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EE415/515 Fundamentals 
of Semiconductor Devices

Fall 2012

Lecture 14: Bipolar 
Junction Transistor 
(Chapter 12.4-12.8)

Base-width modulation (Early Effect)
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Base-width modulation (narrowing) with CB reverse bias due to depletion width

Early effect & Early voltage

For p+n CB:

depletion 
width approx

and Wb≈Lb-l

β increases 
with VBC

d

BC

qN

V
l

2


Example 12.8 For uniformly doped Si NPN BJT with NB=5x1016/cc, 
NC=2x1015/cc, xB0=0.70μm<<LB, DB=25cm2/s, & VBE=0.60V. 
Calculate the change in JC for VCB=2V to 10V and determine VA.

First calculate base widths for VCB=2V and 10V
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Example 12.8 For uniformly doped Si NPN BJT with NB=5x1016/cc, 
NC=2x1015/cc, xB0=0.70μm<<LB, DB=25cm2/s, & VBE=0.60V. 
Calculate the change in JC for VCB=2V to 10V and determine VA.

(Continued) 

Now use xB to determine the base diffusion currents) 
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Current injection
(base conductivity modulation)

 α, β vary with injection (IE, IC) levels

 Low level injection:
• Recombination in depletion regions significant, especially in BE junction

• BE recombination reduces emitter injection efficiency γ, hence α, β

• Characteristic curves closer than for mid-level

 High level injection:
• High level of injected (excess) minority carriers (electrons for NPN) in base from IE

• Charge neutrality → Also increased level of excess holes, possibly >pp0

• Increased hole density → increased IEp → decreased γ

• IC-VCE characteristic curves closer than for mid-level
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High injection:
Injected minority carriers in base ≥ majority
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High/low-level injection effects
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Thermal effects

 Joule heating by ICVBC

 Dominant effect:
• Carrier lifetimes τn, τp increase → increase β

• Thermal runaway

 Also:
• Mobilities μn, μp decrease (as T-3/2) → Dn, Dp decrease

• Increase base transit time τt → decrease β
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Emitter band-gap narrowing
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Ex 12.9  Determine the thermal equilibrium minority carrier 
concentration for an emitter doping concentration NE=1020/cc, 
taking band-gap narrowing into account. 
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Base resistance: physical PNP structure

(rb resistance to contacts)
rb

/ base spreading resistance (thin base)
VEB increased near B contacts

VEA = VEB - IB(RAD+RDB) & VED = VEB - IBRDB

Forward EB bias greatest at E edge (VED)

E, C areas differ → 
different αN and αI
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Emitter current crowding
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Forward BE bias greatest at E edge
Hence hole injection greatest at E edge 
Possible high injection effects here

Minimize crowding 
→ minimize rbb effects 

→ (a) long thin E contact 
or (b) inter-digitated structure 

(Power BJTs)

Non-uniform base doping:
Leads to electric field in base (assumed zero)

11/12/2012 ECE 415/515    J. E. Morris 14
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Diffusion doping leads to donor concentration gradient Nd(x) in the base
(Nd previously assumed to be constant)

Hence Nd(0) > Nd(Wb) leading to electric field drift assisting base transport of holes
Reduces base transit time τt
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Base field
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Breakdown voltage: Punch-through
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Breakdown voltage: Avalanche
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Three effects:
1. Punchthrough when Wb=0, i.e. VBC=(qNdLb/2ε)2, but usually CB avalanche first
2. Avalanche:
3. Current multiplication 

   1
1  where)(


 n

CBOBCCOENC BVVMIIMI 

2(b) Common-emitter (CE)

For IB=0, IC=IE

IC = MICO/(1-MαN)
and IC → ∞    
when MαN = 1,
i.e. increase as M → 1,
so BVCEO<<BVCBO

2(a) Common-
base (CB)

For IE=0:
IC = MICO

and IC → ∞      
at VBC=BVCBO

when M → ∞

(single rev bias 
diode)

3. CE Multiplication:
C-B EHP generation → hole to C, e- to B

IB incr → IE incr → IC incr

Ex 12.10  Metallurgical BW of a Si NPN BJT is xB0=0.80μm, 
with NB=5x1016/cc & NC=2x1015/cc. Determine (a) punch-
through voltage & (b) avalanche voltage.
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Ex 12.11  
Uniformly doped Si BJT with NB=5x1016/cc & NC=2x1015/cc has β=125. 

Determine (a) BVCBO and (b) BVCEO, for n=3.
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Kirk Effect
Normal C-B depletion region

At high IEp, injected holes change  
effective impurity densities:
NdB,eff > Nd,0 & NaC,eff < Na,0

so Wc
/ > Wc & Wb

/ > Wb

Base transit time τt incr, so β decr

Also, including injected holes, 
write:

(vd drift velocity), and

VCB fixed, so as IC incr, 
base side depletion region → 0
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Ebers-Moll equivalent circuit
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Ebers-Moll: Saturation voltage
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Ebers-Moll: Saturation voltage (cont’d)
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Ex 12.12  Calculate VCE(sat) for a BJT at 300K, 
with αF=0.992, αR=0.05, IC=0.5mA, IB=50μA.
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Gummel-Poon equivalent circuit
(more physical - include non-uniform base doping)
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Note:
Gummel-Poon can include 
non-ideal effects like BW-
modulation, high-level 
injection by including 
effects on charges 
(Gummel numbers)

Second-order effects in Gummel-Poon
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Hybrid-pi equivalent circuit
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E/, B/, C/ “ideal” internal regions

Hybrid-pi components (small signal)
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rb: series base resistance
Cπ: fwd bias diffusion capacitance
rπ: small signal junction resistance
Cje: junction (space charge) capacitance
rex: series emitter resistance (~1-2Ω)

rc: series collector resistance
Cs: rev bias collector-
substrate junction
rO: Early effect
gmVb/e/: collector current

rμ: rev bias small signal resistance (~MΩ, neglect)  
Cμ: rev bias CB junction capacitance



11/12/2012

16

Ex 12.13   Find the value of Cπ such that |Ai|=hfe0/2½ at 
35MHz.
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Frequency limits
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BJT cut-off frequency
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Ex 12.14  For BJT with IE=50μA, Cje=0.40pF, Cμ=0.05pF, 
xB=0.5μm, xdc=2.4μm, Dn=25cm2/s, rc=20Ω, Cs=0.1pF, 
determine the E-to-C transit time, the cutoff frequency, and 
the beta cutoff frequency.
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Large-signal switching

11/12/2012 ECE 415/515    J. E. Morris 35

Schottky-clamped BJT
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Al            Si
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Poly-Si emitter BJT
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Reduced minority hole concentration gradient 
in the emitter reduces the diode hole current 

Si-Ge base BJT
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nB0 increased at the C-B junction, 
so IC increases
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Heterojunction BJT
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Heterojunction BJT

e.g. NPN wide band-gap emitter:
qVp (holes) >> qVn (e-s)

Increases γ as hole current IEp suppressed effect  lexponentia so

difference                     

 gap band is   where
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Assignment #7 & ECE 515 Projects
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12.4 12.24& 12.25
12.10 12.28
12.16 12.39
12.22 12.48

Graduate projects:
1. MOSFET applications as active sensors
2. NanoCMOS: FINFETs, strained lattices, etc
3. Organic transistors: physics, properties, fabrication
4. Organic LEDs: physics, properties, fabrication

Charge Control
 Problem with using Ebers-Moll and most other equations 

obtained so far:

 Currents proportional to exponential functions

 But compare those relating currents to charge (usually approx)

 Current-charge relationship linear, so calculations easier and 
(by computer) faster

 As above, separate the base charge (hole for pnp) distribution 
into emitter (normal-N) and collector (inverted-I) components

 Then:

 ICN = QN/τtN where τtN is normal mode base transit time, i.e time 
to collect charge QN

 IEN = QN/τtN + QN/τpN including the recombination current, and

 IEI = - QI/τtI and ICI = - QI/τtI - QI/τpI
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Charge control (continued)
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Charge Control: Time dependence
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Charge Control: Ebers-Moll equivalence
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Saturation: BE forward biased, 
CB forward biased (0 bias at onset)

Onset

Fwd bias

Fwd bias

Oversaturation: time to remove 
excess charge during switching
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Switching cycle:

Initially cutoff (t0)

IB increases QB until linear 
active (t1)

IC limited; saturation onset (ts)

QB increases in oversaturation 
towards (QN+QS)/τpN

Turnoff: IB removes QS, then QN

Storage delay: IC constant until 
QS removed

11/12/2012 48ECE 415/515    J. E. Morris

10-90% switching times


