8.39) 70 := 0.5-(Tp0 + Tn0) T0=5x10° s
Va=0
2-er_Ge-g0-(Vbt — Va0) ( Na + Nd -
(7.34) WO :=J r_Ge-c0-(Vbi - Va j-( ar ] WO = 486398 x 107 m
qe Na-Nd
W0-ni G -
(855) I 0:= T2 _I;J— © 00 0= 187031 ] A/m?
Roughly same size as J =19.07 A/m?,
Va0
Irec 0 := IrEJ_EJ-EE'Vt |Ir¢c_i] = 18.703 | A/m?
D 0:=Jsle ' -1
(8.56) total forward-biased JO:=JD 0+Jrec 0 [T 0=18.703 | A/m?

current density
Jrec 0

IT0

1 100% due to J.

ec
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Va=V;
VaVt = 0.02585  V

2-er_Ge-£0-(Vbi — VaVt) (Na + Ndj
Wt = :
qe Na-Nd

WVt = 4.62303% 107 m

WVtni_G -
10_Vit = qej—_;"—e 110 Vt=17.7766 | A/m?
="
Little smaller than J =19.07 A/m?.
VaVt
2.Vt "
Irec Vt:= Ir0 Vt-e |Irec_Vt = 20.309 | A/m-
[ VaVt J
ID Vti=TIsle "' -1 D Vt=32798] a2
J_Vt:=ID_Vt+ Jrec_Vt P Vt=62.1069 | A/m?
Jrec Vi
e 0472 ~47.2% due to J,_
TVt

Va = 4I/t
Vad'Vt .= 4V Va4Vt = 0.10341 vV

2-er_Ge-g0-(Vbi — Vad'Vit) [Na + Nd J
qe Na-Nd

W4Vt = 3.80983 x 10| m

W4aVE = J

qe- WaAVt-m_Ge 4
Ir0_4Vt := o 7r0_4Vt = 14.6496 | A/m?
-
Smaller than J=19.07 A/m?,

VadVt

Trec 4Vt = Tt0 4Vte 20 rec 4Vt = 108247 | Am?
[ Va4Vt ]

D 4Vt:=Tsle "0 -1 0D 4Vt=1023.072| Am?

T 4Vt := ID_4Vt + Jrec_4Vt [T 4Vt = 1131.319 | A/m?

Jrec 4Vt

——— = 0.096 ~9.6% due to J, ..
I 4Vt
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Va=8V:<Vpi=0.2676 V|

[Va8Vt := 8Vi Va8Vt = 0.20682 V
2-er Ge 20-(Vbi — Va8Vt) { Na + Nd —7
WEVt = = - WEVt = 2.3176 = 10 m
qe Na-Nd
e-W8Vt-ni Ge ,
10 8Vt = 1 — 7:0 8Vt = 80117 | A/m?
"
Smaller than J=19.07 A/m?,
Va8Vt
pAT )
Jrec 8Vt := Ir0 8Vte ~ i |J1‘ec_8Vt = 486.563 | A/m?2
[ Va8Vt J
ID 8Vt:=Tsle 0 -1 ID 8Vt = 56880008 | A/m?
I 8Vt = JD 8Vt + Jrec 8Vt |I_3Vt = 57367.471 | A/m?
Trec_8Vt
L 0.00848 ~0.85% due to J
T 8Vt

» Note that as V, approaches V}; the recombination current becomes
negligible and J = Jp.
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8.2.2 High-Level Injection

What happens as Vi > Vi ?

» Now, we can no longer assume that on or dp are smaller than the majority carrier
concentrations.

> Per (8.18) np =n’e’"" where n=no+ dn and p = po+ Sp. For high-level injection,

on > no & dp > po which means onop = nl.zeV“/V’ .

> Since on = dp, this leads to Sn=p =n """ (8.62) and I < &’"*" (8.63)

» Figure 8.17 shows a plot of the natural log of the current versus forward bias
voltage V..

I(leg Scale) ——p

-

High-level injection

(i

Recombination

v{.’

Figure 8.17 | Forward-bias current versus voltage from low
forward bias to high forward bias.

> Per (8.59) and (8.63), I oc e’ :ln(l)m%Va when the recombination

t
current dominates for small values of V. (region a) or for high-level injection

where V, > Ve (region c).

~

> In region b, the ideal diffusion current dominates I o €’/ = In(I) %Va
t



