
6.772/SMA5111 - Compound Semiconductors 

Lecture 14 - Heterojunction Bipolar Transistors


• High frequency perfomance of HBTs (cont. from Lec. 13) 

Small signal linear equivalent circuit

High frequency limits - wT, w
max, wv 

• Digital applications of HBTs 
Basic BJT logic families 

• Linear circuit applications of HBTs 
Examples from Vitesse VIP-1 InP HBT process 
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HFET i-v: for HEMT and HIGFET, cont.


As before, we write the drain current at y as:


iD = -[-qNch (y) ⋅W ⋅ sy (y)] 

We just found Nch(y), and we can write the average net

carrier velocity in the low- to moderate field region as:


sy (y) = -m Fy (y) = m
dvCS (y) 

e e dy 

Putting this together yields: 

iD = W 
eWBG [vGS - vCS (y) -VT ] m

dvCS (y) 
e dytWBG 

Integrating with respect to y from 0 to L, or equivalently, with 
respect to vCS from 0 to vDS, we have the result given on the 
next foil…. 
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HFET i-v: for HEMT and HIGFET, cont.


The result of the integration is:

È
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This expression is valid as long as vDS < (vGS - VT). When 
vDS > (vGS - VT), iD saturates at: 

iD
 =

1 W


2 L

me

eWBG


tWBG


(
vGS
-
VT


2
)


These expressions should look familiar from MOSFETs.  They

are identical to the commonly used MOSFET expression.


Finally, the small signal transconductance, gm, in saturation is: 

gm ≡

∂iD
 =


W

me

eWBG
 -
(
VGS VT )
L∂vGS Q 
tWBG 
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HFET i-v: for HEMT and HIGFET, cont.


One last thing to look at for these devices is their high frequency 
performance. A good way to do this is to look at wT:, which 
we recall can be written:

gmwT = 
Cgs 

We have not found Cgs yet, but we in fact already know it

because C for these devices will be the same as it is for
gs
a MOSFET: 

C ª 
2 
W L  

eWBG 
gs 3 tWBG 

Using this, we find:


w
3 me (VGS -VT ) 

T = 
L2 without velocity2 saturation 
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HFET i-v: for HEMT and HIGFET w. velocity saturation.


When we have severe velocity saturation, we have s(y) = ssat, and 
we write simply 

iD = W 
eWBG [vGS -VT ]t

ssat 
WBG 

Calculating the small signal transconductance now, we have: 

∂iD =
eWBG with velocitygm ≡ 

Q 

W ssat tWBG 
saturation∂vGS 

These expressions should look familiar from MOSFETs.  They

are identical to the commonly used MOSFET expression.


Finally, the small signal gate-to-source capacitance, Cgs, in

saturation is simply the gate capacitance,WLeWBG/tWBG and

thus:
 ssatwT ª 

gm = with velocity
C L saturation gs 
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High frequency performance metrics: wT, wmax 

We introduced wT, which we defined as the frequency at 
which the magnitude of the short circuit current gain 
was unity, and showed that: wT ª gm C
gs 

It turns out that wT is a good metric for high speed switching, 
but for microwave applications, a better metric is wmax, the 
unity power gain with matched source and load impedances. 
We call this frequency , and find that it is roughly given by: 

wmax ª 
wT 

4RgCgd 

ª 
gm 

4RgCgd Cgs 

This later metric shows the importance in microwave amplifier 
applications of FETs of reducing the gate resistance, Rg, 
and the gate-to-drain capacitance, Cgd. 

Note: We'll introduce a third high frequency performance 
metric, w v, when we talk about HBTs. 
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Linear equivalent circuit (lec) models - HBT


The linear equivalent circuit of a BJT biased in its forward 
active region is the same as that of an FET, except that the 
input resistance is now finite, and the notation is different: 

b + 

-

vπ gmvπ gogπ 

c 

e e 

Using the large signal model for the BJT to evaluate the

parameters in this model we find the following

expressions:


∂iC |Q ª 
qIC ∂iBgm ≡ gp ≡ |Q ª 

gm 

∂v kT ∂v p bFp 

∂iCgo ≡ |Q ª 
V

IC
A 

= l IC∂vCE 
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HBT l.e.c. models - high frequency model


To extend this model to high frequencies we introduce 
small signal linear capacitors representing the charge 
stored on the gate: 

b 

Cπ 

Cµ 

gmvπ go 

+ 

-

vπ gπ 

c 

e e 

We find: 
∂qEC p ≡ |Q = Ceb,depl + Ceb,diff where Ceb,diff ª gmt tr∂vBE 

∂qCC m ≡ |Q = Ccb,depl
∂vBC


More on this later. 
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HBT intrinsic high freq. performance metric - wT 
As we saw when we looked at FETs, a measure of the high 

frequency performance of a transistor is obtained by 
calculating its short circuit current gain, bsc(jw), and 
finding the frequency at which its magnitude is 1.  For a 
BJT we have: 

Cπ 

b 

e 

Cµ 

gmvπ go 

e 

c+ 

-

vπ iout(jw) 

iin(jw) 

gπ 

gm ) -1] 
i

bsc ( jw) = 
iout ( jw) 

= 
jwC m v p - gmv p =

bF [ jw(C m 

in ( jw) gp + jw(C p + C m)v 1 + jw(C + C m) gpp p 

Thus: 
b ( jw) ª bF for w << gp (C + C m)sc p 

For gp (C + C m) <<w << gm C m , jw)
 ª 
gm 

p bsc ( 
w(C + C m)p 
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High frequency performance metrics: wT, wmax, wv 

We have wT for a BJT, and it is interesting to write it in terms

of the bias point and to then take the limit as IC becomes

very large:


qIC kT 
= 

gm =wT (C p + C m) Ceb,depl + (qIC kT)t tr + Ccb,depl 

thus limIC Æ•wT =1 t tr 
We found a similar result for FETs, that is that wT is 

approximately the inverse of the transit time through the 
active part of the device. In our simple model for the BJT the 
transit time that appears here is the transit time through the 
base, but in fact we find that it should in fact be the transit 
time from the emitter to the collector, which includes the time 
to transit the emitter-base and base-collector depletion 
regions: * 2 

t tr,B ª 
2

w

D
b

eB 

+ t tr,EB + t tr,CB 
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High frequency performance metrics: wT, wmax, wv 

As we said with FETS, wT is a good metric for high speed

switching, but for microwave applications, a better metric

is wmax, the unity power gain with matched source and

load impedances. For a BJT, we find that wmax is roughly

given by:


gmw ª
wT ª max 4RbC 4RbC C pm m 

This metric shows the importance in microwave amplifier

applications of HBTs of reducing the base series resistance,

Rb, and the base-to-collector capacitance, Cµ.


Recently an additional high frequency performance metric has

been suggested, the 3dB breakpoint frequency of the effective

transconductance, which is called wv:


wT 1 Ê 1 ˆ 
w = 

gmRb 

= 
RbC p Ë

ÁÁNote : in an FET, wv = 
R C ˜̃v 
g gs ¯ 

C. G. Fonstad, 3/03 Lecture 14 - Slide 12




+ VCC

Bipolar Logic - ECL


Emitter coupled logic, ECL, is based on the differential

amplifier and is the fastest bipolar logic:


Small voltage swings 
Low noise 
Very fast 
Complex circuit 

+ 

-

+ 

-

VREF 

vIN 
R3 

R2R1 

vOUT 
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Bipolar Logic - I2L 

Current injection logic, I2L, is a very simple logic that was very 
popular a number of years ago (less so now): 

+ VCC 

-

+ 

+ 

-

vIN

 vOUT2vOUT1 

+ 
+ 

-

vIN

 vOUT 

+ 

-

I 

Best looked at as…. 
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--

Bipolar Logic - DTL and TTL


I2L is very similar to RTL, DTL, and TTL, and these are easier 
to implement (no pnp), especially with HBTs: 

+ VCC 

R1 R2 

+

+
 vOUTvIN 

If we have diodes with different

turn-on voltages available, we do -

0.4 V 
+ +


not need a buffer diode (nor TTL): 0.7 V

-
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Advantages of InGaAs/InP over other materials:


ß	 High electron mobility in InGaAs (1.6 times that of GaAs and 9 times that of
 Si). The extent of transient electron overshoot is also greater than in GaAs. 
Hence higher ft values can be obtained. 

ß	 The bandgap of GaInAs, being narrower than that of silicon and GaAs,
 produces indium phosphide HBTs that have a very low turn-on voltage
 (VBE) and are therefore lower power dissipation. 

ß	 For a given level of doping, indium phosphide has a high breakdown field.


-1
ß	 Recombination velocity at InGaAs surfaces (103 cms ) is much smaller than 

-1that of GaAs surface (106 cms ). The base current due to surface
 recombination at the emitter periphery is reduced. 

ß	  Higher substrate thermal conductivity than in the case of GaAs (0.7 vs. 0.46
 Wcm/K). 

ß	  The device is directly compatible with sources (lasers and LEDs) and

 photodetectors for 1.3 mm radiation, which corresponds to the wavelength of 

the lowest dispersion in silica-based optical fibers. It is therefore a good
 candidate for integration in OEICs. 
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