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ABSTRACT

Indium Phosphide Heterojunction Bipolar Transistors with Emitter Regrowth by
Molecular Beam Epitaxy

by

Dennis W. Scott

A novel InP-based heterojunction bipolar transistor (HBT) technology using
molecular beam epitaxy (MBE) regrowth to form the emitter-base heterojunction and
emitter capping layers is presented in this dissertation. The motivation for this work is
to combining the positive attributes of the SiGe HBT device structure and fabrication
technology with the superior attributes of 111-V material systems. The intention of this
work is to provide initial investigations into the required material properties as well as
initial demonstrations of devices with regrown emitters.

Low-resistance polycrystalline InAs (poly-InAs) deposited onto silicon nitride
(SiNy) dielectric is demonstrated, and an investigation into material property
dependencies on deposition conditions is presented. Low-resistance poly-InAs may be
used as an emitter capping material in an InP HBT with regrown emitter where the
emitter contact material is wider than the base-emitter junction area. An emitter
contact area larger than the emitter junction allows scaling of the device to reduce
parasitic capacitances without introducing detrimental parasitics to the emitter contact
resistance. Such an HBT could be produced using a patterned base-collector template

covered in SiNy with openings in the dielectric in areas where emitter junctions are

Vi



desired. Areas where the base semiconductor is exposed to emitter regrowth would
produce a monocrystalline emitter, and areas where deposition occurs onto SiNy
would produce polycrystalline material.

A graded InAlAs emitter with InAs emitter cap was used in the initial
demonstrations of the regrown emitter HBT. Large-area devices were used to
successfully demonstrate proof-of-concept devices and to make the first-order
improvements required for a small-area RF device demonstration. The first small-area
regrown emitter InP HBT with emitter contact area wider than the 0.7 x 8 um? base-
emitter junction demonstrated 160 GHz peak f, and simultaneous 140 GHz fpax.
Further studies into the base-collector template surface preparation process produced
an improved regrowth surface with near-epitaxial smoothness. A simplified, abrupt
InP emitter regrowth onto this surface produces regrowth similar to what is observed
for growth onto epi-ready InP substrates. The improved regrown emitter HBT with
0.7 x 8 um? InP emitter area is used to demonstrate a simultaneous 183 GHz f, and

165 GHz fiax.
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Chapter 1

Introduction

This work presents a summary of a novel InP-based heterojunction bipolar
transistor (HBT) technology that employs molecular beam epitaxy (MBE) regrowth to
form the emitter-base heterojunction and emitter capping layers. This work is
intended as a first step in combining the positive attributes of the SiGe HBT structure
and fabrication technology with the positive attributes of 111-V material systems. A
simple understanding of the recent trends in 111-V and SiGe-based HBT technology is
helpful to understand the factors that motivate this work. A brief review of HBT
technology, device parameters, and current trends in HBT performance will be
presented in this chapter.

Research in wide bandwidth HBTSs is driven by applications in radar, high-
speed communication such as microwave and millimeter-wave wireless, and large
capacity optical fiber communications systems. Wireless receivers and transmitters
require low-noise RF preamplifiers, multiple stages of amplification, and frequency
conversion, which are typically implemented as small-scale monolithic millimeter
integrated circuits (MMICs). Although the operating frequency of these circuits is set

by the application, advancements in transistor performance allows for the evolution of



the applications to progressively higher frequencies. 111-V HBT technology offers
advantages in higher transconductance, better threshold voltage control, higher output
resistance, and higher current driving capability than its 111-VV counterparts in metal
semiconductor field effect transistors (MESFETs) and high electron mobility
transistors (HEMTSs) which currently dominate the MMIC applications.

InP-based HEMTSs are prevalent in MMIC applications because the technology
has established a lead in high frequency performance. InGaAs/InAlAs HEMTs with
45 nm gate lengths were reported with maximum current gain cutoff frequencies (fz)
over 400 GHz as early as 2001."! Separately, transistors with 100 nm gate lengths and
maximum oscillation frequencies (fmax) Of 600 GHz were reported in 1995.12 These
performance demonstrations were achieved through the use of aggressive lithographic
scaling in the I111-V material system. In contrast, aggressive lithographic scaling of Il1-
V HBTSs has not been prevalent. Commercial InP and GaAs-based HBTS are typically
fabricated with emitter widths of 1 to 2 um and collector junction widths of 3 to 5 pum.

By comparison, state-of-the-art SiGe-based HBTSs are fabricated with < 0.2 pum
emitter-base junction widths, and have obtained simultaneous f, and fyax results of 270
and 260 GHz and a record f, of 350 GHz.®! SiGe-based HBTs employ superior
fabrication techniques to obtain deep submicron features in a planar, Si-compatible
fabrication process. The silicon fabrication technology and the silicon bipolar device
structure allows for extreme levels of parasitic reduction in SiGe HBTSs relative to I11-
V HBTSs. These features allow SiGe to remain competitive in the high-speed digital

and mixed-signal applications. 111-V HBTs maintain a superior bandwidth advantage



despite larger device parasitics, a relatively immature fabrication technology, and
consequently, higher costs and lower scales of integration. The lead in device
bandwidth is maintained by the intrinsic properties of the 111-V material system. GaAs
and InP lattice-matched materials allow for bandgap energy variations so the emitter
bandgap may be much larger than that of the base material. This allows the base
region to be very heavily doped, ~10%° cm™, to reduce base sheet resistance while
minority carrier injection into the emitter region remains low. In contrast, the lattice
mismatch constraints in Si/SiGe HBTs limit the allowable Ge to Si alloy ratio and a
weaker heterojunction is formed. The emitter-base bandgap energy difference is much
less than that in 111-V materials and lower base doping must be used. Higher electron
velocities are also a significant advantage in 111-V materials. In InAlAs/InGaAs HBTs
with 0.2 to 0.3 um collector thickness, the effective electron velocity is approximately
four times higher than that observed in Si. The higher electron velocity results in

higher current-gain cutoff frequencies.

1.1 Brief history of the heterojunction bipolar transistor

W. H. Brattain and J. Bardeen demonstrated power amplification in a three-
terminal point-contact semiconductor device on December 16, 1947 at Bell Telephone
Laboratories.'*®  Shortly afterwards, group leader W. B. Shockley presented the
theory of p-n junctions and of bipolar junction transistors.[®! In June 1948, Shockley
filed a U.S. patent describing the idea of a wide bandgap semiconductive emitter

material to achieve a bipolar transistor with high carrier injection efficiency into a



narrower bandgap base.[” Independently, Kroemer theoretically described the same
principle in a 1957 paper published in Proceedings of the IRE.®!

It was at about this time that the first experimental demonstrations of
heterojunctions began to appear. Jenny of RCA Laboratories attempted to form a
GaAsP/GaAs heterojunction by diffusing phosphorous into GaAs!®, but the technique
was never successful because the diffused junctions were not very abrupt. This work
emphasized the need to create abrupt junctions by epitaxial growth. Researchers at
IBM were the first to report grown heterojunctions of Ge on GaAs in 1958.11% The
experimental behavior of the Ge/GaAs junction was verified by the theory of
heterojunction operation developed by Anderson in 1962, and the success of this
initial work motivated continued efforts on the growth of heterojunctions.

It was not until 1969 that Jadus and Feucht demonstrated the first functional

[121 This transistor

HBT with a heterojunction formed by growing Ge on GaAs.
structure achieved a common-emitter current gain of ~10 with a base doping level four
orders of magnitude higher than that of the emitter. This confirmed the theoretical
proposals set forth by Shockley and Kroemer years earlier. It was generally realized,
though, that defect currents caused by poor interfacial properties limited the gain of
these devices. Further research, therefore, began to focus on the employment of new
material systems and epitaxial growth methods to realize heterojunction interfaces
with relatively low defect levels.

By the early 1970s it was shown that the AlGaAs/GaAs material system could

be used to produce a heterointerface with low defect density. This low defect density



is attributed to the small lattice mismatch over the full range of the AlGa;xAs alloy
composition. Dumke, Woodall, and Rideout at IBM grew the first AlGaAs/GaAs
HBT in 1972 using liquid phase epitaxy (LPE)."®) Work on the HBT continued
throughout the 1970s and 1980s with emphasis still being placed on the development
of growth techniques and material systems. The emergence of MBE and metal-
organic chemical vapor deposition (MOCVD) as viable methods for growing high-
quality epitaxial structures helped to accelerate HBT research and lead to high-

performance HBTSs.

1.2 Scaling in 111-V HBTs

Despite the evolution of 111-V material epitaxy, less attention has been focused
on improving the device structure until the last decade. For instance, in 1995 the
fastest InP-based HBTs!**! were still formed using a triple-mesa structure as shown in
Figure 1.1. Moderate scaling of the epitaxy (vertical scaling) and device dimensions
(lateral scaling) allowed for progress up to this point, but the triple-mesa device
structure eventually impeded further progress. Improvements to the device by scaling
suggest that the reduction in device dimensions, either lateral or vertical, will result in
an improved frequency response. Transistor bandwidths are generally determined by
carrier transit times and RC charging time constants. HBT transit times are reduced
by decreasing the thickness of the base and collector epitaxial layers. Reducing the
epitaxial thicknesses, however, will lead to an increase in base resistance and collector

capacitance unless accompanied by lateral scaling of the base and collector junction



widths. This example suggests that the full benefits of scaling 111-V HBTs are only

realized if all transistor parasitics are simultaneously reduced.

W
> |, —>|
emitter T
base contact base contact b
collector _W 4{#
contact ase | v 1
777 ==~ __collector = rzzzza A
' subcollector ' A
< W, > T

Sl substrate

Figure 1.1 Cross-section of a mesa HBT. The emitter-base junction has width W, length L,

and area A, = LW,. The collector-base junction has width W, length L., and area A, = L.W..

The simplified cross-section of a mesa HBT shown in Figure 1.1 illustrates the
difficulty in scaling the transistor’s collector-base junction. The patterned etches and
metal depositions that form the HBT junctions result in a device structure where the
collector-base junction must lie beneath the full area of the base ohmic contacts. To
obtain low base contact resistance, the base ohmic contact must be at least one contact
transfer length, Leontact, Wide at the sides of the emitter stripe. For an HBT with a 400
A thick InGaAs base and 5 x 10" cm™ doping, Leontact = 0.4 pm. Process tolerances
for lithographic alignment may further limit the minimum collector-base junction
dimensions.

In literature, transistor bandwidth is often described by the figures-of-merit

current gain cutoff frequency f, and the power gain cutoff frequency fnax. The current



gain cutoff frequency is the maximum frequency at which the magnitude of AC
current gain (hy;) decreases to unity. Beyond f, the device will have current gain less
than unity. The maximum oscillation frequency fyax is the frequency at which the
unilateral power gain of the transistor tends to unity. The unilateral power gain
effectively represents the maximum power gain that is achievable by the transistor,
and transistors cannot provide power gain at frequencies above fnax. In more general
analog and digital circuits, these figures-of-merit may not accurately predict the circuit
performance. For instance, f, is commonly used to evaluate a transistor’s potential in
digital logic applications. However, a detailed charge analysis of switching times
reveals that device current density, collector-base junction capacitance, and emitter
resistance make much larger fractional contributions to logic gate delay than they
contribute to the emitter-collector forward delay 7e.=1/2xf.™ In analog and digital
circuits, f, and frax are used to provide a first order estimate of device transit delays
and of the magnitude of the dominant transistor parasitics.

The cutoff frequencies can be estimated from HBT parameters calculated from
the physical device properties and fit to a lumped-element device model. Experience
shows that the simple hybrid-m small-circuit equivalent model shown in Figure 1.2 is
sufficient to describe all but the most highly scaled devices up to a frequency of 110
GHz. Although some concerns exist regarding the accuracy of the model at higher
frequencies and in describing highly scaled devices!*®, this first-order model is

excellent for determining the terms that limit transistor bandwidth.
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Figure 1.2 Hybrid- = small-signal HBT equivalent circuit. Cpe giff = Gm(To+ Zc)-

The scaling analysis that follows has been presented elsewhere in greater
detail. It is repeated here for completeness as the benefits of device scaling motivate

the approach of using the regrown emitter structure presented in this thesis.

1.2.1 Factors determining f,

This approach to HBT scaling is derived from the parameters that limit device
bandwidth. The current-gain cutoff frequency is given by a sum of transit times and
charging delays:

ﬁ =T, t 7 +k_IT(Cje + ch)+ (Rex + Rc)ccb (11)

T C

where 7, and 7. are the base and collector transit times, Rex and R are the parasitic
emitter and collector resistances, Cje and Cg, are the emitter-base and base-collector

junction capacitances, and . is the collector current.



Examining each component separately, 7, is the base transit time which
depends on the base thickness, bandgap energy grading variation in the base layer, and
upon the carrier properties such as mobility and diffusion in the base region. If a
linear grading of the base semiconductor bandgap energy with position is used to

reduce 1, then 7]

2 2
=t (kT j (k_Tj (1_ - AE/KT )+ [ KT j(l_ e—AE/kT) (1.2)
D,\AE/) D,\AE Uyt \AE

where AE is the grading in the base bandgap energy, T, the base thickness, and Dy is
the base minority carrier diffusivity. The base exit velocity ve: is of the order
(kT/m*)*? for a non-graded base!™® and is somewhat larger with base bandgap
grading. In this relation, m* is the effective mass of the electron. For a typical
InGaAs base at 5 x 10*° cm™ doping, 52 meV bandgap grading is sufficient to reduce
1 by ~2:1.%°1 For a thick base layer or a large vexit, T o Tp’; with InGaAs base layers
below ~400 A thickness, the exit velocity term in Eqn. 1.2 adds a significant
correction.

The collector transit time z. is the mean delay of the collector displacement
current which is a ratio of the collector thickness T, and the effective carrier velocity
given by 1%

T,

@-x/T ) T.
-([ v(X) 21) (1.3)

where o(x) is the position-dependent electron velocity in the collector drift region and

vef IS an effective electron velocity. 7. is most strongly dependent upon the electron



velocity in the proximity of the base, and becomes progressively less sensitive to the
electron velocity as the electron passes through the collector.”® In HBTs with thin
epitaxial layers, nonequilibrium electron transport is observed in the collector drift
region.” At low collector-base bias voltages, electrons may travel through a
significant fraction of the collector drift region in the high velocity I'-valley before
acquiring sufficient kinetic energy (0.55 eV for InGaAs 2, 0.6 eV for InP ) to
scatter to the lower velocity L-valley. The result is that o(x) is highest near the base.
This velocity overshoot effect significantly reduces collector transit time and in
structures with thin InGaAs or InP collector regions (< 3000 A), v = 3-5 x 10 cm/s.
By contrast, measured saturation velocities in thick InGaAs drift layers are in the
range of v, = 6 t0 9 x 107 cm/s.1?

The RC charging terms in Eqn. 1.1 contribute a significant fraction of the total
forward delay in submicron HBTSs, and these terms must be considered in detail. In
the term [kT/ql]Cep the collector current density is limited by the onset of base push-
out (the Kirk effect’®!). At high collector current densities, electron space charge
screening at the edge of the base-collector junction eventually leads to a collapse of
the electric field. Holes may then diffuse into the collector and effectively extend the
base region, leading to an increase in base transit time and collector-base capacitance.
It has been demonstrated that GaAs HBTs may exhibit improved f, when biased close
to the Kirk threshold®®!, as the reduced electric field at the collector-base junction
edge increases velocity overshoot and reduces the collector transit time. We will

ignore this possibility while considering the contribution of (kT/ql;)Cq to f..

10



From electrostatic considerations, the maximum collector current before base

push-out is

Ic,max = Ae(vcb + ¢)3gusat /Tcz oc A% /T02 (14)

where vse IS an assumed uniform electron velocity within the collector, and the
collector doping Nq is chosen to obtain a fully-depleted collector at zero bias current
and the applied V. The collector capacitance is C,=e4/T.. With the HBT biased at
lemaxac /T, (KT/q1)Cev= To(AJAe). This delay term is thus minimized by scaling
(reducing T¢), but bias current densities must increase in proportion to the square of
the desired fractional improvement in f,.

The emitter charging time (kT/ql¢)Cje in Eqn. 1.1 plays a significant role in
determining f.. If Cj is assumed to be a simple depletion capacitance, it would be
reasonable to expect that the charging time could be minimized by making the emitter-
base depletion region very thick with use of very low emitter doping combined with a
thick bandgap grading region in the base-emitter heterojunction. The tradeoffs
between the depletion capacitance and excessive charge storage in the depletion layer
are described in detail elsewhere and the results are repeated here.[*® Using methods
[19,20]

similar to those used to derive the collector transit time

0
oV,

C /A =¢lTy+ [ [ (x/Teb)qn(x)dx} (1.5)

where Tgp, is depletion layer thickness and n(x) is the electron density in the depletion

region. The term in (kT/qlc)Cje Eqn. 1.1 can then be written as

11



_ ﬂ k_T rTebTb ln(é’reb) 2
(kT/qlc)Cje—[Tebj(qlc} 3 [, n(reb)gdc (1.6)

where I = kT/AE - (kT/ AE-Do/vexit To)e™ T is a factor involving the base bandgap
grading (/"= 1 for a non-graded base) and { = x/T¢, is a normalized position variable.
The first term in Eqn. 1.6 describes the depletion-layer capacitance, and is
minimized by using high bias current densities Jo = l¢ = A.. The second term
describes storage of mobile electron charge within the depletion layer, and is
minimized by reducing Te,Tp. This analysis shows that the depletion region thickness
cannot be indefinitely extended to reduce base-emitter junction capacitance, as charge
storage in the region also contributes to the transistor's forward delay. The RexCep
delay term in Egn. 1.1 is thus a significant limitation when scaling for high f.. The
relative sizes of the emitter and collector contacts in a well-designed submicron HBT
allow R to be four to ten times smaller than Ry, and R.C., can be neglected in a first
order analysis. To calculate Rex, we must consider the geometry of the emitter

epitaxial structure.
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Figure 1.3 Cross-section of a base-emitter structure including epitaxial layers and emitter
contact metal. For submicron emitters, the lateral depletion of the N+ emitter can comprise a
significant portion of the emitter width.

The emitter layer structure shown in Figure 1.3 is composed of a heavily-
doped narrow-bandgap contacting “cap” layer, an N++ heavily-doped wide-bandgap
emitter layer, and a more lightly-doped (N+) emitter layer near the base interface to
avoid dopant diffusion from the N++ layers into the emitter-base junction. If the

heterojunction is properly graded to avoid conduction band barriers, the parasitic

emitter resistance may be expressed as

T
R, = Pee n Peap ' cap " Pealea " Perler (1.7)
LeWe contact LeWe ,contact LeWe , junct LeWe

where pc. is the emitter specific ohmic contact resistivity, and pcap, pe2, and pe; are the
bulk resistivities of the cap, N++, and N+ emitter layers. For submicron emitters in a
mesa HBT, the junction width We junct is significantly smaller than the contact width
We contact due to lateral undercutting of the emitter material by the etch process used to

form the emitter-base junction, and the electrically active junction width W, can be

13



significantly smaller than W, junc: because of the surface (edge) depletion regions of
width (25¢/qul)”2, where Ne; is the N+ layer doping and ¢ is the band bending due

to pinning of the Fermi energy at the surface. For simplicity in the scaling analysis,

we will approximate

Ry =P A (1.8)

where pe is a fitted parameter, approximately 50 Q-um2 for submicron HBTs
fabricated at UCSB using a graded InAlAs/InGaAs emitter-base structure ! and 25
Q-um? for abrupt InP/InGaAs junctions.?®!

From these values of Rex the RexCep Charging time can then be examined. Since

ch = SA/TC,

Rexccb = ((C}-‘I[-OC ](%J ' (19)

This term can contribute a significant delay to f.. An f, of 295 GHz has been obtained
in HBTs fabricated at UCSB using the substrate transfer process.*” Although the
substrate transfer process allows Ac/Ae to be small at 2.3:1, the RexCyp Still constitutes
11% of the total 1/2xf, forward delay. In mesa HBTs (Figure 1.1) Ac/A. is often larger
than 2.3:1 and hence, RexCep contributes an even larger delay. Because RexCep oc 1/T,
thinning the collector to reduce z. also increases RexCep.

To increase HBT current gain cutoff frequencies, the base and collector layers
must be thinned and the bias current density increased. Thinning the collector

increases RexCeh, imposing a limit to epitaxial scaling. Limits to bias current density

14



imposed by device reliability, and loss in breakdown voltage with reduced collector
thickness, are two further potential limits to scaling. Finally, unless the device
structure of Figure 1.1 is laterally scaled, vertical HBT scaling for increased f, will

result in reduced power-gain cutoff frequencies fmax.

1.2.2 Factors determining fa
In an HBT with base resistance Ry, and collector capacitance C,, the power

gain cutoff frequency is approximately fmax;(f7/8mcb)“2. The base-collector
junction is a distributed network, and the z, term represents an effective, weighted
time constant. The distributed network arises because the current distribution in the
base-collector mesa is non-homogeneous, e.g. current density is greatest directly

beneath the emitter. Because the base-collector junction parasitics are distributed,

calculation of 7, is of complex. To simplify the analysis, fnax is first approximated as

f . =(f 1872R,,C,)"?, where RypCe is the product of the base resistance and the full

max —
capacitance C¢, = e4/T; of the base-collector junction.
The base resistance Ry, represents the sum of contact resistance Rpcont, base-
emitter gap resistance Rgap, and spreading resistance under the emitter Rgpread. With

base sheet resistance ps, and specific contact resistance p,, we have

Rpp =Ry o + Ry R

b,cont spread

Rb,cont = pspu /2Le
Rgap = pchb /2Le
Ry es = PW, /12L,

(1.10)

spread
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The base-collector time constant is then

ol [
(el

Equation 1.11 shows the influence of device scaling on the time constant Rp,Cep.

(1.11)

Decreasing the base thickness to reduce z, increases the base sheet resistivity ps,
increasing RyyCeh. Decreasing the collector thickness T to reduce z. directly increases
RppCen, as is shown explicitly in Eqgn. 1.11.

Low RpyCeh, and consequently high frax may be obtained by scaling the emitter
and collector junction widths W, and W, to submicron dimensions. Reducing the
emitter width W, alone reduces towards zero the component of R,,Cp, associated with
the base spreading resistance (the second term in Eqn. 1.11). In the mesa HBT (Figure
1.1), the minimum collector junction width W, is set by the width of the base ohmic
contacts which must be at least one contact transfer length (Leontact = (po/ps)¥?). As a
result, the component of Rp,Cqp associated with the base contact resistance (the first
term in Egn. 1.11) has a minimum value, independent of lithographic limits, and
consequently, fmax does not increase rapidly with scaling. Given this minimum RppCep,
attempts to obtain high f; by thinning the collector results in decreased fnax, frustrating
efforts to improve HBT bandwidths.

If the parasitic portion of the collector-base junction could be eliminated, fmax

would increase rapidly with scaling. The collector-base junction need only be present
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where current flows, e.g. under the emitter. An example of one such effort is UCSB’s
substrate transferred HBT. Various research groups have also demonstrated removal
of the parasitic base-collector junction by laterally etching the extrinsic region of the
collector. In both methods, the goal is to form emitter and collector junctions of near
equal width, hence W, = W,. With submicron scaling of the emitter and collector
junction widths, the first term in Egn. 1.11 dominates becomes scalable to W,. By this
approximate analysis, fmax then increases as the inverse square root of the minimum

feature size.

1.3 Highly scaled 111-V HBTs

To obtain simultaneously high values of f, and fpa, the emitter and collector
widths must both be scaled. To date, several methods have been successfully applied
to reduce or eliminate the parasitic collector-base capacitance and, thus, improve fyax.
The transferred substrate process is an extremely aggressive method of reducing the
parasitic collector-base junction capacitance, and the method requires substantial
departures from the typical mesa HBT fabrication process. Alternative processes
requiring less radical alterations have been also demonstrated. In AlGaAs/GaAs
HBTSs it has been demonstrated that deep proton implantation through the base layer
and into the collector region can be used to reduce the extrinsic collector
capacitance.l®®? Wet chemical etchants can be used to remove the extrinsic collector
junction by laterally undercutting beneath the base layer,’® and the collector
capacitance under the base contact pad can be reduced using dielectric spacer

layers.”%  Alternatively, Ry, can be reduced by regrowing, prior to base contact
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deposition, thick extrinsic P+ contact regions on the exposed base surface.**? Low
RupsCepi Can also be obtained in the typical mesa structure by reducing the lateral width
of the base ohmic contacts. InGaAs base layers grown by MBE can be produced with
> 10% cm™ doping. At such doping levels, the transfer length Leontact = (po/ps)™ can be
greatly reduced as long as the correct (low p¢) base contact is used. The width of the
base ohmic contacts can then be accordingly reduced to eliminate excess collector-
base junction area. The transferred substrate HBT will be briefly discussed in the
following subsection followed by a discussion on recent results of highly-scaled mesa

HBTSs.

1.3.1 Transferred-substrate HBTSs

The transferred-substrate process is a means of realizing a highly scalable
HBT. In scaling for high f, limitations include high power and current density,
demand for low emitter resistance, and the collapse of fn.x due to extrinsic collector-
base junction. The substrate transfer process allows the extrinsic collector-base
junction to be reduced or eliminated by providing lithographic access to both the
emitter and collector material. This access allows for narrow definition of both the
emitter and collector stripes and the formation of an HBT structure similar to that
shown in Figure 1.4. With the extrinsic collector-base capacitance greatly reduced,
aggressive lithographic scaling without epitaxial scaling greatly increases fmax at
constant f,. If high values of both f, and fax are sought, simultaneous lithographic and

epitaxial scaling is required. Further improvements in device bandwidth beyond what
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is reported here would require operation at higher current densities and reduction of

parasitic base and emitter resistances.

emitter
base contact 7// base contact

N W

base

collector 774

contact =

We =Wy =W

Figure 1.4 Cross-section of an HBT with the collector-base junction lying only under the
emitter. Such a device structure can be formed using substrate transfer processes.

The transferred substrate epitaxial structure has been grown by MBE on semi-
insulating InP substrates, and both single and double heterojunction transistors have
been fabricated in the transferred-substrate technology. The single heterojunction
transistors have an InAlAs/InGaAs emitter-base junction with an InGaAs collector
region. The double heterojunction devices have an InP collector for increased
breakdown, and an InP emitter may be used in place of the InAlAs ternary for

improved heat flow from the emitter.**!

Chirped superlattice grades are used to
smooth conduction band discontinuities at the base heterojunctions. The InGaAs base
is typically 300 to 400 A thick, has 2kT bandgap grading, and is Be-doped at 5 x 10*
cm®. The collector thickness is typically 2000 to 3000 A thick, and an N+ pulse-

doped layer placed 400 A from the base-collector metallurgical junction delays the
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onset of base push-out at high collector current densities. High fnax devices are
typically fabricated with Schottky collector contacts that provide zero collector series

resistance.[34
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Figure 1.5 Transferred substrate HBT fabrication process flow.

Figure 1.5 shows the transferred substrate process flow. Standard fabrication
processes™® are used to define the emitter-base junction, the base mesa, polyimide
planarization, and the emitter contacts. The substrate transfer process commences
with the deposition of a 5 um thickness Benzocyclobutene (BCB) transmission-line
dielectric. Thermal and electrical vias are etched in the BCB, and electroplating is

used to deposit metal vias and to form the wafer’s ground plane. The wafer is then
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solder-bonded to a GaAs or AIN carrier substrate. The InP substrate is removed in a
selective HCI etch to expose the collector epitaxial layer, and collector contacts are
patterned onto the exposed collector. Shown in Figure 1.6 is a detailed cross section

of the completed transferred substrate device.

Schottky collector contact
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emitter base polyimide.
metal Si3N4 coIIector@

Figure 1.6 Schematic cross-section of a transferred substrate HBT.

For the emitter-base junction, deep submicron scaling requires tight control of
lateral undercutting during the base contact recess etch. The undercut both narrows
the emitter and defines the liftoff edge in self-aligned base contact deposition. For
InAlAs emitters, the transferred substrate process uses a combination of dry and wet
etch mechanisms. A CH4/H2/Ar reactive ion etch (RIE) is used to remove the N+

InGaAs emitter contact layer and to partially etch into the InAlAs emitter. A
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HCI/HBr/acetic acid selective wet etch is then used to remove the InAlAs emitter and
to etch partially into the emitter-base grade. The selective nature of this etch allows it
to stop at a consistent depth in the InAlAs/InGaAs grade. A timed, nonselective citric
acid-based wet etchant is then used to remove the remaining base-emitter grade. The
etch is allowed to penetrate approximately 100 A into the base layer to ensure that the
contacts lay on base material. An all wet etch process is used for transferred substrate
devices using an InP emitter. A selective H,O,/H3PO, etchant is used to remove the
N+ InGaAs emitter contact layer, and the etch stops at the InP emitter layer. A
selective HCI/H3PO, etch is then used to remove the emitter semiconductor, and this
etch stops at the InGaAs base. For emitter etch processes, an undercut of ~0.1 pum is
desirable to minimize base gap resistance between the emitter and the base metal, and
the etch processes must be well controlled to maintain as little undercut as possible.

In defining the collector-base junction, the use of a Schottky-collector contact
eliminates the need for an etch of similar precision as when an N+ ohmic collector
contact layer is used. The collector junction is defined by the stripe width of the
collector metal. After collector deposition, a self-aligned wet etch of ~1000 A depth
removes the collector junction sidewalls to eliminate fringing fields. This etch also
reduces the collector junction width by ~2000 A. The step, intended to reduce Cep, is
observed to provide a greater increase in fnax than would be expected from the
physical reduction in collector junction width.

Extrapolated frax up to 820 GHz and f, up to 300 GHz have been obtained with

[36,37]

transferred-substrate HBTS. Both of these results were obtained using single
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heterojunction transistors with a wide-bandgap InAlAs emitter and InGaAs base and
collector. The high frax result was obtained using a 400 A base layer and 3000 A
collector while the high f, result was achieved using a 300 A base and 2000 A
collector structure. At the time of each publication, the results were the highest ever
reported in a bipolar transistor technology in any material system.

A number of integrated circuit results have been reported in the transferred
substrate process. Master-slave latches configured as 2:1 static frequency dividers
were fabricated which correctly function at all frequencies in the 5-75 GHz range.l*®!
This static frequency divider was the fastest ever reported until that time. High-speed
analog ICs accomplishments in the transferred substrate technology include 80 GHz
distributed amplifiers,*! 50 GHz broadband differential amplifiers,!*” and broadband
Darlington and f-doubler resistive feedback amplifiers.**?  Tuned mm-wave
amplifiers have been demonstrated using transferred substrate HBTS, including a 75
GHz amplifier and 180 GHz tuned amplifier.[*>4*

The circuits described above contain as few as two and as many as seventy
transistors, as well as passive components and interconnects. Larger digital and
mixed-signal 1Cs have been fabricated in the transferred substrate process. For
instance, A-X modulators composed of 150 HBTs and operating at up to 18 GHz clock
rate have been demonstrated,® and larger digital circuits (~250 HBTSs) were
developed to include sum and carry generation circuits for pipeline adder-

accumulators.[#6!
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Despite record results for discrete transferred-substrate HBTs and the success
of circuits constructed using the device technology; there have been only a few
duplications of the transferred substrate work outside of UCSB. InP DHBTSs have
been produced at the Ferdinand-Braun-Institut fiir Hochstfrequenztechnik.["*81 Along
with improvements to the epitaxial stack (InP emitter and collector), changes were
made to improve the thermal characteristics of the device after the transferred
substrate process. The UCSB transferred substrate process leaves the remaining HBT
epi “floating” in low thermoconductivity dielectric; allowing heat leave the device
mostly through the emitter and collector contacts. As current density increases, the
device will heat. This heat will eventually lead to device failure if the current density
is taken too high. The effort at Ferdinand-Braun attempts to resolve the heating issue
by sinking heat out of the emitter, through a thick lateral metal layer, and into a high
thermoconductivity AIN substrate. This device has produced an f, of 410 GHz and
fmax Of 480 GHz at current density J. = 6.5 mA/um? for a 0.8 x 5 um? emitter with 300
A carbon-doped base and 1250 A total collector thickness.

A transferred substrate HBT demonstration at Northrop Grumman Corporation
also attempts to resolve the heating issue by transferring the device to a higher thermal
conductivity SiC substrate after patterning the narrow backside collector.l*®’ The
Northrop Grumman device produces an f, of 397 GHz and fax > 400 GHz at current
density J. = 10.5 mA/pm? for a 0.2 x 3 um? emitter with 280 A beryllium-doped base

and 1500 A total collector thickness.
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The transferred substrate effort at UCSB has had its greatest affect by altering
the perception of scaling potential in 111-VV HBTs. New focus has since been given to
the original mesa HBT structure utilizing very aggressive scaling in the device layout
and epitaxial structure to minimize device parasitics. This effort is responsible for a

new generation of highly-scaled 111-V mesa HBTSs.

1.3.2 Trends in highly scaled mesa HBTs

Aggressive scaling in 111-V HBTSs using the original mesa structure has lead to
new record results. Ida, et al. reported an InP/InGaAs mesa DHBT in late 2002 with
aggressive epitaxial and layout scaling.’®® The emitter dimension was 0.8 x 3 pm?
and the paper compares devices with 20 and 30 nm thick base layers and 150 nm
collectors. The device incorporated heavy carbon base doping at 6 x 10* cm™ for
lattice-matched InGaAs and compositional grading of the GaAs in the InGaAs base.
The GaAs mole fraction in the 30 nm base device was linearly increased from 0.47
(lattice matched to InP) to 0.56 towards the base-emitter heterojunction. In the 20 nm
base device a larger mole fraction was used to achieve a higher base doping
concentration. The composition was 0.56 at the base-collector interface and increased
to 0.60 towards the base-emitter junction. The device also incorporated an isolated
base pad layout.®™ The base pad isolation structure was used to eliminate the
extrinsic collector capacitance at the large area where the base is connected to the pad
structure. The 20 nm device achieved a record 351 GHz f, and 288 GHz f. at a
current density of J. = 667 kA/cm? while simultaneously high values of 329 GHz was

obtained for both f, and fax in the 30 nm device.
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Dahlstrom, et al. later reported an InP/InGaAs/InP mesa DHBT with 282 GHz
f, and 400 GHz fax Using a 25 nm doping-graded InGaAs base and 214 nm collector

depletion layer.[*

The high fyax result is attributed to the minimization of base
resistance Ry and collector-base capacitance Cq,. The Ry, parasitic is composed of
base current spreading under the emitter stripe, the emitter-base gap resistance, and the
contact resistance of the base metal. The first two components are reduced by high
base doping to obtain low base resistance, narrow emitter junctions, and minimal
spacing between the emitter junction and base contact. The third component—the
base contact resistance—is minimized by very high base doping and by the
Pd/Ti/Pt/Au ohmic base metal.’®® The base doping in this device is graded from a
degenerate 8 x 10™ cm™ at the emitter interface to 5 x 10* cm™ at the collector side
producing a 49 meV potential drop and a 16.5 kV/cm drift field in the base assuming
Fermi-Dirac statistics and accounting for bandgap narrowing. Assuming D, = 43
cm?/sec average diffusivity and 4 x 10" cm/s exit velocity into the collector, the
calculated base transit time is reduced from 0.18 to 0.10 ps contributing to a lower f,.
The emitter metal for this device is 0.7 um wide with a junction undercut by 80 nm on
each side producing an emitter junction width of 0.54 um. The base metal is self-
aligned to the emitter metal and extends 1 um on each side of the 8 um emitter length

producing a total base-collector junction width of 2.7 um. The aggressive lateral

scaling and the high base doping allow for an InP mesa HBT with high f, and record

fmax-
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The same team later produced a device with the same epitaxial structure, layer
thicknesses, and device dimensions but improved RF performance.®™ This device
demonstrated a 370 GHz f, and 459 GHz fax by decreasing base and emitter contact
resistances, increasing current density through the device, and undercutting the
extrinsic collector region under the base by 200 nm to reduce C.,. The f, demonstrated
in this device was the highest reported for a InP-based mesa HBT at the time. These
results were some of the highest simultaneous numbers ever reported at the time, and
the Cyy/l. ratio = 0.28 ps/V at V¢, = 0.5 V was the lowest ever reported for an InP mesa
DHBT.

The Ida, et al. group from above also reported simultaneously high f; and fiax
results for an InP/InGaAs mesa DHBT in late 2003.°®! The paper presented at the
GaAs IC Symposium reported the first sub-4 ps delay in an ECL circuit. As an
addendum to the circuit results which used non self-aligned base to emitter electrodes,
the group fabricated devices with self-aligned base contacts to demonstrate the
capability of the device technology. The circuit results utilized the earlier reported
device with the 30 nm compositionally graded base, 150 nm collector, and 0.8 x 3 pum?
emitter which produce simultaneous f, and fnax over 300 GHz. The group reports that
the dominant part of their non self-aligned base resistance is access resistance between
the emitter mesa and base electrode. In their lateral scaling experiment, they used the
same epitaxial layer structure as for the non self-aligned device and fabricated devices
with 0.6, 0.8, and 1.0 um widths and 5 pum lengths. They found that fnax increases

with decreased emitter width which they attribute to reduced intrinsic base resistance
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and reduced intrinsic base-collector capacitance. The 0.6 x 5 um? self-aligned device
achieved a maximum simultaneous f, and fax of 347 and 492 GHz, respectively.

In 2006, Lind, et al. reported a record InP/InGaAs/InP DHBT with 650 GHz
fax and simultaneous 420 GHz .%%1 In this work, the emitter width was scaled to 250
nm and substantial improvements had been made to the base and emitter Ohmic
contacts. The HBTs were formed using an all wet etch triple mesa fabrication process
where undercut determined the 250 nm emitter width. The InGaAs base is 30 nm thick
and carbon doped from 7 to 4 x 10" cm™ to create a 50 meV conduction band grade.
The total collector thickness including base-collector grade is 150 nm. TLM
measurements showed a base contact resistance p. < 5 Q-um? and base sheet
resistance ps = 630 Q. The emitter p. = 5.3 Q-um? was extracted from RF-parameter
fitting. These contact resistance numbers represent a 50% improvement compared to
previous work from the same group. The 0.25 x 3.1 pm?® emitter area device
demonstrated a 650 GHz f.x and 420 GHz f, at Ic =9 mA and V¢ = 1.58 V.

Using epitaxial material and fabrication process identical to Lind, Griffith et al.
reported a record InP/InGaAs/InP DHBT with 755 GHz f. and simultaneous 416
GHz f,in 2007.51 In this work, the base contact resistance p. = 6.3 Q-um?, base sheet
resistance was measured slightly lower at ps = 603 Q, and the emitter p. = 5.1 Q-pm®.
Despite the similarities, Griffith’s 0.30 x 2.0 pm? emitter area device was able to

demonstrate a record 755 GHz fax and 416 GHz f. at Ic = 6.98 mA and Ve = 1.74 V.
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1.4 Highly scaled SiGe HBTs

SiGe HBTs emerged in the early 2000s as strong RF performance contenders
to InP HBTs. In addition to the newly improved performance, SiGe HBTs had the
additional promise of process maturity, higher levels of integration and yield, and the
ability to monolithically integrated CMOS devices into the SiGe fabrication process
(BiCMOS).

In 2002, Hitachi reported an NPN SiGe HBT with heavily-doped and narrow
intrinsic base layer and emitter area of 0.15 x 1.0 um? demonstrating 227 GHz f.ax and
201 GHz f, at Ic = 1.2 mA and Ve = 1.5 V. The record RF performance is
attributed to optimization of the thickness and profile of the carbon doping in the SiGe
base layer to reduce both intrinsic base resistance and contact resistance to the external
base elements. The work also indicates emitter width dependence where narrow
emitter (and proportionally narrow base) widths of 0.15 um demonstrate higher peak
fmax compared to emitter widths up to 0.3 pm.

IHP Microelectronics reported an NPN SiGe:C HBT in 2003 with elevated
extrinsic base contacts rather than the more conventional implanted extrinsic base.
Peak fnax Was observed to increase from 186 GHz to 225 GHz when elevated base
contacts were used in lieu of the implanted extrinsic base. The improvement is
attributed to reduced Rpp and C., when using the elevated base structure. A further
reduction was obtained in base resistance by shrinking the drawn emitter width from
0.21 pm to 0.175 um; increasing the peak fmax t0 243 GHz. The 0.175 x 0.84 pm?

emitter area HBT with selectively grown elevated extrinsic base has 243 GHz f.x and
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190 GHz f, at Ic = 1.5 mA and V¢ = 1.5 V.[** The same group later reported a SiGe
HBT with aggressive vertical scaling and a selectively undercut collector to reduce
base-collector capacitance. The device improvements produce a 0.175 x 0.84 pm?
NPN HBT with 300 GHz f, and 250 GHz fya at Ic = 1.5 mA and V¢ = 1.5 V where
the total Cy, at Vg = 0 V is reduced from 3fF to 2.5fF when comparing a
conventionally fabricated device to the device with undercut collector.t®”

Infineon Technologies also reported SiGe HBTs with impressive results using
a thinned base region with increased doping levels; allowing for reduced base transit
time without increasing the intrinsic base sheet resistance. The Infineon HBTSs also
utilize a mono-crystalline emitter contact for reduced total emitter resistance.® The
0.14 x 2.6 pm? NPN HBT demonstrates a 300 GHz fnax and simultaneous 215 GHz f,
at Ic = 3.5 mA and Vg, = 1 V.1 A higher maximum f, of 225 GHz is also reported for
Ve =0V, but frax drops to ~260 GHz at this bias condition.

In 2002, IBM reported SiGe HBTs with 70% improvement in f, and fpax
compared with their 120 GHz f, production device.[®®] To achieve simultaneously high
f. and fnax, the NPN vertical and lateral dimensions were reduced compared to the 120
GHz generation. The emitter n-epitaxial layer thickness, collector, and base doping
concentrations were scaled to achieve a target f, of 200 GHz. A self-aligned, raised
extrinsic base is employed, the emitter dimension is narrowed, and the emitter to
extrinsic base spacer is reduced to lower the total base resistance Rp,. The resulting
device has a pinched base resistance of 2.5 k€Q/sq, a peak dc current gain of 400,

BVceo of 1.7 V, and BVggo 0f 5.5 V. Fora 0.12 x 2.5 um2 emitter area device at Vg
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of 1V, f, is over 200 GHz for a current density range of 8.3-16.5 mA/ pm?, peaking at
207 GHz; the fhax peaks at 285 GHz. In 2004, further improvement in f, was achieved
by vertical profile scaling !, and reduction of base resistance was achieved by
reducing the polysilicon parasitic resistance component of the raised extrinsic base to
obtain a 0.12 x 2.5 pm? emitter area device with 350 GHz s and 300 GHz f, at Ic =

5.7 mA and V, = 0.5 \.[64
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Chapter 2

MBE Growth of InP HBTs

2.1 Introduction to HBT Growth

The material growth for HBTs and the regrown emitter HBT work was
performed in Varian Gen Il MBE systems at UCSB. The MBE systems are typically
used for the growth of optoelectronic devices, such as surface and vertical cavity
lasers and detectors. In recent years, the growth of electron devices, such as HEMTs
and HBTSs, has become more common in the epitaxial systems. Two systems, referred
to as System A and System B, were used for this work. Both systems contain the
group I elemental solid sources gallium, aluminum, and indium. Valved cracker
sources provide the group V elements in each system. System A has an arsenic source
installed, and System B has arsenic, phosphorous, and antimony sources available.
Both systems have beryllium and carbon as p-type dopant sources, and silicon is
available as an n-type dopant.

The Gen Il MBE systems are designed to accommaodate a single 3-inch, round
substrate. However, material growth at UCSB is typically performed on full 2-inch

substrates, quarters of 2-inch substrates, or even smaller samples. Molybdenum face-
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plates and silicon backing wafer mounting blocks are available and typically used to
convert the 3-inch growth stage for full 2-inch wafers and quarters of 2-inch wafers.
Indium bonding may also be used to attach smaller samples or quarter wafers to solid
molybdenum blocks for growth. Indium bonded samples allow multiple small and
non-standard shaped samples to be mounted for growth. The indium mounting
technique also provides strong, uniform thermal contact between the growth sample
and the mounting block. The mounting, however, requires additional effort, it may be
difficult to remove the indium from the sample backside, and there is potential for
contamination or oxidation buildup as the sample is being handled and heated during
the mounting process. The use of molybdenum adapter plates and silicon backing
wafers is therefore generally preferred over indium mounting.

HBT growths, emitter regrowths, and the growth of base-collector templates
are generally performed on full 2-inch Fe-doped semi-insulating InP substrates using
the molybdenum adapter plates and backing wafer mountings. Epi-ready substrates
were purchased from Sumitomo Electric Semiconductor Materials, Inc. and Wafer
Technology, Ltd. Both vendors provide substrates that are identical in specification,
and no significant difference is observed in the growth conditions or epitaxial quality
when switching between the substrate vendors.

The epitaxial growth rates and ternary compositions used during this work
were determined using either reflected high energy electron diffraction (RHEED)
oscillations or beam equivalent flux. When using RHEED calibrations, the binary

growth rates for InAs on InAs, GaAs on GaAs, and for AlAs on GaAs were
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determined on each growth day. The growth rate at a fixed substrate temperature is
determined for at least three temperatures for the indium, aluminum, and gallium cells.
The binary growth rates were then used to calculate the growth rates and cell
temperatures required to obtain ternary InAlAs and InGaAs material lattice matched to
the InP substrate. Source temperatures are typically chosen to maintain a growth rate
of 1um/hour. Calibration by RHEED on each growth day is a very manual and time-
consuming process. Dedicated RHEED blocks (samples that are left in vacuum and
used especially for RHEED calibrations) must be maintained for the InAs and
GaAs/AlAs measurements, time is often required to obtain and potentially develop the
RHEED signal on each growth day, and the quality of the RHEED signal often
requires the grower to make subjective interpretations of the oscillation patterns.
Calibration by beam equivalent flux measurements may be done more quickly
and with greater convenience. Beam flux measurements are obtained by exposing a
bare ion gauge to the flux of a group Il or group V source at varying cell
temperatures. The bare ion gauge is located inside the vacuum of the growth chamber
on the back side of the growth substrate heater. It may be utilized when the substrate
is in the load position (substrate facing away from the sources) so deposition of
material does not occur on the wafer or bare substrate heater. At the beginning of a
growth campaign, it may be required to initially calibrate the binary growth rates by
RHEED. These cell temperature versus growth rate calibrations can then be translated
to cell temperature versus beam flux, and RHEED calibration is no longer necessary

after this point. This is because beam flux correlates well with the amount of source
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material arriving at the substrate's position. As long as the beam flux can be
maintained (by altering the cell temperatures on a daily basis), the growth rates
determined by RHEED are presumed to be remain constant and RHEED calibration is
not necessary until the state of the ion gauge is changed or there is major alteration to
the MBE system. X-ray measurements may be used to confirm that the InP substrate
and the ternary materials are lattice-matched. Fine adjustments can then be made to
the calibrated beam flux values to compensate for any possible drift in the ion gauge.

Calibration of the source cell temperatures using beam equivalent flux is
preferred because the process is less time-consuming. Furthermore, the UCSB MBE
systems have been set up with control computers that are able to automatically heat
and dump the sources, open the source shutters, and sample the beam flux according
to a user-defined control program. A complete array of temperature versus beam flux
measurements can be obtained before the grower arrives for the day's growths. Our
experience suggests that beam flux calibration is a very robust method. Early in the
project, all growths in System A were calibrated by RHEED. Later growths requiring
the phosphorous source in System B used beam flux calibrations exclusively.

The epi-ready substrates are mounted to molybdenum conversion blocks and
loaded into the MBE system through a load-lock system and allowed to pump down
overnight. The load-lock chamber is heated for several hours during the initial pump
down to aid in degassing the chamber walls and the trolley system that carries the
molybdenum blocks and wafers. Before entering the MBE growth chamber, each

substrate is heated to 300°C in the high vacuum buffer chamber for approximately one
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hour. The substrate and block assembly is further baked in the growth chamber at
400°C for ten minutes before being turned to face the source cells (growth position).
As the substrate is being baked in the growth chamber, the beam flux of the group V
sources is determined and the initial group V beam is set. The group V source will be
left on until the end of growth. Although the buffer chamber and growth chamber
bakes are set to 300°C and 400°C, respectively, these temperature settings are
determined and fed back to the controller via a thermocouple positioned on the radiant
heater element behind the wafer. The temperature at the surface of the wafer through
the silicon backing wafer and molybdenum block elements is expected to be lower.
The substrate block rotation rate is set at 10 to 20 rpm during the initial heating
and during growth to help obtain uniform deposition from the fixed epi sources across
the wafer. When in the growth position, the substrate's surface temperature can be
measured by pyrometer. The pyrometer used on the UCSB MBE systems has a lower
limit of 450°C. The substrate is heated over a period of 20 minutes to a temperature of
520°C to 530°C as determined by pyrometer. Desorption of the InP surface oxide
typically occurs at 530°C to 535°C and is complete in less than 60 seconds suggesting
that the surface oxide on epi-ready InP substrates is thin. The desorption process is
apparent as the RHEED pattern changes from a spotty, incomplete signal to a more
streaky, complete 2x4 reconstruction. At the same time, a drop of 10°C to 15°C is
observed in the pyrometer temperature. It is believed that the surface temperature of
the wafer is not actually changing, but that the emissivity of the surface is changed as

the oxide is removed. The wafer is brought back to the oxide removal temperature
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and allowed to remain at that temperature for about 60 seconds. The temperature is
then lowered to 475°C in preparation for growth with the expectation that the
temperature at the wafer's surface will rise when the source shutters are opened.
Growth is generally initiated at 480°C to 510°C for InP lattice matched materials.
Pyrometer readings are viewed during 10 second growth pauses throughout the
growth. The readings are taken only when the source shutters are closed to prevent
deposition onto the pyrometer window but also because the emissivity at the wafer

surface during growth leads to inaccurate readings.

2.2 HBT Epitaxial Structure

The evolution of the regrown emitter epitaxial structure began during a period
of transition in the research group as we were moving away from the transferred
substrate HBT and toward what would become the narrow mesa HBT. The regrown
emitter HBT evolution also occurred after the installation of CBr, carbon dopant
sources on Systems A and B and after the installation of the group V phosphorous
source on System B. The carbon doping source allows for higher p-type doping of the
InGaAs base region while maintaining bulk mobility comparable to that of beryllium
doping. The availability of the phosphorous source was significant as it allows for the
development of HBT epitaxial stacks containing wide bandgap InP layers as the
collector and emitter regions.

The baseline transferred substrate HBT structure is shown in Figure 2.1. The
HBT structure used in the transferred substrate work employed an InAlAs emitter as

the single heterojunction and an InGaAs collector beneath the beryllium-doped
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InGaAs base. The device structure of the transferred substrate HBT does not require a
heavily-doped subcollector region, and one was not included in the typical epitaxial

stack.

1000A InGaAs : Si N+ <+— emitter cap

200A grade

750A InAlAs : Si N+

emitter
750A InAlAs : Si n-
300A grade

400A InGaAs : Be P+ <«— Dase

delta
—. ——————————————————————————

doping .

3000A InGaAs: Si n- <«— collector

2000A InAlAs U.LD. <«— Duffer

S.1. InP substrate

Figure 2.1 Baseline structure for transferred substrate SHBT with InAlAs emitter.

SHBTSs have achieved impressive device performance™ and are more simple
to design and grow compared to DHBTs. The SHBT InGaAs collector requires only a
change in doping as the HBT growth transitions from the collector to the base. A
collector region composed of InGaAs, however, will have a lower breakdown
tolerance than one composed of a wide bandgap semiconductor such as InP. For

instance, the bias across a 2000 A thick InGaAs collector requires only about 2.2V
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before current avalanche sets in. A composite InP collector of the same thickness can
take up to 7.5V before breakdown.!? Low avalanche breakdown prevents the use of
the thinner collector regions that would allow for higher current densities. In addition
to the low breakdown problem, the thermal conductivity of InGaAs is 1/15th that of
InP. When HBTSs are run at high current densities, heat management becomes a
critical issue and an InP collector would be preferred to InGaAs for its superior ability
to dissipate heat.

An epitaxial stack that could be used for a conventional mesa structure DHBT
is shown in Figure 2.2. This structure incorporates an InP collector for higher
breakdown and better heat dissipation. It also includes a carbon-doped base region to
obtain a higher doping-mobility product. A thin, heavily-doped InGaAs layer is
included as a narrow bandgap contact layer to the subcollector while the bulk of the
subcollector is composed of heavily-doped InP. The ternary InGaAs layer thickness is
minimized relative to the InP layers to improve the thermoconductivity of the epitaxial
stack. The InAlAs emitter and chirped superlattice grade that are used in the
transferred substrate HBT have been carried over to this proposed mesa structure
DHBT. It would also be possible, however, to use an InP layer as the wide-bandgap

emitter material. The InP emitter details will be discussed later in this chapter.
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1000A InGaAs : Si N+ <«— ermitter cap

200A grade
750A InAlAs @ Si N+
emitter
720A InAlAs : Si n-
300A grade
400A InGaAs: C P+ <«— base
340A InGaAs setback & grade
delta @ @—————— ____
doping
2630A InP: Si n- <«— collector
250A InGaAs : Si N+ <— subcollector contact
1250A InP: Si N+ <«— subcollector
5004 InP U.LD. <— buffer

S.1. InP substrate

Figure 2.2 Epitaxial stack for a mesa structure DHBT with graded InAlAs emitter,
carbon-doped base, and InP collector.

2.3 Base Layer Growth — InGaAs:Be

A report from the early 1980s showed that InGaAs could be doped into the low
10" cm™ range with nearly complete activation using beryllium by solid-source
MBE.®!  Beryllium was widely adopted as the p-type dopant for MBE of I11-V
compounds. Following this, many papers relating to the diffusion of beryllium and
the growth conditions to minimize this diffusion began to appear. It has been

experimentally determined that the diffusion coefficient of beryllium acceptors
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depends on the concentration of beryllium as well as the growth temperature of
beryllium-doped layers and the layers grown after the beryllium-containing layers.™
Dopants may also diffuse due to electric fields formed in the material during the
growth process. Controlling the diffusion of beryllium and the growth conditions that
favor high activation efficiency of beryllium in InGaAs is discussed in this section.

Low sheet resistance and minimal transit time requires the base layer to be thin
(hundreds of angstroms) and heavily doped with active carriers. Beryllium diffusion
into the lightly-doped collector can render regions of the collector p-type. This would
affect the Kirk effect threshold and the overall transit time of carriers through the
HBT. Beryllium diffusion into the emitter affects the turn-on voltage Ve, the DC
current gain, the ideality factor, and the base transit time. These types of problems
make beryllium diffusion a sinificant concern when designing and growing HBT
structures. It is a problem, however, that may be addressed in several ways: steps may
be taken to minimize the diffusion itself, the existing diffusion may be accepted and
the effects may be minimized, or beryllium doping may be avoided altogether. The
process where beryllium diffusion is minimized will be discussed here, and the
replacement of beryllium as a p-type dopant in InGaAs will be addressed in a later
section.

The most common remedy for beryllium diffusion is to grow the beryllium
containing layers at lower temperatures. Aiding in this solution is that beryllium is
less mobile at lower temperatures and diffuses less. Note that it is not enough to grow

only the beryllium-doped layers at lower temperature; the subsequent layers also need
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to be grown at lower temperatures to maintain the minimal diffusion. Enhanced
activation at high doping concentrations may also occur at lower growth temperatures
due to inhibited formation of electrically inactive beryllium precipitates.””) That is, the
lower surface mobility of adatoms at the lower growth temperatures makes it more
difficult for the beryllium atoms to find one another and form clusters on the growth
surface. The growth temperature used in this work for the beryllium-doped base
growth is estimated to be 380°C. This temperature is estimated because the infrared
pyrometer used to measure the substrate surface temperature during growth has a
lower measurement limit of 450°C. The 380°C growth temperature is estimated by
lowering the substrate temperature from 480°C to 455°C at the beginning of the base
growth. The thermocouple setpoint is then lowered an additional 75°C to achieve the
estimated 380°C substrate temperature.

Increasing the group V As, flux during the beryllium-doped InGaAs growth
may also allow for higher doping concentration. In order to form electrically active p-
type carriers, the beryllium dopant needs to incorporate into the group Il sites. The
concentration of group Il vacancies increases relative to the group V vacancies as
arsenic flux is increased. It should follow that the group Il vacancies will then be the
preferred incorporation sites and higher beryllium doping will be obtained.l4! Further
details on the development of growth conditions for beryllium-doped InGaAs for use
in HBT base layers are detailed in Dr. Dino Mensa's thesis.[®!

The hole concentration in InGaAs as a function of the beryllium cell

temperature on each MBE system is determined using Hall measurements of doping
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calibration samples. These samples are composed of unintentionally-doped InAlAs
buffer layers grown on semi-insulating InP substrates with the doped material of
interest grown on top. The InAlAs buffer layer is a high-resistance layer used to
initiate arsenide growth on InP and to provide a smooth growth surface prior to
deposition of the doped InGaAs. Table 2.1 shows a four year summary of beryllium-
doped InGaAs doping calibration results for MBE growth System A. The beryllium
cell temperature and the resulting hole concentration and mobility are indicated. Note
the increasing beryllium cell temperature required to obtain doping concentrations in
the low-10""cm™ range between 1998 and 2000. Beryllium was added to the doping
cell in the spring of 2001. After this time, it was observed that higher doping could be

obtained at lower cell temperatures.

Table 2.1 InGaAs:Be Hall measurements results from System A.

Date Cell Temp. Dolg)ing_3 Molzaility

(°C) (x107cm™)  (cm?/V-s)
1/1998 980 4.2 50.5
3/1999 985 2.8 57.2
6/2000 1000 2.5 41.8
6/2000 1000 2.4 64.9
7/2000 1020 33 57.5
8/2000 1020 31 53.4
9/2001 950 1.2 58.2
9/2001 975 25 51.8
9/2001 990 3.6 52.0
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2.4 Base Layer Growth — InGaAs:C

The problems with beryllium diffusion and the growth conditions that minimize
diffusion may be simply avoided by using an alternate p-type doping source in the
base layer. Carbon is known to have a diffusion coefficient roughly three orders of
magnitude lower than that of beryllium at similar temperatures and concentrations. In
this work, a carbon tetrabromide source (CBr;) has been used. The source and
controller unit used on System A was fabricated and installed by Dr. Ryan Naone and
MBE lab supervisor John English when Dr. Naone was a graduate student at UCSB.
The UCSB CBr, source design was modeled after a CBr4 source built at Penn State
University.l”! After successful demonstration and minor modifications were made to
the CBr,4 source on System A, a second source and controller were built and installed

on the System B MBE.

orifice valves
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valve RUN

_LI_®' MBE
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Figure 2.3 Schematic of the CBr, carbon source gas manifold.
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A schematic of the carbon source is shown in Figure 2.3. The CBr, material
has been vacuum deposited into a small stainless steel cylinder by the vendor, and is
maintained at a low temperature (usually -5°C) in our system to reduce the sublimation
rate. The CBr,4 vapor is passed through one of two fixed-size orifices before arriving
at an adjustable leak valve. These orifices are additions to the original design and are
intended to limit the amount of vapor arriving at the leak valve. The adjustable leak
valve is controlled by the user to ultimately limit the amount of CBr, flowing from the
source. The vapor is directed from the leak valve to either an ion pump where the flux
of the CBr4 can be measured or into the MBE system for doping of materials. This is
the so-called RUN/VENT method where RUN corresponds to the dopant entering the
MBE system and VENT represents diversion of the CBr, to the ion pump. The
purpose of the RUN/VENT system is to set up a steady state of CBr, flux as the vapor
is flowing into the ion pump during VENT mode. The ion pump current and pressure
can be monitored during this steady state of flow and these parameters can help to
determine and reproduce the carbon doping level when the CBr, is directed to the
growth chamber. The CBr, flows into the ion pump until carbon doping is desired. At
that point, the system is set to RUN mode, and the dopant is routed to the growth
chamber instead of the ion pump.

In order to take full advantage of carbon's reduced diffusion coefficient relative
to beryllium, the dopant should be deliverable to the growth sample on a scale that is
short relative to the growth of a few monolayers. This is a concern for the CBry

system because the RUN valve is physically located outside of the MBE system and is
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connected through about 50 cm of stainless steel tubing. Furthermore, the carbon
source has no shutter mechanism inside of the MBE so the RUN valve is the final
point of control for the system. By monitoring the beam flux gauge, it has been
determined that the doping source requires 10 seconds to achieve 90% rise and fall
times. The 10 second rise time is attributed to the time required to fill the 50 cm of
line with CBr4; when the valve is switched from VENT to RUN mode. The fall time
corresponds to the time required to empty the line of CBr, after the valve has been
switched to VENT. At a typical growth rate of 1um/hour, 10 seconds corresponds to
about 28 A of growth. A method to circumvent (or to at least reduce) the lag when
turning on the carbon source is to switch the valve to the RUN position up to 10
seconds prior to the anticipated growth of the carbon-doped layers. Circumventing the
lag time when turning the source off can be handled by a 10 second growth
interruption where growth is resumed after the CBr,4 has been removed from the RUN
line. The installation of a shutter for the carbon source would probably be the most
complete solution to the lag time issue.

The growth conditions for carbon-doped layers are slightly modified from
those used to grow beryllium-doped layers. It is known that the group IV carbon
dopant can demonstrate amphoteric behavior in 111-V compounds. For instance, while
carbon acts as an efficient p-type dopant in GaAs, it is an inefficient n-type dopant in
InAs and InP. As a deterrent to n-type compensation, the V/III ratio is decreased
during carbon-doped growth to encourage incorporation of the carbon dopant onto the

group V vacancies. Also, with diffusion being less of a concern, carbon-doped
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samples are typically grown at a temperature of at least 420°C compared to the
estimated growth temperature of 380°C when beryllium is used. Doping calibrations
were grown to characterize carbon doping and mobility in InGaAs using the CBr,
source. The data was also intended to provide a reference for doping level versus the
ion pump parameters used to monitor the CBry flux. A summary of the results is
shown in Table 2.2.

As shown in the table, only the ion pump current was initially recorded in an
attempt to establish its relationship to the doping concentration or the doping-mobility
product. The ion pump pressure is a more sensitive indicator of the carbon flux into
the pump, and it has also been recorded for more of the growths listed in Table 2.2.
However, the ion pump parameters do not appear to be well-controlled predictors of
the doping or doping-mobility product in InGaAs as shown in Figure 2.4. Also shown
in the table are the results of growth temperatures up to 480°C. Raising the growth
temperature did not improve the predictability of the carbon doping versus the ion
pump parameters. However, the data does reveal that the carbon-doped InGaAs can
be grown over a wide range of temperatures without altering the doping concentration
and mobility results. The data shown in Table 2.2 suggests that the control of doping

concentration is limited by some variable that has not yet been determined.
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Table 2.2 Carbon doping source parameters and Hall measurement results from System A.

Date Substrate lon Pump IS?eE:uTep Doping Mobility
19 -3 2
Temp. (°C)  Current (LA) (107 torr) (x107 cm™)  (cm/V-s)
7/2000 420 230 - 4.1 45.8
7/2000 420 310 -- 5.6 47.4
7/2000 420 370 - 55 52.3
7/2000 420 310 -- 6 53.5
7/2000 420 310 - 6.3 40.7
1/2001 420 350 7.9 8 475
1/2001 420 410 9.2 9.2 30.4
2/2001 420 650 15 9.3 43.3
2/2001 420 570 13 8.8 45.9
2/2001 420 480 11 8.8 44.2
2/2001 420 400 8.9 7.3 50.5
4/2001 420 465 11 15 30.3
4/2001 420 420 9.4 14.6 30.2
4/2001 420 360 7.9 13 317
6/2001 420 410 9.2 12 12.5
6/2001 420 380 8.5 12 27.4
6/2001 420 340 7.6 12 37.2
6/2001 420 300 6.7 11 37.7
7/2001 420 265 5.8 9.6 40.3
7/2001 420 240 5.4 9.8 38.3
7/2001 420 250 5.6 8.4 329
9/2001 470 420 9.3 8.8 41.3
9/2001 470 370 8.3 9.5 39.6
9/2001 470 320 7.2 8 54
11/2001 480 320 7.2 7.4 39.5
11/2001 480 380 8.6 6.6 36.4
11/2001 480 320 7.2 7.9 39.3
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Figure 2.4 Carbon doping-mobility product instability suggests that ion pump pressure is not
a well-controlled predictor of InGaAs doping and mobility from the CBr4 source.

Despite the lag issues with the RUN/VENT system and the lack of predictable
doping control, carbon doping from the CBr,4 source is able to produce higher doping
concentrations compared to beryllium doping. The higher carbon doping can also be
obtained while maintaining comparable mobilities to those of beryllium-doped
InGaAs. Hole mobility for carbon-doped InGaAs is plotted as a function of hole
concentration in Figure 2.5. Also shown are similar data points obtained from
beryllium-doped InGaAs. Hole concentrations may be obtained in beryllium-doped
InGaAs in the 1x10* cm™ to 4x10"™ cm™ range with mobilities in the 50 to 60 cm?/V-s
range. Carbon-doped InGaAs has typical hole concentrations in the 4x10™ cm™ to

15x10" cm™ range with mobilities in the 40-50 cm?/V-s range. While the overall
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mobility data for the carbon-doped samples is lower than in the beryllium-doped
samples, it should be noted that the doping-mobility product is most meaningful when
heavily doping the base layer for low sheet resistance. The higher doping-mobility
product for carbon-doped InGaAs along with the much lower tendency to diffuse into

neighboring epi regions puts carbon ahead of beryllium as a base dopant.
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Figure 2.5 Hole mobility for carbon and beryllium-doped InGaAs as a function of
hole concentration.

2.5 Growth of the Collector Layers

The growth conditions for a lightly, Si-doped InGaAs collector region in a SHBT are

optimized to reduce the possibility of scattering as electrons pass through it. Growth
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temperatures between 480°C and 510°C are high enough to produce good crystal
quality in an InGaAs collector region. The As; flux should also be just sufficient to
keep the growth surface As; rich. It has been observed that a minimal background
pressure produces material with higher mobility; suggesting decreased impurity
incorporation during the growth. The subcollector contact layer shown in Figure 2.1
typically requires heavy silicon doping at or above 1x10" cm™ and is grown with a
high As; flux to improve the activation efficiency of silicon.

Hall measurements for light and heavy Si doping of InGaAs are generally
performed every four to six months and after all major MBE system maintenance
openings. The doping calibrations versus temperature generally do not change in a
significant manner over these time intervals. The monitoring practice, however, is
maintained as a verification. InGaAs samples are grown for at least three Si doping
cell temperatures in narrow temperature ranges; one range for lightly-doped InGaAs
and one for heavily-doped InGaAs. An exponential curve fit is established based on
the Hall data and the temperature required to obtain specific doping levels can be
extrapolated in these ranges. A sample of these plots are shown in Figure 2.6 and
Figure 2.7. 1t has been found that the Si doping behavior in InAlAs is similar to that
in InGaAs when grown in the 480°C to 510°C temperature range, and it is assumed

that the doping concentration is similar for both materials during collector growth.
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Figure 2.6 Silicon doping and mobility data versus temperature for lightly-doped InGaAs.

4 1019 L v vy L L B B ) I B R

L — y =5.0304e+7 * €(0.020034x) R=0.99986 ]

5 19 [ 4
c?E 35107 860 cm*/V s ]
) i ]
T 310° - -
I L J
2 i ]
o 2510% - ]
o i 1

= r ]

8 210° [ 1525 cm?/V s ]

e r ]

(2] L 4

© 1510 - -

(o) r 4

£ i ]
8- 19 [ 4

8 110° i ]
- 2240 cm°/V's .

5 1018 L T T T T T T T I O N 1

1290 1300 1310 1320 1330 1340 1350 1360 1370
Silicon cell temperature (°C)

Figure 2.7 Silicon doping and mobility data versus temperature for heavily-doped InGaAs.
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As mentioned earlier, InP can also be used as the collector material to form a
DHBT with an InGaAs base. The InP collector allows for a higher breakdown and
better heat dissipation when compared to a SHBT with an InGaAs collector. The use
of a thick, heavily-doped InP region as a subcollector also has better heat dissipation
than an InGaAs subcollector. However, using an abrupt InP collector with an InGaAs
base in a DHBT creates a conduction band discontinuity that would severely degrade
device performance. The discontinuity will increase the base electron storage time
and electron-hole recombination due to electron trapping in the base. A grading layer
is therefore used in the DHBTS of this work to suppress the base-collector conduction
band discontinuity. The base-collector grade is most often composed of a 200 A
unintentionally-doped setback layer and an InAlAs/InGaAs chirped superlattice grade
from InGaAs to Ing6Gap26Alp4s. This produces zero conduction band offset at the
interface to the InP collector region. The superlattice period is as small as 15 A to
suppress miniband effects and the associated transit time degradation. A 30 A pulse-
doped Si layer (Ngpuse = 3x10™ cm®) is also inserted at the InP interface to suppress
the change in conduction band quasi-field.

The growth of InP material for the collector and subcollector is typically
carried out at temperatures between 480°C and 500°C. The phosphorous beam flux is
moderately high (beam equivalent pressure of 6 to 7x107° torr). Doping calibration for
the InP layers are conducted in a manner similar to that described above for silicon in

InGaAs. The doping calibrations for InP layers is used for the subcollector, collector,
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and for InP emitter layers. A sample of the Hall doping and mobility data for silicon
in InP versus doping cell temperature is shown in Figure 2.8.

The heavily-doped InP subcollector growth typically follows an
unintentionally-doped InP buffer layer. The buffer is grown on the InP substrate after
oxide desorption, and the buffer acts as a smoothing layer between the substrate and

active epitaxial layers.
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Figure 2.8 Typical doping and mobility data versus temperature for silicon-doped InP.

2.6 Growth of the Emitter Layers

InAlAs or InP can be used as the emitter regions for an InP HBTs. InAlAs
offers certain advantages, including reduced base-emitter surface leakage and good

passivation with SiN. Also, because the InAlAs bandgap is larger than InP (1.48 eV
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compared to 1.35 eV), a larger valence band discontinuity is possible for InAlAs
especially when the base-emitter junction is graded. The choice of base dopant also
helps to determine the choice of emitter material as the diffusion of dopant from a
beryllium-doped base into the emitter can be better controlled by inserting a graded
region at the base-emitter junction as described later. The use of carbon doping in the
base region may require that an all wet etch emitter process be used. The wet etch
process used for InAIAs and InGaAs laterally undercuts a significant amount of the
emitter material even under carefully controlled etch conditions. This process is
unsuitable when forming sub-micron scale HBTs. The wet etch process for an InP
emitter, in contrast, offers a smaller etch undercut that terminates even if excessive
wet etching is required.

The base-emitter heterojunction for both InAlAs and InP can be either graded
or abrupt, and there are several factors when deciding between a graded and abrupt
junction. Normally a graded base-emitter junction has a lower turn-on voltage, a
higher threshold for hole reverse-injection from the base, and a lower junction ideality
factor. A ledge structure can also be incorporated into the base-emitter grade to
reduce base-emitter leakage current; increasing DC current gain. An abrupt base-
emitter junction, requires a simpler epitaxial design and simpler growth, higher turn-
on voltage, lower threshold for hole-back injection, and higher ideality factor. An
abrupt base-emitter junction can also provide higher DC current gain (without a ledge)
and may reduce base transit time as electrons are injected into the base with minimum

barrier energy.
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The choice of base dopant may also influence the decision between using a
graded or abrupt emitter. Carbon doping in InP creates an n-type semiconductor. In
this case, using an abrupt InP emitter may be advantageous when using a carbon-
doped base. The use of heavily-diffusive beryllium in the base layer does not work as
well with an abrupt base-emitter junction. In an abrupt junction, beryllium diffusion
of only a few tens of angstroms has been shown to significantly degrade f, and current
gain. Accepting that the beryllium will diffuse, a base-emitter grading structure can be
designed to reduce the sensitivity of device parameters to the diffusion. Base-emitter
junctions that are graded over a few hundred angstroms exhibit f; and current gain that
vary more slowly as a function of beryllium diffusion distance.®

A graded superlattice junction that could be used between an InGaAs base and
InAlAs emitter is shown in Figure 2.9. In this structure, alternating layers of InGaAs
and InAlAs are used to approximate a liner grade from the base to emitter. During the
growth the wafer rotation is increased to 20 rpm to ensure good uniformity of the thin
layers across the wafer. An analog, linear grade where the aluminum and gallium
compositions are uniformly graded across the entire thickness of the junction is not
easy to accomplish using MBE and requires precise control of the thermal response
from the aluminum and gallium cells as the heater powers are adjusted. The thermal
response of each cell changes as the cells become depleted through use, and the
reproducibility of the base-emitter grading is made even more difficult. The graded

superlattice structure may also provide an advantage over the analog grade; the
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multiple interface grade may suppress beryllium diffusion as the dopant may

preferentially incorporate into only one of the superlattice layers.!
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Figure 2.9 Epitaxial graded superlattice structure between an InGaAs base and InAlAs emitter.
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The emitter growth follows the growth of the base layer and requires about 30
additional minutes for typical emitter designs. If beryllium is used as the base dopant,
the emitter growth cannot be conducted at the same temperatures as used for the
collector layer growth because of the beryllium diffusion. The emitter layers for a
beryllium-doped base are generally grown at an estimated 380°C. The emitter and cap
layers have a surface morphology that is rough compared to typical epitaxial layers,
and this is attributed to the low growth temperatures. Doping calibrations for the low-
temperature growth of InAlAs and InGaAs show that electron concentrations in
InAlAs are about 20% lower than in InGaAs. A theory proposed in literature suggests
that higher growth temperatures may be required for InAlAs to obtain the highest

electron concentration using silicon dopant.[*%!
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Chapter 3

MBE Growth of Polycrystalline Semiconductors

3.1 Motivation for Polycrystalline Material

lon implanted polycrystalline silicon (polysilicon) is an important material for
silicon BJTs and SiGe HBTSs as polysilicon is used to form extrinsic contact layers to
the base and emitter regions. EXxtrinsic polysilicon emitter contacts are used as both
the contact and diffusion source in self-aligned bipolar transistors..*?! The extrinsic
emitter region produces a low-resistance emitter contact that is much larger than the
base-emitter junction. This feature permits silicon bipolar transistors to operate at
very high current densities. The heavily-doped polysilicon is also used to define the
very narrow base-emitter junction. Operation at high current densities provides a
decisive advantage in fast digital and mixed-signal ICs. In addition, SiGe HBTSs use
buried dielectric layers in combination with the regrown polysilicon base contact
layers to achieve narrow base-collector junctions while maintaining large base contact
areas.® The minimal base-collector overlap reduces the Rp,Cep product, partially
compensating for the poor mobility and low collector electron velocity in silicon

bipolar materials.
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In contrast, mesa structure InP HBTs have large base-collector junction areas
that are defined by the base width. A compromise must be made in the base contact
width to reduce base contact resistance while also minimizing base-collector
capacitance. The InP HBT fabrication processes used to produce sub-micron emitter
devices may also be limited by yield and scales of integration. It has been found that
the conventional InP emitter-base junction fabrication process has lower yield as
emitter dimensions are scaled to submicron dimensions. Potential yield-limiters are
the self-aligned base metal lift-off process used to form base contacts close to emitter
and the emitter etch process used to form narrow base-emitter junctions. Silicon
bipolar fabrication processes are able to produce superior yield and scales of
integration using alternate fabrication methods. The self-aligned base contacts are
formed prior to the emitter deposition, and the sub-micron base-emitter junctions are
formed by a combination of crystalline growth and polycrystalline deposition rather
than by mesa etching.

An SEM cross-section of a 0.2 pum self-aligned selective epitaxial growth
(SEG) HBT is shown in Figure 3.1 along with the process steps used to fabricated the
HBT.Y An n* buried layer (BL) is formed by ion implantation followed by annealing.
A 0.3 um-thick Si epitaxial layer is then deposited, and the trench grooves for
isolation are formed and filled with SiO, by planarization with CMP. Next, the
intrinsic region is covered by SisNy, poly-Si, and SiO,. This multilayer is used to form
the self-aligned SEG structure. An amorphous Si film for the base poly-Si and a thick

SiO; layer are then deposited, and a window to the intrinsic region is opened in these
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films by etching. The first selectively implanted collector (SIC1) region is then
formed by phosphorus-ion implantation through the multilayer and into the Si
epitaxial layer, and a SiO; sidewall is formed in the opening. The SizNy4, poly-Si, and
SiO; are then selectively dry etched in the opening and the SisNy is laterally enlarged

by wet etch.

Base Emitter

g

Collector

Ti salicide g3

Si/SiGe SEG

Poly-SiGe Buffer poly-Si

Figure 3.1 SEM cross-section of SiGe HBT with enlargement of the active device region
(left), and fabrication process details used to produce a self-aligned SiGe HBT.[2!

The Si-cap and SiGe-base multilayer is selectively grown by UHV/CVD.

Poly-SiGe base contacts are formed during the intrinsic SEG. The poly-SiGe forms
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connections between the epitaxial base poly-Si contact layers. Phosphorus ions are
then implanted in the lower part of the SEG layer to form the second SIC region
(SIC2). Two selective implantations of phosphorous are applied to increase the
collector-doping level.

Thin SiO; and in-situ phosphorus-doped poly-Si (IDP) layers are deposited,
and the IDP film remains on the sidewall of the window. After an emitter area is
opened by wet etching of the thin SiO,, a second IDP layer is deposited. A shallow
emitter with a junction depth of about 20nm is formed by thermal diffusion from the
IDP layers into the Si-cap layer. Contacts to the emitter, base, and collector are then

formed simultaneously in a self-aligned manner.

A potential path to high performance mixed-signal ICs is to combine the best
features of SiGe and InP HBT technologies. We propose an HBT technology that uses
InP-based semiconductor materials while also taking advantage of the structural
features and fabrication processes similar to those used for SiGe HBTs. A proposed
double-regrowth InP HBT fabrication process is summarized in Figure 3.2. The
process begins with the formation of a collector pedestal in a previously growth
collector and subcollector template. The pedestal can be formed by etching mesas into
the N- collector until the N+ subcollector is reached. The semiconductor surface is
then planarized with SiNy so the N- collector pedestals are planar to the new surface.
The planarization is accomplished by depositing a thick, conformal SiNy film by
PECVD and then etching back until the top surface of the collector is exposed. The

collector pedestal may also be formed by coating the wafer with SiNy, pattering and
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etching openings into the SiNy, and using MOCVD regrowth to form the N- and N+
layers into the openings. The MOCVD version of the collector pedestal process flow
is more similar to the process used in SiGe HBT technology but requires MOCVD

regrowth which is not a trivial process for 111-V semiconductors.
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Figure 3.2 Process flow summary to form a double-regrowth InP HBT with structural features
and fabrication processes similar to those used for SiGe HBTS.
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Subsequent to forming the collector pedestal, the intrinsic base and extrinsic
base layers are regrown by non-selective-area MBE. The non-selective growth forms
monocrystalline layers where growth occurs on semiconductor and polycrystalline

layers where grown on SiNy. The base growth blankets the entire surface of the wafer
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and a refractory metal is used to define base contact areas around each of the collector
pedestals. The emitters are aligned to the collector pedestals and patterned in the
middle of the base contacts. Emitter growth windows are etched into the extrinsic
base contact layer, and the base contacts are encapsulated on the top and sidewall
surfaces by SiNy. The wafer is then returned to the MBE system for emitter regrowth.
InAIAs or InP is deposited as the emitter material and a low-resistance material is
deposited as the cap and emitter contact. Similar to the base regrowth, growth of the
emitter is monocrystalline in the emitter window (on semiconductor) and
polycrystalline over the SiNy surface. Emitter metal is then deposited and serves as a
mask during the emitter etch. A collector contact is formed by etching through the
SiNy to contact the buried subcollector region.

Using emitter regrowth, a deep submicron base-emitter junction can be formed
without the base-emitter etch step that is used when fabricating mesa HBTs. As stated
earlier, avoiding this step is important as it has been found to be a yield limiter with
progressively increased impact as emitter dimensions are reduced. Additionally, the
extrinsic emitter contact region can be defined with a width much greater than the
base-emitter junction. This allows for a large emitter contact and lower emitter
resistance even for deep submicron base-emitter junctions. The buried refractory
contact and extrinsic base regrowth are buried underneath the emitter material prior to
deposition of the emitter, and the emitter growth window is etched through the
refractory metal to form self-aligned base contacts that are separated from the base-

emitter junction by the width of the sidewall SiNy. The base regrowth produces a
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thick extrinsic base contact to reduce base contact resistance while allowing for a thin
intrinsic base layer. The collector pedestal and buried dielectric layer under the
extrinsic base region helps to minimize base-collector capacitance. This proposed
process flow is intended to strongly resemble that of Si/SiGe technology.

For this double regrowth InP HBT, the extrinsic emitter layer is made of
polycrystalline I11-V material. To minimize the emitter access resistance, it is of key
importance to have low resistivity polycrystalline material in the extrinsic emitter
region. In this chapter, we discuss efforts to produce low resistivity polycrystalline
material. The following section reports the details of a study where n-type InAs has

been chosen as a potential candidate for the polycrystalline extrinsic emitter material.

3.2 Low-resistance Polycrystalline InAs

lon implanted polycrystalline silicon (polysilicon) is an important material in
the fabrication of silicon BJTs and SiGe HBTs. Polysilicon contacts to the extrinsic
base placed over dielectric spacer layers have been successfully employed to reduce
base-collector capacitance!3! while polysilicon emitter contacts are used as both the
contact and diffusion source in self-aligned bipolar transistors.!l1'2! There has been a
trend in SiGe HBTs towards 100 nm emitter widths.[*>®!  As emitter widths move
towards 100 nm, attention has been given to the optimization of the extrinsic
polycrystalline electrode to reduce resistance in the narrow emitter contact.!”

As the emitter dimensions of I11-V HBTSs also scale towards deep sub-micron
dimensions, a similar emitter contact method may be applied to create an extrinsic

emitter contact wider than the base-emitter junction width, thereby reducing emitter
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access resistance.®¥  As shown in Figure 3.3, a low-resistance polycrystalline
material may be employed as an extrinsic emitter contact layer over a buried dielectric
in a regrown emitter InP HBT. Using this structure, the emitter contact area and
resistance may be preserved as emitter junctions are scaled towards deep sub-micron
dimensions.  Although papers have also been presented using selective emitter
regrowth %' where minimal extrinsic emitter area is formed, a wide extrinsic
emitter contact formed by non-selective emitter regrowth may prove beneficial as

base-emitter junction areas are further scaled.

emitter contact Polycrystalline
emitter regrowth

Crystalline
base contact emitter growth

InGaAs extrinsic hase

InGaAs intrinsic base collector

contact

InP collector

InPsubcollector

S.I. InP substrate

Figure 3.3 111-V HBT with extrinsic emitter contact layer over a buried dielectric.

Details of a study where n-type InAs has been chosen as a potential candidate
for the polycrystalline extrinsic emitter material are presented here. InAs was chosen
because of its narrow bandgap and the high carrier mobility of monocrystalline InAs

bulk material. InAs also has a favorable Fermi-level pinning in the conduction
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band.[***3  This avoids carrier depletion through Fermi level pinning at grain
boundaries, an effect that would increase resistivity. In this work, we study the
electrical characteristics of low-resistance, silicon-doped polycrystalline InAs (poly-
InAs) deposited by non-selective MBE. We examine several aspects of the growth

conditions and the effects of those conditions on the conductive properties of the film.

3.2.1 Polycrystalline InAs: Experimental Procedures

Poly-InAs samples were deposited in a solid-source Varian Gen Il MBE
system equipped with a valved arsenic source. The n-type dopant was silicon, and the
poly-InAs samples were grown on 2-inch, semi-insulating (100) GaAs substrates
coated with SiNy. Prior to SiNy deposition, the GaAs wafers were cleaned with
solvent and thoroughly rinsed in deionized water. The native oxide was removed
using dilute HF solution followed by a thorough rinse in deionized water. A 1500 A
SiNy film was deposited by plasma-enhanced chemical vapor deposition (PECVD)
onto the GaAs wafers at a temperature of 300°C. The SiNx was then lithographically
patterned, and a 1 cm? area of dielectric was removed from the center of each wafer
using HF etchant. This area of exposed GaAs allows for consistent temperature
monitoring by pyrometer and as well as observation of the RHEED signal while the
wafer is inside the MBE growth chamber.

The SiNy coated GaAs wafers were heated in the MBE growth chamber under
an arsenic overpressure to a substrate temperature of over 600°C, and oxide desorption
was confirmed by RHEED in the exposed GaAs regions. The substrate temperature

was lowered prior to InAs deposition, and InAs growths were performed at various

74



temperatures in the 430°C to 490°C range. The arsenic to indium (V-I1I) ratios were
also varied from 10 to 40 according to beam equivalent pressure (BEP) measurements,
and deposition thicknesses were varied from about 750 A to 3200 A. These
thicknesses were estimated during growth using the growth rates of monocrystalline
InAs as determined by RHEED. Measurements of the actual maximum thickness for
each of the poly-InAs samples were then more accurately determined by ex-situ height
profilometry. The maximum thickness measurements were also confirmed by SEM
cross-section on the samples of varied thickness. Growth rates for the poly-InAs
depositions were maintained at 0.36 um/hour. This growth rate was initially estimated
from monocrystalline InAs RHEED and then corrected by ex-situ maximum height
measurements. A fixed silicon doping cell temperature was used for all of the poly-
InAs growths. The silicon doping cell temperature used in these experiments
corresponds to a doping cell temperature that produces a 1x10'° cm™ doping level in
InP lattice-matched InGaAs grown at a rate of 1.0 um/hour. No attempts were made
during this study to optimize the doping level for maximum conductivity in poly-InAs.

Indium contacts were formed on each of the samples and annealed for 3
minutes at a temperature of 150°C. Room temperature Hall measurements were then
used to determine carrier concentration and mobility for each of the growths. Each
sample was also patterned and etched to determine the maximum poly-InAs
thicknesses by height profilometry. Plan-view SEM images were used to determine
the grain size variation in all samples, and TLM patterns with Ti/Pt/Au contacts were

fabricated for most samples to confirm the Hall measurement data. The TLM
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measurements were also used to demonstrate that the low contact resistivity of poly-
InAs is preserved. Contact resistivity in these samples range from 0.5 Q-um? to 80

Q-um2.%14

3.2.2 Polycrystalline InAs: Results and discussion

Four approximately 1300 A thick poly-InAs samples were grown at different
temperatures while maintaining a fixed V-1l ratio of 20. The growth temperatures
were varied from 430°C to 490°C in 20°C increments. Figure 3.4(a) shows the
dependence of each sample's electron concentration and mobility on growth
temperature. A highly non-uniform surface morphology is observed by macroscopic
inspection of the 490°C growth sample. After several attempts to improve the growth
at 490°C, it was concluded that the growth temperature is too high to maintain uniform
deposition onto the SiNyx templates. The non-uniformity may be due to poor
nucleation and/or adhesion onto SiNy at this temperature. It is noted, however, that the
deposition of InAs in the exposed GaAs window is uniform at all growth temperatures

including the 490°C sample.

76



1.1 10" — T T T T T
L _| 140
E, 1.010" - e
g é— ‘.“é - g
= ™~ 1 S
[ 8 | X “u S
E 9010 N 1120 =
c ~ g
[1] .
2 i o
8§ 8010" - , | 3
£ AN 100 s
° \ - D
8 700" p
8 .010 o ]
i
6.0 10" [ P R ET R I B! 80
420 430 440 450 460 470 480 490 500
Growth temperature (°C)
(a)
9.010° T T 1 T 1 T 1 T T 1 1 350
L . 1
T 8010° S—
, _
Z I "' ". -{ 280 9
” K o
s 7010° < N 5
N L ', "' | 2
z A
2 6010° - s 5
o ‘ 4150 3
0 r ," ~
£ .
5.010° - ] |
4.010° ] 1 1 ] ] ] 50
420 430 440 450 460 470 480 490 500
Growth temperature (°C)
(b)

Figure 3.4 Dependence of poly-InAs sample (a) electron concentration and mobility, and (b)
resistivity and grain size on growth temperature.
The degradation of growth at 490°C is also evident in the electrical properties
for that sample. For growths between 430°C and 470°C we observe a strong
dependence of the electron mobility on growth temperature and a weaker effect on the

electron concentration. The increased mobility may be attributed to grain size
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dependence at the various growth temperatures. Figure 3.5 shows plan-view SEM
images for each of the growth temperatures. There is a clear trend toward larger grain
size with higher growth temperature. However, there also appears to be a reduction in
the density of the crystallites at higher temperatures. The grain density for the 490°C
growth is especially degraded, and we believe this may account for the degradation in
mobility despite the large grain size. Shown in Figure 3.4(b) is the grain size and

resistivity for all samples versus growth temperature. Grain size is larger when grown

Figure 3.5 Plan-view SEM images of poly-InAs samples grown at temperatures (a) 430°C, (b)
450°C, (c) 470°C, and (d) 490°C
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at higher temperature; ranging from an average of about 75 nm at 430°C to an average
of about 310 nm for the growths at 490°C. For samples grown at temperatures less
than 490°C, there is a clear trend of resistivity decreasing with increased grain size.

A second set of poly-InAs samples was grown at varying arsenic to indium
beam flux ratios ranging from 10 to 40 while maintaining a fixed growth temperature
of 470°C. Figure 3.6 shows the electron concentration and mobility of these samples
as a function of V-III ratio. An arsenic to indium ratio of 10 gives poor carrier
characteristics that do not follow the trends of the higher V-I1I ratios. We believe this
poor response to be indicative of an As-poor growth region for deposition onto SiNy.
In the remaining samples the electron mobility shows a strong decreasing trend with
increased V-III ratio. A study of InAs growth on GaAs by MBE has shown that
growth carried out under conditions leading to In-stable reconstruction results in

higher quality bulk InAs material.[*>®!

This finding suggests that lower arsenic to
indium ratio will produce InAs crystallites that are closer to stoichiometric, and this
accounts for the higher mobility at lower V-1l ratios. In this set of samples it is found
that the change in V-III ratio does not significantly affect the electron concentration.

The dependence of grain size on V-1l ratio is also weak.
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Figure 3.6 Dependence of electron concentration and mobility of poly-InAs on V-1l ratio.

A third set of poly-InAs samples was grown with maximum film thickness
varying from 750 A to 3200 A at a growth temperature of 470°C. Figure 3.7(a) shows
the variation in resistivity and grain size as a function of film thickness. The
resistivity of the poly-InAs has a strong dependence on the maximum film thickness
with lower resistivity at higher thicknesses. Consequently, the sheet resistivity is not
proportional to the reciprocal of film thickness as in monocrystalline material.
Instead, the resistivity decreases rapidly as the thickness approaches 1300 A. It then
follows a strong, but less aggressive dependence as thickness increases. Figure 3.7(b)
shows that the electron concentration is also not weakly dependent on the film
thickness. However, the shape of the resistivity versus thickness curve can be
attributed mostly to the increase in mobility. This is an interesting observation as the
polycrystalline grain size is shown to be somewhat linear in Figure 3.7(a). The effect

of both the crystallite size and the density may contribute to the nonlinear mobility at
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Figure 3.7 Dependence of poly-InAs sample (a) resistivity and grain size, and (b) electron
concentration and mobility on thickness.
lower film thickness. Although the grain size follows a nearly linear relation to
growth thickness, it can be seen in Figure 3.8 that the density of the crystallites is also
increasing. The density increases until the grain size is comparable to the thickness of
the growth. With increased thickness the mobility follows a somewhat linear

relationship to maximum growth thickness. Based on the plan view SEM images, we
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suspect that the thinner depositions, especially the 730 A film, may be non-continuous
films. Hall mobility and carrier density measurements cannot be well applied to a
non-continuous film, and a non-continuous film would account for the observed

variations at lower film thickness.

: -\ c—" [ \'.1

Miccv  SpotMagn  Del WD Exp
# EO00KY 80 G000k TLD 55'1 Dennis InAs

(d)

Figure 3.8 Plan-view SEM images of poly-InAs samples thicknesses of (a) 730 A, (b) 1300 A,
(c) 2250 A, and (d) 3200 A.

Cross-sectional SEM images were used to examine the continuity of the poly-

InNAs at the various growth thicknesses. It was observed that the thickness

measurements determined by step profilometry are representative only of the

maximum film thickness. The difference between the minimum and maximum
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thickness is at least 500 A in all of the samples. A cross-section of the 3200 A film is
shown in Figure 3.9. Measurements show the highest and lowest points of the film as
well as the thickness of the underlying SiNy layer. The 500 A deviation from
maximum film thickness is most apparent in the Hall data for the 730 A sample, and

the effect of the variation becomes less significant as the thickness increases.

SiNXx

substrate
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Figure 3.9 Cross-section SEM of 3200 A poly-InAs sample showing variation in thickness.
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Chapter 4

Regrown Emitter HBTs

4.1 Motivation for Regrown Emitter HBTs

The development and evolution of HBTs with MBE regrown base-emitter
junctions is described in this chapter. These HBTSs are the first demonstrations of an
HBT utilizing non-selective regrowth to form the active base-emitter heterojunction.
The regrown emitter HBT utilizes the low-resistivity polycrystalline InAs described in
the previous chapter as an extrinsic emitter with very low-resistivity contact. The
emitter contact area is also much wider than the base-emitter junction, facilitating low
emitter resistance. The emitter regrowth eliminates the need to form the base-emitter
junction by etching and self-aligned metal liftoff, processes that may reduce yield at
deep submicron dimensions. This work was intended as a first step to parallel the
highly scaled, high integration, low parasitic, and high-yield aspects of Si/SiGe bipolar
transistors.

Details and performance results for 111-V HBTs and Si/SiGe transistors have
been covered in previous chapters. The main advantages of 111-V HBTs over Si/SiGe

transistors are in the material properties. The primary disadvantage is the immaturity
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of 1lI-VV fabrication technology and device structure relative to the silicon
counterparts. Despite the superior material properties of I11-V HBTSs, Si/SiGe HBT
RF performance remains highly competitive. Silicon is able to remain competitive
due to the aggressive device scaling and parasitic reduction allowed by the fabrication
technology and device structure. The low-resistance polysilicon emitter contact used
in SiGe is much wider than the active emitter junction allowing the emitter resistance
to remain low while shrinking the active junction area. Emitter regrowth in Si/SiGe
HBTs also allows for deep submicron emitter widths while maintaining high yield.
Conventional 111-V mesa HBTs would suffer from emitter contact resistance if the
emitter metal were scaled to dimensions as small as those used in Si/SiGe HBTs. It
may also be difficult to reliably produce base-emitter junctions using the etching
processes conventional to 111-V HBTSs if dimensions similar to those used in Si/SiGe
HBTs were attempted. By following the method of emitter regrowth used in Si/SiGe
HBTs, we hope to circumvent potential fabrication issues and device parasitic
degradation without compromising the superior materials aspects found in I1I-V

HBTSs.

4.2 Initial Development of Regrown Emitter HBTs

The initial work on regrown emitter HBTs began with the development of low-
resistance poly-InAs as detailed in the previous chapter. As shown in Figure 4.1, the
n-type doping levels attainable in poly-InAs are comparable to those attainable in
crystalline InGaAs lattice matched to InP as described in Chapter 2. The doping and

mobility for Si-doped bulk InAs grown on a SiN, substrate are 1.3 x 10*° cm™ and 620
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cm?/Ves, respectively. The mobility for crystalline InGaAs Si-doped at 1.0 x10*° cm™
is 2200 cm?/Ves. Although the doping-mobility product of this initial poly-InAs on
SiN is still three times lower than that of crystalline InGaAs, the ability to create a
device with a regrown emitter area much larger than the base-emitter junction presents

potential opportunities for lowering emitter resistance.
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Figure 4.1 Low resistance poly-InAs doping vs. temperature

A simple HBT mask layout and fabrication process was developed to
demonstrate the DC characteristics of an HBT with regrown emitter. This simplified
process flow and mask set is referred to as the RGQAD (regrown quick and dirty)

HBT. The HBT structure and fabrication begins with a patterned base-collector
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template onto which the emitter will be grown. The base-collector template is grown
by MBE on a 2-inch semi-insulating InP substrate. The template consists of a 2500A
InGaAs n+ subcollector, 1200A n- InP collector, 300A n- base-collector grade and
undoped setback, 400A p+ InGaAs base, 80A InP p+ etch stop, and 520A p+ InGaAs
cap. Silicon is the n-type dopant, carbon is the p-type dopant for InGaAs, and
beryllium is the p-type dopant for InP. The 520A InGaAs cap is intended as an
extrinsic base contact layer to help reduce base access resistance along the length of
the HBT. A cross-section schematic of the base-collector template as-grown and after

fabrication is shown in Figure 4.2.

SiN
X \ SiN, sidewall
520A p+ InGaAs base cap InGaAs base cap I \I
400A p+ InGaAs intrinsic base ™~ 80A p+ InP InGaAs intrinsic base *~20A p+ InP
1500A n- grade & InP collector etch stop grade & InP collector etch stop
25004 n+ InGaAs subcollector InGaAs subcollector
S.I. InP substrate S.I. InP substrate

Figure 4.2 Cross-section schematic of the base-collector template as-grown (left), and after
fabrication in preparation for emitter regrowth (right).

The fabrication process begins with the deposition of PECVD SiNy onto the
template wafer. The SiNy deposition temperature is typically less than 300°C.
Regrowth areas with emitters on the RGQAD mask as small as 1 x 15 um?are defined
by optical lithography, and the SiNy is removed from the emitter regrowth areas by
reactive ion etch (RIE) dry plasma etching. The 520A InGaAs base cap layer in the

regrowth area is removed using a dilute citric acid and peroxide wet etchant that
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selectively stops at the 80A InP etch stop. SiN, sidewalls are then formed on the
InGaAs sidewalls in the etched openings, and the InP etch stop layer is removed using
HCl-based wet etchant before emitter regrowth.

MBE is used to grow the emitter layers onto the patterned base-collector
template. As stated, the 80A InP etch stop is removed immediately prior to loading
the fabricated base-collector template wafers into the MBE loading chamber using a
selective HCl-based wet etchant that stops on the 400A InGaAs base layer. The
intention is to maintain the InGaAs base regrowth surface in a pristine condition until
the template is ready for introduction into the MBE vacuum. Once loaded into the
growth chamber, the SiNy coated base-collector template is heated to a temperature
setting of 400°C for a minimum of 10 minutes. An increase in the growth chamber’s
background pressure is typically observed due to heating and out-gassing from the
wafer block and CAR. The pressure increase for a base-collector template is greater
than what is normally observed, and this is attributed to hydrogen escaping from the
PECVD-deposited SiNx. The growth chamber’s background pressure is allowed to
stabilize before turning the wafer to the growth position, applying an As overpressure,
and slowly heating the wafers to a 530°C pyrometer reading on the wafer’s surface.
The wafer temperature is then lowered to 480°C for the emitter growth, and the emitter
deposition commences. The emitter epitaxial stack consists of a 200A InGaAs/InAlAs
n- grade, 600A InAlAs n- emitter, 500A InAlAs n+ emitter, and 1000A heavily doped
InAs cap. Regrowth of the emitter material in the semiconductor areas is intended to

be mono crystalline. Regrowth on the SiNy surface is expected to be polycrystalline.
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Figure 4.3 RGQAD large-area regrown emitter HBT fabrication process summary.

A summary of the simplified RGQAD fabrication process is shown in Figure
4.3. After emitter growth, large-area contacts are patterned and wet etched from the
regrowth stack stopping on the SiNy. The SiN that is not underneath the patterned
areas is then removed by HF-based etchant, and a majority of the wafer’s exposed
surface is now the base cap material. The base stack and collector are then patterned
and selectively wet etched to the subcollector surface, and a metal layer is patterned
and evaporated onto the HBT mesas. In the RGQAD process, a Ti/Pt/Au metal stack

is simultaneously deposited on the emitter, base, and subcollector followed by metal
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lift-off and photoresist strip. A top-down microscope image of the RGQAD device

array and regrown emitter HBT is shown in Figure 4.4 below.
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Figure 4.4 Top-down miscroscope image of a 5 x 15 pm? regrown emitter HBT in the

RGQAD device array (left) and details of the device and regrowth area (right).

In the first emitter regrowth attempt, the emitter areas were patterned and
etched onto the base-collector template wafer and the emitter regrowth was performed
with the remaining wafer surface covered in SiNy. During MBE regrowth, the SiN-
covered surface presents an emissivity offset in the pyrometer temperature reading that
IS not consistent with the actual temperature of the wafer’s semiconductor surface.
Therefore, the first regrown emitter HBT was grown under non-optimal temperature
conditions. This problem was remedied in subsequent growths by removing a 1 cm?

area of the SiNy from the 2-inch base-collector template wafer prior to regrowth.
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Removing the SiNy near the center of the wafer exposes the underlying semiconductor
surface allowing for verification of RHEED patterns and accurate readings of wafer
temperature from the pyrometer. Shown in Figure 4.5 are emitter regrowth areas from
the first growth without accurate pyrometer readings and the second growth where the

semiconductor at the center of the template wafer was exposed allowing for accurate

pyrometer feedback.
Regrowth on exposed Regrowth on exposed
semiconductor semiconductor
= o 3
. l |
' | s ‘_—H'-_-'_*;}
Regrowth on SiN, Regrowth on SiN,

Figure 4.5 Microscope image from (left) emitter regrowth without accurate pyrometer
readings during MBE growth, and (right) regrowth with proper pyrometer feedback.

The improvement in crystal regrowth quality between the first and second
attempts is also observed in the SEM cross-sections shown in Figure 4.6. The cross-
section images each show regrowth on SiNy and on bare semiconductor areas. The
image on the left shows the first growth attempt where SiNy covered most of the wafer

and the emitter was grown under non-optimal temperature conditions. The image on
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the right shows the regrowth where the SiNy was removed from the center of the wafer

to allow for RHEED verification prior to growth and accurate pyrometer readings.

T,
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SiNx Emitter regrowth
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Base & base contact s

InP collector

InGaAs subcollector
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Figure 4.6 SEM cross-section images from (left) emitter regrowth without accurate pyrometer
readings during MBE growth, and (right) regrowth with proper pyrometer feedback.

4.2.1 Initial DC results

Figure 4.7 shows the common-emitter 1.VV. and Gummel characteristics for one
of the first regrown emitter HBTs with 0.8 x 15 pm? emitter area. This HBT had the
etched RHEED verification window on the base-collector template, and was grown at
the proper temperature. Although the as-drawn emitter width on the mask is 1 um, the
fabricated emitter growth area after is found to be narrower. The common-emitter
current gain £ is greater than 20, the collector-emitter breakdown voltage BVceo i
above 3.5V, and the offset voltage is about 0.15V. The dip in the common-emitter
I.V. collector current is attributed to a growth error in the base-collector template. As
shown in Figure 4.8, the delta doping layer in the digital base-collector grade was

insufficient to prevent current blocking at a moderate current density. By increasing
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the doping of the delta-doped layer between the base-collector grade and the lightly-
doped InP collector, the conduction band is pulled down at the grade-collector
junction and the onset of current blocking is delayed. Also noted in the Gummel
characteristic of Figure 4.7 is the high crossover between the base and collector
currents. The high crossover generally indicates a poor quality base-emitter junction.
The result is not surprising in this initial attempt at a regrown base-emitter junction,

and further effort is required to to improve the quality of the junction.
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Figure 4.7 Common-emitter .. and Gummel characteristics for first generation 0.8 x 15 um?
regrown emitter HBT with p > 20.
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Figure 4.8 (left) Band diagram showing incorrect base-collector grade that accounts for
current blocking seen in the common-emitter curve above. (right) Band diagram showing
corrected base-collector grade. A thin, heavily-doped layer was inserted between the base-

collector grade and collector to pull the conduction band down at the grade-collector junction.

95



Polycrystalline Regrown Emitter/Cap TLM
(1000A N+ InAs)
PN T TN N T T N T TN T AN T T T T AT YT T T Y TN Y N AN T Y WO T [N N WY S 1

y=0.16304 +1.9818x R=0.99881
9] — y=0.26284 +1.9914x R= 0.99839
— —y=0.054684 + 2.0144x R=0.99828
""" y=0.23025 + 1.9597x R=0.99826

7] - —y=0.18279 +1.963x R=0.99833

TLM Pads: 80um wide

Resistance (ohms)
[«2]
|

Rsh = ~158 ohm/sq -
Rc = ~0.5 ohm-um”2 C

2 L LA L L R L N I B N N B B Y L L B L B L B B B |
1 15 2 2.5 3 35 4 4.5 5

SEM Spacing (um)

Figure 4.9 RGQAD polycrystalline emitter cap TLM measurements

Included on the RGQAD mask set are TLM patterns for the polycrystalline
emitter material and the base cap/InP etch stop/base layers of the template. The TLM
pads are 80 um wide, and the 1.1 um to 4.6 um spacings have been measured by
SEM. Shown in Figure 4.9 are the TLM measurements for the poly-InAs and emitter
growth on SiNy. As expected, the poly-InAs contact resistance is very low and the
emitter cap sheet resistance is 158 Q/sq. Additionally, it is observed that poly-InAs
grown on poly-InAlAs emitter material has lower resistivity than poly-InAs grown
directly on SiNx. As shown in Table 4.1, the resistivity of poly-InAs grown directly
on SiNy is higher than poly-InAs grown on a 1000 A thick layer of poly-InAlAs.

Attempts to measure doping and mobility of Si-doped poly-InAlAs indicate that the
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poly-InAlAs is highly resistive (unmeasurable on our equipment). The poly-InAlAs,

therefore, does not contribute to the lower sheet resistance of the poly-InAs.

It is

assumed that the poly-InAlAs improves surface nucleation for the poly-InAs

compared to the conditions seen when poly-InAs is grown directly on SiN.

Table 4.1 Variation of doping, mobility and resistivity for 1000 A poly-InAs versus (a) SiNy
and poly-InAlAs growth surfaces and (b) Si dopant cell temperature are varied

Si Dopant Cell Doping Mobility Resistivity

Growth Surface Temp (°C)  (x10%cm®)  (cm%V-s) (Ohm-cm)
SiN, 1250 2.03 66.4 46x10°

1000A poly-InAlAs 1250 2.43 84.5 3.0x 107
SiN, 1275 2.92 38.2 5.6 x 10

1000A poly-InAlAs 1275 3.80 58.6 2.8x10°

The RGQAD base TLM is patterned onto the 520 A p+ InGaAs cap layer of

the base-collector template. Underneath the InGaAs cap layer is 80 A of p+ InP and

400 A p+ InGaAs base layer; the crystalline emitter is grown on the 400 A InGaAs

layer after patterning and etching the base-collector template. TLM data for the base

contact stack is shown in Figure 4.10. The addition of a p+ InGaAs cap layer on top

of the base layer does not reduce the base resistance.

Additionally, the contact

resistance is at least an order of magnitude higher than expected. It is believed that the

80 A InP etch stop layer prevents conduction of both InGaAs layers in the TLM

pattern as well as skewing the contact resistance measurement.
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Figure 4.10 RGQAD base and base cap TLM measurements

The 80 A InP etch stop thickness was arbitrarily chosen during the base-
collector template design. This thickness was conservatively chosen to survive the
selective citric-based wet etch of the 520 A InGaAs base cap. After observing the
contact resistance data shown above, a small study was conducted to determine the
minimum InP thickness required to stop the citric-based wet etch. Three template
samples were grown with 60 A, 40 A and 20 A InP layers and the 520 A InGaAs cap.
The samples were patterned with photoresist and then etched with standard
citric:H02:H3zPO4:DI (50:5:1:200) InGaAs etchant for 90 seconds (standard etch time
is 75 seconds). All InP etch stop thicknesses survive the wet etch process, so 20 A InP

etch stops have been used in subsequent base-collector templates.

98



4.2.2 Initial RF results

The first RF result for a regrown emitter HBT were demonstrated using the
non-selective MBE base-emitter junctions described in previous sections. The InAlAs
emitter and InAs emitter cap were grown on a base-collector template with a
refractory base metal buried beneath the SiN sidewall layer as shown in Figure 4.11.
The intention of the buried refractory metal is to reduce base contact resistance by
extending the base contact metal underneath the regrown emitter area while allowing

for a wide emitter contact to the emitter cap.

n+ InAs emitter cap emitter contact SiN sidewall

InAlAs emitter base metal

extrinsic InGaAs base —_|

refractory
base metal

InP etch stop ——»

p+ InGaAs base

collector n- grade & InP collector
contact

n+ InP subcollector

n+ InGaAs
subcollector

S.I. InP substrate

Figure 4.11 Cross-section schematic of regrown emitter HBT with base refractory metal

The base-collector template is grown on an semi-insulating InP substrate. The
epitaxial structure consists of 3100 A InGaAs/InP n+ subcollector, 1100 A n- InP
collector, 400 A n- grade and undoped setback, 400 A p+ InGaAs base, 20 A InP p+
etch stop, and 500 A InGaAs base contact layer. The InGaAs base and base contact
layers are carbon doped while the p-type InP etch stop is beryllium doped.

A 1000 A Ti/W metal stack is sputtered on the base-collector template,

patterned, and dry etched to form the refractory base contact. A 1000 A layer of
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PECVD SiNy is then deposited onto the wafer, and the emitter-etch windows are
lithographically defined in the centers of the refractory base contacts. The emitter etch
windows are 0.5, 0.7 and 0.9 um wide, and lengths of 4 and 8 um are available. The
SiNx and Ti/W metal stack are RIE etched from the emitter regrowth areas using a
single lithography step. After stripping the photoresist, the exposed extrinsic base cap
in the emitter regrowth window is selectively etched using citric-based etchant. A
second 1000 A PECVD SiN, is deposited over the entire wafer to create an insulating
layer in the emitter regrowth window that will be used to form the emitter sidewall.
Directional RIE etch-back is used to form vertical SiNy sidewalls in the emitter
window. A SiNy spacer less than 0.1 um wide is thus formed between the intrinsic
emitter and the extrinsic base contact region. After removing the 20 A InP etch stop
using HCl-based etchant, non-selective MBE regrowth is used to deposit a 275 A
base-emitter grade, 600 A n- InAlAs emitter, 500 A n+ InAlAs, 500 A InGaAs and
1500 A heavily doped InAs. The regrown epitaxy in the exposed intrinsic base region
is monocrystalline while deposition on SiNy is polycrystalline. A Ti/Pt/Au/Pt metal
stack is deposited on the emitter regrowth windows using lift-off processes to form the
emitter contacts. The excess regrown-emitter material covering the entire wafer with
SiNx underneath is dry-etched by inductively coupled plasma (ICP) and RIE,
respectively. The emitter metal acts as an etch mask during this process. To reduce
resistance along the length of the device, a self-aligned Ti/Pd/Au metal is evaporated
over the exposed portion of the refractory Ti/W contacts. The remaining device

fabrication includes device isolation and collector contact deposition. Polyimide is
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used as an insulating material, and Au metallization forms the coplanar waveguide
wiring. Although polyimide is used in the fabrication process, it is important to note
that the base-emitter junction is not defined by an etch process and polyimide is not
required for passivation of this junction; passivation is maintained by the SiNy
deposited onto the emitter sidewalls. A focused ion beam (FIB) cross-section of the

small-area regrown emitter HBT is shown in Figure 4.12.

collector contact Base contact : polyimide
regrown emitter

E-Beam bpot Det Mag Scan X: -3475.85 pm 1 pm
3.00 kV TLD-S | 20.0kX| H11.77 s | Y: -2653.61 um RGRF1B 2| 0.7x8.0 9A

Figure 4.12 FIB cross-section of the small-area regrown emitter HBT

The common-emitter I-V curves for devices with regrown base-emitter

junction areas of 0.7 x 8 um? and 0.3 x 4 um? are shown in Figure 4.13. The emitter
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cap contact extends an additional 0.3 pum to each side of the junction and the refractory
base has a width of 0.6 pum on each side of the emitter. Collector contacts with 2.7 um
width are spaced 0.5 um from each side of the base mesa. The base-collector layer
structure is designed similar to previous work!™! enabling a maximum emitter current

density of 8 x 10° A/lcm? and a collector breakdown voltage (Vceo) of 6 volts.
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Figure 4.13 Common-emitter I-V curves for regrown-emitter HBTs with Az = 0.7 x 8 um” and
Ac=0.3 x4 pm?

The microwave performance of the 0.7 x 8 um? device was characterized by
on-wafer s-parameter measurements from 5 GHz to 40 GHz using a HP8510C
network analyzer. The peak f, of 160 GHz and a simultaneous fynax of 140 GHz are
extracted using 20-dB/decade extrapolation from the plots of h,; and Mason’s Gain as

shown in Figure 4.14. The RF measurement in Figure 4.14 was obtained at a current
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density of 4 x 10°> A/cm? and collector voltage of 1.3 V. Figure 4.14 also shows the

maximum stable/available power gain (MSG/MAG) and the stability factor (K).
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Figure 4.14 First RF gains and stability factor for 0.7 x 8 um2 regrown emitter HBT

Both the DC fly-back measurement and a hybrid-t model extraction
demonstrate an emitter contact resistance of 80 Q-pm?. This excess emitter resistance
substantially degrades the device bandwidth, and is beyond the expected value
calculated from the polycrystalline InAs TLM measurements.l”  The excess emitter
resistance is attributed to surface states on the intrinsic base caused by the pre-
regrowth processing. This hypothesis was tested by a series of emitter regrowth
experiments on large-area DC transistors. Improvements to pre-regrowth surface
treatments and processing will need to be developed to improve the emitter resistance

numbers.
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On-wafer TLM measurements from this first RF fabrication also shows high
base sheet resistance of 1200 Q/sqg. It is believed that this high resistance is caused by
passivation of carbon doping in the base layers. The carbon passivation would be
caused by hydrogen desorbing from the hydrogen-rich PECVD SiNy layers on the
surface of the template wafer and on the emitter regrowth sidewalls. Although
passivation is not observed in the carbon-doped layers after SiNxy PECVD deposition,
high background pressures are observed in the MBE system as the template wafers are
being heated for surface oxide desorption prior to emitter regrowth. Large quantities
of hydrogen are being released from the PECVD SiNx during the regrowth processes,
and it is not unlikely that this hydrogen might be passivating the carbon-doped layers
of the HBT. Further process development is required to remove PECVD SiNy from

the regrown-emitter HBT fabrication process.

4.3 Improvements to the Regrown Emitter HBT

As described in the previous sections, the non-selective regrown emitter
process was initially demonstrated on InAlAs/InGaAs/InP DHBTSs using a chirped
superlattice (CSL) grade at the emitter-base interface.>* In the initial work, citric
acid-based etchant was used during base-collector template preparation to remove the
base cap layer prior to the SiNy sidewall deposition, and the thin InP etch stop was
removed using HCI-based etchant immediately prior to emitter regrowth. Subsequent
investigations of the regrowth surface after these etch steps and an investigation into
CSL regrowth onto the process-exposed surface reveal major deficiencies with the

original fabrication process and epitaxial design choice.
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4.3.1 Improvements to emitter regrowth surface preparation

Shown in Figure 4.15 is an atomic force microscopy (AFM) scan of the base-
collector template surface immediately after template growth. This scan of a newly-
grown epitaxial surface is used here as a standard for the best expected surface
roughness and morphology. The scan shows typical variations in the epitaxial surface
roughness less than the 10nm scale included with the scan image. The surfaces shown
in Figure 4.16 are obtained after the selective, citric acid-based etchant is used to
remove the 500 A InGaAs base cap layer from the template wafer. The citric acid
etchant is composed of citric acid and H,0, diluted in de-ionized water (DI) to obtain
an InGaAs etch rate of 9 A/sec. As shown in Figure 4.16(a), the template surface
roughness degrades during the 60 sec etch. Extending the etch to 90 sec further

degrades the surface roughness as shown in Figure 4.16(b).
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Figure 4.15 AFM image of the as-grown base-collector template InGaAs surface showing
<10nm roughness
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Figure 4.16 AFM images of template surfaces after (a) 60 sec and (b) 90 sec citric:H,0,:DlI to
remove the 500A InGaAs layer

After observing the rough surface produced by the citric-based etch, various
selective InGaAs etchants were tested to find an alternative that might produce a
smoother surface after removal of the 500 A InGaAs layer. The best results were
obtained using a H,S0,:H,0; etch diluted with DI to obtain an etch rate of 30 A/sec.
Shown in Figure 4.17(a) is an AFM image of the base-collector template surface after
a 20 sec etch in the H,SO4-based etch. Although the surface is still rough according to
the included 50 nm scale, the topographic features are much smaller than those of the
original citric-based etch process. Extending the H,SOs-based etch time to 35 sec

further increases the surface roughness as shown in Figure 4.17(b).
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Figure 4.17 AFM images of template surfaces after (a) 20 sec and (b) 35 sec H,SO,4:H,0,:DI
to remove the 500A InGaAs layer

After removing the InGaAs base capping layer, PECVD SiNy is deposited and
removed from the regrowth surface as the dielectric sidewalls are formed. The 20 A
InP etch stop layer is then removed immediately prior to regrowth. In the original
fabrication process, a strong HCI-based etch was used to remove the InP layer. Figure
4.18 shows AFM scans of the citric and H,SOy4-etched surfaces from Figure 4.16(a)
and Figure 4.17(a), respectively, after InP etch in strong HCI etchant. The citric-
etched surface in Figure 4.18(a) shows increased roughness after the HCI etch. The
H,SO, etched surface in Figure 4.18(b), however, is less rough after the HCI etch. In
fact, most of the sampled surface is as smooth as the as-grown base-collector template
shown in Figure 4.15. Although large topographic feature are present, the overall
smoothness of the H,SO4etched surface suggests that the H,SO,4-based InGaAs etchant

is superior to the citric-based etchant when used with the strong HCI InP etch.
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Figure 4.18 AFM images of template regrowth surface after strong HCI etch on (a) 60 sec
citric:H,O,:DI etched surface and (b) 20 sec H,SO,:H,0,:DI etched surface.
Experiments were also conducted to determine if an alternative to the strong
HCl-based etchant might improve the regrowth surface after the InP etch. The etch
process most successful in producing a smooth surface is based on techniques
developed for MBE regrowth of InP onto InP and InGaAsP surfaces.') The process
utilizes UV light-ozone oxidation followed by a weak (1:10) HF:DI oxide removal.
Although it is estimated that the process removes only 20-40 A of material, the InP
etch stop layer is only 20 A thick so the etch depth is sufficient. AFM scans of the
surfaces after the ozone and weak oxide etch process are shown with a 10nm
roughness scale in Figure 4.19. The citric-based etched surface from Figure 4.16(a) is
shown in Figure 4.19(a) after exposure to the ozone and HF etch. The surface is
considerably improved compared to the surfaces shown in either Figure 4.16(a) or
Figure 4.18(a). The H,SO, etched surfaces from Figure 4.17(a) is shown in Figure
4.19(b). The large topographic features that appear in HCl-etched surface Figure

4.18(b) are no longer present. The ozone and weak HF etch appears to leave a
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smoother surface compared to the strong HCl-based InP etch. After the ozone and
HF-based etch, the etched base-collector template has surface roughness comparable

to the as-grown template for both the citric- and H,SO4-etched surfaces.
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Figure 4.19 AFM images of template regrowth surface after UV-0zone oxidation and
HF:DI (1:10) oxide removal on surface etched by (a) 60 sec citric:H,0,:DI and (b) 20 sec
H,S0,4:H,0,:Dl.

The original fabrication process used to expose and prepare the emitter
regrown surface included a selective citric-based InGaAs etch followed by a strong
HCl-based to remove the InP etch stop. This process produces a surface with
relatively rough 50 nm RMS roughness. An AFM image of this original surface is
shown in Figure 4.20. Included in this figure is the non-rectifying 1-V characteristic
produced by a large-area (60 x 60 pm?) emitter regrowth onto this surface. In
contrast, the surface preparation process using H,SO,4-based InGaAs etch followed by
UV-ozone and weak HF etchant to remove the InP produces a surface with less than
10nm RMS roughness. An AFM surface scan and improved large-area rectifying

characteristic for an emitter regrowth onto this surface is shown in Figure 4.21.
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Figure 4.20 AFM image and IV characteristic for base-emitter junction formed on template
prepared with the original citric- and strong HCI-based etchants
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Figure 4.21 AFM image and IV characteristic for base-emitter junction formed on template
prepared with improved H,SO4-based InGaAs etch and UV-ozone/weak HF etchants
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4.3.2 Simplified epitaxial structure for emitter regrowth

The emitter structure used in the initial regrown emitter work included the
300A, 18-layer CSL grade from the InGaAs base to the INAlAs emitter shown in
Figure 2.9. Initiating MBE regrowth using a ternary superlattice is difficult. During
initiation and regrowth of the CSL, strong three-dimensional growth is observed in the

MBE system’s RHEED signal as shown in Figure 4.22. Weak two-dimensional
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reconstructions are eventually observed during the InAlAs emitter growth, but the
two-dimensional growth occurs only after about 800 A of deposition. Initiation of
strong island growth in the superlattice structure raises concern over the actual alloy
compositions formed at the regrowth interface and over potential non-planar

deposition of the layers in the critical graded portion of the emitter.

Figure 4.22 Spotty RHEED signal progression showing the strong three-dimensional growth
observed during the first 800A of ternary emitter regrowth

A simplified, abrupt InP emitter structure with no base-emitter grade resolves
these concerns by eliminating both the CSL and the use of ternaries near the regrown
heterojunction. InP regrowth is less prone to three-dimensional reconstruction, and
elimination of the ternary superlattice makes the regrowth less sensitive to
composition and planarity effects. Two-dimensional reconstructions are observed by

RHEED after less than 100 A of growth as shown in Figure 4.23. The appearance of
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two-dimensional reconstructions in the RHEED signal in the first 100A of growth is
similar to what is observed for growth on epi-ready InP substrates. The combination
of simplified growth structure and the improved regrowth surface show dramatic
improvements in large-area diode characteristics and in the RHEED signal during

emitter regrowth.

Figure 4.23 Streaky RHEED signal progression observed within the first 100A of InP emitter
regrowth indicates two-dimensional growth and improvement compared to Figure 4.22

4.3.3 Regrown emitter HBT RF results after improvements

Small-area RF devices using emitter regrowth were fabricated while
implementing the improvements discussed in the previous sections. As usual, the
device is fabricated using a patterned base-collector template onto which the emitter
and cap layers are regrown. The template is grown on a semi-insulating (100) InP

substrate. The template is composed of a 3000/100 A InP/InGaAs n+ subcollector,
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1100 A n- InP collector, 400 A n- grade and undoped setback layer, 400 A p+ InGaAs
base, a 20 A InP p-type etch stop, and a 500 A p+ InGaAs base contact layer. The n-
type layers are silicon doped, the InGaAs base layers are carbon doped, and the p-type
InP is beryllium doped.

A refractory metal stack was sputtered onto the base-collector template,
patterned, and dry etched to form what will be a self-aligned base metal buried under
the emitter regrowth. Sputtered SiNy is deposited over the entire wafer, and emitter-
etch windows are lithographically defined in the centers of the refractory base
contacts. Sputtered SiN, deposition was developed for this emitter regrowth work in
an attempt to remove hydrogen-rich PECVD SiNy from the carbon doped surface of
the wafer. Various submicron emitter widths are included on the regrown emitter
fabrication mask, and the emitter lengths are oriented perpendicular to the [011]
direction. Using a single photoresist lithography as an etch mask, RIE is used to
remove the sputtered SiNy and refractory metal layers from the emitter regrowth areas.
After stripping the photoresist and cleaning the wafer of organic contaminates, the
base cap layer in the emitter regrowth window is selectively removed using H,SO,-
based etchant as described in the previous section.

A 1000 A layer of PECVD SiNy is then deposited over the wafer and strongly
biased, low pressure RIE is used to form a 0.1 um vertical SiNy spacer in the emitter
growth windows. During this etch process, all of the PECVD SiNy is removed from
the wafer surface while a thin layer of the PECVD SiNy is left in the emitter regrowth

window to act as an insulating sidewall between the InGaAs base contact layer and

113



emitter regrowth. Although hydrogen-free, sputtered SiNy is used for most of the
template fabrication, the emitter growth window still contains the hydrogen-abundant
PECVD SiNy sidewall layer. To completely eliminate PECVD SiNy from the template
fabrication process, conformal sputtered SiNy or some other hydrogen-free SiNy must
be developed to act as the SiNy sidewall.

After sidewall deposition, the 20A InP etch stop is removed by a series of
ozone treatments and dilute HF-based etchants to expose the intrinsic base regrowth
surface. A schematic of the base-collector template before MBE regrowth is shown in
Figure 4.24(a). The abrupt, InP emitter described in the previous section has been
used for this small-area device demonstration. The emitter is composed of lightly-
doped InP followed by heavily-doped InP and InGaAs. The emitter cap is graded in
four steps from the InP lattice-matched InGaAs to a 1500A layer of low-resistance
InAs contact material. The regrowth on the exposed base material is monocrystalline
while the material deposited on SiNy is polycrystalline. Emitter contact metal
composed of a Ti/Pt/Au/Pt stack is deposited over the emitter regrowth windows, and
the excess regrown material with SiNx underneath is dry-etched by ICP and RIE,
respectively, using the emitter metal as an etch mask. The regrown and patterned
emitter on the base-collector template is shown in Figure 4.24(b). Because the base
refractory metal has low electrical conductivity, self-aligned Ti/Pd/Au metal is
deposited onto the exposed portions of the refractory contacts to reduce feed

resistance. The remaining fabrication processes include device isolation and collector
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contact deposition as shown in Figure 4.24(c). Polyimide is used as an insulating
material and Au metallization forms the coplanar waveguide wiring.
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Figure 4.24 Cross-section schematic of regrown-emitter DHBT fabrication process at (a)
template fabrication, (b) emitter formation, and (c) completion of HBT mesa

The common-emitter I-V curves for a 0.7 x 8 pm? regrown emitter device are
shown in Figure 4.25. The device geometry is identical to the device described in

Section 4.2.2, and the base-collector layer structure is similar to previous work that
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enabled a maximum emitter current density of 6 x 10°> A/cm? at an associated at Vce sat

of 1.5 V and Vcgo of 6 V.1 The common-emitter current gain for this device is 17.
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Figure 4.25 Common-emitter I-V curves for regrown emitter HBT with improved fabrication
and regrowth processes
The microwave performance of the device was characterized by s-parameter
measurements from 5 to 40 GHz. Simultaneous maximum 183 GHz f, and 165 GHz
fmax are extracted using -20 dB/decade extrapolations from h,; and Mason’s Gain as
shown in Figure 4.26. The RF measurements shown in the figure are obtained at bias
current density of 3 x 10° A/cm?® and Vce of 1.5 V. Also shown are maximum
stable/available power gain (MSG/MAG) and stability factor (K).  Despite
improvements to the device fabrication and regrowth, the observed f, and fy.x are
lower than expected. The PECVD SiNy that remains as the insulating sidewall

between the emitter regrowth and base contact layer may be releasing enough
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hydrogen during the emitter regrowth process to passivate the carbon doping in the
nearby base layer. Also suspect are potential voids in the insulating SiNy sidewall and
breaks and voids observed in the regrown emitter layers. The growth artifacts may
arise from defects in the SiNy sidewall or from facet-dependent emitter growth.
Further investigations would be required to better understand the deficiencies of the
regrown emitter HBT. Despite the shortcoming of this device’s RF performance, a
great deal has been learned through this initial work and the potential for a high

performance InP HBT with emitter regrowth is likely attainable.

0.7 x 8 um? Ic=17 mA, Vce=1.3 V
T AL R

30

=) ]
o i

K

h21, U, MSG/MAG (dB)
o o

Frequency (GHz)

Figure 4.26 RF gains and stability factor for 0.7 x 8 um? regrown abrupt InP emitter HBT
with improved fabrication and regrowth
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Chapter 5

Conclusion

The work described in this written dissertation was performed during the time
period between fall 1999 and spring 2004, and most references in the dissertation are
consequently from that time period or earlier. The oral defense of the work did not
occur until spring 2013, and in the time between the work and the oral defense there
has been continued development in InP HBT technology. This allows for a conclusion
chapter that acts less as a prediction of what might be, but more as an epilogue of what

has happened during the nine years following the regrown emitter HBT work.

5.1 Advancement in InP HBTs

During the nine years after the regrown emitter HBT work, advanced InP
HBTSs did not become more structurally similar to SiGe HBTSs, and regrowth of InP
HBT layers has not become commonplace. The InP HBT, however, has continued to
find performance advancements through a path that is more evolutionary rather than
revolutionary. Advancements in InP HBTs have come through scaling and parasitic
reductions, and the resulting RF performance has essentially doubled during this time

period.
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As reported in Chapter 1, emitter widths in high-performance InP HBTSs prior
to 2004 were not generally scaled below 0.5 pum. It was not until 2006 that high-
performance devices with emitter widths of 0.25 pm were reported.[*?
Advancements at that time were strongly motivated by the DARPA Technology for
Frequency Agile Digitally Synthesized Transmitters (TFAST) program which
specifically required 0.25 um emitter width HBTs with cutoff frequencies of at least
450 GHz as a program goal. Evolutionary performance advancements were obtained
by scaling of the device epi for reduced transit time through the device as well as
potentially reduced emitter resistance, narrowing of the mesa HBT features for
reduced capacitance, increasing the current density through the device, and improving
the ohmic contact technology not only to have lower contact resistance but also to
survive the increased current densities and to behave appropriately when combined
with the reduced epitaxial thicknesses.

Incorporating the advancements listed above in the correct combination can be
challenging. One successful combination of these advancements was demonstrated in
the form of an InP HBT with dry-etched refractory emitter metal and simultaneous f,
of 430 GHz and fpa of 800 GHz.®! This 0.27 x 3.5 um? device utilizes a 30 nm InP
emitter and 100 nm collector drift region. Peak RF performance was obtained with a
bias of Ic = 17.4 mA (Jc = 18.4 mA/um?) and Ve = 1.64 V. The molybdenum emitter
contacts were formed by blanket evaporation, electron beam lithography (EBL), and
dry etch. The emitter mesa was formed by a sequence of wet etch and SiN sidewall

depositions to help minimize emitter undercut during wet etch and provide minimal
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gap resistance for the self-aligned base metal evaporation. The refractory emitter
metal provides both a thermally stable ohmic contact at high emitter current density
and a low emitter contact resistance.

A further scaled 0.15 x 3 pm? InP DHBT with both the emitter and base mesas
defined by EBL was reported with simultaneous f, = 530 GHz and fynax = 750 GHz in
2012.11 In this device, the emitter and the base contacts on each side of the emitter
were lithographically defined with 150 nm widths; producing a total base mesa width
of just 450 nm, the narrowest reported HBT to date. The RF results were measured at
a bias of Ic = 12.4 mA (Jc = 27.6 mA/ pm?) and Ve = 1.5 V. Current gain cutoff
frequency f, is higher than the previous devices with record fyax due to the thinning of
the drift collector from 100 nm to 70 nm. Narrowing the base mesa via EBL to reduce
Cep allows for the 750 GHz fnax despite the Cgp, increase penalty from thinning the
collector to 70 nm thickness.

The InP HBT with highest RF performance currently in literature is a 0.13 x 2
pm? emitter area device with f, > 520 GHz and fpa > 1.1 THz.I®! This device uses
EBL to define the emitter and aggressively scaled epitaxy with a 25 nm thickness base
and 100 nm thickness collector. The peak RF performance is obtained at an Ic = 6.9
mA (Jc = 26.5 mA/ um?) with Ve, = 1.6 V. Although an electroplated emitter post
process with dielectric sidewall spacers is reported, no details about the ohmic contact
fabrication processes are given.

The InP HBT performance advancements seen in recent years are

demonstrated through straight-forward implementations of lateral and epitaxial
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scaling, aggressive increase in current density through the device, and good epitaxial
design. Less straight-forward is the extensive work that has been done to improve the
ohmic contacts in InP HBTs. Included in this work are examples of low resistance
contacts to heavily-doped n-type InGaAs appropriate for emitter contacts and contacts
to heavily-doped p-type InGaAs as would be used to contact the base region.

Ohmic contacts to n-type InGaAs are referred to as being in-situ when
deposited after epitaxial growth and before removal from the high vacuum system, or
ex-situ when the wafer is exposed to the atmosphere after epitaxial growth; suggesting
that some type of surface preparation must be applied prior to deposition of emitter
ohmic metal. An example of low resistance in-situ ohmic contact to n-type InGaAs is
molybdenum (Mo) deposited after the InGaAs emitter MBE growth before breaking
vacuum demonstrating TLM contact resistivity as low as (1.1 + 0.6) x 10® Q cm?.[®
Surface preparation for ex-situ contacts on n-type InGaAs has also been successfully
demonstrated. Recent studies have favored UV-ozone oxidation of photoresist
patterned surfaces followed by oxide removal by either dilute HCI or dilute HF.l"®]

Ohmic contact to heavily-doped, p-type InGaAs have also been reported for
the in-situ case using Mo and iridium (Ir) as metal contact layers.”'% If used to
contact the base region in an InP HBT, in-situ deposition would likely require emitter
regrowth. Fortunately, low contact resistance ex-situ ohmic contacts to p-type InGaAs
have been reported using UV-ozone oxidation and dilute acid oxide removal as
surface treatment prior to metal deposition.***? The ex-situ demonstrations show

thermally-stable tungsten TLM contact resistance as low as 0.55 (+/- 0.69/0.41) x 10°®
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Q cm? as deposited onto p = 1.6 x 10?° cm™ InGaAs. The contact resistance increases
to 1.90 (+/- 1.19/0.88) x 10® Q cm? after annealing at 250°C for 60 minutes in a
nitrogen environment, but this contact resistance is still considered exceptionally low.
While InP HBTs have made consistent progress in RF performance since 2004,
SiGe HBTSs have reported little performance advancement beyond what was covered
in Chapter 1 of this dissertation. IBM did release their high-performance SiGe
BiCMOS 8HP process targeting RF applications as a foundry offering in 2005. The
8HP device is at the 130 nm technology node and offers 200 GHz f, and 270 GHz fiax
at Ve, = 0.5 V with a breakdown BVceo of 1.77 V.I*¥! While the RF performance of
SiGe HBTSs has not maintained the rapid progress demonstrated in the early 2000s, the
achievement in offering high-performance devices on 200 mm diameter wafers as a
foundry service should not be disregarded. Alternatively, advanced InP HBTs have
not proven themselves to be high-yielding or highly adaptable even to medium-scale
integration. Examples of large circuits in advanced InP HBT technologies are rare,
and transistor counts top out near 5000 in large circuit demonstrations.****! In recent
years, DARPA has altered its strategy to obtain high-performance HBTSs in high-yield
circuits with high levels of integration by funding programs such as Compound
Semiconductor Materials on Silicon (COSMOS). Rather than forcing higher
performance from Si-based devices or higher yield and integration from IlI-V
technologies, DAPRA proposes integration of high-performance I11-V electronics with
Si CMOS and SiGe technologies; attempting to demonstrate improved circuit

performance by utilizing the strengths of each technology.[*¢*"]
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5.2 Retrospects and Future Work on Regrown Emitter HBTs

The work present in this dissertation provides a demonstration of the emitter
regrowth portion of a conceptual device. It lays the groundwork for a more rigorous
implementation of the regrown emitter in a base-collector template with extrinsic base
contact regions thicker than the intrinsic base. There is a great deal of work that can
still be done, and the potential for performance benefits are still available.

In light of the improvements in InP HBT performance and the improvements
in ohmic contacts since the emitter regrowth work, it is likely that the regrown emitter
contact wider than the base-emitter junction may not be necessary. In that case, the
method by which the emitter regrowth is performed is not be limited to MBE
deposition; CVD methods may be better suited for providing high-yielding, high-
quality InP emitter regrowth similar to what is used for SiGe HBTs. A more in-depth
and rigorous analysis of the emitter regrowth surface, regrowth methodology, and
resulting base-emitter junction is certainly in order if emitter regrowth work is to
proceed.

If a base-collector template with InP etch stop is used for future regrown
emitter work, a greater investigation might be put into the surface preparation steps
detailed in Section 4.3.1 where the 20 A etch stop is removed by UV-ozone oxidation
and dilute HF etchant. Although there is an undeniable improvement of the regrowth
surface during that step of the process and also in the regrowth onto that surface, it is
not completely clear that the 20 A InP layer is actually removed by the oxidation and

etch process. However, as Professor Chris Palmstrgm pointed out during the oral
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defense of this work, there may be advantage to intentionally leaving behind some or
all of that InP etch stop layer. An InP surface will have less native oxide compared to
an InGaAs surface, and it would thus be easier to desorb oxide from InP than from
InGaAs prior to regrowth. Also, the desorption of oxide from the regrowth surface in
this work has generally been done in an arsenic background assuming an exposed
InGaAs base surface. The beam flux was then switched to phosphorous to begin the
InP emitter. In either the case where the InP etch stop is left behind or if the exposed
regrowth surface truly is InGaAs, removing the switch from arsenic to phosphorous at
the critical base-emitter regrowth interface presents an advantage. The final argument
to leave the InP etch stop layer intact might be the most important. In this work, the
metallurgical regrowth junction is also assumed to be the electrical base-emitter
junction. This is very much different from the case of the SiGe HBT where the
heavily-doped n-type poly is deposited onto an unintentionally doped Si layer and the
electrical base-emitter junction is formed by diffusion of dopant from the n-type poly
into the undoped Si. By including the actual base-emitter electrical junction on the
base-collector template during initial growth of the base-collector template and using
the regrowth only to complete and connect to the base-emitter junction, the
metallurgical regrowth junction can be dissociated from the electrical base-emitter
junction.

As stated at the end of Chapter 4, further work on the regrown emitter InP
HBT will require further work and investigation into the PECVD SiN used to form the

sidewalls in the emitter regrowth window. Although the deposition and dry etch of
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SiN was not found to be a first-order contributor to the regrowth surface damage
described in Section 4.3, it should not be assumed that the deposition and removal of
SiN has no effect on the regrowth surface. Potential damage from these steps may
have been simply overshadowed by the other surface preparation steps of the original
process. Once those process steps were improved, no effort was made to investigate if
the SiN deposition and dry etch then showed up as a significant factor in damaging the
regrowth surface. Additionally, there are outstanding issues with potential voids in the
SiN sidewalls that may contribute to the high base-emitter leakage current observed
throughout this work, and there are outstanding suspicions that the sidewall SiN
releases hydrogen (inherent in PECVD dielectrics) during the high-temperature
regrowth process and that the hydrogen is passivating the carbon doping in the base
near the emitter regrowth windows.

It turns out that the emitter regrowth work presented in this dissertation was
not necessary to advance InP HBT performance during the decade that followed.
However, emitter regrowth may eventually find a place in the future of high-
performance InP HBTSs. If so, a great deal of work still needs to be done to implement
it. It is my hope that the work presented in this dissertation will lessen that burden in

some small part.
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