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A Study of the Temperature Dependence of the

DC Current-Voltage Characteristics of

A1GaAs /GaAs Heterojunction Bipolar Transistors with

Application to Bandgap Voltage Reference Sources.

1. INTRODUCTION

It has long been known that the base-emitter

voltage, VBE, of a silicon bipolar junction transistor

(BJT) has a negative temperature coefficient, i.e. V
BE

decreases as temperature increases. This property was

first put to use by Hilbiber in 1964 in a circuit whose

output voltage was independent of temperature. The

conventional bandgap voltage reference 1 technique was

developed by Widlar in 1971. He used two transistors

operating at different current densities to generate a

voltage with a positive temperature coefficient which

cancels VBE'S negative temperature coefficient. This

technique has remained most useful and makes up the core

1
For the purpose of this report we distinguish between a

voltage reference, which provides an output which is
temperature independent, and a voltage regulator, whose
output voltage is independent of the power supply. Of
course the supply to a voltage reference will vary
somewhat but not as large as the supply variations which
a voltage regulator can tolerate.
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of a modern bandgap voltage reference circuit. And while

advanced npn bipolar processes also produce process

compatible pnp devices, each kind of pnp transistor has

drawbacks (either low gain or low breakdown voltage.)

Advanced circuit designs have eliminated the use of pnp

devices so that only npn devices are required.

In CMOS (Complementary Metal Oxide Semiconductor)

technology, process compatible substrate and lateral BJTs

are used to make bandgap voltage references. Curvature-

corrected bandgap voltage reference circuits implemented

in CMOS generate bias currents such that the nonlinear

portion of V
BE

is cancelled. This results in a smaller

temperture coefficient, TC .

2

Temperature independent voltage references are

required in many circuit applications, such as A/D and

D/A converters, comparators, and digital logic circuits

and have played an important role in the development of

integrated circuit technology. Consider, as an example,

2 TC
r is the temperature coefficient defined as

TCr = 10d(Vmax - Vmin) 1

Vnominal
AT

and has units of parts per million per degree Centigrade
(or per degree Kelvin.)
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the impact of the bandgap voltage reference on the

development of Emitter Coupled Logic (ECL).

In the conventional ECL 10K series, shown in figure

1.1, the tail current source, It, is simply a resistor

connected to the negative supply, VEE. Thus changes in

the supply voltage couple directly to the current in the

current source. The reference transistor, Q , of the

emitter coupled pair, is biased at VR, which is the

threshold for switching. Variation in V
R

due to changing

temperature will result in changes in the output levels,

degrading noise margins. A large system is composed of

many smaller units, each subsystem has its own supply

voltage and ambient temperature. A shift in the voltage

transfer characteristic from one subunit to the next can

seriously degrade system performance.

A dramatic improvement is the the ECL 100K series,

shown in figure 1.2. The bias network provides temp-

erature and supply independent bias voltages VR and Vim.

V
cs drives the active current source, which replaces the

simple resistor current source. As a result, the voltage

transfer characteristic is independent of changes in

temperature and supply voltage (Muller 1973).

A recent enhancement of the BJT is the one in which
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the emitter has a larger bandgap than the base. The

actual fabrication of such a device has waited for the

development of new materials and technology. With the

development of compound semiconductor GaAs technology and

subsequent developments of techniques for growing epitax-

ial layers 3
, such devices have become possible. The

theory of the so-called heterojunction bipolar transist-

or, or HBT, has been advanced by Kroemer (Kroemer 1957,

19831, who discusses the advantages of a device where the

energy gap is an additional parameter under control of

the designer. Reoptimization of other device parameters,

primarily doping levels in the emitter and base, permits

increases in operating speeds. The possibility of high

speed operation, coupled with the large current drive

capabilities of bipolar transistors, make HBTs an

attractive technology.

HBTs are natural candidates for microwave applica-

tions. Microwave HBTs have been reported in the litera-

ture (Kim 1988, Higgins 1988, Madihian 1988]. In analog

circuit applications, HBTs have been demonstrated as

comparators (Wang 1987a1, sample and holds [Poulton

1988], and in analog/digital conversion circuits [Wang

Such as Molecular Beam Epitaxy (MBE) or Metal Organic
Chemical Vapor Deposition (MOCVD).



5

1987b, Oki 1987]. The majority of interest in HBTs,

however, seems to be directed at digital circuits.

Digital circuits have been reported in Integrated Injec-

tion Logic (I2L) [Narozny 19861, and Nonthreshold Logic

(NTL) tAsbeck 19841 families. Most effort in HBT circuit

applications seems to be directed toward ECL 4 [Ishibashi

1987, Yamauchi 19871. It is not surprising, though, that

ECL is receiving the most attention for digital circuits

applications, because ECL is the fastest IC logic family

[Hodges 19881. Much of the research effort has been aimed

at demonstrating the high speed capabilities of HBTs.

At present, circuit implementations of HBTs in ECL

are developing beyond simple ring oscillators, to shift

registers and adders [Wang 19861, and frequency dividers

[Topham 1986). As HBT technology matures, larger and more

complex HBT circuits and systems can be expected. It is

reasonable to expect that developments in HBT ECL will

parallel the evolution of ECL in silicon technology from

the 10K series to the 100K series, and eventually include

on-chip temperature and supply independent biasing.

4 Circuits have also been reported using Current Mode
Logic (CML) [Kim86, Mad871. CML is based on the emitter
coupled pair, but does not use the emitter follower on
the output stage (as ECL does) [Tr89). For the purposes
of the bias voltage network, CML is equivalent to ECL.
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The objective of this study is to evaluate

A1GaAs /GaAs HBTs for use in bandgap voltage reference

circuits. By studying the current-voltage characteristic

as a function of temperature, insight can be gained as to

the mechanism of current flow and its dependence on

temperature. In chapter 2 the temperature dependence of

the current-voltage relations of a BJT are developed and

the design of basic bandgap voltage reference circuits is

reviewed. Some more advanced circuits are discussed. The

limitations of the device and deviations from ideal

equations will be discussed and their impact on circuit

performance will be considered. In chapter 3 the

important differences in materials properties between Si

and GaAs are compared and discussed. Various models for

current flow in an HBT are discussed where the effect of

the heterojunction must be considered. In chapter 4 the

devices used in this study and the electrical measure-

ments used to characterize device performance are

explained. The temperature dependence of saturation

current, IQ, and base-emitter voltage, V
BE , is examined.
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2. SILICON BANDGAP VOLTAGE REFERENCES

The bandgap voltage reference technique is based on

voltage summation, as shown in figure 2.1. V
BE

has a

negative temperature coefficient. The positive

temperature coefficient voltage is proportional to

and is amplified by a resistor ratio. The two voltages

are summed to produce an output voltage which is nearly

independent of temperature.

In this chapter we examine the temperature depend-

ence of the current-voltage equations of a BJT. Basic

circuit implementations are examined before considering

more advanced circuit techniques such as curvature

correction. This chapter closes with a discussion of how

device nonidealities can degrade circuit performance.

2.1 The Bandgap Principle.

The standard model for the current voltage relation-

ship in a BJT, as derived from the basic drift and

diffusion equations, is

IC = Is[exp( VBE (2.1)
V
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where I
c

is the collector current, V is the applied base

emitter voltage, VT is the thermal voltage, which is

k T
equal to k is Boltzmann's constant, q is the

fundamental charge unit, and T is the absolute temper-

ature. When the device is in the active state, that is,

when V
BE

>> V
T
, the exponential term will dominate, and

(2.1) can be written as

V
I :4- I e Xp {

HE

VT

The saturation current, is given by

2
n.D
i nIs = q AE
N
a

(2.2)

(2.3)

where AE is the area of the emitter, ni is the intrinsic

carrier concentration, and Dn is the diffusion coeffic-

ient of electrons in the base. N
B

is the Gummel number,

which is the number of impurities per unit area in the

base. If the base doping, NA, is constant, then

N = N
A B

, where w is the base width.

The temperature dependence of (2.3) enters through

the diffusion coefficient, D , and the intrinsic carrier

concentration, n.. The diffusion coefficient is equal to

the carrier mobility, pn, times the thermal voltage,

according to the Einstein Relation:

k T
Dn = Prtq

(2.4)
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Around room temperature the mobility can be expressed as

= (2.5)

where C and n are constants. p typically has a value of

about 2 (Sze 1981, Tsividis 1980]. It is conventional to

use this expression for the temperature dependence of the

mobility although p is usually defined in terms of

majority carriers. Here pn represents the mobility of

electrons in the p-type base. Also, the temperature range

over which equation (2.5) is valid is given by reference

[Sze 1981] as "near room temperature." The resulting form

for the temperature dependence of the diffusion

coefficient is

Dn = 2T-a ,

where Cz = C k and a= 1- n.I B

(2.6)

The intrinsic carrier concentration in the base is

given by

/
V (T)

n. = 1 -1771 (NC NV exp
2V

T

(2.7)

where N
c

and Nv are the effective density of states in

the conduction and valence bands, respectively, and

Vg(T)5 is the base region bandgap voltage, i.e. the

5
The explicit temperature dependence of V (T) will be

considered in a later section.



bandgap energy divided

of the density of

=
Nc,v

where m
c,v

are the

holes, and h is

(2.8) results in

a

where

Ca = 4

by q. The

states terms is

2nmc k T
2

temperature

3,2

10

dependence

(2.8)

of electrons and

Rewriting (2.7) and

(2.9)

(2.10)

effective

Planck's

Cn.= Dee xp

2nks

h
a

masses

constant.

V CT)
g
V

rz

cv
hz

The temperature dependence of Cs in (2.9) can be neglect-

ed compared to the other terms. Substituting these

expressions back into (2.3) results in

V (T)
I
s

= C
4
T"exp 1

V

k C C
113 3 2where C

4
= qA

m qNa

(2.11)

and n = 4 - n are constants in-

dependent of temperature. When this expression is then

substituted back into equation (2.2), the result is

V
DE - V (T)

I
C = C

4
Tnexp g (2.12)

Now, rearranging equation (2.12) and solving for VsE,

gives
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V
DE (T) = Vg (T) VT

4m(C4
) nV llm(T) + VT4m(I ). (2.13)

C

The temperature dependence of the collector current

can be described by a power law,

Ic(T) = GT
6

, (2.14)

where G and 6 are temperature independent. If Ic is

constant then 6 = 0. Often I
c

is proportional to

temperature so that 6 = 1 (Brugler 1967, Lin 1985).

Substituting (2.14) into (2.13),

VDE (T) = V (T) - VT
4m(C4 ) - (77 - 6)V 4m(T). (2.15)

Equation (2.15) is valid

equations (2.5), (2.9),

reference temperature

V8E(Tr) = Vg(Tr) - %la(%)

Subtracting (2.16) from

VsE(T) = Vg (T) +

and

then

(2.15),

T

at any

(2.14.)

- -

V
DE

(Tr )

(7 -

temperature

are valid.

6)VTIft(Tr).

- V (T )g

6) VTlim T

at which

At some

(2.16)

. (2.17)

Tr

i Tr

At this point it is appropriate to consider the

functional form of the bandgap voltage dependence on

temperature. In the early designs of BGR circuits, the

bandgap voltage was considered to be a linear function of
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temperature, i.e.

V (T) = V (0) + e T (2.18)g g r

Actually, the bandgap voltage Vg is not a linear function

of temperature. At low temperatures Vg is very nonlinear,

as seen in figure 2.2. An empirical expression for the

bandgap voltage in a semiconductor is IVarshini 1967)

Vg (T) = A +
aT

(2.19)
T +f3

Where A, a, and p are constants appropriate to the

particular material. If (2.18) is used as an approx-

imation to (2.19) then the constants in (2.18) are not

unique but rather are dependent on the temperature range

over which (2.19) is approximated. The form of (2.17)

which results if (2.18) is used is

VBE(T) = Vg(0) T

Tr
[r (Tr) - Vg (0)
ApIE

- (n - 6) VIA4
Tr

(2.20)

The resulting form (2.20) is the classic form for the

temperature dependence of the base-emitter voltage of a

bipolar transistor. It shows that Vim is equal to a

constant (which is the bandgap voltage extrapolated to

zero temperature), plus a linear term (which has negative

slope since V (0) > V
BE

), and a nonlinear term. The

constants n and 6 are of order unity, but the thermal

voltage, VT, is much less than unity for temperatures of
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interest (i.e. less that 400K.) Thus the third term is

much smaller than the first two and so to first order V
BE

is linear in temperature.

It was pointed out (Tsividis 19801 that using the

above expression for a linear bandgap voltage will give

erroneous values for the constants which are treated as

fitting parameters, namely V0(0), and n. His approach was

to use a quadratic to model the variation of bandgap

voltage with temperature. Since the most nonlinear

portion of the curve occurs at very low temperature, a

linear expression is adequate for above room temperature.

The expression is

150K <11:5 300K V(T) =a
a
-ba T-ca T

2
(2.21a)

g

300K T < 400K V (T) = a
2

b T (2.21b)
9

The coefficients are chosen so that the bandgap voltage

is continuous at 300K. Tsividis shoved that when

(2.21a,b) are used, the fitting parameters which result

when comparing VBE vs. temperature are much closer to the

values predicted by the above theory than if a linear

expression for the bandgap voltage is used. If a linear

expression for the bandgap voltage is used, then the

fitting parameters, Vg(0) and .17, take on values not

predicted by the above model. The overall accuracy,

however, in fitting VBE vs. temperature is unchanged.
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A better expression for the bandgap voltage was used

by Lin and Salama (Lin 1985). They model the variation of

the bandgap voltage of silicon with one expression which

is valid over the entire temperature range of interest:

k T k T
Vg =Vg0 q

+k + k
a q

ln(T) (2.22)

When (2.22) is substituted into (2.20) for V (T), the
g

result is

V
BE

(T) = V
g0

- EJL-k - VSE (T
r

)

T
)Ap

r

- (7 - 6 - ka)V
T
444 (2.23)

T

Note that equations (2.20) and (2.23), have the same

form. For convenience, rewrite (2.23) as

V
BE

(T) = A BT - CT4m(T),

where

A = V B
go'

C =
k

B

Vgo - VBE(Tr)
kH

k )

r

q

q

(2.24)

(n 6 - ka)lft.(Tr), and

Now that the negative temperature coefficient term

V
BE has been developed, the positive temperature coeffic-

lent term will be considered. Equation (2.2) can be
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I

VBE (T) = V In ----) (2.25)
Is

If the base-emitter voltages of two transistors operating

at different currents are subtracted, the result is

I

AV
DE (T) = T

4m ( (2.26)

Ca

This can be accomplished as shown in figure 2.3. Since

the sum of the voltage drops around the loop will be

zero, the voltage drop across R1 will be

VHE - VDE = AVBE . The V term in (2.26) provides the
1 a

positive temperature coefficient, since V . The

variation of the logarithm term with temperature is

insignificant compared to VT. Above it was assumed that

the two transistors had identical emitter areas, AE. If

the emitter areas of GA and (12 are different, (2.26) must

be modified to include this as

AV (T) = V tim
Ica AEI

[
I
C1AE2

(2.27)

Once the positive temperature coefficient has been

generated, it must be scaled by an appropriate constant.

This is accomplished by the resistor array R2 and Ri as



shown in figure 2.3. The voltage drop across R
2

is6

R
Va = 2 AVBE

R

16

(2.28)

Thus, the positive temperature coefficient term is

V
2
= KT (2.29)

where K is determined by the circuit parameters R , R2,
1 2

I
CI

, Imo, and the device emitter areas, AEI, A22,

K = k
R I AE2

Ra I AE1
(2.30)

The output voltage then is the sum of the two components

or

V = V + V2OUT BE

VOU = V
g0 - AT - BTCc.(T) + KTT (2.31)

It is desired that the output voltage have zero temp-

erature coefficient at some reference temperature, Tr,

that is

dVOUT

dT
IT =

Tr

Applying this condition equation to (2.31) gives

(2.32)

In a transistor with sufficient current gain

I = I
E.
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(2.33)

Equation (2.33) must be satisfied by choosing appropriate

values of R R2, operating currents, and emitter areas.

The reference temperature, Tr, is determined by the

application.

2.2 Bandgap Voltage Reference Circuits

Before the use of bandgap voltage references became

widespread, voltage reference circuits were based on the

Zener diode operating in the avalanche breakdown mode

[Gray 1984]. Their usage is limited since the long term

stability is poor. Also, the breakdown voltage of a Zener

diode is less predictable than the emitter-base voltage

of a bipolar transistor, and Zener diodes in breakdown

are a large source of noise [Widlar 19711.

2.2.1 Early Circuits

The first circuit to employ the bipolar transistor

in a voltage reference circuit seems to be due to

Hilbiber [Hil.biber 19641. The circuit is based on summing

the voltage drops along two chains of diode-connected
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devices, as shown in figure 2.4. The two chains of

devices have different process parameters (C4 and 71 in

equation (2.10)) When VBE(T) is expanded in a Taylor

series, the first order temperature term can be elim-

inated by properly choosing the operating currents and

number of diodes in each chain. The output voltage which

results is the bandgap voltage of silicon linearly

extrapolated to absolute zero temperature from the

reference temperature. Since the circuit requires two

sets of devices with different process parameters, it is

not well suited to monolithic construction.

The first circuit which utilized the bandgap

principle, as described in section 2.1, was reported by

Widlar (Widlar 1971). It was part of a monolithic voltage

regulator. The essential portion of the circuit is shown

in figure 2.5. The positive temperature coefficient term

AV
DE

appears across R
a

as the difference between base

emitter voltages of (II and Q. If 9 of 02 is high enough,

then I= I
E2 and the voltage drop across R

2
is

R
2
AV

DE
. A third transistor, Q3, provides the negative

R
a

temperature coefficient of VBE . The sum of these two

voltages is the temperature independent output

R
2 A"V = V + -num .

DE DE
Rs

(2.34)
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A variation of this basic circuit that appeared a

couple of years later [Kujik 19731, and is shown in

figure 2.6. The positive temperature coefficient can be

seen by summing the voltage drops around the loop formed

by Q1, 02, R3, and the opamp input terminals. It is

assumed here that the offset voltage of the opamp is

negligible. The output reference voltage is the sum of
R
zV + ----AV . This circuit has the advantage ofDEBEI

R
a

achieving a higher output by replacing the single pair

devices Qa + with a larger number of device pairs as

shown in figure 2.6. A larger output voltage also reduces

the relative error due to opamp offset voltage drift.

A further improvement [Brokaw 1974] is shown in

figure 2.7. The positive temperature coefficient voltage

AVBE appears across R2. Negative feedback around the

opamp forces nodes A and B to be equal in voltage so that

the voltage drops across R5 and R4 are equal. The ratio

I
d

R
of the currents is equal to . The voltage drop

I
d R

5

across R is then
A

R6
R
1

(1 + )
9
kT

[

In
las

)

This
R
2

R
s Ica

voltage summed with V
DE, gives the temperature

independent output reference voltage. This circuit has

the benefit of being extendable to higher variable output
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voltages. This is accomplished as shown in figure 2.7 by

adding resistors R4 and Re which form a voltage divider.

Resistor R
3 is added to reduce the base current errors

due to finite current gain. The performance of the three

circuits discussed here is summarized in table 1.

2.2.2 ECL Bias Circuit.

The circuit of Widlar has actually been modified

little to provide the core of modern bandgap voltage

references in bipolar technology for use in ECL. A fully

compensated bandgap voltage reference/regulator is shown

in figure 2.8. Two temperature independent outputs are

provided. The positive voltage temperature coefficient

AV
DE is generated across R

4
as the difference in the base

emitter voltages of 01 and Q2. The voltage drops V2 and

V
6 across resistors R

z
and R

a
are also proportional to

Rz R
temperature and equal to AVBE and AV

BE
, respect -

Rs R4

ively. The negative voltage temperature coefficients come

from VBE of devices Q
a
and Q . Output V

IBS
is referenced

to Vcc, and is equal to

R
es ,,,

BE .V = V - V ----e.wBE CC BE
7 4

(2.35)

By design, the base-emitter voltage rises and drops

of Q
4
and Q

s
cancel, the output VCs is



2V = V + V "
V BECO EE *Ea

R4

which is referenced from V .
ILE
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(2.36)

To act as a regulator, this circuit relies on the

pnp transistor (10, which shunts excess current generated

by changes in the power supply voltage away from Q3. In a

process designed for high speed npn BJTs, pnp transistors

can be generated in several ways. Each method produces

pnp devices which have drawbacks and it becomes desirable

to have a circuit which uses no pnp devices
7

. The

solution to the design problem of eliminating the pnp

device is shown in figure 2.9 IBirrittella 1987). This

circuit uses the differential pair (20 and 07 to replace

the pnp shunt device, 06, in figure 2.8.

2.2.3 Bandgap Voltage Reference Circuits in CMOS.

Two kinds of BJTs are generally available in CMOS

processes. Substrate, or vertical BJTs, have the emitter,

base and collector formed from the source/drain

diffusion, well, and substrate, respectively. The

7
In GaAs iBT circuits, pnp devices have not

been simultaneously fabricated with npn !Ms, due to
the constraints of the epitaxial layer structure.
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collector must be permanently tied to the appropriate

supply rail. Lateral BJTs lie completely inside a well.

Early CMOS bandgap reference circuits used the VsE

of a bipolar device for the negative temperature coeffic-

ient. The positive voltage term was generated as the

difference in gate-source voltages of two diode-connected

MOSFETs operating in weak inversion. These circuits are

usable only at low temperatures, since at higher temp-

eratures the Junction leakage currents can become compar-

able to the transistor weak inversion current (Tsividis

1978, Vittoz 1979, Tzanateas 1979).

More recent CMOS bandgap voltage reference circuits

generate the positive temperature coefficient term as

before using the difference in VsE between two lateral

BJTs operating at different current levels ITsividis

1982]. Advanced bandgap voltage reference circuits in

CMOS use a technique of curvature compensation to cancel

the inherent nonlinearity in VsE vs. temperature (Meijer

1982, Song 1983, Lin 1985).

2.3 Limitations due to Device Nonidealities

The aim of this report is not to comprehensively

model all aspects of the behavior of an HBT. Device
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models can become quite complex and many model parameters

must be extracted from characterization data (Getreu

1976). The objective here is to consider extensions to

the model of equation (2.2) which are necessary to

describe device behavior in a bandgap voltage reference

circuit.

Equation (2.2) does not model the variation in

collector current as the collector-base voltage, V
CB

, is

varied. This effect is due to a modulation of the actual

base width, w , as the reversed-bias depletion region of

the collector-base junction encroaches on we. This is

known as the Early effect. A large Early voltage, VA,
A

means I
c will not be a strong function of the collector

voltage.

The argument of the exponential term in (2.2) often

requires some modification. This is taken care of by an

ideality factor, n, which multiplies VT. n is usually

equal to, or slightly greater than unity. If n is

independent of current and temperature, then circuit

design and performance will not be affected, since n is

simply a constant multiplier of V . However, if n varies

with either current or temperature, circuit performance

can be degraded.
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At low current levels, the voltage drops across any

parasitic series resistances are negligible. At

sufficiently high current levels this IR drop must be

considered. In this case the voltage drop applied to the

exterior terminals of the device is not the same as

voltage drop across the intrinsic base-emitter junction.

This problem is further complicated when series resist-

ance is a function of current. If these resistances are

also temperature dependent, modeling can become a serious

problem.

In the preceding sections it was usually assumed

that the current gain was high, so that Is It. 0 and

I
C I

E . Infinite current gain is required for these

relations to hold exactly. If 9 is always greater than a

certain value, say 100, then the base current errors will

be less than 1%. If ft is less than 100, but is not a

function of current and temperature, then lc = aIE is

also a constant and a can be used as a design parameter.

Difficulty arises when 0 is not large and is dependent on

current and/or temperature. This complicates the design

of precision circuits. The consequences of the above

mentioned factors will be discussed further in terms of

HBTs in the following sections.
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3. AIG4As/G4As HETEROJUNCTION BIPOLAR TRANSISTORS

In this chapter we discuss the advantages of a

bipolar transistor with a wide-bandgap emitter and

compare the relevant materials properties of Si and GaAs.

In section 3.2 we discuss the nature of the A1GaAs /GaAs

heterojunction and its effect on the current-voltage

characteristics in HBTs.

3.1 Motivation for using HBT's

3.1.1 Advantages of a Wide-Bandgap Emitter

The advantage of having a wide bandgap emitter in a

bipolar transistor was apparent to Shockley, who patented

the device in 1948 [Kroemer 19821. Implementation in

devices was not been possible until the epitaxial growth

technology became sufficiently advanced. The theory of a

wide bandgap emitter for bipolar transistors was develop-

ed by Kroemer [Kroemer 1957], and is briefly summarized

below.

An important figure of merit is the DC common

emitter current gain, /3, which is the ratio of collector

current to base current or
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I
C

P (3.1)

In

ft can be expressed in terms of the common base current

gain a, where

Since IE = I + Is ,

I
ca (3.2)

(3
a

(3.3)
1 - a

It is desireable to have a large current gain which means

that a must be close to unity.

Let us consider a in more detail. a is the ratio of

electrons (in the case of an npn device) which travel out

of the collector terminal to those that travel into the

emitter terminal. a can be written as the product

a = ra . r is the emitter injection efficiency which is

the ratio of the electrons injected from the emitter to

base to the sum of the same term, plus the amount of

holes injected from base to emitter,

I
n

r (3.4)
I
n +

Ip

a is the base transport factor which is the ratio of

electrons which are not lost to recombination in the base

or base-emitter space charge region to the electrons

injected from the emitter



In - I
r

I
n

These terms are shown in schematically in figure 3.1. For

a 2-: 1, we must have both r and aT nearly unity. Let us

consider the first term in more detail, for the moment

assuming
T = 1. The important point to notice in

equation (3.1) is that large ( is obtained when the

"injection deficit" 1 r is nearly zero, i.e. r = 1.

Rearranging (3.4),
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(3.5)

7 I
n

J
n

(3.6)

since Ip = AEJp and In = A J
n , where AE is the area

of the emitter. In order to keep the notation

symmetrical, let us consider a heteroiunction diode. From

the equations of drift and diffusion in a pn junction:

and

n =

2
D n.

n11 1. V{ BE
q xp

L N VT
11 AD

1) (3.7)

z
D n.
pE LE V

J q exp(
V

E

DE
1]. (3.8)P L

P
N

DE T

LnB L is the diffusion length of electrons (holes). in

the base (emitter). N
A and. N

D
are the acceptor and

B E

donor concentrations in the base and emitter, respect-



ively. Dividing (3.7) by (3.8), results in

a-D L n. N
n B PE LB DE

J D Ln n.
P PE LE A
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(3.9)

Thus from (3.9) we see conditions necessary to increase
J
n

and likewise increase (3. For a homojunction diode,

the nL terms will be the same in emitter and base (al-

though doping level can affect the bandgap, and hence nt)

N
D

and (3.2) will be dominated by . Thus a heavily
N

A

doped emitter and lightly doped base combine to give high

0. This arrangement of doping has two negative effects:

One, a lightly doped base means increased base resist-

ance, which in turn means a higher RC product. This

degrades high frequency performance. Also, the high

injection condition, which decreases 0, occurs at a lower

current. The second effect is due to high doping in the

emitter. Recall the equation for n.:

n. = Cexp(- E
9
/2k

8
T). (3.10)

The high doping causes bandgap narrowing in the emitter

J
n(Slotboom 19761. This decreases by the factor

exp

(E E )

k T

Jp

If wider bandgap A1.11.a,4As is used in the emitter, then
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n.

.
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(3.11)

where AE = E (A1GaAs) - E (GaAs). The effect of the
9 9

wide bandgap emitter is to suppress the flow of holes

relative to the flow of electrons. Equation (3.9)

becomes:

Dn LD NDJn Me2Mhp
a E E

AE
exp gf )

J
P

D
P

NAB Me
E
Mh

E D
T

s
L
n
a

A

(3.12)

With the wide bandgap emitter suppressing hole injection

into the emitter, the base doping can be increased. This

technique should reduce the base resistance without

sacrificing current gain. Kroemer has referred to this as

the central design principle of heterostructure devices

(Kroemer 1982).

3.1.2 Comparison of Properties of GaAs and Si

Because GaAs is a compound semiconductor, it is

possible to substitute other compounds which are similar

chemically to Ga and As. For some compounds the lattice

match is nearly perfect, i.e. AlAs and GaAs, which allow

variation of electrical (and optical) properties as the

composition is varied between AlAs and GaAs. Such epitax-

ial growth is accomplished by techniques such as MBE



30

(Molecular Beam Epitaxy) or MOCVD (Metal Organic Chemical

Vapor Deposition.) The bandgap voltage of AlxGalc_lAs can

be varied continuously from 1.424 V in GaAs, to 1.888 V

in AlAs. Lattice parameter mismatch is less than 0.1%,

hence few defects at the interface occur due to lattice

mismatch.

The physical parameters of GaAs whose temperature

dependence must be examined are the bandgap voltage and

mobility. The bandgap voltage of GaAs can be described by

[Varshni 1967)

aTzV
g

= V
go

+

T +
(3.13)

The values of Vgo, a, and 0 are 1.519, 5.405 x 10-4, and

204, respectively [Thurmond 1975). Equation (2.22) has a

more appropriate form for bandgap voltage reference

design and can be used to model (3.13). When the param-

eters of (1.21) are chosen so as to best fit (3.13) over

the temperature range 200K to 400K, the difference

between the two expressions is less than t 0.08 mV. The

parameter values are: V
go

= 1.5254, k2 = 3.152, and

k
a
= -1.251.

The temperature dependence of the mobility of GaAs

can be described in the same form as for Si [Sze 19811,



pan =

where C and n are constants. Nichols suggests that in the

temperature range 300-500K, the value of n is 1.25

[Nichols 1979) . Wang, et al, [Wa 87a) indicate a value

of n = 0.2 for temperatures around room temperature.

[Stringfellow 1979) has studied the mobility of electrons

in AI Ga As and his data indicates that p decreases
X 1.--X

with increasing temperature for T > 200K.

3.2 Device Physics of A1GaAs /GaAs Heterojunctions

3.2.1 Conduction Band Spiking

At this point, it is appropriate to consider how

carrier transport is affected by the A1GaAs /GaAs hetero-

junction. In an abrupt heterojunction between GaAs and

AlGaAs the energy bands bend as charge is redistributed

to keep the Fermi energy constant. A spike is formed in

the conduction band, as shown in figure 3.2. The shape of

the conduction and valence bands is determined by follow-

ing the rules proposed by Anderson [Anderson 1960, 1962).

By properly grading the composition of Al,Gag..,As at the

base edge of the emitter, the spike can be reduced or

eliminated [Hayes 1983b). Consider two limiting cases for

the mechanism of current flow in an HBT. The first case
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is where the Junction is compositionally graded such that

no conduction band spike exists. Current flow is describ-

ed by the standard model of drift and diffusion. The

second case considers current transport across an abrupt

junction where the conduction band spike is an impediment

to current flow. The actual situation will probably lie

somewhere between the two limiting cases.

3.2.2 Graded versus Abrupt Junction

Consider the case where the emitter-base junction

has been compositionally graded so that all

discontinuities in the conduction band have been smoothed

out. A technique for determining proper grading profiles

has been proposed by Hayes (Hayes 1983bl. The flow of

holes into the wide-bandgap emitter is greatly reduced

compared to the electron current. The mechanism of

current flow is still governed by drift and diffusion.

The electron current should still be described by

equations (2.1) and (2.2) where ni is the intrinsic

carrier concentration in the GaAs base. In this case the

equations developed in section 2.1..1 would describe a

HET, substituting the appropriate materials parameter

values for GaAs.

Consider now the opposite case of non-graded, i.e.
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an abrupt heterojunction. The conduction band spike, as

discussed above, will act as an impediment to electron

transport. Thermionic emission of electrons over a

barrier of height 08, is given as (Sze 1981, p.25.6)

V
J = A Tz expr--)expE a

(3.16)
O

VT VT

4ngm
*
k
Z

where A is the effective Richardson
ha

constant, and V. is the applied voltage. Such an approach

has been used (Taira 19871 to study transport in HBTs

with abrupt junctions as a function of temperature. The

barrier height, 09, in (3.16) is given by Taira as

=
9

AE 712)

7?
1

r + 1 + 1
(3.17)

where r = g2NA/g1ND. ND and NA are the doping densities

in the emitter and base, respectively, and et and SE are

the dielectric constants constants in the emitter and

base, respectively. Eg is the bandgap of GaAs and AE. is

the conduction band discontinuity. n2 is the depth of the

Fermi level in the emitter and n2 is the Fermi level

measured with respect to the valence band in the base.

(3.17) can be used to estimate a value of WhenWhen (3.16)

is used instead of (2.2) to describe transport in an HBT,

a form for the saturation current, I
s, such as (2.11) is

still appropriate. The parameters in this case in (2.11)

are C4 = AEA*, n = 2, and V (T) = 09. Thus the design
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techniques based on drift/diffusion discussed in chapter

2 for a bandgap voltage reference can be used also for an

abrupt junction HBT.

Equations (3.16) and (3.17) represent a simplified

treatment of the effects of conduction band spiking on

transport in a heteroJunction. The conduction band spike,

and hence the electron barrier height, is a function of

applied bias voltage [Lin 1985a, Lee 1985). Other

approaches to modeling [Grinberg 1984) consider transport

to occur as a combination of drift/diffusion and

thermionic emission. Transport in HBTs can also be

modeled by numerically solving the semiconductor device

equations [Lundstrom 1983). While these approaches may

lead to a more accurate description of current flow in an

HBT, the resulting expressions for the Ic-VBE character-

istic do not readily lend themselves to circuit design,

due to their complexity. This is the reason for seeking a

simple expression, such as (3.16), to describe current

flow in an abrupt HBT.
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4. MEASUREMENTS AND RESULTS

4.1 Description of Samples

The HBTs used in this study were fabricated by

Tektronix Solid State Research Laboratory. The epitaxial

structure of the MBE grown layers of the two wafers used

in this study is shown in table 2. The substrate was /I+

and collector contacts for all devices were through the

metallized backside. Contact to the emitter and base was

made through bonding pads located on the frontside. Wafer

11 had a emitter-base junction whose Al concentration was

graded. A linear grading profile was used over distance

of 300 X. Wafer 12 had an abrupt emitter-base Junction.

Each die contained approximately 75 discrete

devices, with all collectors shorted together. Emitter

sizes for most devices ranged from 2x2pmZ to 2x1Opm2.

Each die also contained a few oversized devices which had

much larger emitter areas and base-emitter electrode

spacing. Devices were diced from the wafer and mounted in

a 16 pin ceramic package for placement in a cryostat.

A microphotograph of one of the devices used in this

study is shown in figure 4.1. It has an emitter size of
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20x2Opmz, and has an emitter-base electrode spacing of

about 10pm. Visible in the photograph of the device is a

a guard ring structure. This is used to keep the emitter

periphery at the same potential as the base, in order to

reduce surface recombination currents. The use of a guard

ring structure is discussed in the literature (Zhu 1985).

Surface recombination, which is also known as the emitter

size effect, is a major source of performance degradation

in HBTs and has been investigated by several researchers

[Hilbiber 1887, 1988, Henry 1978, Casey 1979, Nottenberg

1988).

On wafer #1 only one device per die functioned as a

transistor. Other devices had one or both of the two

junctions either shorted or open circuited. It had a

maximum current gain, at room temperature, of about 30.

On wafer #2 nearly all devices per die were functional.

However, the current gain, fir, of the small emitter

devices sizes was so low (i.e. less than unity) that the

devices were unusable. The device with 20 x 20 pm2

emitter did have a current gain comparable with similar

devices on wafer $1, so further measurements were

performed on these devices.
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4.2 Experimental Setup

All electrical measurements on the devices were made

using an Hewlett-Packard 4145B Semiconductor Parameter

Analyzer. The HP4145 is a versatile instrument that has

four channels, each can be used as an independent voltage

source/ammeter, or current source/voltmeter. Packaged

devices were placed- in a cryostat, which is an Air

Products closed-cycle liquid Helium refrigerator. System

temperature capabilities ranged from 30 K to 360 K. A

resistive coil was used as a heater. The temperature was

controlled by a Hanson and Associates temperature

controller. Temperature was measured using two Gold-

chromel thermocouples. The first thermocouple was used by

the temperature controller and was mounted a few

centimeters from the sample, near the heating coil. The

other thermocouple was mounted inside a package identical

to the sample device package and placed adjacent to the

actual sample.

4.3 Device Characterization

This section describes the measurements which were

used to characterize the devices at room temperature. The

plots in figures 4.2-4.8 refer to devices from wafer ti.
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Figure 4.2 shows a typical common emitter transistor

characteristic, Ic vs. VcE. Base current, IE, is stepped

in 30 pA increments. Several features can be noted from

this plot. The slope of Ic vs. VcE in the active region

determines the Early voltage, VA, found by extrapolating

each of the I
c

, back to the I
c = 0 axis. Typical values

for V are of the order of 150 volts. Large values of VA
A

are to be expected since the base doping level is high

(NA = 3X10".)

Figure 4.2 also shows the base-emitter voltage, VEE,

applied to maintain constant base current, IE. Note that

V is of the order 1.2 V when the device is in theBE

active region. This is much higher than the typical 0.7 V

turn-on voltage in a silicon BJT.

Another feature apparent from the plot of Ic vs. VcE

is that the set of I
c curves are offset from the origin.

Figure 4.3 is an expanded view of figure 4.2 near the

origin, which shows that when VcE = 0, Ic is nonzero and

equal to 1E This is apparently due to a unequal turn-on

voltage in the base-collector and base-emitter diodes.

The offset voltage is quite obvious when forward

current-voltage characteristics of both base-emitter and

base-collector diodes are viewed on the same set of axes.
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This is shown in figure 4.4 on a linear scale. From the

figure it can be seen that the curves are offset by about

0.4 V. This is the same amount that V
CE

is offset in

figure 4.2.

More structure is revealed when the diode character-

istics are viewed on a semi-log plot, shown in figure

4.4. 49(
Inc appears to be linear for I

BC 0.1nA. Such

behavior is expected from the ideal diode equation. The

behavior of base-emitter diode is much different. Two

regions of nearly constant slope are apparent.
BE

could

be modeled by the sum of two exponential terms as

V )
BE = Stexp

BE
+ I32exp

V
[

BE )
n V n 2

y
TT

(4.1)

where the first term accounts for current flow due to

drift and diffusion and the second term models current

due to recombination. This would suggest that ideality

factors n
1

and n2 are equal to 1 and 2 respectively

(Henry 1978, Tiwari 19881. Ideality factors for IsE are

n
t

I' 1.2 and n
z

P--= 3. Lee and Pearson [Lee 19811 have

observed ideality factors na, with values between 1 and 2

at room temperature, increasing to values between 1.5 and

4 at low temperatures. Recombination current ideality

-factors of n
2 > 2 have been studied in silicon bipolar

transistors (Ghannam 19891. Attempts to reduce surface



40

recombination currents in HBTs by chemical treatments of

the surface have been presented (Nottenburg 1988,

Sandroff 1987).

A forward Gummel plot of the device is shown in

figure 4.5. This is semi-log plot of Ic and ID vs. V .

BE

The base-collector junction is held at zero bias. From

the plot, Ic appears to be linear over several decades of

current. At high current levels the slope of Ic vs. V22

tends to decrease, similarly in 12 vs. V22. This could

either be due to high injection effects or due to series

parasitic resistance. Series resistance seems more

likely, however, for two reasons. One, the base is very

heavily doped (NA = 3 x 1018/cm9) For high-injection

effects to occur the injected carrier density must

approach the doping level of the base. The amount of

forward bias necessary to reach high injection condition

is much higher than Vs 's applied here. Heavy base doping

should mean low base resistance. Series resistance

effects suggest that any base resistance is due to

contact resistance. This would also suggest that the

emitter is a source of series resistance. Another reason

that high injection seems unlikely is the following. The

knees in the curves of I c and I vs. VHE (that is, the

point where log(Ic) and log(Is) tend to fall away from .a

straight line) in figure 4.5 seem to occur at the same
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value for Ic and I . High injection would limit the

collector current but leave the base current unaffected.

These effects are not seen here.

It is interesting to note from the plot that at no

point are Is and Ic parallel. Ic had an ideality factor

close to unity over most of its range. In exhibits very

nonideal behavior. At low current levels I has an

ideality factor of about 3. At moderate levels of base

current, Is has an ideality factor of about 2. This is a

small region bounded above by current fall-off due to

series resistance. Figure 4.7 shows the base-emitter

Junction diode characteristic on the same axes as a

forward Gummel plot. Note that Iss traces out Is at low

currents where surface recombination dominates and at

high currents it traces out IC where drift and diffusion

currents dominate.

By plotting the derivative of tim(Ic) vs. Vas and

) vs. Vas, we can see how the ideality factor

varies. That is, by considering Ic and Is to have the

form

a
nC

T
V

Ic = I exp BE
V

and

(4.2)
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(4.3)

where nc and ns are the ideality factors. Consider I and

I to be described at any value of current and voltage by

appropriate choices for I
s and n. Then take a derivative

of Ic with respect to V
BE in equation (4.2) and solve for

n
c

. The result is

nc

dV
1 BE

VT d tfklI c)
(4.4)

Since data are taken at discrete values of current and

voltage, (4.4) takes the following form

n =
1

VT

V V
HE

j +1 BE
j-1

- Z41,
C

.1

Cj-f
*A.

(4.5)

A similar expression is arrived at for n
a

. The ideality

factors, as determined by (4.5) are plotted versus

collector current in figure 4.8. As the figure shows, nc

is close to unity for several decades for collector

current. n , on the other hand, is very large (nearly 10)

at low current levels, but decreases with increasing

current. n reaches a minimum of about 1.8 at a value of

I
c -2; 3x10 A. At higher current levels both ideality

factors appear to increase. However, at these higher

current levels the current is falling off due to series

resistance and is not well explained by an ideality

factor.
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4.4 Analysis of Temperature Dependence

The region of moderate collector current where nc is

a constant can accurately be modeled by (4.2), allowing

the determination of I. This technique was employed at

various temperatures in order to determine the dependence

of I
s on temperature. Functional forms for werewere

discussed in section 3.2 for the two limiting cases. The

one case is an abrupt base-emitter Junction, where the

conduction band spike affects transport, which resembles

thermionic emission. The opposite case was a junction

graded such that the conduction band spike is completely

eliminated. In this case the equations of drift and

diffusion describe transport, and the form of Is(T) is

given by equation (1.2). Hayes (Hayes 1983b1 has proposed

that linear grading of the base-emitter junction will not

remove the conduction band spike. Rather, parabolic

grading is required. Devices on wafer 111 had linear

graded Junctions, which suggests the presence of a

conduction band spike. This is evidenced by the offset

voltage apparent in a plot of is vs. VcE and in a plot of

the BE and BC forward diode characteristics.

ThedataforIvs. temperature were modeled by

a
Is = ai [

Taa ex4-
k T
B

(4.6)
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Data was fit using the method of least squares, employing

the Levenberg-Marquart algorithm (Press), using a FORTRAN

program on an IBM AT compatible. Since the values for Is

were very small 8
the data were premultiplied by a

constant. This was done to eliminate errors due to finite

precision in the computer program. The resulting fitting

parameters were independent of the scaling value used.

The relationship between Is and temperature is highly

nonlinear and there are many local minima in the param-

eter space into which the algorithm would fall. It was

therefore necessary to use a variety of starting guesses

for the fitting parameters al, a2, and a3. The absolute

minima was known by observing that the magnitude of the

error function was a minimum.

Best fit values for parameters al, az, and a3 over

the temperature range 216K to 354K are shown in table 3..

For the case of a smoothly graded Junction, the equations

as developed for I
s

, (2.11)

I
El

= C4T exp

give

V (T)
g (4.6)
V

where C4 is a constant and 77 = - n, where n describes

the temperature dependence of the mobility. When (2.22)

8
At T = 216K, for example, I

s
10-32 .
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is substituted into (4.6), the expected result is

so that

V
I
s sexp( ks) T"sexp{ go

k T
B

as = Vgo = 1.5254, (4.7)

az = 4 n k = 5.251 - n. (4.8)

As mentioned in section 3.1.1, a specific value of n has

not been agreed upon in the literature. Estimates for n

are: 0.2 Mang 1987a1, 1.0 [Sze 1981), and 1.25 [Nichols

1979). This in turn suggests values for a
2 between 5.23

and 4.01. a is determined by

a
1
= C

4
exp( k

2
). (4.9)

C4 is given by comparing (2.3), (2.5), (2.6), and (2.9)

as

qAE 2nks s'z k
C = 4 Ci)4 q 1h

2
mem, (4.10)

C can be determined by estimating pn from a graph of

mobility vs. doping at a fixed temperature. For

N
A (base) = 3 x 10

11
9 (on wafer *1) [Sze 1981) gives

p 2000 cmZ/ V /sec at T = 300K. Solving (2.5) for C1

with n = 1 gives

C1 = 5.0 x 10s cm2K

The resulting value for C4 is

V sec
(4.11)



C
4

= 1.34 x 10-7 A

K17

which, using (4.9), gives a value of a
1
as

a = 5.73 x 10- 9
A

K rT
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(4.12)

(4.13)

On wafer #2 base width and base doping are different.

This should not affect a2 and a3. The expected value of

a on wafer #2 is

a
A

A= 6.45 x 10-1° (4.14)

In the opposite limiting case of thermionic emission, the

expected value of a2 is a = 2. a3 is approximately the

(room temperature) bandgap of GaAs 1.423 plus the

conduction band offset, here hE = 0.6AE [Taira 1987] so

that AE = 1.078 and the barrier height, which is also

parameter a9, (3.15) is approximately 4, :4; 2.4V.

Comparison with the best values for al, a2, and a3

shows that neither model is a good prediction. Since the

emitter-base junction on wafer 1 is graded, albeit

linearly, one would expect to see parameter values

predicted by the drift/diffusion model. It is rather

interesting to note what values the fitting parameters

take on when, in (2.11), the room temperature value of

the bandgap voltage is used. In this case, expected

values would be a
a
= 1.423, a

z
= 3.0, and

a1 = 1.34 x 10-7. This assumes that n = 1.0 in (2.5) for

the exponent of the temperature dependence of the mobil-
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ity (Sze 1981). The agreement in this case is remarkable.

The emitter-base junction of devices on wafer #2 was

not graded and so the fitting parameters would be

expected to have values predicted by the thermionic

emission model. While a value for a3 was larger for

devices on wafer #2 than wafer 01, as the model suggests,

it is not as large as would be expected. Also, a value

for a2 = 2 is expected, much different from the fitted

value.

Study of the temperature dependence of the

saturation current, I8, should provide insight in the

current transport mechanisms. In terms of bandgap voltage

reference design, of interest is the temperature depend-

ence of the base-emitter voltage, Vse While VHS vs.

temperature is usually measured in a special circuit

[Ohte 19771, it can also be extracted from the curves of

I vs. V
am' which were measured at various temperatures.

At each temperature, the particular value of V
BE was

determined by holding Ic at some constant value and

interpolating on the Ic vs. Vas curve. This is implement-

ed with a built-in function on the HP4145B. As was noted

earlier, the I
c
-VDE characteristic has only a limited

range of ideal behavior. Devices from wafer #1 (wafer #2)

typically had a range of ideal I
c

of 10
-8A to 10-6A
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(10-1°A to 10-7A) and a range of Vim of 0.75V to 1.10V

(0.95V to 1.10V). Substituting the model of (4.6) into

(2.2) results in an equation with the same form as

(2.23), which is,

VsE(T) = as + Zom( ksT - a2kli T4m (T)
a

(4.15)

This provides an alternate method of determining the

fitting parameters a1, a
2
, and a9. The procedure was as

follows. A second function can be obtained by adding

a
2k T4m(T) to both sides of (4.15). The result is

V (T) = V
SE + a2k T4m(T)

I

= a9 + .144 --c --)k T (4.16)
a

which is linear in temperature. Vz(T) is thus formed

guessing a value of a
z
and using the experimental data.

From a fit of V (T) vs. temperature to a straight line,

a
3

and a
1
can be determined (since I

c
was fixed at a

constant value.) A "goodness of fit" function can be

written as
2

E(a ,a
2
,a

3
)

E (7
: E

lc (T) - Vmeas (T)
)

T

(4.17)

For each device, a part Maar value of le a was

varied until E was minimized. Values of a , a , and a
1 2 3

for devices on wafer 11 are shown in table 4. These
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values agree reasonably well with the values predicted by

the drift/diffusion model. Also shown in table 4 is the

maximum difference of the experimental value of VBE(T)

from VBE calculated with (4.15). A similar procedure was

applied to devices on wafer 112. The best fit values are

shown in table 5. While the parameters take values which

are not predicted by the models, the close fit of VcalcBE

to Vmeas is better than in devices on wafer #1, i.e.BE

-0.4mV compared to -1.2mV. When a2 is constrained to be

equal to 2, as a simple thermionic emission model would

suggest, the fitted parameters and errors are shown in

table 6. Table 7 shows results when az is constrained to

be 4.25. This is the value of a2 .expected from the

drift/diffusion model when the mobility varies as

As seen in the table, the value for a3 is close to the

expected model value of 1.5254. However, al is several

orders of magnitude different from its predicted value.

The fit of V
BE vs temperature is within 1.3 mV, at least

as good as the fit for linearly graded devices of

wafer *1.

4.5 Design Considerations with HHTs

Unfortunately, in the region where VIIE obeys (2.23)

the current gain, Or is very small and a strong function

of collector current. For devices on both wafers the
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maximum (3 was less than 2.0 at all temperatures. As shown

in figure 4.9, (3 is an exponential function of Ic, as a

tangent line drawn at low current shows. Since (3 is so

low, the common-base current gain, a, will fluctuate

strongly also as (3 varies.

In this section the impact of HBTs and device

nonidealities on bandgap voltage reference design is

considered. The circuit configuration which is chosen is

that shown in figure 2.6. The reason for this is that the

opamp makes convenient a determination of the temperature

dependence- of the currents in resistors Ri and R. The

opamp is considered to be ideal. That is, it draws no

current into the input terminals (i.e. I
a

and I
4

are

zero) and the input offset voltage is zero. The resistor

values are considered to be independent of temperature.

The emitter areas of Q and are assumed to be equal.

These assumptions are made to simplify the problem and

are not be important for comparison purposes.

Negative feedback around the opamp drives the

voltage difference at the input terminals to zero. Thus,

the voltage drops across R
1
and R

2
are equal, and are

I R
1

= I
E2R2 . (4.18)

Also, the voltage drop across R3 is

V
s
= AV =.I. R

BE E2 , (4.19)



since

AV kBT
BE

41,1 Ica

1 IC2

Recalling that Ic = aim, (4,20) becomes

AV = -----4mBE

kBT a El1

q Ot2 E2

Then, from (4.18), (4.19) and (4.21)

1 1 ks atR2
C2 a R q a R2 3 2 S.

and

1
R2 ka a1122

T.ICI =
ai R

1R9 q a2 RI

51

(4.20)

(4.21)

(4.22a)

(4.22b)

If the of the devices is high enough then aI and a
2
are

approximately equal to unity. Then 6 = 1 in equation

(2.14) and the collector current is proportional to

temperature. Since 1E2 flows through both R2 and R3, the

voltage drop across R2 is

or

where

R
V=
2 R DE

V2 = KVIr

K = 4:4;0
The output, voltage is the sum, of Vim and V2 and is equal

(4.23)

(4.24)

(4.25)

to

V (T) = V +
go T mm r(v (11 v zv 4%(1-) + KV

r gp Tr
(4.28)
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Where, from (2.23), z = n - 6 - ka. At the reference

temperature, Tr, (2.33) can be written as

V
ref

= Vey (Tr ) 4. KV = V + zV (4.27)Tr go Tr

Substituting this back into (4.23) for Var(Tr) gives

Vous. = = V + 2V
T

41[1 -
[7r)).
T

r

The error voltage is the difference of (4.27) and (4.28)

(4.28)

Verr (T) = zVTr - ZV
T
[1 - 44/7)). (4.29)

This error voltage results from the inherent nonlinear

temperature dependence of VBE. (4.29) represents the

minimum error achievable in a non-curvature corrected

bandgap voltage reference, under the the assumptions made

previously. In the ideal portion of the Ic-Vae curve of
110

HBTs, the common emitter current gain, 0, is low ((3 < 2)

and a strong function of lc. Hence aland as will also

vary with current. From (4.22) the current varies with

temperature, so al and ota will vary with temperature.

Thus the K in (4.24) will be a function of temperature.

Rewriting (4.28) with a temperature dependent K, gives

V = V
go

+ 2V 1 - 449 + V (K(T) K(T
r
)) (4.30)Tr

The error voltage (4.29) becomes

V
err

(T) = zV
T

zV
T
(1 - T)) +.V (K(T) - KTr)) (4.31)

r
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The variation of the K parameter, caused by a low and

strongly collector-current dependent /3, will dominate the

error voltage.

From figure 4.9 it is seen that /3 continues to

increase as I
c is increased from the ideal portion of the

I
c
-V

BE curve to the portion dominated by series resist-

ance. Effects of series resistance can be modeled by

extraction of parasitic emitter, base, and collector

resistors. To accurately model Ic-VBE, these resistances

must be temperature dependent as well as current depend-

ent. This results in a complicated model for lc vs Vim

making makes accurate circuit design difficult.
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5. CONCLUSION

At present, the development of HBTs does not seem to

have reached a stage where implementation of bandgap

reference circuits is practical. As with the development

of ECL in silicon, for example, either voltage references

will continue to be provided off-chip, or the temperature

of HBT circuits will be artificially maintained, until

the technology is sufficiently matured so that on-chip

referencing is possible.

Several aspects of HBTs need attention, primarily

understanding of the origin of the offset voltage, low

current gain, and high series resistance. The offset

voltage should be eliminated by proper grading of the

emitter-base junction. Interface states, intrinsic to the

GaAs /A1GaAs junction, may also affect transport in

animportant way. Results indicate that the I
C
-V

BE
char-

acteristic in HBTs can be described by the

drift/diffusion model as used in silicon BJTs.

While HBTs have been reported to have high gain, as

the theory of section 3.1.2 would suggest, these devices

have not been shown to be practical for circuit

applications. Other aspects of device performance, for
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example low collector-emitter breakdown voltage, or low

Early voltage, make these devices unattractive. The

primary factor affecting current gain in HBTs, at low

current levels, seems to be excessive recombination

current. Base current shows a minimum ideality factor of

n = 2. At higher current levels the nonideal effects of

series resistance degrade device performance. These

characteristics also appear in devices from other labor-

atories, as well. It is expected that as HBT technology

matures surface recombination currents will be reduced,

improving current gain, and the offset voltage will be

eliminated. This will make design of circuits such as

bandgap voltage references possible.
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Figure 1.1. Comparison of ECL and CML gates. After
[Treadway 19891.
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Figure 1.2. Schematic of ECL 100K 2-input OR/NOR gate.(a) Current switch including input and output tran-sistors. (b) Bandgap voltage reference bias. After
[Hodges 19881.
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Figure 1.3. Voltage transfer characteristics comparingfully compensated ECL with uncompensated ECL. After[Hodges 1988).
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Figure 2.1. General principle of the bandgap reference.
After [Allen 19871.
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Figure 2.2. The temperaure dependence of the bandgap of
Silicon. After (MacFarlane 19581.
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Figure 2.3. Generating and amplifying the positive
temperature voltage coefficient for a bandgap voltage
reference.
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Figure 2.4. Simplified bandgap voltage reference. After
tHilbiber 19641.
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Figure 2.5. Simplified form of bandgap voltage reference
circuit. After tWidlar 1971).
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Figure 2.6. Essential portion of circuit. After Mujik
19731.
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Figure 2.7. Idealized bandgap voltage reference circuit
illustrating two-transistor bandgap cell. After [Brokaw
19741.
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Figure 2.9. Fully compensated bandgap-referenced voltage
regulator design using a differential-amplifier shunt
instead of a p-n-p shunt circuit. After IBirrittella
19871 .
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Figure 3.1. Terminal currents and major current com-
ponents in an active-biased transistor. After (Muller
1986).
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Figure 3.2. Band diagram of (a) abrupt HBT, and (b)
graded HBT. After [Takano 19881.
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Figure 4.2. A room temperature plot of the transistor
characteristic of device N8 from wafer al.
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Figure 4.3. Expanded view near the origin of Figure 4.2.
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Figure 4.4. Comparison of room temperature characteris-tics of base-emitter and base-collector diodes of deviceN8, wafer #1.
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Figure 4.5. Same as Figure 4.4, but the vertical axis isplotted on a log scale.
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Figure 4.6. Gummel plot at room temperature of device N8,wafer 01.
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Figure 4.7. Base-emitter diode characteristic of Figure4.5,on same axis as forward Gummel plot of Figure 4.6.
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Figure 4.9. Logio((1) vs. logio(Ic) of device N8, wafer

#1, at T = 217K, 296K, and 354K.
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Circuit Output
Voltage

Temperature
(V) range AT ( °C)

TCr(*) "mi
C

Widlar 1.238 180 18
(-55 to 125°C)

Kujik 9.880 60 4

(0 to 60°C)

Brokaw 2.5 180 5-60
(-55 to 60°C)

Table 1. Comparison of the performance of various bandgap
voltage reference circuits.
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Wafer 1 Al fraction Doping (cm-3) Thickness (A)

Cap 0 5 x 10"(Si) 1000
Emitter *0->0.25 5 x 10i7(Si) 300

0.25 5 x 101'(Si) 1500
*0.25->0 5 x 10i7(Si) 300

Space Layer 0 Undoped 100
Base 0 3 x 101H(Be) 1000
Collector 0 3 x 1016(S1) 6000

0 4 x 10"(SI) 4000
Substrate 0 -4 x 10i°(Si) 500 pm

*Linear Grading

Wafer 2

Cap 1 x 1019(Si) 2500
0 5 x 101'(Si) 1250

Emitter 0.25 5 x 101 ?(Si) 2800
Base 0 1 1019(Be) 2000
Collector 0

+x
n substrate

*No grading - abrupt junction

Table 2. Device epitaxial layer structure (as grown by
MBE.)
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Wafer Device a a a3

#1 N8 2.39x10-5 2.93 1.42
#1 N9 4.01x10-6 3.06 1.47
#2 Q1 2.31x10-5 3.29 1.55
#2 Q2 1.43x10-a 3.97 1.81

Table 3. Best fit values of parameters in equation (4.6)

to I vs. temperature.

Device I
c a

1
a
2

a
3

V
BE

(dif) (mV)

N8 100nA 6.78x10-9 4.37 1.51 1.7
N8 500nA 1.27x10-5 4.29 1.51 1.6
N9 100nA 1.07x10-7 3.87 1.50 1.0
N9 500nA 5.51x10-9 4.29 1.49 1.0

Table 4. Best fit values of parameters in equation (4.6)
to V

BE vs. T, I
c = const., for devices on wafer #1
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Device I
c

a
1

a
z

as V
BE

(dif) (mV)

Qi 20nA 1.48x10:: 8.0 1.47 0.3
01 80nA 1.39x10 7.8 1.47 0.3

-212nA 1.52x10 8.5 1.45Q2 0.6
Q2 20nA 2.40x10-14 6.7 1.50 0.8

Table 5. Best fit values of parameters in equation (4.6)
to V

BE vs. T, I = const., for devices on wafer #2

Device I a
1

a a
3

V
DE

(dif) (my)

01 20nA 6.72x10
-3

2.0 1.60 1.9
Q1 80nA 9.46x10-3 2.0 1.61 1.9
Q2 2nA 5.63x10-3 2.0 1.59 1.7
Q2 20nA 1.00x10-2 2.0 1.61 1.8

Table 6. Best fit values of parameters in equation (4.6)
to V

BE
vs. T, I

c = const., for devices on wafer #2 for a
z

constrained to be equal to 2.

Device
c a

1
a
z

a
3

V
BE

(dif) (mV)

Qi 20nA 2.32x10-3 4.25 1.55 1.3
Qi 80nA 2.79x10-3 4.25 1.56 1.3
Q2 2nA 2.10x10-3 4.25 1.54 1.3
Q2 20nA 2.22x10-2 4.25 1.56 1.2

Table 7. Best fit values of parameters in equation (4.6)
to V

BE vs. T, I = const., for devices on wafer #2 for a
z

constrained to be equal to 4.25.
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