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In recent years, there has been considerable interest in
indium phosphide (InP) and In-based Ill-V compounds because of
their applications in many electronic and photonic devices. The
issues involved in processing high quality InP-based devices have
been widely explored during the last decade. Realization of highly
reliable, high speed, and long distance fiber-optics
communication systems requires good quality of the material
growth, characterization techniques and reproducible device
processing concepts. All these three elements should be included
in the manufacturing sequence in order to produce devices of high
quality.

Until recently, most of the InP related technologies and
advances have been focused around optical fiber communications
(1.3 - 1.55 u.m) where Si and GaAs could not compete. The main
obstacle to rapid growth of In" jased technology in the 80s was
the enormous investment and interest of large companies and
commercial research organizations in GaAs technology.
Supporting and financing InP related devices and material was at
best minimal. As a consequence, there has been a much slower
perhaps more realistic development curve for non-optical InP-
based devices and technologies. InP technology has survived
solely on the basic of its technical performance, despite the
financial problems.

The major concerns of the InP-based technology research
and development community are to improve the control of the
current technology, better understanding of the fundamental
phenomena, and the transition from the fundamental research
phase to the design of engineering products.

In this thesis, we investigate the static behaviour of
InP/lnGaAs heterojunction bipolar transistors (HBTs) which have
attracted a significant amount of attention. This thesis provides
an overview of the work that has been done untill today including
material properties and processing technique developed in our
processing laboratory in Linköping University.
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It is my hope that this thesis will provide the reader with

an introduction to the subject and generate further interest for
them who want to get involved into the understanding and the
fabrication of these devices.

This thesis is organized in the foliowing way: the first part,
which is the introduction of the thesis, covers the fundamental
characteristics of InP/lnGaAs heterojunction bipolar transistors
as well as the basic physical properties of InP and InGaAs; an
overview of the static and dynamic behaviours of HBTs; and the
processing steps that have been used in fabricating InP/lnGaAs
HBT. The second part covers the work that has been published and
divided into the following four publications.

I. InP/InGaAs DHBT for high frequency and high speed ECL

circuits using a submicron-model,

A. Ouacha and M. Willander, Solid-State Electronics, Vol. 34,
No. 6, pp. 565-571,1991.

II. Recombination process and i t s e f fec t on the dc

performance of InP/lnGaAs s i n g l e h e t e r o j u n c t i o n

bipolar transistors,

A. Ouacha, Q. Chen, M. Willander, R. A. Logan and T.Tanbun-Ek,
Journal of Applied Physics, Vol. 73, No. 9, 1 May 1993.

III. Collectcr-emitter offset voltage in InP/lnGaAs single

and double heterojunction bipolar transistors,

A. Ouacha, M. Willander, R. A. Logan and Bo Hammarlund,
accepted for publication in Solid-State Electronics.

IV. Effect of the high SiN deposition temperature on the

electrical properties of InP/lnGaAs heterojunction

bipolar transistors,

A. Ouacha, M. Willander, Bo Hammarlund and R. A. Logan,
submitted to Journal of Applied Physics.
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1 INTRODUCTION

A simple definition of heterojunction is a junction formed between two
different materials. The original concept of the heterojunction bipolar
transistor was proposed by Shockley in 1951 IM. Unfortunately, very
little progress was made towards a practical heterojunction until the
early 1970s, because of the difficulty in joining two lattice-matched
semiconductors without generating large numbers of defects at the
interface. The situation started to change, with the emergence of
liquid-phase epitaxy (LPE) in 1972 as a technology for Ill-V compound
semiconductors heterostructures, when Dumke and co-workers
succeeded in fabricating an HBT in the well-lattice-matched
AIGaAs/GaAs structures 121. They achieved a current gain of 25 and
predicted a cut-off frequency of 130 GHz and switching speed of less
than 18 ps. Since the mid 70's, two further extremely promising growth
technologies have been developed: molecular beam epitaxy (MBE) /3/ and
metal organic chemical vapor deposition (MOCVD) where the later was
first used in 1979 to fabricate Alo 5 Ga 0 5As/GaAs heterojunction
transistor I At. These innovations in material growth technique resulted
in a practical heterojunction technology to develop, based on Ali.xGaxAs
for wide bandgap material and GaAs for small bandgap. An extension of
both technologies to lattice matched Ill-V compound heterosystems
such GaAs/GalnP and lnP/lnGaAs(P) has shown to be very attractive
techniques for fabricating laser detectors and advanced HBTs as well as
FETs. Electronic devices and circuits fabricated from GaAs have been
used in most applications that demand high speed, low noise which
cannot be satisfied by Si technology. Gate array circuits with a large
integration level have been realized using GaAs metal semiconductor
field effect transistors (MESFETs) 151. With continuing advantages in
silicon bipolar technology, the performance gap between Si and GaAs is
closing /6/. Therefore, interest has grown in InGaAs based HBTs, where
the superior transport properties can be exploited.

2 FUNDAMENTAL CHARACTERISTICS OF THE HBTs

The main reason behind our choice of HBTs rather than FETs is the high
current driving capability of the HBTs. The design with both bandgap
emitter and small bandgap base appears to offer large advantages for



r high speed analog and digital circuits. The main principle is the use of
energy gap variations beside electric fields to control the forces acting
on electrons and holes separately and independently of each other. The
excellent understanding of growth techniques permits a re-optimization
of doping levels and geometries (submicron) which results in higher
speed devices. The idea behind the wide bandgap emitter is to suppress
the back injection of holes into the emitter, so the base can be heavily
doped without degrading the common emitter current gain, and also to
permit a light emitter doping which lower the emitter-base junction
capacitance. On the other hand, the heavy base doping gives low base
resistance which in turn reduces RC charging times and improves device
speed.

3 DEVICE STRUCTURE AND ENERGY BAND DIAGRAM

The first step taken before defining the different currents existing in
heterojunction bipolar transistor, is to start by sketching the device
structure and the energy band diagram of the InP/lnGaAs HBT which is
the 'hero' in this thesis.
Fig. 3.1 shows a schematic diagram of InP/lnGaAs structure. The
emitter layer is an n-type InP, the base is an p-type InGaAs, and
collector is an n-type InGaAs.
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Figure 3.1 Layer structure of a typical InGaAs HBT.



The energy band diagram of this structure is illustrated in Fig. 3.2.
Unlike a homojunction, a heterojunction has a band discontinuity at both
the conduction band (AEC) and the valence band (AEV).

AE

N-AllnAs p+-InGaAs
or InP

n - InGaAs n * - InGaAs

Figure 3.2 Band diagram of an HBT with abrupt emitter-base heterojunction.

Because of the discontinuities at the interface, the carrier injection
properties across the junction is different from the case with a BJT.
The values of the barriers against carrier injection are changed in an
asymmetric manner with respect to the BJT case. In Table 3.1, some
parameters of interest regarding electronic properties of InP, InGaAs
and GaAs are given at room temperature.

Eg(eV)
En(eV)

Erx(eV)
Ebw(eV)

AEc(eV)
AEv(eV)

mVrrio

£/e0

InP

1.35
0.61
0.90

2.00

0.077
12.8

0.20
0.38

ln.53Ga.47As

0.75
0.55
1.15

2.25

0.034

11.7

GaAs

1.52
0.33
0.50

2.00

0.067
13.1

Table 3.1 Band structure parameters.

Many of the properties of ln0 5 3 Ga 0 47As are determined by its band
structure sketched in Fig. 3.3. The energy of the conduction band
minimum, CBmin, occurs at the symmetry point, and at low temperature
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Figure 3.3 Energy band structure for InGaAs.

it has a bandgap Eg = 0.80 eV. Central T-valley electrons have an

effective mass m* = 0.042m0, where m0 is the free electron mass. The

conduction band has a minima near the L- and X-points which occur at

energies E n = 0.55 eV and Erx = 1 -55 eV above CBmjn. the width in energy

of the conduction band in the F-X direction is Ebw = 2.25 eV.

Using Table 3.1, we can make comparison of electron transport in

various semiconductors. The electron mobility in the F-val ley

conduction band near the conduction band minimum and close to

equilibrium is given by \i = ex/m* where 1/x is the low field scattering

rate and e is the electron charge. It is well known that x and \i increase

with decreasing m* and in the absence of significant alloy scattering, it
is clear that ln0 53Ga0 47As has a higher mobility than GaAs or InP if the

electron energy above CBmin is such that E < En- But when E > E n . it can

emit a large wave vector phonon and transfer from the high velocity

central F-valley into the low velocity L-valley where the electron mass

is high and mobility is low. Similar interband scattering from F-valley

into the X-valley is possible when E > En.- From this band diagram
picture it is very difficult to take full advantage of high velocity F-
valley electron transport, due to the limitation in the range of electric
fields or voltage bias that can applied to the device. For InP/lnGaAs, R.
Nottenburg and co-workers /7,8/ have shown the fastest bipolar
transistors using the high velocity 'ballistic" electron transport
between emitter and subcollector, and these results require that



'?»*••r electrons are confined to the lowest conduction band in InGaAs. These
results can be explained as following. The conduction band electrons are
injected into the base with an initial excess kinetic energy E = AEC .
where AEC is the heterojunction conduction band discontinuity (Fig. 3.2).
In InP/lnGaAs system, AEC = 0.20eV < (ErL.Erx), which allows electron to
confine in the T -valley. After traversing the base, electrons are
accelerated in the elecfic field of the reverse biased base-collector
junction attaining, in the absence of scattering, extra kinetic energy
4>BC- The maximum collector-base bias which may be applied to the HBT

before interband scattering occurs is eVcBmax < Ebw-Eg-EFe-EFh. w n e r e

EFe (EFh) is the Fermi energy of the subcollector contact (base). From
Table 1, it is clear that eVcBmax is only 0.5 eV for GaAs, whereas
ev*Bcmax is 1-5 eV for ln0 53Ga0 47As. From this comparison, it is clear
that the advantages of InP/lnGaAs system, thanks to the excellent
properties of InGaAs, make it very attractive for high speed
applications.

4 STATIC BEHAVIOUR OF HBTs

Fig. 4.1 shows the different currents existing in a bipolar transistor.

IE

B

X1 X2 X3

Figure 4.1 Major current components in an active-biased transistor.



r In the common emitter configuration, the current gain pdc is defined as:

Pdc = IC/IB

and may be also written as:

-yaT)

1)

2)

with a T is the base transport factor and y is the emitter injection

efficiency. Here, we define the base transport factor, OCT. as the ratio of

the electron current reaching the collector, Je-J r ' . to the current

injected into the base quasi neutral region, Je , so:

<XT = (Je - Jr)/Je = 3)

The emitter injection efficiency, y, is the ratio of the electron current

injected in the base quasi neutral region, Je, so:

= Je/(Je + Jh + Jr) = 1/(1 + 4)

The main goal is to realize a transistor with an emitter injection
efficiency as close as possible to unity. From the above formula, Jh/Je
and Jr/Je must be minimized.

4.a) Hole to electron current ratio Jh/J».

It is known that the hole current is largely suppressed by the valence
band discontinuity AEV (0.38 eV). The ratio of the electron injected
current Je to the hole injected current Jh is approximately evaluated by
191:

= Pmax = A exp(AEv/kT) 5)

where A is a constant for a given structure and AEV is the valence band
discontinuity between InP and InGaAs. Since AEV is about 10 times of kT
for the material system considered, the ratio is at least larger than
10 3 . As a result, very low values of Jh/Je can be achieved almost
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regardless of the emitter base doping ratio. This simply means that

become negligible compared to the Jr/Je term.

4.b) Recombination current Jr.

The emitter injection efficiency is mainly affected by recombination
current that result of:
(i) Recombination in the emitter-base space charge region.
(ii) Recombination at the heterojunction interface.
At the emitter-base space charge layer, an expression for the bulk
recombination current J r g b for the heterojunction is derived as /107:

Jrg,b = qUo-xi Ui dx + J0 .X 2 U2 dx] 6)

where Ui and U2 are the recombination rate within x-\ and X2,
respectively.
\J<\ and U2 are given by /10/:

U, = (1/2) dV^N^n^exrtqV^kT) 7a)
U2 = (1/2) azV^N^n^exptqVz^kT) 7b)

where a1 ( a2 , V th1, vth2, nM l and ni2 are defined in Table 4.1.

On the other hand the surface recombination current is given by:

J r g , s = (1/2) qn l2S0Asexp(qVbe/2kT) 8)

where So is the surface recombination velocity, As is the base surface

area where recombination occurs, So is of the form /10/:

) 9)

where Dst is the surface state density.

Thus Jr can be represented as:

Jr = Jrg.b + Jrg.s 1 0)

4.c) Recombination current J, .



This current affect mainly the base transport factor ocT. A good

estimate for Jr' is /11/:

Jr> = An(x2)WB/2TB = (niB2WB/2NABTB) [exp(qVB/kT)-1] 11)

where XB is the minority carrier lifetime in the base.

To evaluate CLJ, Je is defined as :

Je = DBAn(Xi)/WB = (DBniB2/NABWB) [exp(qVbe/kT)-1]

thus:

ocT=1 -WB2/2Ln2 = 1-xb/Xn 13)

where Ln is minority carrier diffusion length in the base and xb=WB
2/2DB

is the base transit time.
Assume that the emitter injection efficiency is close to one, the
current gain expression, (3dc. can be written as:

pdc - aT / (1- aT) = (2Ln2/WB) - 1 - xn/xb. 14)

From this relation, pdc is directly related to xn and xb. How can we
improve Pdc. by means reducing xb or improving xn. The base transit time,
xb, can be reduced by using a built in pseudoelectrical field. In this case
the electron can be accelerated toward the collector and this
acceleratic nan be distributed over the base by using a compositional
grading in the base, or it can take place at the emitter-base interface,
caused by an abrupt change in the composition of the material. By using
the heterojunction, one has a possibility to choice the emitter and base
doping as desired without degrading the emitter injection efficiency. If
our InP/lnGaAs HBT should operate at high frequency, one must use a
low doping emitter layer to have a small emitter-base capacitance, Cbe,
and a high base doping that results in low base resistance, Rb; As far as
we know, there is no mathematical relationship which can relate the
base parameters (e.g. base doping and thickness) to the base transport
factor ar- We thought by giving an example, we can see how much

8
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influence can the base doping and base thickness affect the current gain
Pdc which is in direct relation to the base transport factor ay.
We assume we have two InP/lnGaAs HBTs noted (1) and (2), with
different base doping and base thickness and keeping all other
parameters identical. We know that the base sheet resistance, Rs, is
inversely proportional to the carrier concentration times mobility
times the base thickness, thus:

RS2/RS1 = (NBiUpiWBi)/( NB2U.P2WB2) 15)

where subscripts 1 and 2 refer to the structures (1) and (2),

respectively.

If the structure (1) has a base doping of 1x1019 cm*3 and has a 1000 Å

thick base, and if we use a hole mobility nPi of 800 cm2V-1sec1 (jj.ni =

2000 cm2V-1sec*1) 111, their product will be 8x1016 V-1sec*1. In order

to have the same base resistance for the second structure with a base

tnickness of 450 Å, the product Ns2M-p2 should be of 1.8x1022 V"1sec-
1cnrr1 which corresponds to a base doping of 5x1019 cm-3 and a mobility

of 350 V-1sec-1cm2(nn2= 900 cm2V-1sec"1). Retourning back to the base

transit time, Xb, which is proportional to the base thickness squared

divided by the electron mobility in the base, and using the example

above, we notice that a change from a 1000 Å thick base to more heavily

doped base, 450 Å thick base leads to a 55% reduction of the transit

time, but unfortunately, part of it will be compensated by the slower

diffusion. Furthermore, the minority carrier life time in the base is

decreased to a certain extent which make it difficult to see if the ratio

Je /J r . equal to Tn/Tb> is increased or decreased for the second structure

compared to the first one. Due to various recombination process, x n can

decrease by more than 50%, consequently, a degradation in the current

gain pdc can result. From this example, one has always to find an

optimum value for the ratio Tn/Tb to satisfy both dc and high frequency

performances of HBTs. For high frequency applications, a pdc of about

100 is found to be satisfactory.

4.d) Space charge recombination in abrupt and graded HBTs.



r If we return back to the expression of the emitter injection efficiency,
we have:

= Je/(Je+Jh+Jr) 16)

As we know the advantage of the heterojunction is to suppress down the
hole current, Jh. to the point where this current can be neglected
compared to Jr- From the current-voltage characteristic, the
recombination mechanism generates a current with 2kT dependence, or
1/f noise at low frequency. Based on /13/, we have for the
recombination via deep levels in a depletion region the proportionality:

U - Ntniexp(qVf/2kT) 17)

where U, Nt, r\\ are defined in Table 4.1 and Vf is the applied forward bias
across the junction. To compare the magnitude of the space charge
recombination in two type of HBTs, abrupt and graded emitter-base
junction, we assume a structure with high base doping. In this case
most of the depletion region is located in the emitter side and the space
charge recombination in the base will be overlooked.

Parameter

InP effective electron mass

InGaAs effective electron mass

Eff. state den. in cond. band of InP

Eff. state den. in val. band of InGaAs

InP thermal velocity

InGaAs thermal velocity

InP intrinsic carrier concentration

InGaAs intrinsic carrier concentration

InP capture cross section

InGaAs capture cross section

InP traps density

InGaAs traps density

State den. of surface recomb. of Ill-V

symbol

m'i

m*2

NC1

N v 2

vihi

vth2
nn

nj2

02

Nti

N t2

Dst

value

0.077mo

0.034mo

4.16x1017cm"3

1.37x1019cnrr3

4.23x107cm/s

6.37x107cm/s

107cm"3

1.2x1012cm-3

7x10-16cm2

3x10-17cm2

3x1016cm-3

1.5x1013cm"3

8x10'11cm-2eV

Table 4.1 Some electrical parameters of InP and InGaAs.

10



r Using the proportionality above, we have:

(Ua/Ug) ~ (N,a/Ntg)(nia/nig)exp[q(Vfa-Vfg)/2kT]
_ exp(AEg/2kT) exp[q(Vfa-Vfg)/2kT] 18)

where subscipts a and g refer to abrupt and graded junction,
respectively.
To find a relation between Vfa and Vfg, we refer to Fig. 3.2 and by having
the same number of injected electrons into the base of both abrupt and
graded junction, the emitter-base of the former has to be forward bias
with an additional AEc/q Volts as compared with the later. Thus:

Vfa = AEc/q + V,g. 19)

The expression (18) can be then written as:

Ua/Ug_ exp(-AEv/2kT). 20)

By using an abrupt heterojunction, holes are more kept out of the
depletion region of the emitter than in graded one. This simply means
that the space charge recombination is less in abrupt junction than in
graded junction, and if AEV in abrupt junction is large enough that the
hole current, Jh, is small compared to the recombination current, Jr,
better injection efficiency can be achieved from an abrupt junction than
a graded one, whether, it does or not depend on the bandgap difference,
the location and the energy of the deep levels, which are spatially
located close to the emitter-base interface and their energy is close to
the middle of the bandgap.

4.e) HBTs with graded base.

The meaning of using a graded base is for improving the minority
carrier base transport characteristics. By using a compositional grading
of the base material, a pseudoelectric field is created in the base which
results in accelerating electrons, causing them to spend less time in
the base. This phenomena reduces the forward transit time of the device
and give less opportunity for recombination to take place in the bulk of
the base. The built-in field also keeps carriers away from the

11



r perimeter, so the perimeter recombination and the size effect are
reduced /14/. This phenomena is more significant in GaAs based HBTs
than in InGaAs conterparts, since the surface recombination velocity for
InGaAs is lower than for GaAs.
The emitter injection efficiency, 7, can suffer if at the base part next to
the emitter the bandgap is increased, this means that the difference in
barrier heights faced by electrons and holes when crossing the junction
is reduced, which reduce the ratio of the number of electrons to holes
that cross the junction.

5 DYNAMIC BEHAVIOURS OF HBTs

The performances of microwave transistors is commonly described by
two figures of merit. The quantities used to describe these figures of
merit are presented in Fig. 5.1.

B

I I I I
Xde W B Xdc

Figure 5.1 An approximate equivalent circuit for the HBT.

The first one, the transistor frequency f j "cut off frequency" is defined
as the frequency for which the current gain is unity. It is given by:

' 1 = 27ET
ec

21)

12



r where xec is, for a npn transistor, the total transit time of electron

through the structure. xec is the sum of four terms:

i) Transit time, xe, of the emitter-base capacitance.

Te = (nckT/qlE)(CTE+CTc) 22)

where nckT/qlE stands for the dynamic emitter resistance, while CTE and
CTC are the emitter and collector capacitances, respectively.

ii) Base transit time ib-

Under the assumption that the carriers cross the base by diffusion, one
can write for a uniform doped base layer

xb = 0.5 WB
2/DB 23)

with WB and DB are the thickness of the base quasi neutral region and
the electron diffusion coefficient in the base, respectively.

Hi) Collector depletion region transit time Xdc-

The electrons that reach the transition region of the base-collector
junction of thickness Xdc see an intense field and thus drift at their
saturation velocity: vsat-

= 0.5 Xdc/Vsat 24)

iv) Charging time xc of the collector capacitance.

TC=RCCTC 25)

Rc is the collector resistance.

Thus one can write

Tec=(kT/qlE)(CTE+CTC) + (WB 2 /2D B ) + Xdc/2Vsai + RCCTC 26)

13



r However, the transition frequency, fj, is not sufficient to characterize
the performances of a microwave transistor. Indeed, fj is associated
with the vertical current flow through the structure, but it does not
take into account the lateral access to the transistor, such as the base
resistances. Lateral access to the transistor is taken into account by
the second figure of merit, the maximum oscillation frequency, /max.
defined as the frequency of which the power gain is unity.

/max = 0.5 V(/T/c) 27)

where / c is given by

(/c)-1 - 27iRbCTC 28)

with Rb as the total base resistance and CTC as the collector
capacitance.
Neither of these quantities, / j or /max. alone predicts the highest useful
frequency of the transistor. For example, if the total electron transit
time is arbitrary short, / T will be larger than /max- However as the
power gain is less than unity beyond /max. there is no practical situation
where the device could be used at frequency higher than /max- On the
other hand, if the base resistance Rb is made arbitrary small, / m a x will
be larger than fj. Nevertheless, for such a device a power gain at high
frequency, beyond fj, can be achieved only by careful impedance
matching and there is probably no use to have /max larger than 2fj. For
this reasons, we shall consider that a device is optimized when the
lesser of /T and /max is as large as possible.
From Eq. 26, it appears clearly that the transition frequency fj can be
increased by reducing the base width, the collector depletion width, the
capacitances CTE and CJC and by operating the device at high collector
current. On the other hand, high /m a x can be achieved with a structure
with small base resistance and collector capacitance. For a strip
geometry transistor, the emitter strip width and the emitter-base
stripe spacing should be minimized.

14 }



r 6 ORIGINE OF THE OFFSF.T VOLTAGE

The offset voltage appears in the common emitter characteristics of a
bipolar transistor as a shift of the characteristics towards higher
collector to emitter voltage, VCE-
When VCE is small, the transistor is in the saturation regime. This
simply means that both the E/B and B/C junction are forward bias. For a
Npn transistor, electrons are simultaneously injected in and collected
from the base at each junction. There is no offset voltage if the current
injected or collected at the emitter and at the collector are identical
when VCE equal to zero. Indeed, the slightest change in VCE will break
this equilibrium and there will be a net current through the structure.
An offset voltage appears when differences in the transport properties
of the two junction induce, for equal voltage applied to the two junction
(VBE=VBC). a large injection current of electron in the base from the
collector than from the emitter. In this case, to give rise to positive
collector current, VCE must be increased beyond a turn voltage "offset
voltage". This turn on value is the voltage for which the electron current
injected from the emitter becomes equal or larger than injected from
the collector. The offset voltage may appear because of difference in
the built-in voltage for electrons at the emitter-base and collector-
base junctions. Solution to this problem has been proposed by Hayes
/15/ and consists of grading the emitter-base junction of the HBT,
while Beneking /16/ proposed to use a wide bandgap collector. The
offset voltage may also be due to the difference in the junction areas
or difference in lifetime at and near the two interfaces which result in
different transport properties for the two junctions. To overcome the
problem associated to the typical mesa emitter-up geometry, when the
collector has a large area than the emitter, Tiwari I Ml has reduced the
active area of the collector-base junction to a value close to that of the
emitter-base junction. This is obtained by a p+ diffusion in the wide
bandgap collector. This diffusion is aligned with the emitter and defines
two different regions in the collector-base junction: The first one, the
active area is the wide bandgap collector-low bandgap base junction
and has an area equal to that of the emitter-base junction. Its built-in
voltage is smaller than that of the second region, the wide bandgap
collector-diffused wide bandgap p+ region junction. Therefore, at low
VCE, only the active area will inject electrons in the base. A further
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advantage of this technique is the reduction of the extrinsic base
resistance.
The use of the wide bandgap collector is not only limited to the
reduction of the offset voltage. Kroemer /18/ has given most of the
advantages.
'Suppression of hole injection from base into collector in digital
transistors under conditions of saturation.
'Emitter/collector interchangeability in IC's.
'Separate optimization of base and collector, especially in microwave
power transistors.

7 HIGH FREQUENCY LIMITATION

In the above section, we have expressed the figures of merit fy and fmax
as function of the transistor parameters. However, there are some
characteristics of the transistor such current gain, base punch-through
voltage or collector-base junction breakdown voltage which depend on
the same parameters. Thus to optimize the speed characteristics of an
HBT, a number of trade-off has to be taken.
With the use of a wide bandgap emitter, the emitter injection efficiency
has become almost independent of the emitter to base ratio. Thus, by
choosing a low emitter doping and a high base doping, it is possible to
reduce the base resistance and the emitter-base capacitance per unit
area. In HBTs and for small signal amplification, a reduction in the
emitter capacitances will also reduce the noise /18/.
The limit to the emitter doping lowering is the increase in emitter
resistance. On the other hand the only limits to high base doping are the
technological constrains and the need to keep a sufficient diffusion
length for minority carriers in the base. At high base doping, the Fermi
energy moves into the valence band as a result of the filling of available
hole states. In an HBT, band filling reduces the effective confinement
barrier against hole back injection into the emitter. Thanks to the large
valence band offset, InP/lnGaAs HBT more effectively confines carriers
to a heavily doped p+ type base region, and at the same time, a lower
base sheet resistance can be realized in these structures. In addition to
the reduction of the base resistance by an increase in the base doping,
the maximum oscillation frequency and the current transport capability
of the HBT can be optimized by choosing the adequate emitter geometry.
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r Because of toe voltage drop along the base-emitter junction due to the
resistance of the thin base, the emitter current tends to flow near the
emitter periphery. Therefore, it is important to have an emitter
geometry with a large perimeter to area ratio. One problem that one
must take into consideration is the external base resistance which
affect greatly fmax- Solution to this problem was proposed by Kroemer
/18/ and consists of forming a thick external base by a p type diffusion
in the emitter wide bandgap material. Another solution is to bring the
base contact metalization close to the emitter strip by using the self
alignment techniques.
The collector capacitance and fmax are directly proportional to the
collector area. Therefore the collector size should be minimized while
retaining a size layer comparable to that of the emitter in order to keep
an efficient charge collection. To reduce the collector area, Kroemer
/18/ proposes a collector up configuration. In an alternative approach,
we propose to take advantage of selective etching in the InP/lnGaAs
system to obtain a small collector in the emitter-up configuration by
undercutting the base.

8 CIRCUIT APPLICATIONS

The important objectives in small-scale digital integrated circuits are
speed and power. One of the desirable issue in high speed circuits is to
obtain a small power-delay product. Thus a power supply less than 5 V
is an important goal. The turn-on voltage of individual transistors and
the output voltage swing set the minimum supply voltage to the circuit,
and the choice of an HBT with lower tum-on voltage is desirable. In the
case of an abrupt HBTs, where the turn-on voltage is Vbe ~ Egb+AEC, the
use of InGaAs HBTs is preferable than G a As HBTs, because of the
difference in bandgap, Egb. This difference is also apparent in graded
emitter-base HBTs where Vbe ~ Egb. Due to the small conduction band
offset present in lnP/lnO53Gao.47As HBTs which is 0.25 eV compared to
0.28 eV for Alo . 30G a 0.70 As/GaAs and 0.48 eV for
Alo.48lno.52As/lno.53Gao.47As HBTs, InP/lnGaAs is well suited for high
speed circuits which require less power dissipation. The choice for
circuit architecture is depending on the device characteristics. For
example, power dissipation, saturation voltage, breakdown voltage, and
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r electric field dependence of the electron ve'^city in the collector make
ECL logic an attractive choose for InGaAs HBT based digital circuits.
An important application for integrated circuits with high-bandwidth
and low power dissipation is in lightwave communication systems
where InP/lnGaAs devices can have strong capability.

9 DEVICE FABRICATION

This section gives a description of the fabrication of InP/lnGaAs HBTs.
The information given here is not complete, concerning details about all
processing steps, rather, it presents a brief information in order to
have feeling in what has been done and what is proposed for processing
steps in the future. The following sequence of cross sectional views are
meant to illustrate evolution of the device during the processing made
in our processing laboratory at Linköping University.

9.a Heterojunction Bipolar Transistor Process #1
(suitable for large area emitter)

1

InGaAs cap layer

InP Emitter

InGaAs spacer
InGaAs base

'' InGaAs collector

-'* Zy*,,' J • ' i i ' t InGaAs contact layer

S.I. Substrate

1) After photoresist patterning to define the emitter area, the SiO2

layer, which is used as etching mask, was removed from the
nonprotected area by reactive ion etching (RIE).

18



r i
Silicon dioxide

2) After defining the emitter mesa by etching selectively the emitter
cap layer InGaAs in H2SO4:H2O2:H20 (1:1:20) with an etching rate of about
800 Å/min. The emitter layer InP was etched using a selective etchant
H3PO4:HCI (10:1) with an etching rate of about 500 Å/min.

Silicon dioxide

3) After defining the emitter mesa, a new SiC>2 layer was deposited and
patterned to define the base area. The base mesa is defined by etching
nonselectively through InGaAs and the etching depth was controlled
using a surface profiler.
Similar process was used to isolate the transistors by etching down to
the S.I. substrate. Subcollector mesa.
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Ni/AuGe

Photoresist

Silicon dioxide

(a)

(b)

- T h e u n w a n t e d
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E«8Sa Ni/Ag/Au

i i • := ̂  Photoresist

Silicon dioxide

Ni/ASaa/Au r n f ? US6d

Ni/Ag/Au as p type ohmic contacts.

t0 e V a p ° r a t e the base contacts

.

was usid
' e m i t t e r a n d

t h e b o n d i n 9
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Ti/Au

7) The complete device which is ready for testing.

9.b Heterojunction Bipolar Transistor Proposed Process #2
(suitable for small emitter area)

The following process is proposed to fulfil the high frequency demands.
This process is under analysis using our standard equipments. Since InP
electrical properties can be degraded when using high temperature
treatment, this process is considered to be free from any high
temperature effect.

Pd/Au

InGaAs emitter cap

InP Emitter

InGaAs Base

InGaAs collector

I InGaAs Subcollector I

Fig. A Cross section of the fully self-aligned InP/lnGaAs HBT
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Fig. B Top view of the structure.

Figures A and B show the fully-self-aligned heterojunction bipolar
transistor which can be processed as the following.
The mesa structure can be etched selectively at room temperature using
photoresist as etching mask.

ORIENT MASKS 45° DEGREES TO THE CLEAVED EDGE

Emitter mesa

-Spin on primer at 4k rpm for 30 s.
-Spin on photoresist at 4k rpm for 30 s.
-Soft bake at 100 °C for 1 min on hot plate.
-Expose emitter mesa etch mask(#1), align mask 45 degrees to the edge.
-Bake resist at 120 °C for 30 min: hard bake.
-Etch the InGaAs emitter contact in a freshly mixed (1:1) solution

-Etch InP emitter in HCI:H3PO4 (1:3) until the emitter hangs over.
-Remove the remaining photoresist in acetone or remover.
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Base mesa

-Spin on prime at 4k rpm for 30 s.
-Spin on photoresist at 4k rpm for 30 s.
-Soft bake at 100 °C for 1 min on hot plate.
-Expose base mesa etch mask(#2).
-Bake resist at 120 °C for 30 min: hard bake.
-Etch the InGaAs base and collector in a freshly mixed (4:1) solution
C6H8O7:H2O2. This results in a trapezoid shape of the InGaAs base-
collector mesa for a self-aligned base-collector contact.
-Control the etching depth using surface profiler.

Subcollector mesa

-Spin on primer at 4k rprr for 30 s.
-Spin on photoresist at 4k rpm for 30 s.
-Soft bake at 100 °C for 1 min on hot plate.
-Expose subcollector mesa etch mask(#3).
-Bake resist at 120 °C for 30 min: hard bake.
-Etch the InGaAs subcollector in a freshly mixed (1:1) solution

Emitter, base and collector contacts

-Spin on primer at 4k rpm for 30 s.
-Spin on photoresist at 4k rpm for 30 s.
-Soft bake at 100 °C for 1 min on hot plate.
-Expose contact mask(#4).
-Soak in chlorobenzen for 7 min.
-Develop for 45-60 min.
-Oxygen plasma clean for 1 min.
-HF dip (100:1) for 1 min.
-Evaporate 500 Å Pd, 1000 Å Au.
-Lift-off in acetone.

Contact holes to the E, B, & C ohmics contacts

-Spin on polyimide at 4k rpm for 30 s. Composition: 1 part of Pyralin P.I.
25555 mixed with 1 part of Thinner T-9035. Both are products of
Dupont.
-Polyimide bake: 100 °C for 2 min on hot plate
-Spin on photoresist at 4k rpm for 30 s.
-Soft bake at 100 °C for 1 min on hot plate.
-Expose contact holes mask(#5).
-Develop for 90 s.
-Check if the contact holes are well defined.
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-Bake at 200 °C for 30 min, first curing stage.
-Remove the photoresist using remover.

Bonding pad metal evaporation

-Spin on photoresist at 4k rpm for 30 s.
-Soft bake at 100 °C for 1 min on hot plate.
-Expose bonding pad mask(#6).
•Soak in chlorobenzen for 7 min.
-Develop for 70 s.
•Oxygen plasma roughness of the Polymide film for 30 s.
-Evaporate 300 Å Ti, 5000 Å Au.
-Lift-off in acetone.
-Polymide film final stage curing: use heatpulse rapid thermal annealer
to avoid degradation of the InP surface morphology and electrical
properties.
250 °C for 5 min
290 °C for 5 min.

10 RESUMÉ OF THE INCLUDED PUBLICATIONS

This thesis contents four articles which can be resumed as the
following:

Paper 1: It can be regarded as an introduction to InP/lnGaAs
heterojunction bipolar transistors (HBTs) where the high frequency
performances were investigated theoretically using the submicron-
model developed by M. Das /19/ applied on AIQaAs/GaAs HBTs. A quasi-
analytical expression for the gate delay of an ECL gate have used to
compare the performances of InP-based HBTs to their GaAs and SiGe
conterparts. From the estimated results, we conclude that InP/lnGaAs
HBT is becoming a strong competitor to GaAs based HBTs and it is a
promising candidate for high speed applications.

Paper 2: We describe a simple fitting technique to calculate the
minority carrier diffusion iength in InP/lnGaAs HBTs grown by MOCVD.
The model used for the current gain is based on the current balancing
concept 1201. The idea behind this, is to avaluate the collector-base
dependent diffusion length in a thick base layer. The obtained short
diffusion length and the corresponding short lifetime could be
correlated with the emitter-base surface related problems at small
collector currents. The longer diffusion length way be interpreted as an
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average value through the whole base-collector range. By modulating the
base, we demonstrate that in thick base devices, the current gain is
strongly dominated by the recombination in the neutral base region, and
the presence of any surface recombination can be observed through the
nonideal behavior of the base current and the strong current dependence
of the current gain.

Paper 3: In this paper, we investigate the origin of the offset voltage
present in InP/lnGaAs HBTs. This offset voltage is disadvantageous in
switching applications, by causing unnecessary power consumption. We
have fabricated three different transistors: double heterojunction
bipolar transistor (DHBTs), and abrupt and graded single heterojunction
bipolar transistors (SHBTs). The processing steps used in fabricating
these transistors were free form any high temperature step. This avoids
any degradation of the emitter-base heterojunction. The offset voltage
was found to be negligible in DHBTs due to the symmetrical
construction of the transistors. However, in SHBTs the offset voltage
was found to be dependent on the base current and it is reduced in
graded HBTs. This is due to the reduction in the conduction band spike at
the emitter-base heterojunction which in turn reduce the emitter-base
turn-on voltage. Two methods can be used in reducing the offset voltage.
One is to use double heterojunction structure with a symmetrical
construction to reduce the area ratio between the emitter-base and
base-collector junctions. The other is to use a graded emitter-base
heterojunction, in the case of SHBTs, to smooth out the conduction band
spike.

Paper 4 : In this article, we investigate the effect of the high SiN
deposition temperature on the electrical properties of InP/lnGaAs
heterojunction bipolar transistors. The SiN layer was used as a
passivation layer. In the presence of this layer, a clear degradation of
the emitter-base heterojunction was observed. We postulate that the
high temperature SiN deposition results in a high surface state density
at the SiN-lnP interface. This increases the surface recombination
velocity and results in nonideal emitter-base junction properties and
degraded current gain. By removing the SiN passivation layer, a clear
recovery of the transistor electrical properties were observed. This
supports the need of a low temperature deposition technique and good
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r quality dielectric to exploit the excellent properties of InP-based
heterojunction bipolar transistors.

11 SUMMARY

An overview of the fundamental electrical properties of heterojunction
bipolar transistors (HBTs) and in particularly InGaAs-based HBTs have
been presented. A comparison between the different Ill-V based HBTs is
discussed in order to have a clear picture on the advantages of different
technologies. Two HBT processes step-by-step are also presented. These
processes are based on the standard equipments we have at IFM
Processing Laboratory. Finally, a resumé of the work presented in four
different papers, is also included.
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