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ABSTRACT

Submicron InP-based Heterojunction Bipolar Transistors

by

Miguel Urteaga

Thiswork examines the design and performance of submicron heterojunction bipolar
transistors (HBTS) in the InP-based material system. Device results from two unique
transistor geometries are considered. A transferred-substrate process has been used to
aggressively scale the extrinsic collector-base capacitance of the transistor by
lithographically patterning both sides of the device epitaxy. Deep submicron
transferred-substrate HBTs have demonstrated peaking and in some cases
singularities in the measured unilateral power gain (U). Associated with these
measurements are negative resistance trends in the device output and feedback
conductances, trends that cannot be modeled by standard HBT models. A potential
explanation of the observed characteristics is electron velocity modulation in the
collector-base junction. A theoretical model for capacitance cancellation by electron
velocity modulation is developed, and its correlation with experimental data

examined.



Because of their unique characteristics, the power gain cutoff frequency fiax
of transferred-substrate devices cannot be confidently extrapolated from low
frequency device measurements. However, high levels of transistor power gain have
been measured in the 140-220 GHz frequency band. Small-signal amplifiers have
been fabricated in this frequency band, and again of 6.3 dB at 175 GHz has been
demonstrated from a single-transistor design.

The second device topology considered in thiswork is an aggressively scaled
mesa-HBT. The process flow and device epitaxy have been tailored for application
towards digital logic design. Important characteristics for digital logic transistors are
high current density operation, low extrinsic collector-base capacitance, low extrinsic
contact resistances, and high device yield. The mesaeHBT process flow uses
dielectric sidewall spacers and a tungsten-based base Ohmic contact to form the self-
aligned base-emitter junction. A trench isolation process has aso been developed to
reduce the extrinsic collector-base capacitance of the transistor. Scaled mesasHBTs
have been realized operating at current densities > 5 mA/um? with a simultaneous f;

and f.ax of close to 300 GHz.
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Chapter 1 Introduction

The indium phosphide-based material system offers many desirable characteristics
for the fabrication of wide bandwidth heterojunction bipolar transistors (HBTS).
Compared to the silicon material system, the InP system offers higher electron
mobilities, higher usable acceptor doping levels and a greater flexibility in
engineering both the emitter-base and collector-base heterojunctions. Despite these
considerable material properties advantages, the bandwidths of commercia InP-
based HBTS, and particularly, the bandwidths of InP-based digital circuits are
comparable to those of their Si/SiGe counterparts.

Device scaling- the reduction of lithographic features and epitaxial layer
thicknesses- is necessary to extend transistor bandwidths. Si/SiGe bipolar transistors
are scaled laterally to deep submicron dimensions through advanced processing and
fabrication techniques. By contrast, InP-based HBTs are typically fabricated with
junction dimensions >1um, and a standard 111-V HBT process flow makes further
device scaling difficult.

In this work, the development and characterization of submicron InP-based
HBTsis presented. Work has been performed using two unique device topologies. A
transferred-substrate approach is used to lithographically define submicron emitter-
base and collector-base junctions on both sides of the device epitaxy. This aggressive
processing approach enables a dramatic reduction in collector-base capacitance, with

acorrelated increase in the transistor’ s maximum frequency of oscillation frax. High



values of transistor power gain have been measured to frequencies up to 220 GHz.

The transferred-substrate technology demonstrates the high speed potential
for asubmicron InP HBT, however, the underlying fabrication steps in the process
make it difficult, if not impossible, to scale for larger levels of integration and
production. The levels of yield and integration achievable in the transferred substrate
process has been limited to circuits with ~100 transistors fabricated on quarters of 2”
wafersin auniversity research lab environment.

The second device topology considered in thiswork is a scaled mesa-HBT
technology. For this device, fabrication steps have been developed aimed at
improving the performance and manufacturability of a submicron device. The
process relies on well-established dielectric sidewall spacer and dry etch processes to
form a self-aligned base-emitter junction. A trench etch and dielectric refill has been
incorporated to substantially reduce the extrinsic collector-base capacitance of the
transistor. Additionally, the device epitaxy has been tailored to support a submicron
process, with device parameters that are optimized for high digital logic speeds and
not necessarily traditional transistor figures-of-merit (f;, frax)-

Thethesisisdivided into two parts. The first section deals with the design,
fabrication and characterization of transferred-substrate HBTs and circuits. In
Chapter 2, the transferred-substrate technology is described and general scaling laws
for HBTs are reviewed. The measurement and characterization of submicron HBTs
presents numerous challenges. Chapter 3 describes the measurement and calibration

methods used to make on-wafer network analyzer measurements to frequencies up to



220 GHz. In Chapter 4, the measured characteristics of submicron transferred-
substrate HBTs are presented. In some highly scaled devices, negative resistance
trends are observed in the reverse transmission and output conductance of the device,
leading to a measured singularity in the transistor unilateral power gain. A theory to
explain this phenomenon due to electron velocity modulation in the collector space
charge region is presented. Chapter 5 describes the design and performance of
millimeter-wave amplifiers designed in the 140-220 GHz (G-band) frequency range.

In the second section of the thesis, the development towards a
scalable/manufacturable HBT process is described. In Chapter 6, HBT parameters of
critical importance for digital circuit design are highlighted, and the scaled mesa-
HBT process flow is presented. In Chapter 7, results from the scaled HBT

technology are presented.



Chapter 2 Transferred-Substrate HBTs

The transferred-substrate technology described in this section has beenin
development at UCSB since 1994. Device and circuit development in the technology
has been the subject of 10 Ph.D. theses, and numerous graduate and post-doctoral
students have made contributions to the technology. The work described here most
closely resembles the research performed by Q. Lee[1], in that it has focused on
extending the maximum frequency of oscillation (fux) Of the transistor through
lateral device scaling.

In this chapter, the transferred-substrate technology is described in detail. General
scaling laws for HBTs are first described in terms of the transistor figures-of-merit f;
and fax. An extended transistor Tee-model is presented to describe the distributed
nature of the collector-base junction characteristics and more accurately describe the
transistor’s frax. The transferred-substrate process flow is then presented, and key

process and epitaxial features for the transistors used in this work are highlighted.

2.1 Device Scaling

The transistor bandwidth is considered in terms two RF figures-of-merit, the current
gain cutoff frequency f; and the maximum frequency of oscillation frax. These
figures-of-merit have been traditionally used as metrics to evaluate a technology’s
potential for RF and high-speed circuit applications. However, this analysis must be
performed with care, as the relative contributions of the transit time and RC charging

delay elements that determine a circuit bandwidth may differ considerably from those



that determine f; and fux. Thisis particularly true for digital logic speed. A problem
that will be considered in further detail in Chapter 6. Despite these limitations, an

analysis of the delay elements in the expressions for f; and fax iS beneficia in that it
does show the interaction between delay terms as the transistor geometry islaterally

and vertically scaled.

2.1.1 Scaling for f;

For an HBT well described by a hybrid-p small-signal equivalent circuit model, the
current gain cutoff frequency is given by

1 KT
2pf, =ttt +qT(C +Cq ) (R, +R.)Cq, Eqn. 2.1

C

where t; and t;, are the collector and base transit times, respectively, Cie is the
emitter-base junction capacitance, Cq, isthe total collector base junction capacitance,
and R and R; are the extrinsic emitter and collector resistances, respectively.
Consider first the base transit time t,. The introduction of a quasi-electric
field in the base region, through compositional or doping grading, can significantly
reduce the base transit time. For the HBT results presented in thiswork, a
compositional grading of the InGaAs base from 45.5% Ga content at the base-emitter
junction to 53.2% at the collector-base junction is used to introduce ~52 meV
bandgap grading. If alinear grading of the base bandgap energy with position is used

then [2]

T, Qad(T %‘- e DE/kT) Eqgn. 2.2

(1 . DE/kT
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where ?E isthe grading of the base bandgap energy, T, is the base thickness, Dy, is

the base minority carrier diffusivity, and Ve is the base exit velocity (of the order of

(kT/ m )y2 , where m’ is the electron effective massin the base [2]). Note that the 52

meV bandgap grading described above is enough to reduce ty, by ~2:1 for a400 A

InGaAs base (D, = 40cm?/sec, Vet = 3 X 10” cm?/sec). Egn. 2.2 indicates
t, 1 T, for athick base layer or large Ve, although the Ve term may add a

significant correction for thin base devices.

Electrons entering from the base and traveling through the collector space
charge region introduce a displacement current at the collector terminal. The mean
delay of this displacement current defines the collector transit time. To first order in

frequency, the collector transit timeis given by [3, 4]

t = e (1' X/Tc )dX o Tc Egn. 2.3
=~ 0 Vv(X) 2V,
where T, is the collector thickness, v(x) is the position dependent electron velocity,
and Ve IS used to describe an effective electron velocity (Ve = Vy, for constant

velocity profile).

Electrons entering the collector from the base undergo ballistic transport [5],
where they may travel a significant portion of the collector region before obtaining
sufficient kinetic energy to scatter to a higher effective mass, and hence lower
effective velocity, satellite conduction valley (GL valley separation: 0.55 eV for

InGaAs[6], 0.6 eV for InP[7]). The velocity profile in the collector is often modeled
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Figure 2.1: Two-step model of electron velocity profile in collector region of InP-
based HBT.

by atwo-step velocity profile (Figure 2.1) consisting of a high velocity (Vovershoot)
region entering the collector followed after some appropriate distance by a slower
velocity (V) region that covers the remainder of the collector [3]. Thisvelocity

profile model is supported by Monte Carlo simulations of collector transport [8].

The described velocity profile in the collector is beneficial, since, given the form
of Egn. 2.3, the collector transit time depends most strongly on the velocity of
electrons close to the collector-base junction boundary. In fact, extracted values of
Vert may be higher than saturated drift velocity of the collector material. For the
transferred-substrate devices presented in this work a v of 3.1 x 107 cm/sec is
extracted from device measurements compared to areported vey of 1 x 107 cm/sec

for InGaAs at comparable doping levels to the collector of an InP HBT [9].



Regardless of the exact velocity profile, the collector transit timeis generally

assumed proportional to the collector thickness.

The collector thickness also plays a critical role in determining the collector

capacitance charging time [kT/ aql, ]ch . Clearly, increasing the transistor’s current

density will reduce the delay term; however, the maximum current density is limited
by the onset of the Kirk effect, or base pushout [10]. At high current densities, the
electron space charge in the collector screens the bound donor charge resulting in a
reduction in electric field near the base-collector junction. When the current
increases so that the electric field at the base-collector junction boundary is reduced

to zero, the Kirk threshold is reached.

In a single-heterojunction device, holes are no longer confined to the base and
will enter the collector region resulting in an increase in the base transit time and the
collector-base junction capacitance. It has been speculated that the high frequency
performance of a single-heterojunction device may be enhanced if operated dlightly
in the Kirk regime. Thisimprovement would result from a decrease in collector
transit time due to reduction of the electric field (enhanced ballistic transport) near
the base-collector junction [11]. In a double heterojunction device, the valence band
barrier prevents holes from entering the collector region. With no flow of positive
charge entering the collector, the conduction band in the collector will continue to
bend upwards and eventually present a barrier to current flow entering the collector.

A collapsein current gain, and increase in collector transit time is observed when the
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Figure 2.2: Simplified band diagrams for transistors operating in Kirk regime
illustrating (&) base pushout for single heterojunction device and (b) current
blocking in double heterojunction device.

Kirk threshold is reached in double-heterojunction devices. Figure 2.2 shows
simplified band diagramsillustrating Kirk regime operation for single and double

heterojunction junction devices.

The criteriafor the Kirk threshold is determined by solving Poisson’ s equation
with the presence of bound donor charge and mobile el ectron charge in the collector
space charge region. Under the assumption that the collector doping is selected to
result in afully depleted collector at zero applied collector-base voltage (a desirable
characteristic for digital logic applications), the condition for the onset of base

pushout is

¢, max = Ae(vcb +Vbi )4eveff /Tc2 Eqn 2.4



where A is the emitter area, V, is the applied collector-base junction voltage, and Vy,
isthe built in junction potential. This derivation assumes zero current spreading in
the collector region, a condition that will increase the maximum current density for a

practical device[12].

The collector-base capacitance is given by the dielectric capacitance

C,, =€A./T. , where A; is the collector area. Combining this with Eqn. 2.4 gives,
[kT/al ]Jc,, 1 T.(A./A,). Decreasing the collector thickness can thus reduce the

delay term, however, the operating current density must increase to the square of the
reduction. The increase in current density presents challenges for thermal

management of high performance HBTS.

Whilethe [kT/ ql C]ch time constant can be reduced by decreasing the
collector thickness and increasing the operating current density, the R, C_, delay term

isnot as easily managed. The extrinsic emitter resistance has contributions from the
Ohmic contact resistance and the bulk resistance of the underlying emitter
semiconductor layers. The shape and structure of the emitter layers determines the
exact relationship of the terms. For example, the undercut of the emitter
semiconductor during awet etch process generally makes the area of the underlying
semiconductor layers smaller than that of the defined contact. Rather than

considering al termsin detail, the emitter resistance is often defined as

Rex or e/A\e Eqn 2.5
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where ?. is afitted parameter.

If the emitter contacting and semiconductor areas are kept equal (i.e. no
undercut), we expect ? to remain constant regardless of emitter width. For devices
fabricated at UCSB, it has been observed that ? tends to increase with decreasing
emitter dimensions particularly for submicron devices. Possible reasons for this trend
are an attack of the emitter metal contact during wet chemical etching, or alatera
depletion of the n” emitter semiconductor layer due to Fermi-level pinning at the
surface. Typical values of ?. obtained for InP-based HBTs are on the order of

10-50 O-pm?>.

With aknown emitter resistivity, the collector capacitance charging delay termis

thengivenby C R, =eAr /T A, . Oneseesthat evenif 2% isassumed to remain

constant with decreasing emitter width, the delay term presents challenges to scaling.
In order to reduce the delay term as the collector thicknessis vertically scaled,
improvements in the emitter resisistivity (?) or the collector-to-emitter arearatio
(AJdAe) must berealized. Anidealized HBT structure will have an AJ/A¢ ratio
approaching 1. For the highly scalable transferred-substrate devices presented in this
work, the ratio istypically ~2. The process flow used to fabricate a standard 111-V
mesa-HBT presents severe challenges to reducing this ratio, and approaches to

reducing AJAe for mesa-devices will be discussed |ater.

Reducing the emitter resistivity isalso difficult. Improvementsin epitaxial

material (higher achievable doping levels) or Ohmic contact metallurgies are

11



necessary but not easily achieved. Si/SiGe HBTs benefit from a emitter regrowth
process that forms a low resistance polycrystalline contact above the contact. The
contact areamay be several times larger than the active emitter junction, and thus
reduces the Ohmic contact resistance. Similar regrowth approaches are currently

being pursued in InP-based technologies [13].

The collector resistance (R;) of an InP HBT istypically less than half that of

the emitter, and the contribution of the R.C, delay term to Eqn. 2.1 should be small.

The unique geometry of atransferred-substrate device allows for a zero series
resistance Schottky collector contact to be formed directly under the emitter-base
junction. In amesaHBT the collector resistance has contributions from the Ohmic
contact resistance the spreading resistance underneath the base mesa, and the gap
resistance between the base mesa and the collector contact. For amesa-HBT with
collector contacts that run down both sides of the base mesa, the collector resistance

isgiven by

MR Woee Ry, Woap Ronemt Eqn. 2.6
2L 12L 2L

Rc:

where Ryt 1S the sheet resistance of the subcollector, ?; is the contact resistivity,
Winesa IS the width of the base mesa, Wy, is the spacing between the collector contact
and the base mesa, and L is the length of the base mesa. Reduction of R. can be

achieved by increasing the thickness of the sub-collector layer to reduce Ryee.

12



However, in atypical mesa-HBT process, this approach comes with aloss of device

planarity since the sub-collector must be removed to isolate devices.

In addition to itsinfluence on RF performance, the collector resistance also plays
arole in determining the maximum operating current density of the transistor. The
IR voltage drop across the resistance decreases the potential applied across the
base-collector junction that determines the Kirk threshold. In fact, theterm Vg, in
Eqgn. 2.4 should be more accurately replaced by (Ve - lemaxRe)- Clearly, controlling

R. becomes more import as device current densities are increased.

Of al of the delay termsin Eqgn. 2.1, the relationship between the emitter

charging time constant [kT/ ql C]C i« adthe physical HBT parametersisthe least

straightforward. 1f one were to assume Cje were simply a depletion capacitance, it
would be reasonable to expect that this charging time could be minimized simply by
making the emitter-base depletion region very thick through use of very low emitter
doping and alarge bandgap grading region. However, athick depletion region will
exhibit increased charge storage and an increase in ideality factor due to larger

gradientsin the quasi-Fermi level.

Charge storage effects in the emitter depletion region can be accounted for using
an approach similar to that used to derive the collector transit time. Integral relations
for the emitter charging time constant have been developed in [14] and [15];
however, these expressions have not been considered in detail in thiswork. If the

emitter depletion region is thin, and doped heavily enough to support high current

13



density operation, the emitter depletion capacitance is determined by the depletion

thickness and [KT/ql . ]C o= [kT/al, JeA, /Taenietion - INCreasing the operating current

density of the transistor thus reduces this time constant.

2.1.2 Scaling for fnax

The maximum frequency of oscillation of an HBT depends on the f; of the transistor

and the distributed base-collector junction parasitics. An HBT frux IS Often

approximated as f__ @,/ f, /8R,,C,, , Where Ry,Cq is the product of the base

resistance and the full collector-base junction capacitance. This approximation is
typically quite poor, as extrinsic collector-base capacitance that is not charged
through the base resistance will not affect the transistor frax. A more accurate
determination of fax requires a consideration of the distributed collector-base
network.

First consider the HBT base resistance Ry,. The base resistance consists of
contributions from the contact resistance Ront, the gap resistance between the emitter
junction and base contact Ryap, and the spreading resistance underneath the emitter
Rsoread. Given a base sheet resistance ?s and specific contact resistance ?., the total

base resistance is given by

14



Ry = Ront * Ryzp * Ryyeaa Eqgn. 2.7

Rcont - 2|—e
W.r

Rgap = 2b|ie
Wer S
Rove = 121,

where W, and L. are the emitter junction width and length respectively, and Whe is the
gap spacing between the emitter junction and the base contact.

Analyzing the terms in Egn. 2.7 one sees that while the spreading resistance
can be reduced by decreasing the emitter width, the remaining resistive terms will not
be affected. Thus, reduction in the R,,Ccp, product is limited unless the base-collector
junction width is reduced or improvements are made in the base sheet and contact
resistances. The challenge of scaling the collector-base junction width has generally
frustrated the scaling of 111-V mesa-HBTSs for simultaneous high f; and f . The
transferred-substrate process provided a means to simultaneously scaled both the
emitter-base and collector-base junction to submicron dimenstions.

Figure 2.3 shows a schematic diagram of atransferred-substrate HBT with a
distributed R-C network representing the collector-base junction parasitics. The
schematic demonstrates the contributions of both the lateral spreading and vertical
contact resistances. An accurate approach to modeling an HBT' s fax IS to enter the
distributed model with an appropriately small grid spacing into a microwave circuit
simulator. Alternatively, an analytic expression for f.x can be developed from hand

analysis of the distributed network. An analytical model for determining f..x Of a

15
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Figure 2.3: Cross-section of transferred-substrate HBT with distributed circuit
elements modeling base-collector junction parasitics. The mesh-model can be entered
in circuit simulator to accurately predict transistor frgx.

mesa-HBT was developed by Vaidyanathan and Pulfrey [16] This model can be
extended to apply to atransferred-substrate HBT [1,15].

Figure 2.4 shows an equivalent small-signal Tee-circuit model for a
transferred-substrate HBT. The model contains components common to a standard
Tee-model [17]; however, the base-collector capacitance and base resistance have
been partitioned to a number of elements to better model the distributed network of
Figure 2.3. Three capacitances are defined with respect to the base-collector

capacitance. C, =el W, /T, isthe capacitance of the base-collector junction lying

under the emitter. C = 2eL W, /T, isthe capacitance of thejunction lying

cb,gap
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Figure 2.4: Small-signal Tee-model of transferred-substrate HBT with additional
elements to describe base-collector junction parasitics.

underneath the gap between the emitter junction and base metal.

Cuo: = 2eL W, /T, isthe capacitance of the junction lying under the base Ohmic
contacts. Components of the base resistance are described in Eqn. 2.7, with the
exception of two additional resistances. R, =r ,/2W,.L, representsthe vertical
contact resistance over the path Wi, and R, =1 W, /2L, represents the lateral

sheet resistance over the same path.
The Ryert/ Rnoriz Network approximates the distributed network charging Cep ext
in the mesh model of Figure 2.3. This approximation is valid under the condition

that Wi, is less than the base Ohmic contact transfer length (Lcontact)- If this condition

17



isnot met, then R et and Rigriz must be replaced with a finite element ladder network
with alarger number of discrete elements. Additionally, the model assumes that W,
>> L ontact- BOth Of the af orementioned assumptions are generally satisfied for the
transferred-substrate devices described in this work.

In the mode! of Figure 2.4, the charging resistances seen by Cep e and Cep gap

contains the component R, = R, [Riet + Rugriz = Reone - While the simplified lumped

element model approximates Figure 2.3 only if the Whe < Leontact, the relationship Ry =
Reont 1S generally true provided Wy, >> Leontact. The same holds true for the expressions
for fax presented below.

For a zero collector series resistance transferred-substrate HBT, the

Vaidyanathan and Pulfrey model reducesto [15, 16]

(= f Eqn. 2.8
max &)t ©
L ' =tb +tc +k_T( je+ch)
2pf, aql,

t cb = ch,e (Rcont + Rgap + Rs;read )+ ch,gap (Rcont + Rgap ) + ch,ext (Rcont ” Rvert)

The model of Figure 2.4 more accurately represents the distributed nature of
the collector-base junction parasitics than a standard hybrid-p circuit model.
However, one can approximate this network with a hybrid-p model (Figure 2.5) if the
internal collector base capacitance Cq, is selected such that the correct transistor fax

isobtained. The collector-base capacitance elementsin Figure 2.5 are then given by
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Figure 2.5: HBT hybrid-p equivalent circuit model. Circuit el ements C, and C are
determined from time constant of Eqn. 2.8.

Cebi = te/Rop @nd Cepyx = Cep — Cepi, Where Cop = Cepe + Cegap + Ceb,ext-

The hybrid-p model is useful when a compact representation of the transistor is
desired. However, in the transformation from the Tee-model to the hybrid-p model
some first order frequency approximations are made. In the hybrid-p model, the
collector delay contributes to the base-emitter admittance through the diffusion
capacitance Cpegit= gm(tc +1p). Representing this contribution as alumped
capacitance assumes a first-order expansion of the collector transport factor

— Sn(Wt c) e—j

a . (w) "< Further lumped circuit elements could in principal be added

to the hybrid-p model to more accurately model the base-emitter admittance at higher
frequencies. However, given the added complexity, the use of the Tee-model may be
preferred. In analyzing the device results presented in Chapter 4, the Tee-model

representation is employed.
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2.2 Transferred-substrate HBT Process Flow

The transferred-substrate process enables an aggressive scaling of the collector-base
junction capacitance that cannot be realized with a conventional mesa-HBT
geometry. The large values of transistor .k achieved with the devices have
demonstrated the potentia of alow parasitic HBT technology for millimeter-wave
amplification. The primary disadvantage of the technology is the complexity of the
process flow and the limited yield and levels of integration that have been achieved.
In this section, details of the transferred-substrate technology are described. The
epitaxia layer structure for the devices used in thiswork will be presented first. The
device process flow will then be described and specific process steps that present

yield limitations for the technology will be pointed out.

2.2.1 Epitaxial Layer Design

The device layer structure for the transistors fabricated in thiswork is shown in
Table 2.1. The material used in thiswork was grown by molecular beam epitaxy
(MBE) on Fe-doped semi-insulating InP substrates. Material was grown in the MBE
laboratory at UCSB and purchased from the commercial epitaxy vendor IQE. The
layer structure is described from the top down. A 1000 A InGaAsemitter provides a
good contacting layer for the emitter Ohmic contact. The emitter cap isfollowed by a
chirped-super lattice (CSL) InGaAs/InAlAs grade that removes the conduction band
discontinuity between the emitter cap and the wideband gap InAlAs emitter. The
total emitter thicknessis kept relatively large (>2000 A) to facilitate the formation of

self-aligned base Ohmic contacts.
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Layer Composition Dopant Thickness
Emitter Cap INossGapar As | Si: 1x 10 cm™ | 1000 A
Emitter Cap Grade InossGapar As/ | Si: 1x 10° cm™ 200 A
INo.52Al0.48AS
N* Emitter Inos2AlossAs | Sit 1x 10° em™® 700A
N" Emitter IngsoAloagAs | Si: 8x 10°" cm™® 500A
Base-Emitter Grade | Inp4sGaoss As/ | Si: 8x 10" cm™ 233 A
INo.52Al0.48AS
Base-Emitter Grade | Ing4sGaoss As/ | Be: 2x 10° cm™ 67 A
INo.52Al0.48AS
Base INo4sGaossAs? | Ber4x 107 cm™ | 400 A
INg.53G&g.47 As
Collector Setback InossGaoar As | Si: 1x 10° cm™ 400 A
Collector Pulse Doping | IngssGaosr As | Si: 1x 10™ cm™ 50 A
Collector InosaGagar As | Sii1x10°cm™ | 2550 A
Growth Buffer INg52Al0.48AS U.L.D 2500 A
Substrate InP Semi-Insulating

Table 2.1: Transferred-substrate HBT epitaxial layer structure.

An InGaAs/InAIAs CSL grade with a33 A period is inserted between the
base and emitter junctions. The addition of the grade reduces the turn-on voltage of
the junction by the amount of the conduction band discontinuity (~0.4V). The last
few periods of the grade are beryllium doped to suppress out-diffusion of beryllium
from the base to the emitter [18]. The baseis 400 A thick and linearly graded in 50 A

intervals from Ing 45 Gap s5AS to INg 53 Gag 47 As (lattice matched composition). The

grading introduces a 50 meV quasi-electric field in the base.
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Figure 2.6: Band diagram of single-heterojunction transferred-substrate device with
device epitaxy described by Table 2.1. Bias conditions: Vpe = 0.7V, Ve =0.9 V.

The transferred-substrate HBTs described in this work are single-heterojunction
devices with atotal collector thickness of 3000 A. A 50 A collector pulse doping
layer located 400 A from the base-collector junction isinserted to delay the onset of
base pushout [18]. The pulse doping layer is nominally doped at 1x 10'® cm™. This
doping was used in the epitaxy for the amplifier results presented in Chapter 5.
However, for the device results presented in Chapter 4 adoping of 1x 10" cm™ was
mistakenly used. The device structure is grown on an InAlAs buffer layerthat is
unintentionally doped. During the substrate transfer step this buffer layer i removed
to expose the collector epitaxy. A band diagram of the layer structure in forward

active mode of operation is shown in Figure 2.6.
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2.2.2 Process Flow

Emitter Contact Deposition and Mesa Etch

The process flow begins with the definition of the emitter Ohmic contacts. For the
transistors described in this work, electron-beam (e-beam) lithography was used to
define submicron emitter stripes. A bi-layer PMMA (polymethyl methacrylate)
positive e-beam resist is used to form an undercut resist profile and facilitate metal
liftoff. Lithography was performed using the UCSB JEOL JBX-5D11 e-beam writer.
The emitter metal was deposited in an el ectron-beam evaporation system. The
emitter metal stack is Ti/Pt/Au/Si (200A/400A/9000A/500A). The top Si layer
protects the emitter metal during the emitter mesa dry etch.

A self-aligned emitter mesa etch is performed using the emitter Ohmic
contact as the etch mask. The etch is a combination dry/wet etch that is designed to
minimize the undercut of the emitter semiconductor. A
methane(CH,4)/hydrogen/argon (MHA) reactive ion etch (RIE) is performed to etch
through the emitter cap and grade and stop in the N InAlAs emitter region.

The MHA etch is known for producing alarge number of polymer
byproducts, particularly when etching InAIAs[19]. Inthe HBT emitter etch, these
byproducts may stay on the sidewalls of the emitter semiconductor and remain there
during the wet chemical etch impeding the undercut of the emitter semiconductor.
This can lead to the base-emitter short circuits when the self-aligned base Ohmic
contact is evaporated. In the past, polymer removal was performed using an oxygen

(O) RIE after the emitter etch cycle[1]. Near the end of the experimental work
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performed in this thesis, this etch process began to fail due to some unknown
changesin the RIE system. A new process was devel oped where short duration O,
RIE polymer removal cycles were added after MHA etch cyclesin five minute
intervals. Using this process, polymer etch products were removed from the emitter
sidewalls and an emitter undercut was achieved during the wet etch process. Figure
2.7 shows the emitter etch profile using the cycled RIE etch process.

Inthe HBT emitter etch process, laser endpoint detection is used to stop the
dry etch in the N" InAlAs emitter region. The remaining emitter semiconductor is
etched using awet chemical etch process. The InAlAs layers are etched using a
hydrobromic acid/acetic acid/hydrochloric acid/DI water mixture. The etch stops
selectively in the base-emitter grade when a sufficient InGaAs composition is
reached. A non-selective citric acid based etch with aslow etch rate (~10 A/sec) is
used to etch the remainder of the base-emitter grade and etch ~100 A into the base
semiconductor. At completion of the emitter mesa etch, the total undercut of the
emitter semiconductor layersis~0.1 um on each side of the emitter contact (see
Figure 2.7). While the undercut may seem like arelatively small amount, the total

represents alimit for deep submicron scaling of the emitter-base junction.
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Figure 2.7: Emitter etch profile after cycled MHA/O, RIE process followed by wet
chemical etch.

The disadvantage of the MHA dry etch isitsincompatibility with carbon-
doped InGaAs layers. While beryllium-doped material was used for the transferred-
substrate devices reported in this work, carbon is a preferred donor for InGaAs
layers. Compared to beryllium, carbon has higher achievable activated doping levels
and alower diffusion coefficient [18]. Hydrogen passivation of carbon-doped and a
lower diffusion coefficient [18]. Hydrogen passivation of carbon-doped InGaAsisa
well-known phenomenon. In metalorganic vapor deposition (MOCV D) growth of
InGaAs epitaxial layers, hydrogen passivation limits the activated dopant
concentration that can be achieved in carbon-doped layers [20, 21]. Hydrogen
passivation of carbon-doped InGaAs base layersis also observed when performing a

MHA RIE of the emitter semiconductor.
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In MOCVD grown InGaAs, a high temperature post-growth anneal may be
used to drive out the incorporated hydrogen and activate the carbon dopant [22,23].
Experiments were performed to determine whether such an anneal could be used to
for MHA passivated InGaAs layers. Samples were prepared with an InGaAsInAlAs
emitter layer on top of a 1000 A carbon-doped InGaAs layer. A five minute MHA
RIE was used to etch into the InAlAs layer. The remaining InAlAs layer was then
etched using a selective wet chemical etch that stopped on the carbon-doped InGaAs
layer. High temperature anneals of the samples were performed at increasing
temperatures and Hall measurements were then made to determine the bulk
resistivity of the InGaAs layer. The Hall measurements were compared to a sample
that did not have MHA RIE exposure.

Table 2.2 shows the bulk resistivity measurements of the InGaAs samples.

For anneal temperatures less than 400 C, the InGaA s samples produced N-type Hall
measurements with very high bulk resistivity values. It was found that an anneal
temperature of at least 400° C was required to begin reactivation of the carbon
donors, and a 30 minute anneal at 450° C was sufficient to reestablish the baseline
doping level of the material. The temperature and length of time of the anneal
required to reactivate the carbon donors are too high to be compatible with a non-
refractory emitter Ohmic contact metallization. In some MOCVD grown InP HBT
processes, W- or WS refractory emitter Ohmic contacts are used and a carbon

activation anneal is performed after emitter mesa formation [24].
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Anneal Temperature Anneal Time Resistivity
NO MHA Exposure 38.1 O-pm
300° C 10 min N-type
350° C 10 min N-type
400° C 10 min 254.0 O-pm
450° C 10 min 59.6 O-um
450° C 30 min 34.7 O-um

Table 2.2: Bulk resistivity of C-doped InGaAs layers after exposureto MHA RIE
and subsequent high temperature anneal .

Base Contact Deposition and Mesa Etch

The undercut of the emitter semiconductor during the emitter mesa etch alows the
emitter contact to be used as a shadow mask for the evaporation of the base Ohmic
metal. The base contact pattern is defined using an image reversal photolithography
step, with the pattern defined as to surround the emitter contact. The base metd is
then deposited using electron-beam evaporation. The line-of-site deposition profile
of the evaporator prevents base metal from coming in contact with the undercut
emitter semiconductor. In order to avoid base-emitter short circuits, the base metal
thickness must be considerably less than the emitter semiconductor thickness. Even
when this condition is met, metal strands that are commonly seen in metal liftoff
processes may cause base-emitter short circuits. These short circuits have been one
of the primary yield limitations observed in the transferred-substrate process. The

probability of the failure has been observed to vary from process run to process run
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[25], with variation in emitter liftoff profile and/or emitter mesa etch profile likely
influencing the yield.

The quality of the base Ohmic contact is influenced by the choice of base
metallization and the treatment of the base surface before metal evaporation. For the
majority of the transferred-substrate work reported in this thesis, a non-alloyed
Ti/Pt/Au (200A /400 A/800 A) base metallization was used, and the wafer surface
was treated with a O, plasma etch and dilute ammonium hydroxide etch just prior to
entering the evaporator. Using this process, Ohmic contact resistivities ranging from
50-150 O-um? were generally obtained, with typical results tending towards the
higher end of the range.

Work performed at UCSB by M. Dahlstrém resulted in significant
improvements in base Ohmic contact resistivity and run-to-run uniformity [26].
Process changes were made to both the metallization scheme and the sample surface
preparation. In the revised process flow, a UV Ozone treatment is used in place of
the O, plasma descum to remove residual photoresist from the wafer surface. It is
believed that the O, plasma treatment that had been used may have caused damage to
the InGaAs base layer. By contrast, UV Ozone treatment of InP compounds has been
found to produce a stoichiometric oxide on the semiconductor surface that reduces
surface defects [27]. After UV Ozone treatment, a dilute ammonium hydroxide etch
is used prior to loading the sample in the evaporator.

The improved base contact scheme uses a Pd/Ti/Pd/Au (30 A/200A /400

A/800 A) metal stack. It has been found that the insertion of thin palladium (Pd) or
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platinum (Pt) layersin contact with the semiconductor surface improves contacts to
p-type InGaAs [28]. In addition to having high work functions that are favorable to
forming p-type Ohmic contacts, these metals tend to react with the semiconductor
surface upon deposition facilitating the removal of the native oxide [29]. Using the
improved base contact process, contact resistivities in the range of 10 O-pm? are
typically measured using the transmission line method (TLM). In this range of
values, determining a precise value of the contact resistance is difficult due to
uncertainty in the exact TLM gap dimensions.

After depositing the base contact metal, the base mesa can be defined. The
base mesa etch mask is aligned to the base contact pattern and protects the base-
emitter junction during the mesa etch. For the single-heterojunction devices,
described in this work the base mesa etch is performed using a chlorine-based RIE.
The etch goes through the InGaAs collector layer and is stopped somewherein the
InAlAs buffer. The etch depth is controlled by monitoring the optical signal from a
laser interferometer system. Figure 2.8 shows a schematic cross-section of aHBT
after the base-mesa step. A SEM image of atransferred-substrate after the base mesa

isolation is shown in Figure 2.9.
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Figure 2.8: Transferred-substrate HBT cross-section after base mesaisolation etch.

Figure 2.9: SEM image of submicron transferred-substrate HBT after base mesa
isolation. Image taken by D. Scott.
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Device Passivation and First Level Interconnect
The transistor is passivated using the spin-on-polymer polyimide, a product that has
been found to provide low surface leakage passivation of InP-based semiconductors
[30]. The polymer is blanket deposited on the wafer at a thickness of ~1.8 um, and
oven-cured in aNzambient. A planarization and etchback processis used to level the
polyimide surface and expose the emitter post.

A thick photoresist (~2.3 pm) is spun onto the wafer to help planarize the
underlying topology. The photoresist/polymide stack is then etched ina O, RIE
system with the etch parameters adjusted to provide equal etch rates of the two
materials. A laser interferometer system is used to monitor the etchback. By counting
the number of interference cycles, the etchback depth is controlled so that the emitter
post is exposed out of the polyimide. The polymide is the patterned using a
photoresist mask. Mesas of polymide are left around individual devicesand aviain
the polymide is formed to contact the base metal.

After patterning the polyimide the first level of interconnect meta is defined
by photolithography and e-beam evaporation. The interconnect metallization is a
Ti/Au (200 A/10,000 A) stack. Interconnect metal is brought over the polyimide
mesa to contact the emitter post and base contact via. Step coverage over the mesais
aided by angling the sample on arotating stage during the metal evaporation. Wiring
for the collector contact is also brought into proximity of the device, and this

interconnect is contacted after substrate transfer. Figure 2.10 shows a schematic
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Figure 2.10: Transferred-substrate HBT cross-section after deposition of Metal 1
interconnect.

cross-section of the transistor after polyimide passivation and deposition of the

interconnect metal.

Circuit Element Definition

When fabricating transistors solely for device measurements, a single interconnect
level is sufficient. In an IC process, such as that used to fabricate the amplifiers
described in this work, an additional interconnect layer as well as thin-film resistors
and metal-insulator-metal (MIM) capacitors are required.

Thin-film NiCr resistors are fabricated using e-beam evaporation, and the

targeted sheet resistance of the resistorsis 50 O/square. The resistor metallization is
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deposited prior to the first level interconnect which is subsequently used to contact
the resistors.

A 4000 A SixN, layer serves asthe insulator for MIM capacitors and is
deposited by plasma enhanced chemical vapor deposition (PECVD). The SixNyis
blanket deposited over the entire wafer and then pattern etched to remain only where
necessary (capacitor structures, metal crossovers). The bottom plate of the capacitor
isformed by thefirst level interconnect and the top plate by the second level
interconnect. The MIM capacitors have a nominal capacitance value of 0.16 fF/ um?.

In addition to serving as the bottom capacitor plate, the second level
interconnect may also be used as an additional level of wiring in an IC design. The
importance of this interconnect level is more pronounced in densely integrated digital
|C designs, rather than the microwave designs described in this work. The second
level interconnect serves an important role in the thermal shunt viathat is present

under the devices, aprocess step that will be described shortly.

BCB Dielectric and Ground Plane Definition

Until this point, the transferred-substrate process has resembled a standard 111-V
mesa-HBT process flow, with the obvious exception being the absence of the
collector contact definition. Preparation for substrate transfer begins with the
deposition of athick spin-on-polymer that will serve as the dielectric medium for
on-wafer transmission lines. Bezocyclobutene (BCB) is spun onto the wafer at a
thickness of ~6 um and oven-cured in an N, ambient. In addition to having excellent

planarization properties, BCB also has alow dielectric constant (g ~ 2.7) and
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exhibits low dielectric loss at microwave frequencies [31], two desirable properties
for forming on-wafer transmission lines.

A CF4/O; RIE processis used to etchback the BCB to afinal thickness of
5 um while forming via holes in the dielectric. The via holes are necessary to make
contact to the metal ground plane that will be deposited on top of the BCB. For the
device measurements and amplifier results presented in this work, devices are
configured in a common-emitter configuration. In this configuration, the BCB viais
placed directly over the HBT footprint and contacts the first interconnect metal.

Obvioudly, other device configurations are required for different circuit
applications, and the emitter of the device cannot always be grounded. However,
even in these instances, the poor thermal conductivity of BCB requires that aviabe
placed over the device to serve as athermal shunt. The thermal viaisrealized by
placing aMIM capacitor above the device and patterning the via above the second
level interconnect. This configuration resultsin alarge parasitic layout capacitance
to ground that may reduce circuit bandwidth in many applications. Additionally,
short circuits through the SixN, above the device have been found to severely limit
transistor yield [25].

After patterning the BCB, a Ti/Au seed layer is blanket deposited on the
wafer using sputter deposition. The conformal deposition of the sputter process
ensures continuous film coverage in the via holes. An Au ground planeisthen
electroplated over the entire wafer to afinal thickness of ~5 um. A cross-sectional

schematic of the HBT after the ground plane deposition is shown in Figure 2.11.
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Figure 2.11: Transferred-substrate HBT cross-section after ground plane deposition.

Substrate Transfer

Substrate transfer begins with the bonding of the InP substrate to a carrier wafer. In

thiswork, both GaAs and later AIN substrates have been used as the carrier wafer.
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Bonding is performed using a flip-chip bonding system. The InP wafer is brought up
to temperature on one of the bonding machines chucks, and an indium/lead (In/Pb
60%/40%) based solder is spread evenly over the surface of the gold plated ground
plane. This step in the process requires a certain degree of manual dexterity, asthe
solder is spread over the wafer using the wooden end of a cotton swab. A thin and
uniform application of the solder is essential to ensure the sample isfree of voids and
air bubbles after the substrate transfer.

After applying the solder over the InP wafer, the carrier wafer, which has also
had a Ti/Au seed layer deposited on it, is placed metal side down on top of the InP
wafer. The bonder is then used to clamp the two wafers together with an appropriate
prescribed force. The resulting InP/carrier wafer sandwich is then allowed to cool
while under pressure completing the bonding step.

The substrate transfer is performed by selectively removing the InP substrate, leaving
the device epitaxy and BCB dielectric bonded to the carrier wafer. The InP substrate
isetched in a4:1 HCI:DI water solution with complete removal of a 500 pm
substrate typically taking ~ 1 hour. For single-heterojunction devices, the substrate-
transfer etch stops selectively on the InGaAs collector. Double heterojunction
devices fabricated in the transferred-substrate process required the addition of
multiple-etch stops above the InP collector layer. Even with the addition of these
etch stops, the substrate transfer etch often attacked the collector semiconductor
presenting a severe yield limitation for double heterojunction devicesin the

technology [32].
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As the description of the process flow suggests, the transferred-substrate
process was not easily scaled to large scales of integration. Attempts were made to
develop a copper plating process that would eliminate the mechanical bonding step
and allow fabrication of larger samples [33]. Despite some limited success, refining
this process proved too onerous given the limitations of a university research
environment. Given these limitations, process runs were routinely performed on

quarters of 2” or 3" wafers.

Collector Contact Definition

After substrate transfer, the collector contact is formed on the exposed collector
semiconductor. One of the challenges of the transferred-substrate process was the
alignment of the collector contact to the underlying emitter-base junction. The
mismatch of thermal expansion coefficients between InP and the carrier substrate
would lead to alateral expansion or shrinkage of patterns after substrate transfer. A
shrinkage of approximately 1 part in 3000 as observed when bonding to GaAs
wafers, and an expansion of approximately 1 part in 10000 was observed when
bonding to AIN carrier wafers. Such dimensional changes are significant when
submicron alignments are required. When using optical stepper lithography, the
dimensional change would have to be accounted for in the collector mask design and
the stepper array dimensions.

In the work described here, electron beam lithography was used to define
collector contacts. In this process, the e-beam writer could perform local alignments

for each individual transistor. Local alignment marks formed in the emitter contact
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Figure 2.12: SEM image of transferred-substrate HBT collector contact written by
electron beam lithography.

layer were placed within 100 um of each device, and an alignment was performed
before each collector contact was written. Excellent alignment tolerance (<0.1 pm)
was typically achieved despite the dimensional variation in the samples.

The collector contacts were formed using the same lithography process previously
described for the emitter. A Ti/Pt/Au (200A /400 A/4000 A) metal stack is deposited
by e-beam evaporation. An SEM photograph of a collector contact after liftoff is
shown in Figure 2.12. After lift-off of the collector contacts, a collector recess etch
istypically performed to remove some of the excess collector semiconductor and
reduce fringing fields. The recess etch is performed self-aligned to the collector

contact using acitric acid based etch. Typically, ~1000 A of collector semiconductor
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isremoved during the etch, and thisis found to lead to a dramatic improvement in
high frequency device performance. The recess etch completes the transferred-
substrate process. A schematic cross-section of the final device geometry is shown in

Figure 2.13

2.3 Conclusions

In this chapter, general scaling laws for HBTs were reviewed and a transferred-
substrate HBT process was described. The substrate transfer process enables the
base-collector junction to be scaled to submicron dimensions, thus addressing one of
key impediments to increasing atransistor’s fyux. The technology has demonstrated
state-of-the art transistor power gain at mm-wave frequencies, and high-gain tuned
amplifiers have been designed in the 140-220 GHz frequency band. These results
will be described in the following two chapters.

Key disadvantages of the transferred-substrate technology are the complexity
of the process flow and the limited yield and levels of integration that could be
achieved. As described previoudly, the process of performing the substrate transfer
was labor intensive and prone to periodic failures. Efforts to improve the substrate
transfer process were limited by the resources available in a university research
cleanroom environment. In addition to the difficulties associated with substrate
transfer, the technology aso suffered from yield limitations that are inherent to many
mesa-HBT technologies. Chief among these was the self-aligned base-emitter
contact process where control of the emitter undercut was extremely challenging for

submicron devices. Periodic base-emitter short circuits would often be observed due
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Figure 2.13: Transferred-substrate HBT cross-section after collector contact
definition
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to incomplete mesa etching or the presence of metal strands from liftoff processes.
From atransistor performance perspective, it should be noted that the benefits
of the technology are gained from a dramatic reduction of the Ry,Cgy time constant.
While this reduction benefited fax- limited tuned circuit applications, the advantages
for mixed-signal and digital circuits are not as great. As described earlier in this
chapter, scaling of all transistor parasitics (transit times and RC time constants)
requires both vertical scaling of transistor dimensions and lateral scaling of the
device epitaxy. Simultaneously, the operating current density of the transistor must
increase. The thermal environment of the transferred-substrate process limits the
operating current density of the transistor and requires the addition of athermal shunt
via underneath each device. The added parasitic capacitance to ground associated
with the via does not scale easily with device dimensions. When these factors are
taken into consideration, the advantages gained from substrate-transfer become much
less. In Chapter 6 of thiswork, amesa-HBT technology will be described that seeks
to address the scaling and integration issues associated with mixed-signal and digital

circuit applications.
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Chapter 3 High Frequency Device Measurements

Highly-scaled HBTs have extremely small reverse transmission characteristics and
low shunt output conductances making device measurements and model extraction
challenging. Accurate and repeatable on-wafer measurements require a well-
characterized measurement environment. State-of-the-art transistor bandwidths far
exceed the DC-50 GHz bandwidths covered by typical commercial vector network
analyzers (VNAS). Presently, VNA test set extensions are available covering
frequencies up to 325 GHz and extending on-wafer measurement methods to these
frequencies presents numerous challenges. In this chapter, VNA calibration methods
for on-wafer transistor measurements are discussed. A Through-Reflect-Line (TRL)
calibration method using extended references planes is presented and applied to the
measurements of submicron HBTSs. The benefits and limitations of the TRL

calibration method versus other on-wafer calibrations are considered.

3.1  On-wafer Vector Network Analyzer Calibration

The goal of atwo-port VNA calibration is to place the measurement reference planes
precisely at the input and output of the device-under-test (DUT). In an on-wafer
measurement environment, this requires removing from the measurements the effects
of delays and losses associated with microwave cabling, microwave wafer probes
and the on-wafer transmission line network that the DUT is embedded in. A network
anayzer calibration is performed by measuring a set of defined calibration standards.

From measurements of these standards, a set of error correction coefficientsis
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generated and applied to calibrate subsequent measurements. An analysis of the
derivation and formulation of the error correction termsis beyond the scope of this
work, and the reader isreferred to [1, 2, 3, 4] for the mathematical details of various
VNA calibrations. Here, VNA calibration issues specific to on-wafer transistor

measurements are considered.

3.2  On-Wafer Probe-to-Probe Coupling

A standard two-port VNA calibration involves the determination of 12 error
correction terms. These terms include a port-to-port isolation term that accounts for
cross-talk between the two measurements ports that is not related to the DUT. An
accurate determination of the isolation error correction term requires that the
unwanted cross-talk between ports does not vary when measuring each of the
calibration standards or the device-under-test. In an on-wafer measurement
environment, port-to-port crosstalk can be large due to radiative coupling between
on-wafer probes. The radiation, and hence coupling, will depend on the impedance
presented to the probes, and the conditions for an accurate isolation calibration are
difficult, if not impossible, to achieve on-wafer.

Highly scaled transistors have extremely small reverse transmission
characteristics, and probe-to-probe coupling that is not accounted for in a
measurement calibration can easily corrupt device measurements. Probe-to-probe
leakage can be accounted for using more complicated 15- or 16- term VNA error
corrections that involve the measurement of further calibration standards than

required for a 12-term calibration [3,4]. However, these corrections require precise
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characterization of calibration standards, and such characterizations are difficult to
achieve for on-wafer elements, particularly at mm-wave frequencies.

An alternative approach to deal with probe-to-probe coupling is to ensure that
the magnitude of the coupling is much less than the reverse transmission
characteristics of the device that is being measured. This can be accomplished by
embedding the transistor on-wafer between long lengths of transmission line, thus
physically separating the on-wafer probes. Probe-to-probe isolation that is at |east
20 dB lower than that of the measured transistor should be sufficient for accurate
device characterization [5]. In thiswork, a probe-to-probe separation of ~500 pum has
been used for most of the presented device measurements. A chip photograph of a
transistor test structure is shown in Figure 3.1. The figure shows a device fabricated
in the transferred-substrate HBT technology embedded in lengths of on-wafer

microstrip transmission line.

3.3  On-wafer versus Probe-tip Calibration

Two approaches are commonly used for on-wafer device measurement
calibration. In one approach, calibration standards are realized on a separate
calibration substrate. These calibration substrates are available commercially
covering frequencies up to 110 GHz and are typically fabricated using thin-film
processes on alumina (Al,Os3) substrates. In the second on-wafer calibration

approach, custom calibration standards are realized on the active device substrate.
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Figure 3.1: Transferred-substrate HBT embedded in on-wafer transmission line
network to minimize probe-to-probe coupling during device measurements.

When using the calibration substrate approach, the calibration is designed to
place the measurement references planes at the wafer-probe tips, and therefore this
approach is often referred to as a“ probe-tip” calibration. This calibration approach is
commonly used for on-wafer device measurements and offers the advantage of
having well-characterized precision calibration standards. However, there are
numerous disadvantages to performing the calibration on a different substrate than
the device-under-test.

As previoudly discussed, transistors are generally embedded on-wafer in a
transmission line network, and minimizing probe-to-probe coupling requires that the
physical length of the structure is quite large. If a probe-tip calibration is performed,
the effect of the embedding structure must be eliminated from the transistor
measurements. An approximate approach often used to account for the embedding

network is to measure the capacitance of an open circuit network and subtract this
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capacitance from device measurements. This approach can lead to considerable error
as the value of the capacitance may be of the same order of the input capacitance of a
submicron device. This approach also ignores the series resistance and series
inductance of the embedding network, both of which may significantly effect device
measurements.

A more precise determination of the electrical characteristics may be
determined by measuring open circuit and short circuit test structures and subtracting
the Y -parameters and Z-parameters, respectively, of the measured networks from the
device measurements [6]. However, this approach must assume that the physical
length of the embedding network is small relative to the propagation wavelength at
the measurement frequency. Other approaches for accounting for the embedding
network include: modeling of the network with electromagnetic simulations, or
fitting measurements of the network to an equivalent lumped element circuit model.

A further drawback of the probe-tip calibration approach is that calibration
substrates generally have a different transmission line environment than that used for
the device-under-test. A standard VNA calibration assumes that only asingle
electromagnetic propagation mode exists at the calibration reference planes for both
measurement and calibration [7]. The discontinuity at the probe/wafer interface does
not meet these conditions and the field distribution at the discontinuity will depend
on the transmission line environment that is being coupled into. As such, the probe-

tip calibration realized on the calibration substrate need not apply to the substrate of
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the device-under-test. The discrepancies are expected to increase at higher
frequencies as the wavel ength approaches the size of the probetips[7].

The alternative to a probe-tip calibration is to realize custom calibration
standards on the device substrate. Using this approach, calibration standards can be
realized in the same embedding network used for the active devices and the
measurement reference planes can be placed at the device terminals. The drawback
to this approach is that the realization of known calibration standards on a device
substrate may be challenging and involve modifications to the standard process flow.

The choice of the appropriate calibration method can ease these challenges.

34 Calibration Methods

There are severa different VNA calibration routines that can be employed. The
calibrations differ in the calibration standards that are measured and in the
assumptions made regarding the standards. Calibration methods are generally named
according to the standards that are measured, and common VNA calibrations include
Short-Open-Load-Through (SOLT), Through-Reflect-Line (TRL), Line-Reflect-
Match (LRM) and Line-Reflect-Reflect-Match (LRRM).

Of the calibration methods, the SOLT calibration is most commonly used for
full two-port VNA calibrations, particularly in a coaxial measurement environment.
The SOLT calibration requires an accurate model for al of the standards used in the
calibration. The models generally include the capacitance of the Open standard due
to fringing fields, the inductance of the Short standard due to a finite length ground

connection, the inductance of the resistive Load standard, and the propagation delay
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of the Through standard. Coaxial calibration kits can be purchased that provide
accurate measurements of the model parameters. Similarly, commercially available
calibration substrates provide SOLT model parameters for the purposes of probe-tip
calibrations.

The effort required to obtain accurate models of calibration standardsin a
custom on-wafer environment may be justified for large volume manufacturing. An
advantage of the SOLT calibration is that the elements are physically small, and the
calibration standards can be designed to keep a fixed probe-to-probe spacing. For
automated wafer probing, this feature is desirable. Techniquesto model SOLT
standards using electromagnetic simulations and measurements using TRL
calibrations have been presented in [8,9], and these approaches have been used for
device measurements to frequencies up to 110 GHz.

The Line-Reflect-Match (LRM) and Line-Reflect-Reflect-Match (LRRM)
calibration methods require less knowledge of the calibration standards than required
for an SOLT calibration. The additional Reflect standard measured in aLRRM eases
the restriction required for aLRM calibration that two known and electrically
identical Match standards be realized [10]. Additionally, the LRRM calibration
extracts the inductance of the load standard, so that only the DC resistance of the
standard need be known. The LRRM calibration is well suited for on-wafer device
measurements, particularly in acircuit technology where thin-film resistors can be
realized without the addition of a process mask step. Additionaly, like the SOLT

calibration the LRRM standards can be realized with a fixed probe-to-probe spacing
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The LRRM cdlibration is generally not available in standard VNA hardware (Agilent
8510, for example), although it can be implemented in commercial VNA control
software [11].

Like the LRRM calibration, the Through-Reflect-Line (TRL) calibration does
not require an accurate characterization of all of the calibration standards. The
calibration uses two transmission line standards one of which is designated
“Through”, and the other of which is designated “Line”. The Line standard differs
from the Through line by some electrical length ?L. The Reflect standard may be an
open or short circuit termination.

The solution for the error termsin a TRL calibration is overdetermined, and
the reflection coefficient of the Reflect standard and the propagation constant of the
Line standard can be determined from calibration measurements. The only parameter
that must be known is the characteristic impedance (Zo) of the Line standard. This
characteristic impedance becomes the reference impedance for calibrated
measurements, and it isimportant to realize that this impedance has frequency
dependent real and imaginary parts. Methods for accounting for the frequency
dependence of the characteristic impedance are discussed in the following section.

An often cited disadvantage of the TRL calibration is that one Line standard
can only cover a 1:8 frequency span, with theideal ?L being a quarter-wavelength at
the center of the span. As such, multiple Line standards are required to cover larger
frequency ranges, and low frequency standards can take up a large amount of

valuable wafer area. Multiple Line standards may also be used to provide
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measurement redundancy in aband. A multi-line TRL calibration technique can be
used to reduce errors due to probe-placement repeatability [12].

For the measurement results presented in this work, standard TRL (single
Line standard) calibrations were used. In the following section, specific issues related
to the calibration are addressed and measurements designed to verify the calibration

accuracy are presented.

3.5 TRL Calibration Methods and Verification

3.5.1 Complex Characteristic Impedance Corrections

In the presence of conductor and substrate |osses, the characteristic impedance of a

TEM transmission line can be expressed in terms of its equivalent circuit parameters

7 - |RHwL Eqn. 3.1
° \VG+jwC

where Ris the resistance per unit length, L is the inductance per unit length, G isthe

such that

conductance per unit length, and C is the capacitance per unit length of the
transmission line.

Asdiscussed in the previous section, a TRL calibration is referenced to the
characteristic impedance of the Line standard, and as represented in Egn. 3.1, the
impedance will be complex in the presence of resistive or substrate losses (finite R or
G). In an on-wafer environment, line dimensions are small and resistive losses are

high. Due to the skin effect, resistive losses tend to increase proportionally to the



sguare root of the frequency, R Jw [13]. If substrate losses are ignored (G=0), the
imaginary part of Eqn. 3.1 will tend to decrease with increasing frequency. As such,
accounting for the complex characteristic impedance of the Line standard is
particularly important at low frequencies.

The two most commonly used types of on-wafer transmission lines are
microstrip and coplanar waveguide (CPW). Both transmission lines cannot support
pure TEM modes of propagation due to the presence of inhomogeneous dielectrics.
However, both transmission lines do support so-called “quasi-TEM” modes. A
guasi-TEM mode has finite longitudinal components of the electric and magnetic
fields, but these components are small relative to the transverse components and the
mode closely resembles a TEM mode [14]. A quasi-TEM mode will exhibit a
frequency dependent characteristic impedance and propagation constant because the
longitudinal components of the fields tend to increase with increasing frequency.
The change in Zy due to this effect in the frequency bands of interest for device
measurements is not as large as the change due to resistive losses. However, the
change in Z, due to mode variation can still be modeled and used to improve the
accuracy of a TRL calibration.

Methods to accurately model the characteristic impedance of on-wafer
transmission lines have been extensively investigated by Williams and Marks [15,
16]. As abyproduct of the TRL calibration, the propagation constant (?) of the Line
standard is obtained. The propagation constant of a TEM transmission lineis

expressed in terms of its equivalent circuit parameters as
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g =+/(R+ jwL)G + jwC) Eqn. 3.2
Egn. 3.1 and Egn. 3.2 can be combined to express the equivalent circuit

parameters in terms of Zo and ?.
Zog =R+ JWL Eqn 3.3

Z,/9 =G+ jwC Eqn. 3.4

Inalll-V on-wafer wiring environment, we expect the substrate |osses to be
small at the frequencies of interest for device modeling. If j? C>>G, Egn. 3.3 and
Egn. 3.4 indicate that a measure of the phase of Z, can be obtained from a measure of
the phase of 2. Additionally, if the capacitance per unit length (C) is known the
magnitude of Z, can aso be determined [15].

Marks and Williams note that the dependence of C on frequency and
conductivity istypically weak, and C may be approximated by the DC capacitance
(Co). They further propose a transmission line capacitance measurement based on a
low frequency (5MHz to 1 GHz) extraction from a TRL calibration [16]. This
approach islimited in an IC design environment because at such low frequencies, the
Line lengths required for a TRL calibration are excessively long.

The approach used in this work was to model the characteristic impedance of
the transmission line standards using electromagnetic simulation software. To verify
the simulations, the complex propagation constant determined from the simulation
was compared to the extracted propagation constant from TRL calibrations. A planar

method-of-moments electromagnetic (EM) simulator was used to model on-wafer
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transmission lines[17]. For the measurements presented in this work, mircrostrip
and CPW transmission lines were used for transferred-substrate and mesa-HBT
measurements, respectively. EM simulations of both types of transmission lines have
been performed.

For EM simulations, transmission line geometries and substrate layer
thicknesses were estimated from mask dimensions and process conditions. S
parameter simulations were performed from 6-220 GHz, and from the simulations,
the complex characteristic impedance and propagation constant of the transmission
lines could be extracted. Figure 3.2 shows the real and imaginary parts of the
characteristic impedance smulated for a microstrip transmission line in the
transferred-substrate HBT wiring environment. As predicted from Egn. 3.1, the
magnitude of the imaginary part of Z; is seen to decrease with increasing frequency.
Thereal part of Z; shows a significant variation at low frequencies and begins to
plateau towards a value of 56 O. The transmission line was designed with an
intended characteristic impedance of 50 O. However, processing variations for the
microstrip line ssimulated in Figure 3.2 resulted in the BCB substrate thickness being
dightly thicker than intended (5.3 um versus 5.0 pum).

Transistor measurements were made using an Agilent 8510 network analyzer.
S-parameter measurements were made with a TRL calibration referenced to the
characteristic impedance of the Line standard. A MATLAB software program was
written to take the measured S-parameters and convert them to areference

impedance of 50 O. This reference impedance was determined from
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Figure 3.2: EM simulation of complex characteristic impedance (Zo) for microstrip
transmission line in transferred-substrate wiring environment.

EM simulations of the Line standard. The source code for the softwareisincluded in
Appendix A.

Asdemonstrated in Figure 3.2, the variation in Z, decreases with increasing
frequency. Therefore, the effects of adding the complex impedance correction to a
TRL calibration are most evident at low frequencies. Thisisillustrated in Figure 3.3
which shows the measured S;1 and Sy, of atransferred-substrate HBT with and
without the application of the complex Z, correction in the 6-40 GHz, and 75-110

GHz frequency bands. The correction at low frequenciesis particularly important
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Figure 3.3: Measured S-parameters of transferred-substrate HBT with (solid line) and
without (dashed line) complex impedance correction applied to TRL calibration.

since the extraction of certain transistor equivalent circuit model parameters involves
the observation of low frequency asymptotic behavior.

As described above, the TRL calibration cannot be used to determine the
characteristic impedance of the Line standard. However, the calibration does provide
ameasure of the complex propagation constant of the Line standard, and as
described by Egn. 3.3 and Egn. 3.4, the propagation constant is related to Z, through
the electrical parameters of the transmission line. Therefore, comparing the

propagation constant extracted from the TRL calibration with that determined from
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EM simulations of the Line standard gives an indication of the accuracy of the
applied complex impedance correction. Figure 3.4 showsthe real part (a) and
imaginary part normalized to frequency ([¥frequency) of the complex propagation
constant simulated for a microstrip transmission line in the transferred-substrate
process. Also, shown on the graphs are the measured parameters extracted from
TRL calibrations performed in the 6-40 GHz, 75-110 GHz, and 140-220 GHz
frequency bands.

Good agreement between the measured and simulated phase term
(/frequency) is observed across all three measured frequency bands. Good
agreement is also seen between the measured and simulated a in the 6-40 GHz and
75-110 GHz bands. In the 140-220 GHz band, alarge discrepancy between
measurement and simulations is observed. The difference suggests an error in the
amplitude measurement of the Line standard after performing the calibration. The
measurement of a is very sensitive to small variations in the magnitude
measurement. A comparison of Sy; for the measured and simulated Line standard
shows <0.3 dB magnitude variation across the 140-220 GHz frequency band.
Possible sources for the magnitude variation are excessive probe-to-probe coupling,
or coupling to nearby circuit elements during claibration. Later in this chapter,
measurements of Open and Short standards in the 140-220 GHz band will be
presented that show similar magnitude variations. In the context of the TRL
characteristic impedance correction, it is again noted that the importance of the

correction diminishes with increasing frequency. The difference between
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Figure 3.4: Measured (solid) and simulated (dashed) real (a) and imaginary parts
(¥frequency) of propagation constant of microstrip transmission line fabricated in
transferred-substrate HBT technology.

measurements and simulations inthe 140-220 GHz band likely speaks more to the
accuracy of the calibration rather than the validity of the complex impedance

correction.

3.5.2 Higher Order Modes
The transferred-substrate process provides a thin low-loss microstrip wiring
environment. The properties of the wiring environment ensure a single-mode
propagation environment up to 220 GHz. Mesa-HBTs fabricated at UCSB have used
coplanar waveguide (CPW) wiring, and this environment is more difficult to
characterize. In addition to the desired coplanar mode, conductor backed CPW can
also support slotline and microstrip modes of propagation. A schematic showing the

excitation of the different CPW modesis shown in Figure 3.5.
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Figure 3.5: Excitation of parasitic microstrip and slotline modesin CPW
transmission line.

In addition to the af orementioned modes, a dielectric slab substrate mode can
also be supported. The substrate mode does not have a low frequency cutoff, and low
frequency leakage into the substrate mode can be modeled as substrate loss. More
serioudly at higher frequencies, a mode matching condition may be reached (?cpw=
Paubstrates Vepw = Vaubsrate) DEtween the CPW and substrate modes. Under this
condition, excessive energy exchange between the two modes will occur. Note that
the substrate modes are also present in a microstrip environment; however, the
synchronous coupling condition is afunction of the substrate height and the
frequency at which it occurs should be outside of the measurement frequency range
for transferred-substrate devices.

A VNA calibration assumes that only a single-propagation mode exists at the
measurement reference planes. An accurate TRL calibration in a CPW wiring

environment requires the suppression of the higher order modes inherent to the
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structure. The slotline mode can be suppressed with the addition of periodic
grounding straps connecting the two ground planes. These straps are generally
realized using an airbridge process. Propagation of the microstrip mode requires a
conductor backing, and this mode can be suppressed by mounting the wafer on a
dielectric (microwave absorber, or Teflon) rather than on a metal probe station
chuck. Substrate modes can also attenuated with the addition of microwave absorber
underneath the substrate. Additionally, since the mode matching condition isrelated
to the substrate height, the wafer can be thinned to increase the synchronous coupling
frequency. A conservative guideline to avoid coupling to substrate modesisto
ensure h <0.12 7, where ?y isthe wavelength in the dielectric [18]. For a standard
500 um thick InP substrate, the guideline suggests that coupling to substrate modes
may occur for frequencies as low as 20 GHz.

Mesa-HBT device measurements made in thiswork utilized 500 um InP
substrates with the wafers placed on microwave absorber during measurements The
measurement structures did not use ground plane strapping. Figure 3.6 shows the real
and imaginary parts of the CPW line propagation constant extracted from a TRL
calibration. Also shown in the figure are the results from EM simulations of the
transmission line. Measurements in the 6-40 GHz band appear well behaved and
match ssimulations closely. Large discrepancies are observed over the 75-110 GHz
band an indication that higher order mode coupling may be present. Device
measurements in the 75-110 GHz also show artifacts that are consistent with a poor

calibration.
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Figure 3.6: Measured (solid) and simulated (dashed) real (a) and imaginary parts
(R/frequency) of propagation constant of coplanar waveguide transmission line
fabricated in mesa-HBT technology.

3.5.3 Calibration Verification

Quantitatively assessing the accuracy of aVNA calibration is difficult,
particularly in an on-wafer environment where the realization of standards with
known electrical characteristicsis chalenging. The measurement of the TRL
calibration Line standard and the comparison with EM simulations as described in
the previous section provides qualitative evidence that a good calibration has been
achieved. As shown in the previous sections, this measurement has been used to
indicate problems with the calibration in the 140-220 GHz band for a transferred-
substrate microstrip calibration and in the 75-110 GHz band for amesa-HBT CPW
calibration. Additionally, the open and short standards can be measured after a

calibration. Since a TRL calibration does not specify the reflection coefficient of the
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Figure 3.7: Measured reflection coefficient of open and short calibration standards
after TRL calibration in transferred-substrate microstrip environment.

Reflect standard, measurements of these structures provides evidence as to whether a
good calibration has been achieved. With the low parasitic wiring environment
provided in the transferred-substrate process, it is expected that the characteristics of
the open and short standards closely resemble those of ideal circuit elements. Figure
3.7 shows the magnitude of the reflection coefficient for the short and open standards
measured in the transferred-substrate wiring environment. The measurements appear
well-behaved in the 6-40 GHz and 75-110 GHz frequency bands but show alarge
variation in the 140-220 GHz band. This s consistent with the measurement of the
propagation constant presented earlier.

In Chapter 5, amplifier measurements are presented in the 140-220 GHz
frequency band. For these measurements, small variations in amplitude will not have
alarge effect on the amplifier characteristics, and the calibration appears well suited

for these applications. For submicron device measurements, a greater level of
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calibration accuracy is required, particularly in the measurement of the reverse
transmission coefficient Sp,. In the following chapter, device measurements are
presented that show alarge deviation in S;, from trends established in the lower
frequency bands. For these reasons, device measurements in the 140-220 GHz band
must be treated with caution. They are presented for completeness but will not be

used to make specific conclusions regarding transistor behavior.
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Chapter 4 Power Gain Singularities in Transferred-

Substrate HBTs

The transferred-substrate process permits submicron scaling of the emitter-base and
collector-base junctions resulting in areduction in the base resistance and collector-
base capacitance and thereby increasing the transistor power gain cutoff frequency
frax. Transferred-substrate HBTs fabricated at UCSB have been reported with
progressively decreasing junction dimension, as aresult of which progressively
increasing high frequency power gains have been observed [1, 2, 3].

The observed trend of increasing device gain with scaling isin fact more
rapid than the simple geometric scaling theory presented in Chapter 2 predicts. In[3],
a deep submicron transferred-substrate HBT was reported with a measured 20 dB
unilateral power gain at 100 GHz. A -20 dB/decade extrapolation of the measured
transistor power gain predicts a fax Of ~1 THZz, although it was noted in [3] that such
alarge extrapolation must be treated with caution. Based on the device geometry and
the measured base sheet and contact resistivities, the scaling theory in Chapter 2
predicts atransistor power gain cutoff frequency of 420 GHz.

The observed high-frequency gain of these devicesisin part dueto a
substantial (and experimentally observed) rapid decrease in the collector-base
capacitance with increasing collector bias current. A reduction in collector-base
capacitance with increased current due to electron velocity modulation in the

collector depletion region was predicted by Moll and Camnitz [4], and further
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investigated by Betser and Ritter [5] and is one possible cause of the observed
capacitance variation.

In this chapter, further measurements of submicron transferred-substrate
HBTs are presented. For these devices, peaking, and in some cases singularities, are
observed in the high-frequency unilateral power gain (U). In some devices, U is
unbounded over afull 20-110 GHz bandwidth. Associated with these high observed
power gains are arapid decrease in collector-base capacitance with increasing bias
current, and trends towards negative conductance in the device output admittance
(common-emitter Y,) and a positive conductance in the reverse transmission
(common-emitter Y12). Trends that cannot be predicted with standard HBT circuit
models. A consequence of the observation of unbounded U isthat .« Of the devices
cannot be extrapolated from measurements.

An extended version of the Moll/Camnitz velocity modulation model may
explain the observed high frequency characteristics. In this model, the high
frequency dynamics of the electron redistribution in the collector region are modeled,
and it will be shown that electron velocity modulation in the collector produces both
a frequency-dependent reduction in the collector base capacitance and a high-
frequency negative conductance between collector and base. The developed model is
added to small-signal HBT circuit model, and circuit simulations are compared to the

measured device results.
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4.1 Capacitance Cancellation by Electron Velocity Modulation

Device measurements presented in the following section will show evidence of
negative resistance effects in the output and feedback conductance of atransferred-
substrate HBT. At the bias conditions where these trends are observed, a significant
reduction in the collector-base capacitance from its DC value is also observed. The
reduction in collector-base capacitance observed in InP-based HBTs with increasing
collector current has been attributed to the modulation of electron velocity in the
collector space charge region [4,5]. The derivations of [4,5] were performed
assuming that the collector space charge could respond instantaneously to changesin
the collector-base voltage. In this section, amodel to describe the redistribution of
the electrons in the collector space charge region is presented. In analyzing the
dynamics of the problem, it is found that that in addition to the predicted reduction in
collector-base capacitance, negative resistance terms are also observed in the base-

collector admittance.

4.1.1 Capacitance Cancellation Theory

In advanced 111-V HBTS, electrons entering the collector space charge region
experience ballistic transport and may travel a significant fraction of the collector at a
higher velocity than the saturated electron velocity of the bulk semiconductor [6].
The electric field profile in the collector influences the electron velocity profile since
the kinetic energy of the electrons determines the scattering probability to lower
effective velocity satellite conduction band valleys. At higher applied collector-base

voltages, InP HBTswill exhibit larger collector transit times due to alower effective
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velocity. Modulation of the collector velocity profile changes the collector space
charge profile due to the redistribution of mobile electrons. Capacitance cancellation
arises because modulation of mobile charge in the collector screens the base and
collector terminals from changes in the electric field.

The dynamics of capacitance cancellation are considered under the
assumption of acollector electron velocity that is afunction of Vg but does not vary
with position within the collector. Having in the preceding discussion considered the
importance of ballistic transport effects in the collector, it is recognized that the
resulting analysis is therefore only approximate. However, the goal of thiswork isto
present a theory as to the origin of negative resistance effects in InGaAs-collector
HBTsthrough velocity modulation and not to develop an exact model.

The dynamics of capacitance cancellation will be analyzed in the time
domain. Consider an HBT operating with a DC collector-base voltage Vg o and a
DC collector current I o. For the given bias conditions, electrons in the space-charge
region travel with avelocity v,. To simplify further calculations, an inverse velocity
s, =1/v, isaso defined.

The collector region has athickness W and is uniformly doped at a
concentration of Np. It is assumed that the collector region is fully depleted at the
applied DC bias conditions, such that W is not modulated by small changes in the
applied collector base voltage. To further smplify the analysis, it is also assumed

that the base and subcollector regions are heavily doped and undepleted. Under these
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assumptions, the entire collector-base voltage is dropped across the collector space

charge region. The total charge density in the region is given by
n(x) =aNp - IS, Eqgn. 4.1
where J; = |,/ Ac isthe current density entering the collector region from the

base.

The redistribution of electron charge in the collector region is considered in
response to a collector voltage step ?Veg applied at t = 0. The change in electron
velocity caused by the applied ?V¢g is assumed to occur instantaneously and
uniformly across the collector space charge region. The inverse velocity after
application of the voltage step is given by

S(X) =% +Ds Eqn. 4.2
where Ds = DV, (115/1V,; ). Note that an increase in the collector-base voltage
resulting in a decrease in the electron velocity corresponds to an increase in the
inverse velocity.

Although the electron velocity is assumed to change instantaneously the electron
charge in the collector cannot be instantaneously redistributed, and at t = 0" the
charge distribution is still described by the unperturbed electron velocity (Eqgn. 4.1).

The redistribution of the electron space charge is assumed to take place as a moving

charge front asillustrated in Figure 4.1. The charge front enters at the
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Figure 4.1: Electron space charge density in collector region at timet after
application of collector-base voltage step.

collector-base junction and travel s through the collector at the perturbed electron

velocity, such that the charge distribution at timet is given by

10Np - Jes (S, +Ds) for O£ x<t/(s, + Ds) Eqn. 4.3
|

00 =1
{qND - JesS, fort/(s, + Ds) £ X EW,

and at t =W (s, + Ds), the collector charge density has reached its uniform steady-
state n(X) =gN;, - Js (s, +Ds).

Modeling the electron charge redistribution as a uniform moving charge front
assumes that the density of electrons does not in itself perturb the electron velocity.

This assumption may not hold at high current densities, where the density of

electrons is comparable to the collector donor charge. Extending calculations to
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include the effects of current modulation on the electron velocity may be necessary to
more accurately model the collector-base admittance at high current densities.
However, such acalculation is beyond the scope of thiswork.

The time evolution of the collector space charge distribution can be used to
determine the time dependence of the collector current. The mobile electron charge
in the collector region can be viewed as a collection of traveling sheets of charge.
The displacement current generated at the collector terminal from a sheet of charge

with density ? traveling at velocity v through the depleted collector is given by

3 =1 Eqn. 4.4

where Jq is defined to be a positive current if flowing into the collector terminal.

At t =07, the electron charge in the collector is uniformly distributed, and the
region can be divided into sheets of charge of thickness ?x and charge
densityr . = - J;S,Dx. It isagain noted that at this time the electrons are assumed to
be traveling at the perturbed electron velocity while the unperturbed electron velocity
is used to describe the charge distribution. The total collector current at t =0 can be
determined by summing the displacement current contributions from all of the sheets
of chargein the collector region whiletaking Dx ® 0. The change in collector

current is then given by

_ e ‘]CBSO _ — ‘]CBSO _ "]CBDS Ean. 4.5
Vel Z0 s nd™ T ) e T
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Eqgn. 4.5 shows that immediately after the application of the collector-base
voltage step the collector current has been reduced from itsinitial value Jcg,
indicating a trend toward negative conductance. It isimportant to note that Jcg, the
electron current entering the collector region, will not vary with the applied ?Vcs.
The baseregionin 111-V HBTsis highly doped and modulation of the collector-base
voltage will not cause a significant change in the base width, and hence, the electron
current entering the collector will stay constant. This conclusion is supported by lack
of Early effectsin typica 111-V HBTs.

Given the time-dependent charge density described by Eqn. 4.3, the changein
current at the collector terminal can be determined using the same formalism used to

derive Eqn. 4.5

JcsDs , JesDs
S W s?

(]

t for0<t £W, (s, + Ds) Eqgn. 4.6

i -
!

DI, (0 =]
: 0 forW, (s, + Ds) <t
T

Eqn. 4.6 shows that the collector current initially drops and then linearly

increases back to its DC value Jcg, which it reaches at t =W (s, + Ds) when the

electron charge front has filled the collector region. The time dependent waveforms

of the collector-base voltage and collector current are shown in Figure 4.2.
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Figure 4.2: Time dependence of collector-base voltage and collector current for small
step signal applied to collector-base voltage.
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The time dependence of the collector current has been calculated for a step
change in the applied collector-base voltage. Using Fourier techniques, the step
response can be used to calculate the frequency response of the collector current to

an applied collector-base voltage, and an effective collector-base admittance

Y, =1l c/'ﬂVcs|, can be determined. Consider a voltage impulse applied at timet=0

described by DV, (t) = (vesDt)d (t) , where vcs i's the magnitude of the applied

impulse and ?t is the duration of the impulse.
The impulse response of the change in collector current can be determined from
the derivative of the step response given by Eqgn. 4.6. The impulse response of the

collector current is then given by

- JegVeeDt IS d(t) + JesVesDt s ]/29 Eqgn. 4.7

DJ.(t) = rect T
o) Voo W, Voo §Ws :

This expression can be rewritten to include the collector transit time. Under
the assumption of an electron velocity that does not vary with position in the

collector, the collector transit timeisgivenby t . =W_.s/2 and

M. _ ( S/2 ) We _Tis . Substituting these expressions into Eqn. 4.7 gives
WCB WCB 2 WCB
- JeeVeDt Tt . JesVepDt it . 0 4.
DI (t) = ctB cB d(t) + =8 C2|3 ectg 123 Eqgn. 4.8
c 1TVCB Z WCB A (4]
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The small-signal collector base admittance is found by taking the Fourier

transform of the impulse response

Y. (w) = De®) _AIADIM)] - Teo Tt B . SIWEO  Eqn. 4.9
EU DV W) ADVGM]  te TV W g

Note that this derivation has been performed under the condition of a
constant current Jcg entering the collector depletion regions, as is necessary for
deriving the small signal base-collector admittance. Expanding Eqgn. 4.9 to second

order in frequency gives

e - -WC
Yo =- JWley &a' jw 2. % OW?) +...» = Weaane c;tcanc Ean. 4.10
ch e 3 (%] 1+ JW 30

Eqgn. 4.10 represents transfer function of an equivalent circuit network that can be
used to describe Yy, at low frequencies. This network is described by a negative

capacitance of magnitude C =1co Mt /MVe inserieswith anegative resistance

cb,canc

of magnitude 2 _ / (3ch’canc). The network appearsin parallel with the dielectric

capacitance of the intrinsic collector-base junction. Eqn. 4.10 is useful for modeling
the effects of velocity modulation at low frequencies, and provides physical insight
in describing these effects. However, for the simulations presented in the remainder
of thiswork, the full frequency dependent expression for Y, (Eqn. 4.9) is used.

To better illustrate the frequency dependence of the base-collector
admittance, Figure 4.3 plots the equivalent collector-base capacitance (Cep e =
Im(Yep)/?) and real part of Y, calculated from Eqgn. 4.9. The dataiis plotted to 300

GHz and assumes alow frequency capacitance cancellation of 2 fF and a collector
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Figure 4.3: Effective collector-base capacitance (Cey er) and real part of Yo,
determined from Eqgn. 4.9 assuming t.= 0.5 psec and Cgp canc = 2 fF.

transit time of 0.5 psec. It is seen that with increasing frequency the effective
negative collector-base capacitance decreases dightly, while the real part of Y, is
observed to become increasingly negative. Later it will be shown that the trend
towards negative conductance in Yq, will be consistent with device measurements of

transferred-substrate HBTSs.
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A static derivation of capacitance cancellation through electron vel ocity
modul ation was proposed by Moll and Camnitz [4] and more fully developed by
Betser and Ritter [5]. In the static derivation, the intrinsic collector-base capacitance

of the HBT isgiven by

c. =% | T Eqgn. 4.11
cb C
Wc WCB We

In this expression, aterm related to the base-collector output conductance has been
ignored, which is shown by Betser and Ritter to be insignificant for practical HBTs
[5]. Egn. 4.10 and Egn. 4.11 show that as expected the results of the dynamic
analysis and static analysis are consistent to first order in frequency.

The static derivation of capacitance cancellation is performed using the
charge control approximation that assumes the electron distribution in the collector
can change instantaneously in response to changes in the base-collector voltage.
Clearly, as has been described here, thisis not the case. Electrons must enter the
collector from the base and travel with afinite velocity. Therefore, one expects the
derivation of Eqn. 4.11 to begin to fail at frequencies approaching the inverse of the
collector transit time. The dynamic derivation that has been performed shows that the
degree of capacitance cancellation does indeed decrease with increasing frequency,
and more importantly, that negative resistance effects due to electron velocity

modulation may be significant at relatively low frequencies.
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4.2 Device Measurements

The measurements of one specific transistor will be presented to demonstrate the
power gain singularities and negative resistance effects that have been observed in
some transferred-substrate devices. The device was fabricated with emitter junction
dimensions of 0.3 x 18 um?, and collector stripe dimensions of 0.7 x 18.4 pm?. The
transistor layer structure is the same as that shown in Table 2.1 with one exception.
The exception being that the delta doping pulse in the collector was doped at 1 x 10"’
cm® instead of the desired 1 x 10*® cm™®,

S-parameter measurements were made in 6-45 GHz, 75-110 GHz, and 140-
220 GHz frequency bands. The measurement and calibration methods described in
Chapter 3 were used to measure the devices. The transistors were embedded in a
microstrip transmission line network that provided a on-wafer probe-to-probe
separation of 460 um, and a TRL calibration was used to move the measurement
reference planes to the device terminals. The characteristic impedance correction
described in Chapter 3 was applied to all measurements.

Figure 4.4 shows the unilateral power gain (U), the short circuit current gain
(h21), and the maximum stable gain (the device is not unconditionally stable over any
portion of the measured frequency range) of the device measured at a bias condition
of Vce = 1.1V and Ic = 5mA. The unilateral power gain is observed to increase
becoming negative at ~20 GHz, and remaining negative across the entire 75-110

GHz band.
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Figure 4.4: Measured unilateral power gain (U), short circuit current gain (hy;) and
maximum available gain (MAG) of submicron transferred-substrate HBT.

The cause and consequences of a negative unilateral power gain can be better
understood by considering the expression for Mason’ s unilateral power gain in terms

of the transistors Y -parameters [ 7]

|Y21 i} Y12|2 Egn. 4.12

U =
4(611G22 - G21612)

where G, G2, G21, and Gy, are the real parts of the networks Y -parameters.
Eqgn. 4.12 shows that a negative unilateral power gain may be obtained in the
presence of a negative output conductance (Gy.) or a positive feedback component

(G12). Both of these trends have been observed in transistor measurements over
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portions of the frequency band where negative unilateral power gain is observed.
Later in this section, bias dependent measurements of G, and G,; are presented.

From Eqgn. 4.12 one also sees that if the unilateral power gain of anetwork is
negative, an appropriate positive shunt conductance may be added to the input or
output port of the network such that the denominator of Egn. 4.12 goes to zero.
Therefore, negative U is equivalent to unbounded (infinite) power gain. The
unilateral power gain of a network represents the gain available if the network is
unilateralized (reverse transmission Sy, = 0) using lossless shunt and series feedback.
For a network with a negative unilateral power gain, one expects the unilateralized
network to exhibit a negative input or output impedance thus being able to support
one-port oscillations. In practice, a unilateralized transistor cannot be realized in an
on-wafer environment at microwave frequencies. In addition to the losses inherent in
on-wafer reactive e ements, any attempt to unilaterize the device at a particular
frequency will likely make the transistor highly unstable at other frequencies.

Given the practical limitations of realizing a unilateral transistor, one may
guestion why the unilateral power gain is of any concern for transistor
measurements. The utility of U isfound in its ability to predict the maximum
frequency of oscillation of atransistor. For an HBT well described by a hybrid-p
model, the unilateral power gain will show awell-behaved -20dB/decade roll-off
independent of the reactances of the on-wafer embedding network and the transistor
configuration (i.e. common-emitter versus common-base). This behavior motivates

the use of U to extrapolate the fax Of atransistor. In contrast, the maximum stable
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gain and maximum available gain of an HBT do not show prescribed roll-off
characteristics. Clearly, the measurement of U in Figure 4.4 does not show a well-
behaved -20dB/decade roll-off, and the negative resistance effects observed in
measurements of G, and G;, for the submicron device are not predicted by a
standard hybrid- p circuit model.

For compl eteness, the measured device S-parameters across al three of the
measured frequency bands are presented in Figure 4.5. Note that while S;1, Sy, and
Sy1 show arelatively smooth variation across the three measurement bands, S;, in the
140-220 GHz range appears to deviate significantly from the trgjectory of the
measurements in the lower frequency bands. The deviation of S;, supports the
suspicion that the measurement may be corrupted from excessive on-wafer probe-to-
probe coupling as discussed further in Chapter 3.

The singularity in the transistor power gain is observed as the transistor bias
current density isincreased. For the device presented here, a singularity is measured
at current densities as low as 0.55 mA/pum?. At relatively low current densities, a
significant reduction in the effective collector-base capacitance of the transistor is
observed. For anintrinsic HBT described by a Tee-model with zero collector series
resistance and zero extrinsic collector-base capacitance, the collector-base

admittance Ycg is described in terms of the network Z-parameters as

Y == Eqgn. 4.13
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Figure 4.5: Measured S-parameters of transistor of Figure 4.4 in 6-45 GHz, 75-110
GHz and 140-220 GHz frequency bands.
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The transferred-substrate technology has a zero series resistance Schottky
collector contact and an extremely low extrinsic collector-base capacitance,
justifying the assumptions of Eqgn. 4.13. An effective collector-base capacitance can
be defined as Cy, = Im(Ycg)/? . Figure 4.6 shows the effective Cy, plotted versus
frequency at increasing collector bias currents and a constant collector-base voltage.
The data shows a clear trend of decreasing C, with increasing bias current, an
observation that is consistent with the capacitance cancellation model presented in
the previous section. A total reduction of ~2 fF is observed over the range of applied
bias currents.

Associated with the measured singularity in the unilateral power gain are
observations of negative resistance effectsin the common-emitter reverse
conductance Gz, and in the output conductance G,,. To better illustrate this, consider
Y12 of an HBT described by a hybrid-p equivalent circuit model. To simplify the
analysis, the device is assumed to have zero series emitter resistance, an assumption
that reduces the terms in the expression for Y, but does not change the overall
behavior of the parameter. Under this assumption, Y, expanded to second order in

frequency is given by

Y, =- (Rcb +WCy; Cpe Rbb)' jW(ch,i + ch,x) Egn. 4.14
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Figure 4.6: Effective base-collector capacitance C, a varying Ic and constant
Veg=0.35V for transistor of Figure 4.4.

where Cye is the base-emitter capacitance (junction and diffusion), Ry is the base
resistance, Cq; isthe portion of collector-base capacitance internal to Ry, in the
circuit model, Cqp x i's the remaining collector-base capacitance external to Ry, and
Ry is afinite collector-base resistance that arises in InGaAs collector HBTs from

impact ionization in the collector region.
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For an HBT described by a hybrid-p circuit model the real part of Y1, (G12),
will show a parabolic variation with frequency and will always be negative. Figure
4.7, shows G, for the transistor of Figure 4.4 plotted versus frequency at varying
collector currents and a constant collector-base voltage Vg = 0.35 V. The data shows
that at low bias currents G;, demonstrates the frequency dependence of Eqgn. 4.14.
However, as the current increases, the dlope of G1, changes, and eventually, positive
G12 is observed over portions of the frequency band. Similarly, Gy, also plotted in
Figure 4.7, shows a trend towards negative output conductance with increasing bias
current. In the following section, the dynamic capacitance cancellation model
developed in the previous section is added to an HBT equivalent circuit model and

similar trendsin Gi» and G,, are observed.

4.3 Equivalent Circuit Model

The collector-base admittance that arises due to electron velocity modulation in the
collector (Egn. 4.9) may be added to the equivalent circuit model of atransferred-
substrate HBT. However, before considering this addition, HBT measurements will
be considered to determine whether the degree of capacitance cancellation
experimentally observed in transferred-substrate HBTs is consistent with the

developed model.
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In the static capacitance cancellation model of Eqgn. 4.11, the low frequency
capacitance cancellation term isrelated to the collector current and the derivative of

the collector transit time with respect to the collector-base voltage

(Copcanc = o Tt/ ‘ITVCB|W ). This derivative is taken under the condition of a

constant collector depletion region thickness (W), and as pointed out in [5] this
parameter is not generally available from measured transistor data. However, in the
transferred-substrate technol ogy the lightly-doped collector region is followed by a
Schottky collector contact, and if fully depleted, we expect to observe little variation
in the collector thickness. For the transistors reported in this work, the low frequency
collector-base capacitance was measured at zero collector current and varying V. It
was found that the capacitance showed little variation at collector-base voltages
greater than 0.35 V.

If the depleted collector thickness does not vary with applied Vg, then an

approximate measure of theterm Cy ... =1, Tt/ ‘ITVCB|W can be determine from

the change in the transistor current gain cutoff frequency in response to a small
change in the collector-base voltage. For the transistor described in Figure 4.4, the
HBT f; was measured at a constant collector current and the collector-base voltage
was varied between 0.35V and 0.45V. At acollector current of 4.5 mA, an f; = 123
GHz and f; = 117 GHz were measured at Vg = 0.35V and Vg = 0.45V, respectively.
If the decrease in f; is solely attributed to an increase in the collector transit time,

then the change in collector transit timeis
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) = 0.066psec, and the low frequency capacitance

uC

cancellation is approximated as C =3.0fF.

ch,canc = IC
cb

The estimated decrease in collector-base capacitance is dightly larger than
the observed decrease of 2 fF measured at Vg = 0.35V (Figure 4.6). However, the
measurement indicates that electron velocity modulation can account for the large
relative decrease in the collector-base capacitance of submicron HBTs at increasing
bias currents. Unfortunately, due to their poor breakdown and thermal characteristics,
the validity of Eqgn. 4.11 can only be tested over alimited bias range for InGaAs
collector transferred-substrate HBTs. A more detailed experimental consideration of
Eqgn. 4.11 was performed in [5].

The transistor is modeled using the modified Tee-topology presented in
Chapter 2 and shown again in Figure 4.8. The terms Cep,e and Cep gap represent the
portion of the collector-base capacitance directly under the emitter and the gap
between the emitter and base contact, respectively. The values of these parameters
are calculated using the estimated transistor geometry. The additional capacitance
Copext @ccounts for the remaining collector-base capacitance that is extracted from
measurements at zero collector current and the applied base collector voltage such
that Cepext = Cebomeas — Cebre — Ceb,gap- The resistances Rypread, Reont 8d Ryap, and Ryert
were determined from the estimated transistor geometry, and sheet and contact

resistances that were measured on the transistor epitaxy by the TLM method.
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Figure 4.4. Admittance block Y, implements capacitance cancellation model of Eqgn.
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The collector-base admittance due to electron velocity modulation (Egn. 4.9)
isincluded in the model as the admittance block Y, appearing in parallel with Cp e.
For simulations, alow frequency collector-base capacitance cancellation

(1. Mt ./MVgg ) of 3fF has been assumed. This value corresponds to the measured

decrease in Cy, for the device at the bias conditions of Figure 4.4. The remaining
termsin the small-signal model were determined using a bias dependent extraction
technique similar to that presented in [8]. A complete description of al of the
parameter valuesisincluded Figure 4.8.

Figure 4.9 shows the ssmulated unilateral power gain, maximum available
gain and short circuit current gain using the model of Figure 4.8. The measured data
from the transistor of Figure 4.4 is aso included on the plot. The simulated data
shows a singularity in the unilateral power gain occurring at a slightly higher
frequency than the measured singularity, and U is observed to remain unbounded
over the remainder of the simulated frequency range. In Figure 4.10, the modeled and
simulated S-parameters are presented. Note that the model extraction used no
numerical optimization to determine model parameters, and that the values for some
of the parameters were based on estimated transistor geometries. In this context, the

agreement between measurement and simulation is quite good.
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Figure 4.9: Measured (solid line) and simulated (crosses) unilateral power gain (U),
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substrate HBT.

95



(b)

Figure 4.10: Transistor S-parameters measured in 6-45 GHz, 75-110 GHz and 140-
220 GHz frequency bands (solid lines) and simulated S-parameters (6-110 GHz)
using the transistor model of Figure 4.8.
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From simulations, the real parts of the transistor Y -parameters also show the
same negative resistance trends as those observed in the measured device. Figure
4.11 shows G;, and G, of the simulated and measured transistors. The agreement
between measurement and simulation is reasonabl e given the constraints on the
measurements and model parameters. It is again noted that the Y., model is
approximate given the uniform collector velocity model used in the derivation.
Additionally, an accurate measurement of G;, and G,; is difficult since these terms

are extremely small in the low parasitic transferred-substrate technology.

4.4 Conclusions

Power gain singularities have been observed in the measurements of submicron
InGaAs-collector HBTs. Associated with these singularities are trends towards
negative conductance in the common-emitter output conductance and positive
conductance in the common-emitter reverse transmission characteristics. These
trends cannot be predicted by standard HBT circuit models. The HBTs also exhibit a
decrease in the effective collector-base capacitance with increasing current density.
A dynamic model for collector-base capacitance cancellation due to electron velocity
modulation in the collector has been developed. This model was incorporated with a
small-signal equivalent HBT circuit model and singularitiesin the smulated

unilateral power gain were observed.
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Figure 4.8.
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The negative resistance trends observed in some transferred-substrate HBTs
are atypical of I11-V transistors. In a standard mesa-HBT, the reverse and output
conductances of the transistor are dominated by the large extrinsic collector-base
capacitance. The transferred-substrate process eliminates a majority of the extrinsic
collector-base capacitance, and the intrinsic junction properties play a more
important role in the device characteristics. Therefore, it is expected that second-
order transport effects, like those described in this chapter, must be modeled to fully
describe the transistor performance. However, the negative resistance effects
described in this chapter are relatively small, and one does not see alarge changein
simulated S-parameters whether using a dynamic or static capacitance cancellation
model.

The negative resistance trends do cause a large variation in the measurement
of the transistor unilateral power gain with the consequence that the transistor fix
cannot be extrapolated from measurements of U. However, the transistors exhibit a
large available gain at the frequency limits of commercialy available network
analyzers, and transistor amplifiers presented in the next chapter further support the
high frequency performance of the technology. Ultimately, it is through direct
measurement and the use of devicesin circuit applications that the maximum usable

frequency of highly scaled HBTs will be determined.
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Chapter 5 Ultra-high Frequency Amplifiers

The wide bandwidth and high available gain demonstrated by transferred-substrate
HBTs makes them a promising candidate for G-band (140-220 GHz) electronics.
Electronics in the 140-220 GHz band have applications in wideband communication
systems, remote atmospheric sensing and planetary exploration. State-of-the-art
amplifier resultsin this frequency range have been realized using deep submicron
InP-based high electron mobility transistors (HEMTS). These resultsinclude: a 3-
stage amplifier with 30 dB gain at 140 GHz [1], a 3-stage amplifier with 12-15 dB
gain from 160-190 GHz [2] and a 6-stage amplifier with 20 + 6 dB from 150-215
GHz [3].

In this chapter, small-signal amplifier designsin the transferred-substrate
HBT technology are described. A single-stage amplifier was realized with 6.3 dB
gain at 175 GHz [4]. Multi-stage amplifiers were subsequently designed with athree-
stage amplifier exhibiting 12.0 dB gain at 170 GHz and a second design exhibiting
8.5dB gain at 195 GHz [5]. In this section, amplifier results are presented and design

considerations for ultra-high frequency tuned circuits are considered.

5.1 Device Characteristics
Amplifier designs were fabricated in the transferred-substrate HBT technology
described in Chapter 2. The epitaxial layer structure was identical to that described
by Table 2.1. Thetransistors used in the amplifier designs had nominal emitter-base

junction dimensions of 0.4 x 6 um? and nominal collector-base junction dimensions

101



of 0.7 x 6.4 pm?. Such devices have typical DC current gains 3 of ~20 and common
emitter breakdown voltages of ~1.5V at an emitter current density of 1 mA/ pm? In
the amplifier designs, transistors were biased at an emitter current density of

1.5-2 mA/ um? and at a collector-emitter voltage of 1.2-1.3 V. The RF gains of a
transistor from a multi-stage amplifier process run are shown in Figure 5.1. The
device bias conditionsare Vcg = 1.25V and I¢c = 3.2 mA, and the transistor is
observed to have a maximum stable gain of > 7dB at 200 GHz. The f; of the deviceis
measured to be 180 GHz. The negative resistance trends described in the previous
chapter were also observed in these transistors; however, these effects did not have a

large influence on the amplifier design or performance.

5.2  Circuit Topologies

A schematic for the single-stage amplifier is shown in Figure 5.2. The amplifier
utilized a common-emitter topology with transmission line-based input and output
impedance matching networks. The matching networks were synthesized using a
series transmission line with an open circuit shunt stub. The input and output were
designed to be ssimultaneously matched to a 50 O characteristic impedance at the

design frequency.
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Figure 5.1: HBT short circuit current gain (hz1) and maximum stable power gain
(MSG) measured in the 10-40 GHz, 75-110 GHz and 140-220 GHz bands. Device
bias conditionsVce =1.25V, Ic = 3.2 mA.

Low frequency stabilization was realized with a shunt resistor at the output of
the transistor. A quarter-wavelength high impedance line to a shunt MIM capacitor
bypassed the resistor at the intended design frequency. In the 140-220 GHz
frequency range, resistive loss in the matching network was sufficient to stabilize the
device. Bias Tees in the on-wafer probes were used to provide DC biasto the
amplifier. First generation single-stage amplifiers were designed for an intended
design frequency of 200 GHz. A chip photograph of afabricated single-stage

amplifier isshown in Figure 5.3.
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Figure 5.2: Circuit schematic of single-stage amplifier design.

Figure 5.3: Chip photograph of single-stage amplifier. Cell dimensions are 0.69 mm
x 0.35 mm.
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After the successful realization of single-stage amplifiers, three-stage amplifiers were
subsequently designed. A circuit schematic of a multi-stage amplifier designis
shown in Figure 5.4. Inter-stage MIM capacitors, with nominal values of 75 fF,
provide DC isolation between stages. To simplify the design, separate supply lines
were used to provide DC bias to the base and collector of each device. The same
stabilization scheme used for the single-stage amplifier was used for each of the
transistors in the multi-stage design. Two multi-stage amplifiers were designed with
intended design frequencies of 175 GHz and 200 GHz. A chip photograph of a

fabricated multi-stage amplifier is shown in Figure 5.5.

5.3 Millimeter-Wave Design Considerations

Circuits were designed using Agilent Technologies Advanced Design System
simulation software [6]. The high design frequencies presented challengesin active
and passive device modeling. Initial single-stage amplifiers were designed using a
hybrid-p transistor model. This model was based on alow frequency extraction of
previously fabricated submicron transferred-substrate HBTs[7]. It was found that
HBT circuit models extended to the 140-220 GHz frequency band showed poor
agreement with measurements.

Figure 5.6 shows measured and simulated results of a transferred-substrate
HBT in the 6-45 GHz and 140-220 GHz frequency bands. The simulated results
utilized a hybrid-p equivalent circuit model (Figure 2.5). The model parameters were
determined using a bias dependent extraction technigue using the measured data

from the 6-45 GHz band. The extraction method is similar to that presented in [8].
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Figure 5.4: Circuit schematic of three-stage amplifier design.

Figure 5.5: Chip photograph of three-stage amplifier. Cell dimensions are 1.66 mm x
0.35 mm.
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Figure 5.6: S-parameters of device measurements (solid lines) and simulations of
hybrid- p model (circles) from 6-45 GHz and 140-220 GHz.

While good agreement was achieved between simulated and measured transistor
parameters from 6-45 GHz, alarge discrepancy was observed between measured and
simulated results in the 140-220 GHz band. The capacitance cancellation model
presented in Chapter 4 was not included in the smulated model. However, it was
found that the addition of the model did not improve the agreement with the
measured results.

The source of the discrepancy between measured transistor parameters and
transistor model simulations in the 140-220 GHz band was not determined.
Developing an accurate device model is necessary to better understand transi stor

operation at these and higher operating frequencies. However, measured device S-
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parameters can be used in small-signal tuned circuit applications, and this was the
approach taken for subsequent multi-stage amplifier designs.

The passive microstrip matching networks were designed using a
combination of electromagnetic (EM) simulation and empirical computer aided
design (CAD) models. A planar method-of-moments EM simulator was used to
model the unique MIM capacitor structures and any microstrip discontinuitiesin the
circuit layout (i.e. Tee junctions and bends). Standard microstrip CAD models were
used to model the straight transmission line segments. This approach alowed CAD
optimization routines to be used for the matching network design by modifying the
lengths of the straight line segments. Optimization using EM simulatorsis
computationally intensive, and full EM simulations of the matching networks were
performed only as afinal design verification.

To verify the accuracy of the passive element modeling approach, atest
structure consisting of the amplifier input and output matching networks cascaded
together without an active device was included on-wafer. Figure 5.7 showsthe
measured S-parameters of the test structure and simulation results of the same
structure using the modeling approach described above. Very close agreement is seen
between measured and simulated results.

The accuracy of the microstrip CAD models and electromagnetic ssimulations
at such high frequencies can be attributed in part to the wiring environment provided
by the transferred-substrate process. The thin (5um) low dielectric constant (g ~ 2.7)

BCB substrate ensures a single-mode propagation environment. The design of the
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Figure 5.7: Measured (solid) and modeled (circle) S-parameters of matching network
test structure.

wiring environment was motivated by the initial application of the transferred-
substrate process to mixed-signal and digital integrated circuits. In these applications,
low line-to-line crosstalk, low ground access inductance and good thermal heat-
sinking are desirable. A thin substrate thicknessis beneficial for the aforementioned
requirements, but for high frequency tuned-circuit applications, it was found that
these advantages were offset by excessive resistive loss in the transmission line

matching networks.
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As the substrate thickness is thinned, the width of the microstrip line
necessary to realize a given characteristic impedance will be reduced and resistive
losses will be increased. In the transferred-substrate microstrip environment, the
width of a50 O transmission lineis 12.5 pm and resistive losses are high (~12
dB/cm at 200 GHz). For the single-stage amplifier designs presented here, circuit
simulations showed a 2.0 dB higher gain if lossless transmission line models were
used. The resistive losses could be reduced by increasing the BCB substrate
thickness. However, this path was not pursued due to concerns of incorporating

changes to the transferred-substrate process.

5.4 Amplifier Results

The amplifiers were measured on-wafer from 140-220 GHz. The measurements were
made using an HP8510C Vector Network Analyzer (VNA) with Oleson Microwave
Labs Millimeter Wave VNA Extensions. The test set extensions are connected to
GGB Industries coplanar wafer probes via a short length of WR-5 waveguide. The
amplifier measurements were calibrated on-wafer using TRL calibration standards.
Figure 5.8 shows the measured gain, and input and output return loss of a
single-stage amplifier design. The bias conditions for the transistor were
Vee =1.2V and Ic = 4.8 mA. The amplifier was found to have a peak gain of 6.3 dB
at 175 GHz, with again of better than 3 dB from 140 to 190 GHz. Both the input
and output return loss were better than 10 dB at 175 GHz. The gain-per-stage of the
result represents one of the highest reported in any transistor technology for this

frequency band.
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Figure 5.8: Measured S-parameters of single-stage amplifier.

Multi-stage amplifiers were fabricated in subsequent process runs. Figure
5.9(a) shows the measured gain, and input and output return loss of the 175 GHz
amplifier design. Figure 5.9 (b) shows the same parameters measured for the 200
GHz amplifier design. For both amplifier designs, the transistors in the circuit were

biased at [c =3.2mMA, and Vce = 1.25 V.

111



107 N

dB

-207] N

G L B L B L B B
140 150 160 170 180 190 200 210 220

frequency (GHz)

@

20—~
S21

dB

S11

207 S22 a

G O L L L L L L L B
140 150 160 170 180 190 200 210 220

frequency (GHz)

(b)

Figure 5.9: Measured S-parameters of (a) 175 GHz and (b) 200 GHz multi-stage
amplifier designs.
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The 175 GHz amplifier design had again of 12.0 dB at the output match
frequency of 170 GHz. A peak gain of 15.0 dB was measured at 144 GHz, and the
gain was greater than 10 dB to 175 GHz. The 200 GHz amplifier design exhibited a
gain of 8.5 dB at the output match frequency of 195 GHz. A peak gain of 11.7 dB
was measured at 154 GHz and the gain was greater than 7.0 dB to 200 GHz.

The single stage amplifier showed a downward shift of ~25 GHz from the
intended design frequency of 200 GHz. This shift was attributed to the hybrid-p
transistor model used in the design cycle, which as discussed earlier was found to
deviate significantly from measurements of devicesin the 140-220 GHz band. The
multi-stage amplifier designs were based on measured device S-parameters from the
first generation single-stage amplifier process run. A downward shift of ~5 GHz
from the intended design frequencies was observed for the multi-stage amplifier
designs, and the peak gains of the designs were also |ess than those predicted from
simulations. Transistor measurements from the multi-stage amplifier process run
showed higher extrinsic emitter resistance and lower available power gain than the
transistors used in the design cycle. Single-stage amplifier designs on this wafer
demonstrated a peak gain of 3.5dB at 175 GHz.

Figure 5.10 shows a circuit simulation of the 175 GHz multi-stage amplifier
using measured transistor S-parameters from the multi-stage amplifier process run.
The close agreement with measured amplifier results indicates that device variation
isresponsible for the downward shift from the design frequency and verifies the

amplifier matching network design.
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Figure 5.10: S-parameters of measured 175 GHz amplifier (solid lines) and circuit
simulation of amplifier using measured transistor S-parameters (dashes).

55 Conclusions

High-gain small-signal amplifiers have been realized in the 140-220 GHz frequency
range. The transferred-substrate process provided alow parasitic HBT technology
with high available gain in this frequency range, and the thin dielectric microstrip
wiring environment enabled accurate modeling of the passive matching networks
using standard microwave CAD tools. The drawbacks of the transferred-substrate
technology were described in detail in Chapter 2. While the levels of integration

required for millimeter-wave tuned-circuit applications are much less than those
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required for mixed-signal circuits, the effort (i.e. failed process runs) required to
yield the circuits described in this chapter was still very high.

The transferred-substrate devices do demonstrate the potential for ahighly
scaled HBT technology to compete with InP-based HEMTs for millimeter-wave
circuit applications. Recent work on mesa-HBTs at UCSB has produced an InP
double-heterojunction transistor with extrapolated f; and fix of 280 GHz, and >400
GHz, respectively [9]. The device had a measured maximum stable gain of ~5 dB at
175 GHz. The superior high frequency performance of the transistor is achieved
through aggressive scaling of the base mesa width. Additionaly, an extremely low
base contact resistance is achieved through the use of highly carbon-doped InGaAs
layers and palladium-based Ohmic contacts. In addition to its excellent RF
performance, the device had a common-emitter breakdown voltage of 6 V, making it
apromising candidate for millimeter-wave power applications. In the following
chapter, amesa-HBT technology is described that attempts to further reduce the

parasitics of the transistor while increasing device yield and manufacturability.
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Chapter 6 HBT Design for Digital Logic Speed

Submicron devices fabricated in the transferred-substrate process demonstrated the
potential for alow parasitic HBT technology in millimeter-wave tuned circuit
applications. The technology iswell-suited for these types of applications given its
high available gain at millimeter-wave frequencies and the low levels of integration
required for these types of circuits. However, the application of wide bandwidth
transistors extends beyond RF and millimeter-wave wireless transceiver circuits.
Gigahertz frequency mixed-signal and digital integrated circuits have applicationsin
fiber optic transceiver systems[1] and military communications systems[2], and
transistor counts in these types of circuits may approach 10,000 devices.

In the mixed-signal and digital |C market, compound semiconductor devices
compete with Si /SiGe bipolar transistors [3]. Given the investment into the
infrastructure of silicon-based technologies, it is not surprising that Si/SiGe
technologies are well suited for realizing high levels of integration. The process
flows in silicon-based bipolar technologies are also well suited for submicron device
scaling and extrinsic parasitic reduction. Figure 6.1 shows a cross-section of a
Si/SiGe HBT taken from [3]. Specific process steps that facilitate the fabrication of
submicron devices will now be considered in some detail to illustrate the differences

with atypical I11-V HBT process flow.
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poly-SiGe buffer poly-Si

Figure 6.1: Cross-section of Si/SiGe bipolar transistor taken from [3]. Enlarged
section shows regrown polysilicon emitter and base contact layers.

In a SiGe bipolar process, multiple selective area and/or non-selective area
regrowths are used to define active junctions and polycrystalline contacting areas. By
their nature, these additive processes allow tight control of lateral dimensions and the
flexibility to add low g dielectrics between contacting layers and the active
junctions. The inset of Figure 6.1 demonstrates how a submicron (0.2 pm) emitter-
base junction may be formed with alarger extrinsic emitter contacting area through
selective arearegrowth. In contrast, 111-V process flows rely on subtractive etch

processes to remove semiconductor layers in atop down fashion. Controlling

119



junction dimensions to submicron scales requires precise control of the lateral etch
rate of the semiconductor, a challenge given that most 111-V HBT processesrely on
some wet chemical etching. Additionally, the top down process flow makes scaling
of any underlying features progressively more difficult.

Si/SiGe bipolar processes also make use of ion implantation to control the
doping profile in the collector region and to selectively implant the n* subcollector
region. The collector implant allows the thickness of the collector depletion region to
be carefully controlled. lon implantations are seldom used in an InP HBT process
flow, although isolation implants are sometimes used to produce high resistivity
regionsin GaAs HBT process flows.

The Si/SiGe process flow also makes use of trench isolation etches with
dielectric refills for device isolation and parasitic reduction. The trench process
consists of adry semiconductor etch with awell-controlled sidewall profile, followed
by a conformal coating of adielectric (SO, or SizNy) to fill the trench. A CMP
process is then typically used to planarize the dielectric back to some desired
thickness. The deep trench isolation (Iabeled DTI in Figure 6.1) provides electrical
isolation between devices and is used to reduce the parasitic substrate capacitance.
The trench isolation processes alows the SiGe transistor to maintain alow vertical
profile. Thisisimportant since process planarity is critical for the large scales of
integration and multi-level interconnect formation. Inan InP HBT process, a mesa-
isolation etch is generally used to isolate transistors. Typical mesa-HBTSs fabricated

at UCSB have avertical profile (from the bottom of the mesato the top of the emitter
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metal) of ~1.6 um. However, at the levels of integration currently needed for InP
HBTSs, the lack of a more planar process flow is not likely to effect processyield. The
shallow trench isolation (labeled STI in Figure 6.1) is used to reduce the parasitic
collector-base capacitance lying under the base contacts. Similar approaches have
been used for I11-V HBT processes [4]. However, these approaches rely on an RIE
etchback rather than a CMP etchback to planarize the dielectric.

The advanced process technologies used in SiGe HBTs gives them aclear
advantage over 111-V devicesin achievable levels of integration and allows them to
be competitive with 111-V devicesin digital circuit speed despite disadvantagesin
material properties. Thisdiscrepancy has led to initiatives to improve the underlying
technology behind InP-based HBTs and devel op process flows that more closely
resemble those of SiGe devices[2]. At UCSB, work in thisareaistaking place on a
number of fronts. Non-selective area regrowth of polycrystalline n-type and p-type
material has been demonstrated in the InP system using molecular beam epitaxy
[5,6]. These materials may be used to form low access resistance extrinsic contacts to
the emitter and base layersin a SiGe-like process flow. MBE regrowth has also been
used to form submicron emitter-base junctions, and RF devices have been realized
utilizing this process[7]. At the time of thiswriting, further improvementsin
regrowth interface quality are necessary to minimize device leakage currents. lon
implantation of InP layers has also been investigated to improve HBT process flows.
A collector pedestal implant process mirroring that of a SiGe HBT would

dramatically reduce the extrinsic collector-base capacitance of the transistor.

121



Additionally, a silicon dopant implantation of the subcollector region, or an iron
isolation implantation around the subcollector may be used to provide a planar
device isolation technology.

The aforementioned processes represent significant departures from a
standard mesa-HBT process flow. In this chapter, more evolutionary improvements
inamesa-HBT process flow are described. These improvements include: the use of a
thin emitter epitaxial structure to facilitate submicron junction formation, the use of
dielectric sidewall spacers and refractory metals to define a self-aligned base Ohmic
contact and the use of a deep trench etch and dielectric refill to reduce the extrinsic
collector-base capacitance associated with the base contacting area. In addition to
reducing the device parasitics, these process improvements were designed to
improve the yield and manufacturability of submicron devices. It is further hoped
that some of these approaches may later be combined with the more aggressive SiGe-
like processes described earlier. Prior to considering the HBT process flow, the delay
termsin an emitter-coupled logic gate are considered to determine the transistor

parasitics that limit mixed-signal and digital logic speed.

6.1 Logic Gate Delay Analysis

Aswill be shown in the analysis below, traditional transistor figures-of-merit f; and
fmax dO Not accurately predict the maximum clocking frequency of adigital logic gate
in agiven technology. A hand analysis of alogic gate propagation delay is
complicated by the large signal switching transients that must be considered. A

linearized model of the switching eventsis necessary to simplify the analysis.
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Numerous analyses of emitter-coupled logic (ECL) gate delay have been performed
for InP-based HBTs fabricated at UCSB [8, 9,10,11]. The results of the delay
analysis presented in [11] are repeated here with particular attention paid to the
transistor parasitics that dominate the delay expressions.

A static frequency divider configured in adivide-by-two configuration is used
asametric for evaluating the digital logic speed in atransistor technology. A circuit
schematic for an (ECL) master dlave flip-flop is shown in Figure 6.2. In adivide-by-
two configuration, the outputs of the flip-flop are fed back to the inputs with the
opposite phase so that output changes with every rising clock edge. The critical delay
paths for the circuit have been marked with arrows. For the circuit to operate
correctly in adivide-by-two configuration, it is assumed that the inputs to the
differential pairsin the upper stages must pass the switching point (50%) by the time
the differential pairsin the lower stages switch. Therefore, the delays associated
with the lower level emitter followers, which are common to all clock inputs, may be
neglected. Under these assumptions the delay over the paths outlined in Figure 6.2,

represents one-half of the delay for the maximum operating frequency of the divider.
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Figure 6.2: Circuit schematic of master-slave flip flop. Arrows represent critical
delay paths for divide-by-two operation.

The analysis of the gate delay is performed using the charge control method,
where delays associated with the charging time of each node in the signal path are
summed. The charging time for each node is determined by the amount of charge (Q)
necessary to switch the node from the initial to switching state (50%) and by the

current charging the node (1) such that t = DQ/2l [12,13]. Using thislinearized
approach, node impedances are given by R=DV/DI and C = DQ/DV . It should be

noted that this analysisignores terms that vary to second order in frequency, and is

therefore only approximate.

To proceed with the analysis, alogic voltage swing must be specified and
HBT model parameters must be determined. The transistor logic swing ? V. must be
sufficiently large to provide noise margin for proper operation. The current ratio
between two switching transistors in adifferential pair is determined by the internal

Ve Of the transistors, and the ratio between the on an off-state currents of the

Ve

differential pair is proportional to e T . For the analysis that follows, it is assumed
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that DV,.;, =6KT/qwill provide sufficient noise margin for proper logic operation.

In addition to the having a sufficient DV, , it isimportant that the latch also exhibit

e,int ?
afinite voltage gain so that logic levels can be regenerated. In the presence of an

extrinsic emitter resistance, the latch gain is approximated as A, » R /R, , where

R_isthe ECL load resistance. Circuit simulations show that alatch gain of ~4 is
sufficient for proper divider operation. Therefore, the selected logic swing is given
by

DV, =6KT/q+4I R, =6KT/q+4Jr, Eqn. 6.1

where |, is the switched current, J, is the current density normalized to the emitter

area, and ?. is the normalized emitter resistivity.

The transistors are modeled by a hybrid-p transistor model like that shown in
Figure 2.5. Linearized elements are used to describe the transistor input capacitance
and transconductance. The emitter junction capacitance is determined by the average
capacitance over alogic switching cycle such that

DQ 1 Vbe,on
0 X = A : Eqgn. 6.2
Cie oV - DV Qbe‘on-ovcle(v)dv q

where Vpeon 1S the emitter-base turn on voltage, and cie is the emitter-base junction

capacitance normalized with respect to junction areasuch that C;, =c;, * A,.

The base-collector junction is assumed to be fully depleted across applied

bias conditions, and the device is assumed to operate at a current density below the
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Kirk threshold such that the base-collector capacitance may be assumed to remain
constant during switching events. Additionally, it is assumed that the device has a
fixed emitter to collector ratio such that the collector-base capacitance is proportional

to the emitter area C ) = c,, * A,. Thetransistor’s large signal transconductance is
givenby g,, =1,/DV and thelarge signal diffusion capacitanceis therefore

Coedt = Io(tc +tb)/DV =14 f/DV'

A current density of J, is assumed for the upper-level current switching
HBTSs, and a current density of Jo/2 is assumed for the lower-level clock switching
current switching pairs and all emitter followers. The area of the upper-level
differential pair transistors is denoted A, and the area of the lower level pairsisthen
AJ2. 1t isfound through SPICE simulations and hand analysis that circuit speed does
not have alarge dependence on the area of the emitter followers, and in thisanalysis
the emitter follower are assumed to have an area of 2A..

Using the charge control method and the transistor parameters described
above, an approximate expression for the maximum operating frequency of the static
frequency divider can be determined. The details of the derivation are described in
[11] and are not repeated here since digital circuit design was not emphasized in this
work. Instead the results of the analysis are considered, and the consequences on
transistor design are analyzed.

Table 6.1 summarizes the delay coefficients (a;) determined from the charge

control analysis. The total delay of the gate is determined by summing the products

126



Cie Ceb,x Coni |t J,/DV | t,ed,/DV,
DV, /J, | 1 6 6 1 1
KT/qd, | 05 1 1 05 0
?e -0.25 0.5 0.5 0.5 0
I'bb 0.5 0 1 0.5 0

Table 6.1: Delay coefficients (a;5) for master-slave flip-flop found by hand analysis.
Maximum divide-by-two frequency isgiven by T, = :I/ 2f g0 = a a;1;C;

of the delay coefficients, the charging resistances and the node capacitances such that
Toow = ]/2 foo = a a;r;c; . Thetermsin Table 6.1 have been described in the text

above with the exception of ty,s, which isthe time of flight delay on the transmission
line bus that connects the upper level collector nodes. In Table 6.1, the transistor
transit time delay ts and the transmission line time of flight t,,s are normalized with
respect to the current density and logic swing to facilitate the description of the delay
coefficients.

It isinstructive to consider the termsin Table 6.1 in the context of a state-of -
the-art InP HBT, the parameters of which will be described below. The deviceis
assumed to have an emitter junction width of 0.5 pm and an emitter resistivity of
20 O- pm?. The emitter depletion thicknessis 200 A . The baseis 400 A thick doped
at 4 x 10" cm™and has 50 meV of compositional bandgap grading. A base contact

resistivity of 30 O- pm? is assumed, and the base contacts are assumed to extend 0.5
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pm on either side of the emitter metal. The extrinsic base-collector capacitance due
to the base pad contacting areais assumed to be 50% of the total collector-base
capacitance. This valueis consistent with submicron mesa devices fabricated at
UCSB. The collector thicknessis 1500 A, and the device is assumed to operate at
the corresponding Kirk current density, J, = 4 mA/ pm?. The transmission line delay
thusiS assumed to be 0.6 psec, a value based on layouts of dividers fabricated at
UCSB.

A logic voltage swing of ?V_ =500 mV is selected to satisfy Egn. 6.1. By
defining the voltage logic swing and the operating current density, the emitter length
is determined by the selection of the load resistance. For high-frequency digital
circuits, it is desirable to terminate long transmission lines with matched impedances
to prevent reflections and ringing on the lines. For the divide-by-two circuits
designed at UCSB, doubly terminated transmission lines are used to connect the
collector nodes on the upper logic levels. The lines are terminated in their
characteristic impedance, and the highest transmission line impedance realizable in
an on-wafer environment istypically ~100 O. The effective load resistance for the
latch will be the parallel combination of the two terminations, and therefore,

R_ = 50 O. The emitter length isthen given by L, =DV, /W,J R =4.75um.

For the transistor described above, the f; and fx predicted using the methods
described in Chapter 2 are 288 GHz, and 367 GHz respectively. The relative
contribution of the delay elements to the delay of the divide-by-two circuit can be

determined using the coefficientsin Table 6.1. The percentage contribution from
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Ge | Cobx | Coni |t J,/DV, |t,J,/DV, | Tota

DV, /J, | 156% | 21.2% | 29.7% 66.5%
DV, /J, 10.0% 142% | 24.2%
KT/qJ, | 04% |02% | 03% | 0.7% 11%
% | -0.7% | 03% | 04% | 2.7% 0.9%

oo | 3.2% 20% | 51% 7.2%

Total | 185% | 21.6% | 32.4% | 13.1% 14.2% 100%

Table 6.2: Percentage contribution of delay terms to the overall delay of static
frequency divider using HBT parameters described in text. Predicted maximum
frequency operation of divider is 158 GHz.

each of thetermsisoutlined in Table 6.2. The maximum operating frequency of the
circuit is predicted to be 119 GHz for the HBT parameters described above. It should
be noted that SPICE simulations typically predict a maximum operating frequency
that is considerably less (on the order of 15-20%) than that predicted by hand
anaysis. However, the hand analysis does provide a good approximation of the
relative contributions of the delay terms.

Examining the termsin Table 6.2 illustrates why the transistor figures-of-
merit f; and f,z do a poor job of predicting the maximum operating frequency of the
static frequency divider. The percentage contribution of the HBT transit time delays
(ts =ty + to) to the divider delay are arelatively modest 13.1%. By contrast, the

transit time delays contribute 76% to the total forward delay (tec) of the transistor that
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determinesthe HBTsf; (tec = 1/2p ;). The discrepancy is explained by the
observation that when operating in a digital circuit, the emitter-base diffusion
capacitance that is determined by t; is reduced by the ratio of ?V, to kT/q, (10:1 for

the example here).

The large signal voltage swings that reduce the contributions of the HBT

transit times to the divider’ s delay, subsequently increase the contributions of the
junction capacitances (Ce, and Cje) through the delay terms (DV, /1, )C,, and

(DV, /1,)C,- These delay terms are minimized by operating the HBTs at high
current densities. As discussed in Chapter 2, the maximum current density is
determined by the onset of base pushout, and isincreased by thinning the collector. If
the switching transistors are operated at the Kirk limit, the delay term (DV, /1,)C,,is
given by

(Ov /1, )C, = PN T Eqn. 6.3

Ae (Vcb +Vbi ) 4Veff

where Eqn. 2.4 has been used to express the maximum current density. Egn. 6.3
shows that the delay term is minimized by thinning the collector thickness while
increasing the operating current density, and that the delay term may be scaled
independently of any lateral scaling of junction dimensions. However, if the collector
is thinned without either concurrent lateral scaling of the collector-base capacitance,
or improvements in Ohmic contact resistances, the magnitudes and relative

contributions of the RxCqp and Ry,Ce, delay terms will increase. Therefore, the ratios
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of the emitter and base resistances to the load resistance (R,, 1 ,/DV, and
R,!,/DV, ) become good metrics for monitoring the relative contributions of these
terms. For the HBT parameters described above, theR, J, /DV, and R, J,/DV,

ratios are 0.17 and 0.41, respectively.

From Table 6.2, the contribution of delay terms containing the emitter
resistance to the overall delay appears to be low (0.9%). However, the form of the
coefficients has masked the contributions of Re to the minimum logic swing ?V,. In

Table 6.3, Eqn. 6.1 has been used to replace the delay coefficient (DV, /J,) with
(6kT/qJ, +4r ), and the percentage contributions of the delay elements have been

recalculated. Note that the for the transit time and transmission line bus delays, the

coefficient (DV, /J,) has not been replaced since these terms have been normalized

with respect to the coefficient. The termsin Table 6.3 show a much larger
contribution of terms containing the emitter resistance to the overall delay of the
circuit (~46%).

The analysis presented above has indicated that the operating current density
and collector-base capacitance are critical parameters in determining the bandwidth
of alogic gate in state-of-the-art InP HBTs. The ratio of the emitter resistance and
the base resistance to the load resistance are found to provide good metrics for
monitoring the relative contributions of resistances that charge the junction

capacitances. The emitter resistance in particular is found to play akey rolein
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Cie Cox | Cebi |t J,/DV, |t,J,/DV | Total

DV, /J, 10.1% 14.3% 24.4%
KT/qJ, | 54% |6.9% | 9.7% 0.3% 22.3%
?e 9.9% | 14.7% | 20.6% 0.8% 46.0%
I'bb 3.2% 2.0% 2.0% 7.3%
Total | 18.5% | 21.6% | 24.5% 13.2% 14.3% 100%

Table 6.3: Percentage contribution of delay terms to the overall delay of static

frequency divider using HBT parameters described in text, with coefficient
(Dv, /3,) replaced by (6kT/qJ, +4r ) for relevant terms.

determining logic gate speed when its contribution to the minimum logic swing is

considered.

Given these observations, it is not surprising that Si/SiGe HBTs have been

competitive with InP HBTsin digital logic speed. Si/SiGe HBTs have the following

attributes that make them well suited for digital logic circuits: low extrinsic emitter

resistance due to polysilicon emitter regrowth, low extrinsic collector-base

capacitance due to collector pedestal implant and shallow trench isolation, and high

operating current densities (~ 10 mA/pum?) through the use of thin collector depletion

regions. In turn, these attributes suggest areas where significant improvements can be

made the design of InP HBTSs.
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6.2 Scaled Mesa-HBT Technology

In this section, modifications to amesa-HBT process flow are described that are
designed to reduce device parasitics while improving the yield and manufacturability
of the transistor. The process flow modifications include: the use of athin emitter
epitaxial structure to facilitate submicron junction formation, the use of dielectric
sidewall spacers and refractory metals to define a self-aligned base Ohmic contact,
and the use of a deep trench etch and dielectric refill to reduce the extrinsic collector-
base capacitance associated with the base contacting area. Prior to considering the

process improvements the HBT epitaxia structure is described.

6.2.1 Epitaxial Layer Design

A typical layer structure for the scaled mesa-HBTs fabricated in this work is shown
in Table 6.4. The material used for the scaled mesa-HBT designs was grown by
molecular beam epitaxy by commercial epitaxy vendor IQE. The layer structureis
described from the top down. The emitter layer structure was designed to be
compatible with submicron emitter-base junction formation. An anisotropic dry etch
isdesirable to eliminate lateral undercut during emitter mesa formation. However, as
discussed in Chapter 2, carbon is the preferred dopant for the p-type InGaAs base,
and carbon doping is incompatible with the methane/hydrogen/argon RIE that was

used in the transferred-substrate process.
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Layer Composition Dopant Thickness
Emitter Cap InAs Si: 2x 10” cm™® 150 A
Emitter Cap InossGagar As | Si: 2x 10” ecm™ 100 A

N* Emitter InP Si: 1x 10° cm™ 100
N" Emitter InP Si: 8x 10" cm™® 250
Base-Emitter Grade | Ing4sGagss As/ | Si: 8x 10" cm™ 203 A
INo.52Al0.48AS
Base-Emitter Grade | Ing4sGapss As/ | C:2x 10" cm™ 67 A
INos2Alp.48AS
Base INg4sGaossAs? | C:4x 107 cm™ 400 A
INg53G&g.47 As
Collector Setback InossGaoar As | Si: 2x 10° cm™ 200 A
Base-Collector Grade | IngssGagsr As/ | Si: 2x 10° cm™ 240 A
INo52Alo.48AS
Collector Pulse InP Si: 3x 10 cm™® 30A
Doping
Collector InP Si:2x10®cm® | 1030A
Sub-collector InossGaoar As | Si: 2x 10 cm™ 50 A
Sub-collector InP Si:2x10®cm® | 3000 A
Substrate InP Semi-Insulating

Table 6.4:Scaled-mesa HBT epitaxial layer structure.

Chlorine-based RIE chemistries are often used to etch InP-based compounds,
and such etches will not result in hydrogen passivation. However, the reaction
products from a Cl, RIE are non-volatile at room temperature and require a heated
RIE plate [14]. The lack of such atool at UCSB during most of this work precluded

the use of adry etch for the emitter mesa formation. However, a heated Cl,-based

134



inductively coupled plasma (ICP) etch was used for the trench etch described later in
this chapter.

To minimize lateral undercut during awet emitter mesa etch, the emitter
layers were kept very thin. The total emitter thickness was reduced to ~800 A
compared to a~2500 A thickness for the transferred-substrate HBTs. The emitter cap
layer istypically formed with aheavily doped InGaAs layer to facilitate the
formation of low resistivity emitter Ohmic contacts. In an attempt to further reduce
the emitter contact resistance, athin InAs emitter cap was used for some HBT
designs. InAs has a narrower bandgap than InGaAs, and contact resistivities
<1 x 107 O-cm? have been obtained to thin strained InAs layers on InGaAs[15]. In
the following chapter, device results will be presented that compare the extrinsic
emitter resistance measured for a device with an InGaAs emitter cap versus a device
with a composite INAgInGaAs cap. The remaining emitter stack consists of a100 A
thick InP layer doped at 2x10™ cm™, followed by a250 A InP layer doped at 8x10"’
cm. A 280 A chirped superlattice (CSL) InGaAs/InAlAs grade is used to remove
the conduction band discontinuity from the wideband emitter to the base.

The InGaAs base is 400 A thick nominally doped at 5x10™ cm™ and contains
~50 meV of compositional grading to reduce base transit time. The selection of a
400 A base thickness is motivated by the logic gate delay analysis presented in the
previous section. As described in the analysis, the transistor transit time delays are
found to contribute arelatively small fraction towards the logic gate delay. For a

range of base thicknesses from 200-500 A, the predicted divider speed is found show
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less than 5% variation, as increases/decreases in the base transit time are offset by
decreases/increases in charging times associated with the base resistance. For the
same range of base thicknesses, a 35% variation in transistor f; is observed, further
supporting the observation that transistor figures-of-merit may show poor correlation
with digital logic speed. A thicker base is desirable to increase process tolerances.
Potential issues with thin base transistors include: spiking of the base Ohmic contacts
through to the collector, and the difficulty of stopping in the base layer when
performing a non-selective etch of the base-emitter grade.

A great dedl of effort at UCSB has gone into the design of the base-collector
grade for double-heterojunction transistors. The grade used in thiswork was
designed by M. Dahlstrom and design considerations are described in detail in
[16,17]. The grade consists of a 200 A InGaAs setback layer followed by a 240 A
InGaAs/INAIAs CSL, with alattice period of 15 A. A delta-doped InP layer at the
end of the grade offsets the quasi-electric field introduced by the grade and delays the
onset of the Kirk effect. It has been found that the doping of the delta-doped layer is
critical for determining the depletion thickness of the collector region and must be
controlled precisely. The total collector thickness for the mesa-HBTSs reported in this
work is1500 A.

A thin 50 A InGaAs subcollector etch stop is followed by athicker InP
subcollector. Thermal considerations motivate the use of aminimal amount of
InGaAs in the subcollector. The thickness of the InGaAs etch stop has been found to

play acritical role in determining the thermal resistance of the transistor [18].
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Figure 6.3: Band diagram of double-heterojunction mesa-HBT device with device
epitaxy described by Table 6.4. Bias conditions: Vpe = 0.7V, Ve = 1.0 V.

Subcollector thicknesses of 1500 A or 3000 A were used in this work, with overall
device planarity motivating the use of thinner layers. A band diagram of the layer

structure in forward active mode of operation is shown in Figure 6.3

6.2.2 Scaled mesa-HBT Process Flow

A top-down view of the mesa-HBT footprint is shown in Figure 6.4, and a cross-
section of the device before device passivation is shown in Figure 6.5. The most
obvious deviations from a standard mesa-HBT process flow are the use of dielectric
sidewall spacersto form the self-aligned emitter-base junction and the use of atrench

isolation to isolate the parasitic base-pad capacitance. The process improvements
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Figure 6.4: Top-down view of scaled mesa-HBT footprint
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Figure 6.5: Cross-section of scaled mesa-HBT. Cross-section istaken in y-plane
designated in Figure 6.4.
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implemented in the scaled mesa-HBT process will be described in detail in the

following sections.

Emitter-base Junction Formation

The HBT process flow used to form the self-aligned emitter-base junction is shown
in Figure 6.6. The process begins with the deposition of the emitter metal. The
planarization/etchback process that is used to form the self-aligned base-contact
requires atall emitter post for process latitude. The metal liftoff process commonly
used in I11-V systemsisill suited for the formation of submicron features with large
height to width ratios. Small features take on a trapezoidal shape due to metal
deposition around the photoresist opening. As metal is deposited, the opening will
close and this can result in submicron features being shorter than intended and in the
formation of metal strands on the top of the feature. Some work was done to examine
an etched emitter contact using a thick sputtered tungsten film. However, the etch
profile of submicron features could not be well-controlled using the etch tools
available at UCSB. Therefore, aliftoff process was used to form the emitter contacts
for devices fabricated in thiswork. A Ti/Pt/Au/Pt emitter stack is used with
thicknesses of 200A/400A/10,000A/200A.. The top platinum layer is added to protect

the gold during the base metal etchback process.
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1) Emitter liftoff/etch 2) PECVD 1% dielectric sidewall

3) RIE sidewall etch 4) Blanket base metal deposition

5) Photoresist planarization 6) Photoresist/base metal etchback

7) Deposit/etch 2™ dielectric sidewall

Figure 6.6: Process flow for emitter-base junction formation in scaled mesa-HBT
technology.
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A self-aligned emitter mesa-etch is performed using the emitter contact as the
etch mask. The emitter cap is etched using a citric acid/hydrogen peroxide mixture,
and the InP emitter is etched using a hydrochloric/phosphoric acid mixture. The thin
emitter layers are found to be effective in controlling the lateral undercut of the
emitter semiconductor, with ~0.05 pum of undercut being observed. The InP etch
stops selectively in the base-emitter grade when a sufficient InGaA s composition has
been reached.

A dielectric sidewall spacer is used to separate the emitter from the base
contact. The sidewall spacer isformed using a conformal plasma-enhanced vapor
deposition (PECVD) of adielectric film followed by areactive ion etch of the film
(Figure 6.6 steps 2 and 3). The reactive ion etch is anisotropic with aslow latera
etch rate, and therefore, when the dielectric is etched clear in the field of the wafer a
sidewall film will remain. Since the sidewall dielectric will passivate the
semiconductor surface between the emitter and base contact, the interface properties
will play an important role in determining leakage currents in the transistor.

A number of published works have reported on the surface passivation
properties of PECVD deposited SixNy and SIO; films on InP-based materials.
Unfortunately, a clear consensus regarding these properties has not been established.
Degradation in HBT current gain when passivated with PECVD deposited films has
been reported in [19, 20, 21, 22, 23]. In[19] and [20], severe degradation in HBT

current gain was reported when InP/InGaAs HBTs were passivated with PECV D
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deposited SixNy films. However, in [21] and [22] the current gain degradation was
found to be less severe and more pronounced at low current densities. The deposition
of SIO or SO, films on the InGaAs base was found to cause alarge increase in base
leakage current in [19], [21], [22] and [23]. In[23], SIO, was deposited on a depleted
InP ledge through which the base Ohmic contacts were annealed. This processis
similar to the ledge process commonly used in GaAs HBTs[24] and was found to
produce alow leakage device.

The increase in base |leakage current when passivating with SiyNy and SiO
films has been attributed to the pinning of the surface Fermi level along exposed
surfaces [22]. If the surface Fermi level is pinned close to the conduction band, the
accumulation of electrons near the surface will form a parasitic conduction path from
the emitter to the base contact. Work in [25] suggests that the deposition of SixNy
filmstends to pull the surface Fermi level of InGaAs towards the conduction band
creating a surface leakage path. This effect was found to be much less appreciable for
INnAlASs surfaces, with the surface Fermi-level being pinned closer to midgap.

The sidewall spacer process flow was motivated by published work regarding
passivation with dielectric films. Rather than placing the dielectric on the InGaAs
base, the sidewall is placed on the InAlAs-containing base-emitter grade. The grade

is expected to be fully depleted and act as a passivation ledge. A SiyNy filmisalso
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Figure 6.7: Detailed cross-section of emitter-base junction after step 3 in process
flow of Figure 6.6.

placed in contact with the ledge rather than a SiO, film. The dry etch rate of SixNy
filmsis significantly greater than SiO, films, and for the base metal etchback process
it was important to keep the integrity of the dielectric sidewall. For thisreason a
double sidewall process was developed, where a SixN,/SiO, (300A/1000A) layer was
deposited. DC results that will be presented in the next chapter show that the
passivation provided arelatively low leakage emitter-base junction. A detailed cross-
section of the emitter-base junction with dielectric sidewallsis shown in Figure 6.7.
After deposition of thefirst dielectric sidewall, acitric-acid based etch is used
to etch through the emitter-base grade into the base semiconductor. The etch rateis
slow (~10 A/sec) allowing the non-selective etch to be stopped in the thin base
region. The deposition of the base Ohmic contactsis similar to the scheme reported

in[4] for InGaP/GaAsHBTSs. In[4], aWSi base Ohmic contact was blanket
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deposited on the wafer and removed from the top and sidewalls of the emitter
contact using a planarization/etchback process. It was found in [4] that athin
titanium layer inserted as the first layer in the base Ohmic contact dramatically
reduced the base contact resistance. In thiswork, a Pt/W (30A/ 1200A) base Ohmic
contact is used. The thin platinum layer is deposited using electron-beam
evaporation, and the tungsten layer is then deposited in a magnetron sputtering
system.

Asdiscussed in Section 2.2, the insertion of thin palladium and platinum
layers as contacting layers to the InGaAs base is found to produce excellent Ohmic
contacts. Experiments performed at UCSB showed a Pt/Ti/Pt/Au p-type contact to
produce contact resistivities comparable to the Pd/Ti/Pd/Au scheme described in
Section 2.2 (~10 O-um?). A palladium layer was not used in this work because of the
difficulty in etching palladium with the fluorine-based RIE used to etch tungsten. In
[26], the etching of palladium with a SF¢ RIE was found to produce a severe
redeposition of afluorinated layer. Attemptsto etch thin palladium filmsin the
fluorine-based RIE system at UCSB were unsuccessful. Similar problems were not
observed for thin platinum films.

The sputter deposition of the tungsten film produces a conformal metal
deposition that covers the top of the emitter contact and the dielectric sidewalls. To
prevent base-emitter short circuits, contact between the base and emitter metal must
be broken. Thisis accomplished using a planarization and etchback process, where a

thick planarizing polymer is spun on to the wafer and etched back to expose the
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emitter post. A fluorine-based RIE is then used to etch the tungsten from the top and
sides of the emitter contact. Two critical parameters for the polymer are the degree of
planarization it provides and the RIE selectivity versus tungsten. Ideally, the polymer
would provide 100% planarization with 100% etch selectivity versus tungsten.

Engineered polymer films such as BCB or spin-on-glass are designed to
provide good planarization properties over relatively large features. For example,
BCB is specified to provide ~90% planarization over features < 100 pm. However,
these dielectrics are generally etched in the fluorine-based plasmas used to etch
tungsten films. The non-selectivity reduces the process margin during the etchback,
and complicates the removal of the film after the etchback is completed. Inthis
work, athick (~4 pum) photoresist layer is used as a planarizing film. The photoresist
was found to provide good local planarization over the submicron emitter features,
although a precise value for the degree of planarization was not measured.

The photoresist is etched back to the top of the emitter post using an O, RIE.
An SFg/Ar etch is then used to etch the Pt/W base contact. The photoresist was found
to have ~1:2 etch selectivity with respect to tungsten in the RIE process. In order to
ensure a complete break between the base and emitter metal the photoresist is etched
back to afinal thickness of ~3000 A. After completion of the etchback process, the
photoresist is removed in acetone.

Even after the etchback process, strands of base metal may remain on the
dielectric sidewalls of the emitter. This provides another potential source of base-

emitter short circuits when contact is made to the emitter post. The emitter is
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contacted using the same polyimide planarization and etchback process described in
Chapter 2.2 for transferred-substrate HBTs. To prevent the Metal 1 contact to the
emitter post from contacting any remaining base metal on the sidewalls, a second
SO, sidewall is deposited to cover the metal. The polyimide etchback is performed
in an O, plasmathat will not etch the SO, sidewall.

After the etchback process, the base metal and base mesa are defined in a
single photolithography step. The base metal is removed from the field using an
SFe/Ar RIE, with alaser interferometer used for etch endpoint detection. The same
photoresist mask is then used for awet etch of the base mesa. The base, collector
setback and base-collector grade are etched in a hydrogen peroxide/phosphoric acid/
DI water mixture that stops selectively on the InP collector. The remaining InP
collector is then etched using a hydrochloric/phosphoric acid etch that stops
selectively on the InGaAss subcollector etch stop.

Figure 6.8 shows cross-sections of the transistor after emitter-base junction
formation taken using the FEI Focused lon Beam (FIB) system in the UCSB
Materials department. The images show the effectiveness of the thin emitter
semiconductor in controlling the lateral undercut and illustrate the dielectric
sidewalls separating the emitter and base contacts. Issues related to device

performance using this process will be considered in the following chapter.
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Figure 6.8: Cross-sections of scaled mesa-HBT emitter-base junction taken using
Focused lon Beam (FIB) system at UCSB.

Base Pad Trench Isolation

In the digital logic analysis performed at the beginning of this chapter, the collector-
base capacitance was found to be a critical factor in determining gate delay. The
collector-base capacitance has contributions from the intrinsic capacitance lying
under the base-emitter junction and the extrinsic capacitance lying under the base-
emitter gap and base Ohmic contacts. In addition to the base contacts that run
parallel to the device, an additional area of metal is required to make contact to the
base metal. This areais denoted as the base pad in Figure 6.4, and the capacitance of
the area may represent a significant fraction of the total collector-base capacitance
for a submicron device.

The required size of the base pad depends on the contacting scheme and the

required process tolerances. The pad may be contacted using a base post in which
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case the size of the pad depends on the minimum size of the base post and the
minimum separation between the post and the emitter. In this process, the base post
is deposited to be the same height as the emitter post, so that it may be contacted
using an etchback process after device passivation. Alternatively, aviathrough the
passivating layer may be used to contact the base pad. In this case, the minimum pad
size depends on the minimum via size and the necessary overlap with the underlying
metal.

For the transferred-substrate devices described earlier in thiswork, avia
through the polyimide passivation was used to contact the base pad. The minimum
sizefor the viawas 2 x 2 pm? and an overlap tolerance of 1 um was used. In this
case, the minimum size for the base pad is 16 pm?. This value can be compared to
the area lying under the base-mesa associated with the length of the emitter for the
digital logic transistor described in Section 6.1. This device had an emitter length of
4.75 pm and a base mesawidth of 1.5 pm, for atotal areaof 7.1 pm?. For this
transistor, the base pad would represent ~70% of the total collector-base capacitance.

A base post process would typically have less stringent minimum feature size
and alignment tolerances than a base via process. In the following chapter, mesa-
HBT results will be described where the base post was defined using electron beam
lithography. This process allowed the base post area to be scaled to ~1 pm? and to be
placed within 0.5 um of the emitter contact. The excess base pad area associated with
the post was then ~2.25 um?, or ~24% of the total collector-base capacitance for the

transistor described above.

148



As an alternative to scaling the size of the base pad, the contribution of the
base pad to the base-collector capacitance can be eliminated if the capacitanceis
isolated from the active device. A number of approaches have been suggested to
isolate the capacitance in 111-V HBTs. One approach is to use a narrow base metal
strip to connect the base mesa with the base pad [27, 28, 29]. The semiconductor
beneath the strip is then undercut during the wet chemical base mesa and isolation
etches so that it hangs as a suspended airbridge structure. By removing the
subcollector region between the active device and the base pad region, the base pad
capacitance does not contribute to the collector-base capacitance of the transistor.
While effective in eliminating the base pad capacitance, this approach seemsill
suited for large levels of integration.

Another approach to eliminating the pad capacitance isto use adielectric
planarization process [4]. In this process, the base mesa etch is performed prior to
depositing the base metal. A planarizing dielectric is then deposited and etched back
to be level with the base semiconductor. The base metal can then be deposited to
contact the base semiconductor with the extrinsic base pad arealying on top of the
dielectric. In this approach, the semiconductor beneath the base pad has been
replaced by alower dielectric constant dielectric. The challenge in this processliesin
controlling the etchback to the base semiconductor.

In thiswork, atrench isolation etch was used to isolate the base pad
capacitance from the active device. The process flow for the trench isolation is

outlined in Figure 6.9. The steps in the trench process flow begin before the
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1) ICP Trench Etch

2) Dielectric Refill

3) Planarization Etchback

4) Emitter/sidewall definition w/ trench mask

5) Base contact definition

Figure 6.9: Process flow for base pad trench isolation in scaled mesa-HBT
technology. Cross section is taken in x-plane of Figure 6.4.
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deposition of the emitter contacts. As diagrammed in Figure 6.4 the trench etch
surrounds the base pad area. A SixNy etch mask is used to define the trench, and the
mask is defined using a photoresist mask and a CF4 based RIE. For thiswork, a

0.8 um wide trench was defined. The trench etch was performed using a Unaxis VLR
inductively coupled plasma (ICP) system. The ICP tool has a heated substrate chuck
that was set to 200°C for the etch. The high temperature is necessary to produce
volatile InCly compounds during the etch [14]. The etch is performed using a Cl,/N,
etch chemistry, and the etch conditions were found to produce a high etch rate

(=1 um/min) with a straight sidewall profile. To isolate the base pad capacitance, the
trench etch must go through the subcollector and into the semi-insulating substrate.
For the devices fabricated in this work, the trench etch depth was ~ 1.3 um.

The trench was filled using a spin-on-glass (SOG) dielectric. Spin-on-glasses
are silicon-based polymers that are commonly used for gap fill and planarization in
silicon processes. The properties of the polymers can be engineered for specific
applications. The spin-on-glass used in thiswork (Honeywell 512B) was a siloxane-
based polymer designed to fill submicron gaps with high aspect ratios. Spin-on-
glasses are designed to be compatible with silicon processes, and some process
modifications were necessary for their applicationinalll-V HBT process.

The recommended cure temperature of the SOG was 425°C for 1 hour, a
temperature that was beyond the capabilities of the ovens available in the UCSB
cleanroom. Instead, a 6 hour 350°C cure was performed, and using this cure, the

SOG film was found to be stable during the remaining temperature cycles of the
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HBT process. In someinitial process runs, the SOG was found to lose adhesion in
the trench after the after the base metal deposition. The trench would lift causing a
break in the base metal where it crossed the trench. Depositing an initial SiO;
adhesion layer on the wafer before depositing the SOG solves this problem. The SO,
layer isremoved from the field of the wafer during the planarization etchback.

The planarization etchback is performed using a CF/O; RIE. A laser
interferometer is used to determine when the SOG and SiO, adhesion layer have
been removed from the field of the wafer. An ~25% overetch was performed to
ensure that the entire wafer surface was cleared. As a consequence of the overetch
and the initial planarization profile, the SOG is recessed dightly below the top of the
wafer surface. Since the emitter and base layers are thin, there exists a potential
problem if the SOG is etched back past the base-collector interface. In this case, base
metal that runs over the trench may contact the exposed collector semiconductor
along the sidewall of the trench, creating a base-collector short circuit. This problem
was avoided by adding a mask step during the emitter sidewall definition. Patterning
the sidewall dielectric so that it remained covering the trench ensured that collector
semiconductor would not be exposed within the trench. The base metal could then be

safely deposited and patterned using the process described in the previous section.

An SEM image of an HBT after the base mesa etch with the base pad

isolation trench is shown in Figure 6.10. Although the trench appears level with the
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Figure 6.10: Scaled mesa-HBT after base mesa etch with base pad isolation trench.

4

g |
Base metal
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Emitter sidewall dielectric

Spin-on-glass

200 nm

Figure 6.11: FIB cross-section of isolation trench showing base metal step coverage.
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semiconductor surface, it has some topography associated with it due to the
deposition of the SIO, adhesion layer and the emitter dielectric sidewall. The profile
of the trench is better illustrated in the FIB cross-section of Figure 6.11. The cross-
section shows potential problems with base metal step coverage over the trench. The
development of the trench process was somewhat limited by the tools availablein a
university cleanroom environment, and it is expected that improvementsin trench

profile and etchback control could be obtained with improved dry etch tools.

Mesa-HBT Process: Collector Contact to First Level Interconnect

After the base mesa etch, the remaining stepsin the HBT process closely follow a
standard 111-V HBT process flow. A two-sided Ti/Pt/Au collector contact is
deposited around the base mesa. The transistor is then electrically isolated by etching
through the InP subcollector into the semi-insulating substrate. The deviceis
passivated and planarized using the polyimide process described for transferred-
substrate devices in Chapter 2. For device process runs, asingle layer of metal

interconnect is deposited.

6.3 Conclusions

In this chapter, HBT design considerations for digital logic speed were presented.
Due to the large signal switching characteristics of adigital logic gate, the charging
of junction capacitancesisfound to have alarger relative contribution to the gate
delay than to the transistor’ s traditional figures-of-merit. Conversely, the HBT transit

times are found to have a smaller relative contribution. High current density
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operation and low extrinsic emitter resistance were also found to be critical to
increasing clock rates. Based on the requirements for adigital logic transistor, the
process flow for a scaled-mesa HBT technology was presented. The technology used
dielectric sidewall spacersto form a self-aligned base-emitter junction and an
isolation trench etch to decrease the extrinsic collector-base capacitance. In addition
to parasitic reduction, the process flow was also designed to increase the yield and
manufacturability of alll-V HBT. In the following chapter, DC and RF results of

HBTs fabricated using the scaled-mesa HBT process flow are presented.
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Chapter 7 Scaled Mesa-HBT Results

In this chapter, measurements of devices fabricated in the scaled-mesaHBT
technology are presented. Results are presented for two types of devices. One set of
devices utilized the base pad trench isolation for extrinsic collector-base capacitance
reduction. For these devices, amajority of the processing was performed using the
UCSB cleanroom facilities with the exception of the base metal
planarization/etchback step, which was performed in the Rockwell Scientific
Company cleanroom. For the second set of devices, amagjority of the fabrication was
performed at Rockwell Scientific, with the exception of the base metal deposition,
which was performed at UCSB. For these devices, a submicron base post written by
electron beam lithography was used to reduce the extrinsic collector-base
capacitance. In the following sections, relevant DC and RF parameters are presented
and particular attention is paid to the device parasitics that were determined to be

important for digital logic speed in Chapter 6.

7.1 DC Device Results

Figure 7.1 shows the DC-1V common-emitter characteristics of a submicron HBT
fabricated at UCSB. The device layer structure is the same as that described in Table

6.4, and the device had emitter junction dimensions of 0.6 x 6 um?. The deviceis
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Figure 7.1: High current density common-emitter 1V characteristics for scaled mesa-
HBT. Emitter junction dimensions 0.6 x 6 pm>.

found to have aDC current gain of ~50 with an open circuit common emitter
breakdown voltage (BV ceo) of > 6V. Importantly for digital logic applications, the
transistor is capable of high current density operation with arelatively low collector
offset voltage.

The common-emitter Gummel characteristics for the transistor are shown in
Figure 7.2. Thetransistor is observed to have collector ideality factor (nc) of ~1. The
base idedlity factor (np) isfound to have avalue of ~2 in the current range of 2 nA to
100 nA, and an ideality factor of ~1.5 in the current range of 500 nA to 50 pA. The

collector base crossover current is measured to be ~ 500 nA.
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Figure 7.2: Common-emitter Gummel characteristics of scaled-mesaHBT fabricated
at UCSB. Emitter junction dimensions 0.6 x 6 pm>.

For a graded base-emitter junction, the base ideality factor is expected to be ~1

since the junction interface does not have an abrupt material transition that may give

rise to recombination centers. For transferred-substrate devices with an InAlAs

emitter and a graded base-emitter junction, base ideality factors of ~1 were generaly

observed. Then, = 1.5 region observed in the Gummel characteristics of Figure 7.2

is attributed to the base-emitter grade design from the InP emitter to the InGaAs

base. Large area (~30 x 30 pm?) HBTs fabricated using the same epitaxial design

showed a base ideality factor of ~1.4, indicating the ideality factor is due to bulk and

not surface recombination. Since the focus of thiswork was on process improvement

and not epitaxial design, factors determining the base-emitter grade characteristics
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Figure 7.3: Common-emitter Gummel characteristics of scaled-mesaHBT fabricated
at Rockwell Scientific. Emitter junction dimensions 0.7 x 3 um?.

were not considered in detail. However, devices fabricated at UCSB by M.
Dahlstrém using a modified base-emitter grade have since shown an ideality factor
of ~1.1[1].

The Gummel characteristics of Figure 7.2 also show alow current n, ~ 2 region
and arelatively high base collector crossover current. It isbelieved that these
observations may be related to the base-emitter passivation scheme. As discussed in
the previous chapter, conflicting published literature exists regarding the passivation
of InP HBTswith PECVD deposited dielectrics. It is therefore expected that the
passivation may depend critically on the surface preparation and deposition

conditions that are used. Figure 7.3 shows the Gummel characteristics for a
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transistor fabricated at Rockwell Scientific using the same dielectric sidewall
passivation scheme and the same base-emitter epitaxy design asthe device in Figure
7.2. For this transistor, the base collector crossover current has been reduced to

~ 2 nA, and the base ideality factor isfound to be ~ 1.5 over the entire low current
region. The results indicate the effectiveness of the sidewall dielectric passivation
process and show that the process parameters influence this effectiveness. A study
into how the process parameters (surface preparation, PECV D conditions) affect the

base-emitter junction characteristics was not considered in this work.

7.2 Base Emitter Diode Yield

The scaled-mesa HBT process was intended to increase the yield and
manufacturability in alll-V HBT process flow. Reducing the process to practice was
found to be a challenge given the resource constraints in a university cleanroom
environment. The planarization/etchback process used to form the self-aligned
emitter-base junction was found to produce good yield on alocal level. Figure 7.4
showsthe IV characteristics of 360 parallel base-emitter diodes formed using the
sidewall process. In some cells on the same sample, almost all devices showed base-
emitter short circuits. Non-uniformity in the planarization and etchback steps was the
likely cause of the yield variations.

Two competing mechanisms resulted in non-uniformity in the base-emitter
etchback process. The devices described in this work were fabricated on pieces
(~¥'s) of 3" and 4” inch wafers. The asymmetric shape of the substrates resulted in

edge beading when the photoresist planarization was spun on the wafers, with the
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Figure 7.4: IV characteristics of 360 parallel base-emitter diodes fabricated usi ng
self-aligned sidewall spacer process. Emitter junction dimensions are 0.7 X 3 um-.

thickness of the photoresist increasing near the edges. The uniformity of the resist
spin-up would be expected to improve if full wafers were used in the process.

In an RIE process, etch rates tend to increase near the edges and corners of a
sample where the electric fields are larger. This effect was observed in the
photoresist etchback process, where the photoresist was observed to clear in the
corners of the wafer while afew thousand angstroms of resist remained in the center
of the wafer. Some improvementsin etch uniformity could likely be obtained by
switching to rounded full wafers or by optimizing the RIE conditions.

Base-emitter diode yield was generally found to decrease towards center of the
sample, indicating that the non-uniformity of the RIE dominated the process. The

photoresist would typically be etched back to athickness of ~3000A in the center of
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the wafer and a thickness of ~1000A near the edges. The base-emitter short circuits
are believed to be caused by strands of base metal remaining in contact with the top
of emitter metal. This assertion is supported by the observation that many devices
exhibited aleaky resistive path in parallel with the base-emitter diode that could be
rendered open by increasing the base-emitter voltage. These results indicate the
leakage path could not support moderate currents. An observation that is consistent
with the presence of thin metal strands.

The etchback process latitude could be improved with ataller emitter contact, as
the base metal in contact with the emitter would be exposed to the RIE for alonger
time for the same final etchback thickness. Unfortunately, the liftoff process used to
define the emitter contact limited the height of the metal for submicron features. A
second possible approach to improving the yield of the step would be to incorporate
a second planarization and etchback step into the process. This again would increase
the exposure of the base metal on top of the emitter metal to the RIE.

While the self-aligned base-emitter junction process showed problems with
global yield across a sample, the good local yield obtained indicates that the process
isviable for high volume applications if issues with etchback uniformity and process

|atitude are addressed.

7.3 Contact Resistances

As described in Chapters 2 and 6, the Ohmic contact resistances play acritical rolein

determining the high frequency performance of submicron HBTS. In this section,
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evaluations of resistive terms for the extrinsic emitter, base and collector resistances

are presented.

7.3.1 Emitter Resistance

The emitter resistance of fabricated HBTs was evaluated using the emitter flyback
technique [2]. In this measurement, a base current is forced into the device with the
collector held open. When the base-emitter diode is turned-on, the internal base-
emitter voltage will remain approximately constant. The emitter resistance can then
be extracted from the gradient of the forced current (Ig) plotted versus the collector-
emitter voltage (Vce).

Using the flyback method, the emitter resistance of fabricated HBTs was
determined. As discussed in Chapter 6, the use of athin InAs emitter cap layer was
examined for reducing emitter contact resistance. Table 7.1 compares the emitter
resistance extracted from two sets of submicron mesa-HBTSs. The transistors had
identical epitaxia designs except for the emitter cap layer. One set of deviceshad a
250A InGaAs emitter cap doped at 2x10™ cm™ and these devices were found to have
an average emitter resistivity of ~30 O-pum?. The other set of devices had a
InAs/InGaAs emitter cap (150A/100A) doped at 2x10* cm, and these devices were
found to have an average emitter resistivity of ~23 O-pm?. The improvementsin
emitter resistance are attributed to the low contact resistance to the InAslayer. For
both emitter cap stacks, the emitter resistivity scales with emitter width an indication

that the lateral undercut of the contact has been well-controlled.
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Emitter Cap: Emitter Cap:
InNASINGaAs (150A/1004) InGaAs (250A)
Emitter Dimensions |  Re (O) 2 (O-pm?) Rex (O) 2 (O-pm?)
0.5X 6 um* 10.5 22 7.4 32
0.6 X 6 pm* 8.4 24 6.7 30
0.7 X 6 pm? 7.2 23 5.4 30

Table 7.1: Emitter resistance extracted by emitter flyback method for HBTs
fabricated with different emitter cap layers.

The results presented in Table 7.1 were for HBTs fabricated without the base pad
trench isolation process. Devices fabricated using the trench process and the
InAs/InGaAs emitter cap showed emitter resistivities of ~ 40 O-pum?. The emitter
contact is formed after the trench isolation etchback, and it is believed that damage
or surface contamination from the etch resulted in the increased resistivity. The etch
process conditions could likely be modified to improve the contact resistance.

However, such improvements were not considered in this work.

7.3.2 Base Resistance
Scaled-mesa HBTs fabricated at UCSB suffered from a high base resistance,
and subsequently alow transistor frax. RF device results will be considered in the
next section. Here, terms that contribute to the transistor base resistance will be
considered and potential sources for the high base resistance observed in the devices

will be investigated.
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In the scaled-mesa HBT process flow, atungsten metal stack is used to contact
the base semiconductor. A base contact using only tungsten was evaluated and found
to produce an extremely high contact resistance (> 1000 O-um?). As discussed in
Chapter 6, athin platinum layer was inserted beneath the tungsten to reduce the
contact resistivity. The transmission line method (TLM) was used to determine the
contact resistance of the Pt/W (30A/1500A) contact, and values in the range of
20-50 O-pm? were obtained. While not as low as those seen for evaporated
Pd/Ti/Pd/Au contacts, this range of contact resistivitiesis suitable for fabricating
high performance devices. For example, the digital logic transistor described in
Section 6.1 assumed a contact resistivity of 30 O-um-.

In addition to the contact resistance, the metal sheet resistance of the base contact
also affects transistor performance. In the scaled mesa-HBTs designs, the base-mesa
width is aggressively scaled to reduce the extrinsic collector-base capacitance. The

base metal resistance contributes an effective base resistance of

Romea = T sheet Le /O et » WHEFE Psneet iS the base metal sheet resistance, Le isthe

emitter length, and W, metar 1S the width of the base metal on either side of the emitter
contact. Bulk tungsten has aresistivity that is approximately four times worse than
gold, and thin sputtered tungsten films typically have poorer resistivities than bulk
tungsten. Using the magnetron sputter system at UCSB, bulk tungsten resistivities of
~25 nO-cm were obtained for thin tungsten films. This translates to a sheet

resistance of ~2 O/square for a 1500 A thick tungsten film. For the digital logic
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transistor described in Section 6.1, this value of base metal resistance would
contribute only 3 O towards the total base resistance of 24 O.

Based on the contact and metal sheet resistances, the Pt/W base metal stack
appears well suited for realizing a high performance transistor. The base resistance in
afabricated transistor is better predicted by the measurement of pinched-TLM
structures. In these structures (Figure 7.5), the emitter contact is left in the gap
between TLM pads. The slope of the measured resistance versus TLM gap spacing
gives the base semiconductor sheet resistance under the emitter. The intercept of the
plot contains the resistive terms that remain constant for each gap spacing. These
terms include the base contact resistance, the base semiconductor resistance under
the dielectric sidewall and any contribution from the base metal resistance between
the measurement probe and the gap (this term is expected to be small).
Measurements of pinched-TLM structures fabricated at UCSB showed a much
higher intercept than expected.

The contribution of the base contact resistance and base semiconductor resistance
to the total base resistance can be normalized with respect to the emitter length.
Assuming a base sheet resistance of 500 O, a contact resistivity of 30 O-pm?and a
sidewall width of 10004, this normalized resistance is 55 O-umfor asingle-sided
base contact. If the base metal resistance is negligible, the intercept of the pinched
TLM plot can be used to predict the same normalized resistance. Measurements of
pinched TLM structures showed a normalized resistance of ~375 O-um,

approximately 7 times that predicted from the base parameters.
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Figure 7.5: Schematic diagram of pinched-TLM structure with contributing resistive
terms.

There was some concern that the deposition and/or removal of the dielectric
sidewall may have contributed to the anomalously high base resistance. The PECVD
of SixNy and SiO; films uses a silane (SiH,) carrier gas, and the films are known to
contain a high hydrogen concentration. As discussed in previous chapters, hydrogen
is known to passivate carbon dopants in InGaAs. There was also concern that
damage from the sidewall etchback may have resulted damage to the base, even
though the sidewalls were deposited on the base-emitter grade. A TLM sample was
prepared to determine whether the dielectric sidewall process caused any deleterious
effects to the base resistance. The sample was exposed to the same deposition and
etch conditions as in the dielectric sidewall process flow. Standard Pd/Ti/Pd/Au

contacts were then deposited, and the TLM structures were formed. Negligible
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differences in sheet and contact resistances were observed between the sample that
underwent the sidewall process and a control sample that did not.

The suspected source of the high base resistance was determined by looking
at cross-sections of transistors and TLM structures. The thickness of the as deposited
tungsten base contact showed a dramatic thinning as it approached the tall emitter
contact structures. The thinning of the base metal is worsened by the formation of the
second dielectric sidewall (step 8 in Figure 6.6). As described in Section 6.2, the
second sidewall is deposited to cover any base metal that may remain on the
dielectric sidewalls. The sidewall etch uses a fluorine-based etch chemistry that will
also etch the tungsten base metal. The sidewall etch is controlled using a laser
interferometer and a slight overetch (~25%) is performed to ensure the dielectric is
cleared from the top of the emitter contact. The laser interferometer monitors the etch
in the field of the wafer, and the etch rate may be higher near the tall emitter features
due to stronger electric fields. These factors would contribute to areduction in the
base metal thickness near emitter features. Figure 7.6 shows a FIB cross-section of
the base-emitter junction of afabricated transistor. The base metal shows a severe
thinning near the emitter contact. This thinning was also observed in the TLM
structures.

The thinning of the base metal increases the gap resistance between the
emitter and the base contact and also increases the base metal sheet resistances.
These factors are the likely cause of the anomalously high base resistance extracted

from TLM measurements and of the low fax Observed for mesa-HBTs fabricated at
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200 nm

Figure 7.6: FIB image of scaled mesa-HBT showing thinning of base metal near
emitter contact.

UCSB. Scaled mesa-HBTSs fabricated at Rockwell Scientific had a second dielectric
sidewall deposited after device passivation and planarization. In this process flow,
the base metal is protected during the second sidewall etch. These devices showed a
much higher f .« than transistors fabricated at UCSB. RF device results from both

types of deviceswill be presented in the following section.

7.3.3 Collector Resistance

As described in Chapter 6, athin (50 A) InGaAs layer was used in the subcollector
for thermal management considerations. TLM measurements were performed to
ensure that the collector contact resistance was sufficiently low despite the use of the

thin InGaAslayer. A contact resistivity of 12 O-um?was extracted from
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measurements. A value that is similar to that has been obtained with thicker

(>100 A) InGaAs layers.

7.4 RF Results

7.4.1 UCSB Fabricated Transistors

Mesa-HBTs fabricated at UCSB used the base pad trench isolation for extrinsic
collector-base capacitance reduction. Device results are considered for a transistor
with anominal emitter junction width of 0.5 um. For this device, the base-mesa
width extended 0.5 pum on either side of the emitter contact. As described in the
previous section, the transistors fabricated at UCSB suffered from two process
problems: adightly high extrinsic emitter resistance due the planarization etchback
and an extremely high base resistance due to thinning of the base metal around the
emitter contact

Figure 7.7 shows a plot of the unilateral power gain (U) and short circuit
current gain (hy) for atransistor with nominal emitter junction dimensions of
0.5 x 3 um?. The deviceis biased at a collector current Ic = 9 mA, and a collector
base voltage Vg = 0.4 V. Referenced to the emitter junction dimensions the device
is operating at a current density Jz = 6 mA/um?. The extrapolated f; and fye Of the
transistor are 247 GHz and 166 GHz, respectively. The base-collector capacitance of
the transistor is extracted from the imaginary part of Y1, at low frequenciesand is
found to be 6 fF. Operating at this bias condition, the transistor is found to have a

low Cg/l¢ ratio of 1 psec/V.
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Figure 7.7: Unilateral power gain (U) and short circuit current gain (hy;) of
submicron mesa-HBT fabricated at UCSB. Emitter junction dimensions: 0.5 x 3 um?.

The maximum operating current density, determined by the Kirk threshold,
can be increased by applying a greater collector-base voltage (see Egn. 2.4). Ina
standard ECL gate, the emitter followers may operate at a collector-base voltage of
OV. It istherefore important that digital logic transistors be able to sustain high
current density operation at low collector-base voltages. Figure 7.8 shows the f; and
frax Of the transistor plotted versus current density at collector-base voltages of OV,

0.2V and 0.4V.
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Figure 7.8: f; and fax plotted versus current density (Jg) at varying collector-base

voltages (Vcg) for HBT described in Figure 7.7
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The high current density operation and high f; exhibited by the transistor
indicate a high effective electron velocity in the collector. As shown in Egn. 2.1, a
plot of 1/(2p f;) versus Ul will have ay-intercept givenby t _ +t, +(R, + R )C,,.
Using the extracted C, (from Im(Y12)), Rex (from the flyback method) and R (from

TLM measurements and the transistor geometry), the sum of t , +t , is determined to

be 0.33 psec for the transistor of Figure 7.7. If Eqn. 2.2 is used to estimate ty,, then t.
and subsequently the effective collector velocity (Ve = To/2tc) can be determined. An
effective collector velocity of 4.2 x 10” cm/sec is extracted from the transistor data.

That value is consistent with the high current operation that the transistor can sustain

before the onset of the Kirk effect.

7.4.2 Rockwell Scientific Fabricated Transistors

Mesa-HBTs fabricated at Rockwell Scientific used electron-beam lithography to
define the emitter contact, the base post and the base mesa. The use of e-beam
lithography allowed the base post to be aggressively scaled and placed close to the
emitter contact reducing the extrinsic collector-base capacitance. Device results are
considered for transistors with nominal emitter junction widths of 0.7 um. For these
devices, the base-mesa width extended 0.5 um on either side of the emitter contact.
The devices used the same base contact scheme that was used for transistors
fabricated at UCSB. One significant difference in the process was that the second
sidewall deposition took place after device passivation and planarization. The

passivation layer then protected the base metal during the sidewall RIE. These
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devices showed a much higher f.x than transistors fabricated at UCSB, indicating an
improvement in base resistance.

It should be noted that these transistors did not use the on-wafer TRL
calibration described in Chapter 3. Instead an off-wafer TRL calibration was
performed using a calibration substrate, and the on-wafer embedding network was
deembedded from measurements using the measurements of an open circuit and
short circuit network.

Figure 7.9 shows a plot of the unilateral power gain (U) and short circuit
current gain (hzy) for atransistor with nominal emitter junction dimensions of
0.7 x 3 pm?. The deviceis biased at a collector current I = 12.6 mA and a collector
base voltage Vg = 0.4 V. Referenced to the emitter junction dimensions the device
is operating at a current density Jz = 6 mA/ um?. The extrapolated f; and fomy Of the
transistor are 292 GHz and 314 GHz, respectively. The base-collector capacitance of
the transistor is extracted from the imaginary part of Y1, at low frequenciesand is
found to be 6.4 fF. Operating at this bias condition, the transistor isfound to have a
Co/lc ratio of 0.51psec/V. Figure 7.10 shows the f; and fa Of the transistor plotted
versus current density at collector-base voltages of OV, 0.2V and 0.4V. The transistor

is observed to sustain high current density (>4 mA/ um?) operation at Vg = OV.
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Figure 7.9: Unilateral power gain (U) and short circuit current gain (hy;) of
submicron mesa-HBT fabricated at Rockwell Scientific. Emitter junction
dimensions: 0.7 x 3 um?.

The collector-base capacitance can also be monitored for evidence of base
pushout. Figure 7.11 shows the collector-base capacitance plotted versus current
density at varying collector-base voltages. The higher value of C, extracted at low
collector-base voltages indicates the collector is not fully depleted at OV Vcg.

The high fax exhibited by the Rockwell Scientific transistor indicates an
improvement in the base resistance compared to the transistors fabricated at UCSB.
However, the transistors’ RF performances still seem to show a dependence on the

sheet resistance of the base metal. Figure 7.12 shows a plot of the unilateral power
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Figure 7.10: f; and fax plotted versus current density (Jg) at varying collector-base
voltages (Vcg) for HBT described in Figure 7.9
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Figure 7.11: Collector-base capacitance (Cy,) extracted from Im(Y12)/? plotted
versus current density (Jg) at varying collector-base voltages (Vcg) for HBT described
inFigure 7.9

gain (U) and short circuit current gain (hyy) for atransistor with nominal emitter
junction dimensions of 0.7 x 5 um?. The device is biased at a collector current

lc = 20.5 mA (Jg ~6 mA/ pm?) and a collector base voltage Vg = 0.4 V. The
extrapolated f; and fux Of the transistor are 298 GHz and 239 GHz, respectively. The
transistor shows a significantly lower f .« than that observed for the 3 um long
emitter stripe device, an indication that the resistance contributed by the base metal
along the length of the device is degrading the RF performance. The f; of the
transistor is dlightly higher than the shorter device because the extrinsic collector-

base capacitance due to the base post is proportionally smaller. The base-collector
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Figure 7.12: Unilateral power gain (U) and short circuit current gain (hyy) of
submicron mesa-HBT fabricated at Rockwell Scientific. Emitter junction
dimensions: 0.4 x 5 um?.

capacitance of the transistor is extracted from the imaginary part of Yy, at low
frequencies and is found to be 8.4 fF. Operating at this bias condition, the transistor

isfound to have a Coy/lc ratio of 0.41psec/V.

7.5 Conclusions

Scaled mesa-HBT's have been fabricated with RF performance that compares
favorably with state-of-the-art devices reported in the InP system. The HBT
fabrication process has been modified to improve the manufacturability and
scalability of submicron devices. The devices exhibit high f;, high current density

operation and low collector base capacitance. Devices fabricated at UCSB, suffered
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from a high base resistance due to a thinning of the base metal that limited the
transistor frax. Devices fabricated at Rockwell Scientific used a modified base-
emitter process flow that avoided these problems. A submicron HBT was realized
with a simultaneous f; and fi. Of close to 300 GHz operating at an emitter current

density of 6 mA/um?,
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Chapter 8 Conclusions

8.1 Accomplishments

Thiswork has described the design, fabrication and characterization of submicron
InP-based HBTs. Two unique device topologies were considered: a transferred-
substrate HBT and a scaled mesa-HBT. Although there are significant differencesin
the process flows of the two devices, their designs are intimately tied. At the start of
the work described in this thesis, the transferred-substrate process had been in
development at UCSB for approximately 6 years and the process flow was well
established. In thiswork, deep submicron scaling of the transistors was explored
using electron-beam lithography. Highly-scaled transferred-substrate devices were
found to exhibit negative resistance trends that are not predicted by standard HBT
models. A theory to explain these trends due to electron velocity modulation in the
collector was developed and correlated with measured results. A consequence of the
negative resistance trends is that the transistor’ s f,.x cannot be extrapolated from low
frequency measurements. The high available power gain of the transistors was
confirmed through the design of small-signal amplifiersin the 140-220 GHz band.
Single-stage and multi-stage amplifiers were design and fabricated, and these results
represented the first HBT amplifiers reported in this frequency range.

The transferred-substrate process demonstrated the potential for alow
parasitic I11-V HBT technology in millimeter-wave tuned-circuit applications.

However, severe problems limited the application of transferred-substrate devices
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beyond small-scale demonstration circuits. The most significant problem was the
inability to realize high levels of yield and integration in the technology. Developing
amore manufacturable process was limited by the resources available in auniversity
research environment. However, given the complexity of the process, the resources
of the entire 111-V community may not have been enough to devel op a technol ogy
suitable for manufacture.

In addition to the technical challenges, the advantages of the transferred-
substrate process were limited in mixed-signal and digital circuit applications.
Despite clear advantages in RF figures-of-merit, transferred-substrate devices had
demonstrated maximum logic speeds that were comparable InP mesa-HBTs and
Si/SiGe bipolars. Transferred-substrate device suffered from alow maximum
operating current densities because of their poor thermal characteristics, and the
devices had large parasitic capacitances from the required thermal vias.

Based on these inherent problems, work on the transferred-substrate process
at UCSB was stopped and efforts were redirected towards developing an InP HBT
technology that was both scalable and manufacturable. In parallel with the work
described here, research at UCSB has been pursued to devel op process flows that
more closely resemble those of a Si/SiGe bipolar transistor. Such a process flow
would represent arevolutionary change in InP HBT fabrication methods. In this
work, more evolutionary improvements in amesa-HBT process were developed.

A scaled mesa-HBT process was developed that relies on well-established

dielectric sidewall spacer and dry etch processes to form a self-aligned base-emitter
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junction. A trench etch and dielectric refill has been incorporated to substantially
reduce the extrinsic collector-base capacitance of the transistor. Additionally, the
device epitaxy has been tailored to support a submicron process, with device
parameters that are optimized for high digital logic speeds and not necessarily
traditional transistor figures-of-merit (f;, frax). HBTs using this process flow have
been fabricated at UCSB and Rockwell Scientific, and good RF results have been

achieved.

8.2 Future Work

The parameters of the scaled mesa-HBT were designed for high-speed digital logic
applications based on the delay analysis of Chapter 6. The demonstration of high-
speed digital circuits using the technology is necessary to validate the design
approach. High-speed divider circuits using the process have been designed and are
currently being fabricated at Rockwell Scientific Company and Global
Communication Semiconductors (GCS).

From atechnology perspective, further improvements could be made in the
scaled mesa-HBT process flow, while stopping short of the revolutionary Si/SiGe-
like process flow that has al so been proposed. The planarization/etchback process
used in the base-emitter junction formation was difficult and labor intensive. An
ideal process flow would enable the base metal to be selectively deposited on the
base semiconductor and not on the emitter contact or sidewalls. In silicon
technologies, self-aligned salicides (silicon/metal alloys) may be formed selectively

on semiconductor. An equivalent technology in alll-V material system would be
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highly desirable. An alternative approach to forming the self-aligned base metal in a
[11-V system may be to use a selective chemical vapor deposition of a metal, or to
attempt electroplating the base metal using the base semiconductor as the seed layer.

In thiswork, atrench isolation etch was used for base pad capacitance
reduction, and this process could be extended to provide device isolation. Damage
isolation implants of InP do not produce sufficiently high resistivity for device
isolation. However, if atrench etch was used to electrically isolate the devices, an
ion implantation could be added to create a moderately high resistance substrate that
is sufficient for wiring capacitance reduction.

From an applications standpoint, the scaled-mesa HBTs in this work have
focused on digital logic applications. However, in scaling device parasitics the mesa-
HBTs have shown progressively higher levels of transistor power gain. This makes
the devices a promising candidate for the millimeter-wave and sub-millimeter wave
RF applications that the transferred-substrate technology was so well suited for.
Additionally, double heterojunction transistors simultaneously offer large breakdown
voltages, which should enable moderate levels of power generation.

Aswas discussed in the beginning of this work, the InP material system
offers significant materials advantages over Si/SiGe devices. For digital applications,
Si/SiGe bipolar devices offer comparable circuit bandwidths because they are
aggressively scaled through advanced device processing. If scaled to the same
degree, there is no question that InP devices would offer superior performance.

However, the advanced processes used in a Si/SiGe foundry are enabled by the
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enormous capital investment in the silicon CMOS infrastructure. An open question is
whether a market exists to support the development of a similar infrastructure in the

[11-V semiconductor community.
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Appendix A

MATLAB source code for complex impedance correction of TRL calibration
digits(9);

% Read Excel File with measured Transistor S-parameters

raw_sparam=xlsread(‘ TSHBT _r_Uncorr_Sparams\R3C2_E3x18 C7_W3 150 V11 GuxIs);
I=length(raw_sparam);

% Read Excel File with Complex Characteristic Impedance Correction Data
raw_zo=xlsread(‘Zo _r_140to220_mom.xIs);

N=2048;

M=2048*6;

Zo _ca=57.0;

% Convert raw data to complex numbers

for n=1:101
S11_meas(n)=raw_sparam(n,2)+i*raw_sparam(n,3);
S12_meas(n)=raw_sparam(n,6)+i*raw_sparam(n,7);
S21_meas(n)=raw_sparam(n,4)+i*raw_sparam(n,5);
S22 _meas(n)=raw_sparam(n,8)+i*raw_sparam(n,9);

zo(n)=raw_zo(n,2)+i*raw_zo(n,3);

% Calculate measured y-parameters
delta_meas(n)=(1+S11_meas(n))* (1+S22_meas(n))-S12_meas(n)* S21_meas(n);
Y11 meas(n)=((1-
S11_meas(n))* (1+S22_meas(n))+S12_meas(n)* S21_meas(n))/delta_meas(n)/Zo_cdl;
Y 12_meas(n)=-2* S12_meas(n)/delta_meas(n)/Zo_c4dl;
Y21 _meas(n)=-2* S21_meas(n)/delta_meas(n)/Zo_cal;
Y 22_meas(n)=((1+S11_meas(n))* (1-
S22 _meas(n))+S12_meas(n)* S21_meas(n))/delta meas(n)/Zo_cal;

% Calculate corrected Y -parameters
Y11 corr(n)=Y 11 _meas(n)*Zo_cal/zo(n);
Y 12_corr(n)=Y 12_meas(n)*Zo_cal/zo(n);
Y21 corr(n)=Y21_meas(n)*Zo_cal/zo(n);
Y 22_corr(n)=Y22_meas(n)*Zo_cal/zo(n);
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% Calculate corrected S-parameters referenced to 50 Ohms
delta_corr(n)=(1+Y 11 _corr(n)*50)* (1+Y 22_corr(n)*50)-Y 12_corr(n)*50*Y 21_corr(n)*50;
S11_corr(n)=((1-Y 11 _corr(n)*50)* (1+Y 22_corr(n)*50)+Y 12_corr(n)*50*Y 21_corr(n)*50)
/delta_corr(n);
S12_corr(n)=-2*Y 12_corr(n)*50/delta_corr(n);
S21 corr(n)=-2*Y 21_corr(n)*50/delta_corr(n);
S22_corr(n)=((1+Y 11 _corr(n)*50)* (1-
Y 22_corr(n)*50)+Y 12_corr(n)*50*Y 21_corr(n)*50)/delta_corr(n);

% Calculate Unilateral Power Gain
U_numerator(n)=abs(Y 21_corr(n)-Y 12_corr(n))*abs(Y 21 corr(n)-Y 12_corr(n));
U_denominator(n)=4* (real (Y 11_corr(n))*real (Y 22_corr(n))-real (Y 21 _corr(n))*real(Y 12_corr(n)));
if U_denominator(n) <0
mason(n)=0;
else
mason(n)=10*log10(U_numerator(n)/U_denominator(n));

end

% Calculate MSG/MAG
b(n)=1+abs(S11 _corr(n))"2-abs(S22_corr(n))*2-abs(S11_corr(n)* S22 _corr(n)-
S12_corr(n)* S21_corr(n))"2;
k(n)=(1-abs(S11_corr(n))"2-abs(S22_corr(n))"2+abs(S11_corr(n)* S22_corr(n)-
S12_corr(n)*S21_corr(n))*2)/(2* abs(S12_corr(n)* S21_corr(n)));
if (b(n)>0) & (k(n) >1)
MSG_MAG(n)= 10*log10(abs(S21_corr(n))/abs(S12_corr(n))* (k(n)-(k(n)*2-1)".5));
else
MSG_MAG(n)= 10*1og10(abs(S21_corr(n))/abs(S12_corr(n)));
end

% Calculate h21
h21(n)= 10*log(Y 21 corr(n)/Y 11 _corr(n));

% Calculate Ccb
Ccb(n)=-imag(Y 12_corr(n))/(2* 3.14159* raw_sparam(n));

end

191



% Write corrected S-parameters to file in Touchstone (s2p) format.
fp = fopen(‘R3C2_E3x18 C7 W3 150 V11 G.s2p',\'w);
fprintf(fp,'%s\n’, '# hz Sri R 50");
for n=1:101
x=[raw_sparam(n); real(S11_corr(n)); imag(S11_corr(n)); real(S21_corr(n)); imag(S21_corr(n));
real (S12_corr(n)); imag(S12_corr(n)); rea (S22_corr(n)); imag(S22_corr(n))];
fprintf(fp,'%1.9EM %+1.9E\t %+1.9E\ %+1.9E\t %+1.9E\t %+1.9E\t %+1.9E\t %+1.9E\t
%+1.9E\n'X);
end

% Write U, MSG/MAG.
fclose(fp);
fp = fopen(R3C2_E3x18 C7_W3_I150_V11_G.txt','w");
fprintf(fp,'%s\t %s\t Y6s\t Yos\t Yos\t %os\t %esit %es\n', 'freg, 'U', 'MSG/MAG', 'H21', 'Cchb’, 'ReY 12,
'ReY 22, 'ImY 22);
for n=1:101
x=[raw_sparam(n); mason(n); MSG_MAG(n); h21(n); Ccb(n); real (Y 12_corr(n));
real (Y 22_corr(n)); imag(Y 22_corr(n))];
fprintf(fp,'%1.9E\t %1.9E\t %+1.9EM %+1.9E\t %+1.9E\t %+1.9E\t %+1.9E\ %+1.9E\n' X);

end
fclose(fp);
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