Transistor Models

Review of Transistor Fundamentals

Simple Current Amplifier Model

* Transistor Switch Example
 Common Emitter Amplifier Example

Transistor as a Transductance Device - Ebers-Moll
Model

Other Models: h-parameter, Gummel-Poon charge
control model.




Transistor Review

Transistor is two
collector

opposed diodes.
"‘t, Direction of diodes
emitter : determines if it is

. " | PNP of NPN.

N - electron doped
region.

P - hole doped
region.




Transistor Review

* Under normal operation, when current flows
between Base and Emitter (drift current in a field),
electrons in the highly doped E region can diffuse
across the (small) base region, and be swept across
the reverse biased Collector region.




Current Amplifier Model

|. Collector must be more positive than emitter.

2. The Base-Emitter and Base-Collector junctions
behave like diodes. Normally, the BE is forward
biased, and the BC is reverse biased.

3. Transistors have maximum values of Ic, Ib and Vce
that cannot be exceeded. Exceeding these values
results in a broken transistor.

4. When rules |-3 are obeyed, the Collector Current
is roughly given by:

lo = hfe]b — 1y




Current Amplifier Model

* hr is typically 100, but varies wildly with
temperature, I, and between transistors.

* |.is not due to diode conduction, it is due to
diffusion of carriers from the heavily doped emitter
region (which only occurs when the Base-Emitter
region if forward biased).

* Some simple examples:

* simple switch
 Common-Emitter Amplifier




Simple Switch

+10V

( 10V 0.1A
mechanical q-., } lamp

switch N —
—)

Control large currents with a small one.

Switch open, no conduction (no Base-Emitter current)

Switch closed, base voltage rises to 0.6V (turn on voltage of
diode). Current begins to flow through Collector-Emitter.

9.4V produces, 9.4 mA into base, 940 mA across bulb, by rule
4. (not true, actually, 940 mA violates rule ).




Common Emitter Amplifier

Vc — Vcc _IcRc
le = 1.+ 1y
Ve =V

L Vout N
Vain

Ay

e Common Emitter Amplifier uses a current amplifier
(BJT) to produce a voltage amplifier.

e Same derivation applies to circuit used in lab (not
as straightforward, however).




Ebers-Moll Model

* Transistors are not simple current amplification
devices, better described as transductance devices.

* Transductance device: output current determined
by input voltage: | is a function of Vpe.

e Look familiar?

* |s is saturation current of the transistor (slightly
different than |, from diode equation).




Ebers-Moll Model

°|. is a function of Vpe,
not lp.

~recombination current
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*hs is a bad parameter.
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Other Models

Many, many models of transistor action.

h-parameter and hybrid-pi model are similar,
designed for small signals, involve using a equivelant
circuit to model transistor behaviour. Makes it easy
to describe frequency dependance.

Gunner-Poon Model, similar to EM model, but more
complicated/more correct.

Wikipedia is a good place to start.

Datasheets are gold. (google “2n3904 datasheet”)
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Chapter 5: Bipolar Junction Transistors « P

5.6. BJT circuit models

5.6.1. Small signal model (hybrid pi model)
5.6.2. Large signal model (Charge control model)
5.6.3. SPICE model

A large variety of bipolar junction transistor models have been developed. One distinguishes between small
signal and large signal models. We will discuss here first the hybrid pi model, a small signal model, which ler
itself well to small signal design and analysis. The next model is the charge control model, which is particulai
well suited to analyze the large-signal transient behavior of a bipolar transistor. And we conclude with the
derivation of the SPICE model parameters.

5.6.1. Small signal model (hybrid pi model) <

The hybrid pi model of a BJT is a small signal model, named after the “n”-like equivalent circuit for a bipolar
junction transistor. The model is shown in Figure 5.6.1. It consists of an input impedance, r., an output

impedance r,, and a voltage controlled current source described by the transconductance, g,,,. In addition it
contains the base-emitter capacitances, the junction capacitance, Cj BE’ and the diffusion capacitance, Cd BE
and the base-collector junction capacitance, Cj g also referred to as the Miller capacitance.

EBaze Cisc Collector

o | o
rao [ I
v g,V s
i mr Cinr - |

Emitter —_—

Figure 5.6.1.: Small signal model (hybrid pi model) of a bipolar junction transistor.
The transconductance, g,,,, of a bipolar transistor is defined as the change in the collector current divided by
change of the base-emitter voltage. Using (5.4.6) one obtains:

4 Are I

= = — 5.6.1
Em W gz v, ( )
The base input resistance, r_, is defined as the change of the emitter-base voltage divided by the change of

base current.

iaVBE BVBE _ ,.!9 _ J’JVf

T I =7 Ae  Em Ig (5:6:2)
The output resistance, [ is defined as:
iaVCEEBVCE‘=|VA| (5.6.3)

¥
TR T P

The base-emitter and base-collector junction capacitances are given by:

http://ece-www.colorado.edu/~bart/book/book/chapter5/ch5 6.htm 09/11/2006
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.
i.BED
.:‘_':'J.,BE =
- Vg (5.6.4)
% BE
C_".
§BCO
Cipe = ——
| Vrc (5.6.5)
% B

for the case where the base-emitter and base-collector junctions are abrupt. Since the base-emitter is strong
forward biased in the forward active mode of operation, one has to also include the diffusion capacitance of t
base:

I'r
488 = 7, B (5.6.6)

Based on the small signal model shown in Figure 5.6.1, we can now calculate the small signal current gain
versus frequency, h,, of a BJT biased in the forward active mode and connected in a common emitter

configuration. The maximum current gain is calculated while shorting the output, resulting in:

i IB L+ jer(ly pp + Ud BE Ve
The unity gain frequency, fT, also called the transit frequency is obtained by setting the small signal current
gain, h

(5.6.7)

fe» €quals to one, resulting in:

i
|12 i (5.6.8)
ig dm fr(CipE + Cd BE W
This transit frequency can be expressed as a function of the transit time, t:
1
ir = T (5.6.9)
Where the transit time, t, equals:
v 2
oy ni
i J.BE BVe + WER —TF +7F (5.6.10)
Iy 2Dy g

The circuit model therefore includes the charging time of the base-emitter capacitance, g @s well as the bas
transit time, g, but not the transit time of the carriers through the base-collector depletion region, ..

The collector transit time was presented in section 5.5.1. and described by equation (5.5.4), which is repeate
here:

_ o %gpe
Fa = —

2 2v

(5.5.4)

sar
The total transit time then becomes:
2
G BEMV:  wp Td BC

- - 5.6.11)
T= + + =Tg+7TF +7( (
Ig 2Dy B 20 58

The corresponding transit frequency, f1, can still be calculated using (5.6.9).

While the unity gain frequency, f;, is an important figure of merit of a bipolar transistor, another even more
important figure of merit is the maximum oscillation frequency, f, .. This figure of merit predicts the unity po
gain frequency and as a result indicates the maximum frequency at which useful power gain can be expecte:

http://ece-www.colorado.edu/~bart/book/book/chapter5/ch5 6.htm 09/11/2006
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from a device. The maximum oscillation frequency, f, 4. is linked to the transit frequency, f, and is obtaine«
from:

Jr
= |— 6.12
S rax Ix ReC 5o (5.6.12)

Where RB is the total base resistance and Cj gc is the base-collector capacitance. The total base resistance

consists of the series connection of metal-semiconductor contact resistance, the resistance between the bas
contact metal and the emitter and the intrinsic base resistance. Assuming a base contact, which is longer the
the penetration depth this base resistance equals

iz M
e P Al +1R5 s, E (5.6.13)

Rp=——+ R;BF
Ls g YL 3 T Lyp

for a one-sided base contact, where Rs o RS BE and RS are the sheet resistances under the base contact,
between the base contact and the emitter and underneath the emitter respectively. L . is the emitter stripe

length of the emitter, W,  is the emitter stripe width of the emitter and A, is the alignment distance between
base contact and emitter. For a double-sided base contact, the total base resistance equals

R W
Rp=dTeefe g ab 1 g sl (5.6.14)

= A
L.::,E

2L,y FE oIy 1
The base-collector capacitance equals:

Ag
Xd BC

U BC =& (5.6.15)

Where AC is the base-collector area.

5.6.2. Large signal model (Charge control model) <

The charge control model of a bipolar transistor is an extension of the charge control model of a p-n diode.
Assuming the “short” diode model to be valid, one can express the device currents as a function of the charg
in each region, divided by the corresponding transit or lifetime. In the general case one considers the forwarc
bias charges as well as the reverse bias charges. This results in:

805 Muny  M0umr  ADusy

Ig (5.6.16)
L B L B L B T
Ay, g By R Alp o Ay E

Ip=—pf (TERBS  TERC  TRnb (5.6.17)
L B S, B £ e
Ao AR, LR LDy B

o =-—BC EmBr  TEnBS TERET (5.6.18)
ﬁ;",l:' f‘r,B f';v,j;'.’ " F

Under forward active mode of operation, this model can be simplified since the reverse mode components c:
be ignored. A transient model can be obtained by adding the rate of change of the charges over time. To furt
simplify the model, we also ignore the minority carrier charge, AQP g in the emitter. This results in the followi

equations:
_Mwry  dEnB s
t B ot

Ig (5.6.19)

(5.6.20)

http://ece-www.colorado.edu/~bart/book/book/chapter5/ch5 6.htm 09/11/2006
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JTB +
mp | Aw il de
i 4, B, 5
= + 5.6.21
T [&0 B 5 & ] ( )

As an example we now apply this charge control model to the abrupt switching of a bipolar transistor. Consic
the circuit shown in Figure 5.3.2.(a). As one applies a positive voltage to the base, the base-emitter junction
become forward biased so that the collector current will start to rise. The input is then connected to a negativ
supply voltage, V. This reverses the base current and the base-emitter junction capacitance is discharged.

After this transient, the transistor is eventually turned off and the collector current reduces back to zero. A ful
analysis would require solving the charge control model equations simultaneously, while adding the external
circuit equations. Such approach requires numeric simulation tools.

To simplify this analysis and provide insight, we now assume that the base current is constant before and aft
switching. This approximation is very good under forward bias since the base-emitter voltage is almost const
Under reverse bias, the base current will vary as the base-emitter voltage varies, but conceivably one could
design a circuit that does provide a constant reverse current.

The turn-on of the BJT consists of an initial delay time, ¢, ;, during which the base-emitter junction capacitan
is charged. This delay is followed by the increase of the collector current, quantified by the rise time, ¢, .. Th
rise time is obtained by applying the charge control equation for the base current, while applying a base curr
Igg With the voltage source Vgg:

ﬂQn,B,f+ 1 dA0y gy

Ipp = 5.6.22
BT &1 a 0622
where:
_Veg ~Vgg  Vgg 07
ipgp = z T R (for astlicon BIT) (5.6.23)
E E
This differential equation can be solved resulting in:
£

ALy By = {ppapll —expl—1] (5.6.24)

iy B
If the device does not reach saturation, the charge reaches its steady state value with a time constant {, 5, W

equals the base transit time of the BJT. The corresponding collector current will be proportional to the exces:
minority carrier charge until the device reaches saturation or:

; _Ippw
o=
f'r,B

‘ Voo V.
(1= esp(] for gy < =7 0r.5
rE (5.6.25)
jo=Yee Vs gy Voo Ve
' R; for w, Bf = R; r. B

A larger base voltage, Vg, will therefore result in a larger charging current, /g5, which in turn decreases the
time and causes the BJT to saturate more quickly. There also will be more excess minority carrier charge stc

in the base region after the BJT is turned on. The rise time, t ., is then obtained by finding the time when th
saturation current is reached or:
Voo = Viat
Lyise =f’r,B]n(1_ —mﬁr,B} (5.6.26)
Rilpg s g

While switching back to the negative power supply, V, the base current is reversed. As long as significant
charge is still stored in the base region, the collector current will continue to exist. Only after this excess chat

http://ece-www.colorado.edu/~bart/book/book/chapter5/ch5 6.htm 09/11/2006
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is removed, will the base-emitter junction capacitor be discharged and the BJT be turned off. The removal of
excess charge can take a significant delay time labeled as t; , on the figure. Again we can calculate the time

evolution of the excess charge and calculate the collector current from it. To first order the delay time, t, ,,
equals:

{BE 0B Vr
g =—— with }_FR =z — (5.6.27)
ip Rg
This delay time can be significantly larger than the rise time ¢ .. Also note that a higher base turn-on curren

Igg results in a larger turn-off delay as more minority carrier charge is stored in the base.

The actual fall time, t, depends on the remaining storage charge at the onset of saturation as well as the che
stored by the base-emitter junction capacitance.

- 017,

Figure 5.6.2. : Switching behavior of a BJT: a) bias circuit used to explain the switching behavior. b) Applie
voltage and resulting collector current.

5.6.3. SPICE model <

The SPICE model of a bipolar transistor includes a variety of parasitic circuit elements and some process
related parameters in addition to the elements previously discussed in this chapter. The syntax of a bipolar
transistor incorporates the parameters a circuit designer can change as shown below:

BJT syntax

Qfl

+l

.MODEL NPN(BF=BR= 1S= CJE=

+ CJC= VJE= VJC= VAF= VAR=

+ NF= NR=)

BJT Parameters

BF Forward active current gain

BR Reverse active current gain

IS Transport saturation current

CJE Base-emitter zero-bias junction capacitance
CJC Base-collector zero-bias Junction capacitance
VJE Base-emitter built-in potential

VJC Base-collector built-in potential

VAF Forward mode Early voltage

http://ece-www.colorado.edu/~bart/book/book/chapter5/ch5 6.htm 09/11/2006
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VAR Reverse mode Early voltage

NF Forward mode ideality factor

NR Reverse mode ideality factor

Example:

Q1321 BJTNAME

.MODEL BJTNAME NPN(BF=100 CJC=20pf CJE=20pf IS=1E-16)

where Q1 is one specific transistor in the circuit, while the transistor model "BJTNAME" uses the built-in moc
NPN to specify the process and technology related parameters of the BJT. The built-in model PNP is used fc
n-p bipolar transistors. A list of SPICE parameters and their relation to the parameters discussed in this text i
provided in the table below.

SPICE |Equation
variahle
EF BF = # & (zee section 2.3.1)
EE BE = # g (see section 5.3.2)
I=
2 D?’!,B
f.s,n =gn; Ag 1
Npwg
CJE
ogg = =31 NgNg
! 2 pg Ng+ Mg
cic e Wshg
0,5C
! 28 po N+ N
VIE ol
EVE
#pp =Vl —
2y
VIC NN
Y R
Aeo =Vl —
#]
VAF |- gV gwg
Var|==
J.BC
VAR oo gV pwg
Par|==Z
j.EE
NE Ve Ceg
Hmp =14
VA,F| Cj,BC'
HE p} Cj,EC'
Hp =1+
V_-*],R| C_;',BE

Table 5.6.1.:  Selected SPICE parameters of a BJT.
In addition, there are several parameters, which can be specified to further enhance the accuracy of the moc

http://ece-www.colorado.edu/~bart/book/book/chapter5/ch5 6.htm 09/11/2006
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such as:
RB base resistance
RE emitter resistance
RC collector resistance
MJE base-emitter capacitance exponent
MJC base-collector capacitance exponent
EG energy gap for temperature effect on IS
The exponents NJE and MJC are used to calculate the voltage dependence of the base-emitter and base-
collector junction capacitances using:
< BED
CiBE = . with m=MIE
1~ Ve

A BE
_ CyBen _
Uy B0 =, with m=MIC
Ll

# Re

(5.6.28)

(5.6.29)

This exponent allows the choice between a uniformly doped junction (m = %), a linearly graded junction (m =
1/3) or an arbitrarily graded junction for which the exponent must be independently determined.

The temperature dependence of the transport saturation current is calculated from the energy bandgap, sinc
the primary temperature dependence is due to the temperature dependence of the intrinsic carrier density,
which results in:

g -F
I, =gdg| —2= | V. N, exp —£ (5.6.30)
’ Ngwg kT
The corresponding equivalent circuit is provided in Figure 5.6.3. The output resistance, r,, was added to

represent the Early effect, which is included in the BJT model by specifying VAF and VAR.

Cise Rn  Collector

| AAA—

Base A

Emitter

Figure 5.6.3. : Large signal model of a BJT including the junction capacitances.
Boulder, December 2
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