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Abstract

Ultra High Speed InGaAs / InP DHBT Devices and Circuits

by

Zachary M. Griffith

This work examines the efforts pursued through vertical and lateral scaling to

increase the bandwidth of InP based DHBTs. Through process development, device

performance has improved from lateral scaling and reduced contact resistances. A

high-yield 0.5µm narrow mesa emitter junction technology has been realized. The

contact resistivityρc for the emitter, base, and collector layers has been reduced to

less than 10Ω ·µm2, a 2:1 improvement. With this base-contactρc and a typical base

sheetρs
∼= 600Ω/2, the metal-semiconductor transfer lengthLt has been reduced

to 120 nm, and 0.3µm base contacts have been realized. This has substantially

reduced the extrinsicCcb with minimal increase to the base resistanceRbb.

The reductions to the extrinsic capacitive and resistive parasitics allow the ac-

tive collector thicknessTc to be thinned for increased device bandwidth. To achieve

minimumCcb/Ic ratio asTc is reduced, the maximum current density will increase

Je = JKirk ∝ T−2
c . The power density will similarly increaseP = Ic·Vce = JeAe·Vce.

Improved device heat-sinking to the high thermally-conductive InP substrate for re-

duced HBT thermal resistanceθJA (K·µm2/mW) must be considered during HBT

viii



design to prevent excessive device self-heating as the operating power density in-

creases. For the device improvements discussed, the follow results have ensued

from each collector scaling generation:

Tc = 210 nm→ fτ /fmax = 276/451 GHz,Tc = 150 nm→ fτ /fmax = 391/505 GHz,

Tc = 120 nm→ fτ /fmax = 450/490 GHz,Tc = 100 nm→ fτ /fmax = 491/415 GHz.

Static frequency dividers were designed and fabricated utilizing an HBT with a

collector thickness of 150 nm. The amount of∆Vlogic consumed by the parasitic

emitter resistance was the scaling limit for these circuits. A dense wiring scheme

is utilized to reduce interconnect delays, and the signal integrity was maintained

through the use of a low-εr, thin-film microstrip environment. Divide-by-2 designs

fabricated at GCS and UCSB had a maximum toggle rate offclk,max = 153 GHz and

142 GHz, respectively.
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1
Introduction

DESPITE formidable progress in CMOS, bipolar transistors remain compet-

itive due to the larger breakdown voltages obtainable and the larger litho-

graphic feature sizes required for a transistor at a given bandwidth. Compared to

the SiGe material system, InP heterojunction bipolar transistors (HBTs) have≈

3.5:1 higher collector electron velocity and≈ 10:1 higher base electron diffusivity.

Consequently, at the same scaling generation InP HBTs would have≈ 3:1 greater

bandwidth than SiGe HBTs. Today the maturity of advanced silicon processes has

enabled SiGe HBTs to be fabricated with 100 nm emitter junctions with minimal

extrinsic parasitics, while efforts to aggressively scale InP HBTs are described in

this work. With that, SiGe HBTs have demonstrated simultaneous 300 GHzfτ and

350 GHzfmax [1] and 102 GHz static frequency dividers [2], while InP DHBTs from

UCSB have obtained simultaneous 450 GHzfτ and 490 GHzfmax [3], 176 GHz

power amplifiers with 5-dB power gain [4], and> 150 GHz static frequency di-

viders [5]. Consequently, the two technologies today have comparable bandwidth,
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with SiGe offering much higher levels of integration. Continued bandwidth im-

provement and increased integration of InP HBTs requires careful consideration be

given to scaling laws and limits, and the requirements placed upon transistor design

for wideband circuits must be clearly understood [6, 7].

The InP HBTs described in this work utilize a triple-mesa structure. Collector,

base, and emitter layers are grown atop of each other and device layers are isolated

by mesa formation once electrical contacts have been made. Under bias, the car-

riers are swept vertically across the emitter, base, and collector by their respective

transport mechanisms to realize transistor behavior. The dominant delay associated

with the electrons traversing the HBT layers is the base and collector transit times,

τb + τc = τf . Because mesa HBTs are a vertical transport device, the unity current

gain frequencyfτ ≈ (2πτf )
−1 will increase by thinning the active base and col-

lector layers through growth. However, the resistances associated with the ohmic

contacts, the link resistances between the contacts and active layers, and the extrin-

sic base-collector capacitanceCcb,ex underneath the base contact (a consequence of

the mesa device topology, needed to supply bias to the base terminal of the HBT)

must be similarly scaled. If they are not, the maximum oscillation frequencyfmax

will decrease significantly, theCcb/Ic ratio (a digital IC figure of merit for HBTs)

will increase, and no benefit from epitaxial scaling will be realized.

This thesis is separated into two parts. The first details design, scaling and fabri-
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cation challenges addressed in this work. In Chapter 2 the mesa HBT technology is

described. Scaling laws for increasing HBT and digital IC bandwidth, and physical

limits to scaling are presented. Advanced process modules for continued increases

to HBT bandwidth are briefly discussed – they include collector pedestal implants

for reducedCcb and regrown-emitter junctions for reducedRex andRbb. Chapter 3

summarizes the fabrication efforts undertaken to aggressively scale the mesa HBT

footprint and its parasitics. A high-yield 0.5µm narrow mesa emitter junction tech-

nology has been realized. The contact resistivityρc for the emitter, base, and collec-

tor layers has been reduced to less than 10Ω · µm2. With this base-contactρc and a

typical base sheetρs
∼= 600Ω/2, the metal-semiconductor transfer lengthLt is ∼

120 nm. When combined with i-line stepper lithography having less than 150 nm

registration error and collector undercut during mesa formation∼ 150 nm, 0.3µm

base contacts have been realized. This has substantially reduced theCcb,ex with min-

imal increase to the base resistanceRbb. Device performance has thus increased at

the same epitaxial scaling generation.

The reductions to the extrinsic capacitive and resistive parasitics have allowed

the active collector thicknessTc to be thinned for increased device bandwidth. To

achieve minimumCcb/Ic ratio asTc is reduced, the maximum current density will

increaseJe = JKirk ∝ T−2
c . The power density will similarly increaseP = Ic·Vce

= JeAe·Vce. Improved device heat-sinking to the high thermally-conductive InP
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substrate for reduced HBT thermal resistanceθJA (K·µm2/mW) must be considered

during HBT design to prevent excessive device self-heating as the operating power

density increases. A barrier to heat flow from the active collector region to the

InP substrate is a thin layer of low-thermally conductiveIn0.53Ga0.47As. This layer

provides low contact resistanceρc for the InP sub-collector. In this work, this layer

has been progressively thinned from 25 nm to 6.5 nm to minimizeθJA, without

significantly increasingρc.

The second part of this thesis reports discrete InP DHBT performance and static

frequency divider designs from UCSB. Chapter 4 presents many device results of

varying collector thicknesses, they include,

Tc = 210 nm→ fτ /fmax = 276/451 GHz,Tc = 150 nm→ fτ /fmax = 391/505 GHz,

Tc = 120 nm→ fτ /fmax = 450/490 GHz,Tc = 100 nm→ fτ /fmax = 491/415 GHz.

Calibration methods used to make on-wafer and off-wafer network analyzer mea-

surements to 110 GHz are discussed. In addition to demonstrating high bandwidths,

these HBTs showed very low-leakage currents∼ 100 pA and could operate to a

power density of 20 mW/µm2 before failure. This is the first work to present such

devices. Chapter 5 reports static frequency dividers (digital benchmark circuits for a

device technology) designed and fabricated utilizing an HBT with a collector thick-

ness of 150 nm. The devices within the circuits were biased at or close toJKirk

to minimize the dominant gate delay termτ = Ccb∆Vl/Ic. The amount of logic
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swing consumed by the emitter resistance∆Vparasitic was the HBT scaling limit for

these circuits. A dense wiring scheme is used to reduce interconnect delays, and the

signal integrity was maintained through the use of a low-εr, thin-film microstrip en-

vironment. Divide-by-2 designs from UCSB, fabricated at Global Communication

Systems (GCS), had a maximum toggle rate offclk,max = 153 GHz. The same divide-

by-2 circuits fabricated at UCSB had a maximum toggle ratefclk,max = 142 GHz.
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2
InP DHBT Theory and Design

INP heterojunction bipolar transistors (HBT) utilizing a mesa topology have been

under development at UCSB since 2002. It was pursued as an alternative to

the transferred-substrate technology (TS-HBT), where the active collector is defined

lithographically after substrate removal and the extrinsic base-collector capacitance

Ccb,ex can be made small in comparison to the entireCcb of the HBT. However,

this process is very complicated and the device yield was low, motivating the mesa

structure as an alternative topology for UCSB HBTs.

In this chapter, the mesa HBT technology is described. The carrier delays, re-

sistances, and capacitances are presented, with emphasis on their physical origins

from the device topology. From that, the RF HBT figures-of-meritfτ andfmax are

introduced. The base and collector transit delays are the dominant contributors tofτ

andfmax, but their values do not correlate well to the delays associated with a digital

latch, regularly employed as retiming elements and decision circuits. HBT scaling

laws are considered here for increased circuit bandwidth. Lastly, device modeling,
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scaling limits, and advanced process modules intended to alleviate these limitations

are discussed.

2.1 mesa HBT structure

Figure 2.1: Mesa HBT structure w/ self-aligned base contact

The InP HBTs described in this work utilize a triple-mesa structure, shown in

Fig. 2.1 and Fig. 2.2. Collector, base, and emitter layers are grown atop of each

other and device layers are isolated by mesa formation once electrical contacts have

been made. Under bias, the carriers are swept vertically across the emitter, base,
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Figure 2.2: Mesa HBT showing distributed device resistances and capacitances

and collector by their respective transport mechanisms to realize transistor behavior.

A metal-semiconductor contact is utilized to electrically link the emitter, base, and

collector semiconductor to their respective interconnects. Because the emitter is the

top-most layer, its contact can lie above the active region of the device. The base

however must be accessed externally through a contact that resides adjacent to the

emitter stripe. Spreading resistance underneath the emitter mesa within the intrinsic

part of the base is unavoidable. The horizontal gap between the base contact and

emitter mesa, and the contact adds additional extrinsic resistances. Furthermore,

the base mesa (Wmesa = 2Wcont + 2Wgap + We) defines the width of the collector
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mesa and hence the totalCcb of the HBT. Minimizing the base gap and width of the

contacts will avoid unwanted increases toRbb andCcb. To ensure this, a self-aligned

base contact is employed. After the emitter contact is formed, the emitter mesa

is etched down to the base. During the emitter semiconductor etch, an undercut

is formed. The undercut serves as a shadow-mask such that the base contact can

be deposited overtop the emitter contact and adjacent periphery to contact the base

semiconductor, such that only the emitter mesa undercut∼ 50 nm contributes to the

base gap resistance. The collector is accessed externally and adjacent to the base.

Because the collector is depleted, a thick, highly dopedN+ sub-collector is utilized

to provide collector bias. This layer lies underneath the collector mesa, has similar

spreading, gap, and contact resistances as described for the base, and is contacted on

both sides using a non-self aligned ‘horseshoe’ like contact. To isolate devices, the

sub-collector is etched from the field through to the semi-insulating InP substrate.

Further fabrication details are given in Chapter 3 and Appendix B.

2.2 HBT carrier transit times

The time it takes for an electron entering from the emitter to traverse across the

base is given by,

τb =
T 2

b

2Dn
+

Tb

υexit
(2.2.1)
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whereTb is the base thickness andDn is the electron minority diffusivity in the base.

Often theTb/υexit contribution is ignored by assuming that the electron concentra-

tion at the collector side of the base is zero. For a thin base this assumption is not

valid and the correction term accounts for how quickly the finite electron concen-

tration exits the base, at a velocity proportional to the thermionic emission velocity

υexit ∼ (2kT/πm∗)1/2 [1]. This transit time calculation assumes uniform composi-

tion and doping in the base. To reduceτb, a quasi-electric field can be established to

accelerate electrons more quickly across the base. Assuming the grading of the base

conduction band is linear, Equ. 2.2.1 is rewritten as [2],

τb =
T 2

b

Dn

(
kT

∆E

)[
1 − kT

∆E

(
1 − exp−∆E/kT

)]
+

Tb

υexit

(
kT

∆E

)(
1 − exp−∆E/kT

)

(2.2.2)

where∆E is the energy difference across the base conduction band. The HBTs

presented in this work employ a doping grade producing a∆E ∼ 50 meV. This in

turn reducesτb by ∼ 50% compared to an ungraded base. Note Equ. 2.2.2 does

not consider hot carrier or quasi-ballistic transport in the base due to the abrupt

InP/InGaAs emitter-base junction utilized by UCSB HBTs.

Electrons injected from the base into the collector create a displacement current

across the junction. The mean delay associated with this current is related to the

change in stored base charge (equivalent induced image charge) at the collector side
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of the base terminalδQbase, given by

τc =

∫ Tc

0

1 − x/Tc

υ(x)
dx ≡ Tc

2υeff
(2.2.3)

whereτc is the collector transit time,Tc is the collector thickness, andυ(x) and

υeff are the position-dependent and effective electron velocities in the collector drift

region.

As electrons enter the collector, they acquire kinetic energy and experience bal-

listic transport, typically referred to as a velocity overshoot regime. Because of

the large energy separation between theΓ-L conduction band valleys (0.55 eV for

In0.53Ga0.47As, 0.6 eV for InP), electrons are able to traverse a significant fraction

of the collector before attaining sufficient kinetic energy to cause scattering to the

higher effective mass, lower velocity L-valley [3, 4]. By modeling the collector

velocity as a two-step profile, Equ. 2.2.3 can be written as,

τc =
1

Tc

∫ Ts

0

Tc − x

υ1

dx +
1

Tc

∫ Tc

Ts

Tc − x

υ2

dx (2.2.4)

and solved to give,

τc =
1

Tc

[
2TcTs − T 2

s

2υ1
+

(Tc − Ts)
2

2υ2

]
(2.2.5)

Because the collector transit time is more heavily weighted on the rate at which

δQbase decreases as the displacement current traverses the collector, higher electron

velocities near the base are desired. This is shown in the following example. Con-

sider two scenarios:υ1 = υo, υ2 = 1
2
υo andυ1 = 1

2
υo, υ2 = υo. Assume the velocity
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transition is atTs = 1
2
Tc. In the first case where the velocity is higher near the

baseυeff = 5
4
υo, and in the second case where the velocity is lower near the base

υeff = 7
4
υo – an increase of∼ 40%.

2.3 Collector design and maximum current density

As the collector current density is varied, the injected electrons screen the back-

ground doping and modify the electric field profile in the collector. To account for

this injected charge, Poisson’s equation to describe the collector can be written,

−d2φ

dx2
=

dE

dx
=

1

εoεr

[
qNc −

J(x)

υ(x)

]
(2.3.1)

whereεoεr is the dielectric constant,Nc the collector doping,J(x) the collector

current density, andυ(x) the electron velocity in the collector. Integrating Equ. 2.3.1

to solve for the electric field,

E(x) =
1

εoεr

∫ x

0

qNc −
J(x)

υ(x)
dx (2.3.2)

Electrons spread outward as they traverse the collector (current spreading) creating

a position dependent current density. In the collector transit time discussion, a step

function is used to describe a position dependent electron velocity due to overshoot

and scattering. AssumingJ(x) andυ(x) to be constant and integrating across the
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electric field,

φbi + Vcb ≥ − T 2
c

2εoεr

[
qNc −

Je

υeff

]
(2.3.3)

whereφbi is approximately the base bandgap potential difference,Vcb is the ap-

plied potential difference across the base-collector junction, andTc is the collector

thickness. When this relationship is equal, the current density (injected electrons)

modifies the electric field profile such that it is equal to zero at the base-side of the

collector,E(0) = 0. This is often referred to as the Kirk threshold current density,

JKirk = Jmax =
2εoεrυeff

T 2
c

(φbi + Vcb) + qNcυeff (2.3.4)

At higherJe > Jmax for an InP-SHBT (InGaAs base and collector), holes are no

longer confined to the base as the conduction and valence bands progressively flatten

within the collector to a distanceT1, 0 ≤ x < T1, E(x) = 0. This causes the base

transit timeτb and collector-base capacitanceCcb to increase, while slightly reducing

the collector transit timeτc. This is the classical definition of the Kirk effect [5]. For

an InP DHBT (InGaAs base, InP collector), the valence band discontinuity at the

base-collector heterojunction blocks holes from entering the collector region. AsJe

exceedsJmax, this barrier prevents holes from compensating the excessive electron

density and the field will reverse acting as a barrier to the injected collector current.

This current barrier will cause a collapse in the current gain and the reduced electron

velocity will significantly increaseτc – a phenomena not experienced by SHBTs.
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Higher HBT bandwidths are achieved whenJmax is increased at a given collector

thickness. From Equ. 2.3.4, this can be done by increasing the externally appliedVcb

and/or increasing the collector dopingNc. When designing an HBT for use in a

digital circuit, two bias conditions need to be considered:Vcb = 0, Je = Jmax and

Je = 0. To maximizeJe, the collector doping should be as high as possible, however

it should not be so high as to cause depletion layer collapse within the drift collector

when there is no current,E(x = Tc) = 0. From Equ. 2.3.3 this is satisfied when,

Nc,max =
2εoεrφbi

qT 2
c

(2.3.5)

and Equ. 2.3.4 can be rewritten as

Jmax =
4εoεrυeff

T 2
c

(φbi + Vcb) (2.3.6)

At the doping level prescribed by Equ. 2.3.5,Jmax is 2× higher compared to a

collector that is undoped, greatly influencing logic speed through the use of smaller

devices at a given operating currentIc.

2.3.1 Correction to account for UCSB base-collector grade

InP DHBTs from UCSB utilize an InGaAs base and InP collector, often referred

to as Type-I DHBTs. The conduction band discontinuity betweenIn0.53Ga0.47As

and InP (∆Ec = 0.26 eV) is removed through a combined transition scheme employ-

ing an InGaAs setback layer and chirped-superlattice InGaAs/InAlAs grade [6, 7].
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The grade acts to smooth out the energy discontinuity such that there is no effective

potential drop across the length of the grade. A dipole electric field is formed be-

tween theP+ base and anN -doped pulse layer inserted to restore the expected field

across the graded region, determined from the relationship,

NδTδ =
εoεr∆Ec

q2 · Tgrade
(2.3.7)

whereNδ andTδ are the doping concentration and thickness of the pulse layer. To

ensure electrons traverse through the grade and are not reflected, kinetic energy is

supplied to them over the setback region. Note, Equ. 2.3.7 does not consider this

layer, and the setback potential difference∆φsetback can be a significant fraction of

φbi. The amount of kinetic energy needed by the electrons over the setback layer

for the employed grade design is not well understood at this time. The InP DHBTs

reported in Chapter 4 show no signs of current blocking utilizing a launching energy

∆φsetback ∼ 0.35 eV. To account for the dipole field across the setback and grade,

Poisson’s equation is modified,

φbi + Vcb ≥
qNcT

2
c

2εoεr
+

qNδTδ(Tsetback + Tgrade)

εoεr
(2.3.8)

From this expression the maximum allowable collector doping to ensure full collec-

tor depletion is,

Nc,max =
1

T 2
c

[
2εoεr

q
(φbi + Vcb) − 2NδTδ(Tsetback + Tgrade)

]
(2.3.9)
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Assuming standard values forNδ = 3 ·1018 cm−3, Tδ = 3 nm,Tsetback = 20 nm, and

Tgrade = 24 nm atVcb = 0 V, the dipole field reduces the maximum collector doping

by∼ 2/3. This is a significant reduction that must be accounted for in design.

An alternative way to determineNd,max and solve forJmax is to only consider

the portion of the collector between the pulse doping and sub-collector. Poisson’s

equation solved over this region is,

φbi − ∆φsetback+grade + Vcb
TInP

Tc
≥ − T 2

InP

2εoεr

[
qNc −

J(x)

υ(x)

]
(2.3.10)

whereTInP is the thickness of the InP portion of the collector and the potential

difference across the setback and grade is,

∆φsetback+grade ≈

(φbi + Vcb)
Tsetback

Tc
+

qNδTδ(Tsetback + Tgrade)

εoεr
+

[
qNc −

Je

υo

]
Tc(Tsetback + Tgrade)

2εoεr

(2.3.11)

whereυo is the electron overshoot velocity in the setback and grade. From Equ.

2.3.10,Nd,max andJmax are,

Nc,max =
2εoεr · (φbi − ∆φsetback+grade + Vcb(TInP /Tc)

qT 2
InP

(2.3.12)

Jmax =
2εoεrυ

′
eff

T 2
InP

(
φbi − ∆φsetback+grade + Vcb

TInP

Tc

)
+ qNcυ

′
eff (2.3.13)

whereυ′
eff is used to denote the effective velocity in the InP layer.

17



CHAPTER 2. INP DHBT THEORY AND DESIGN

Figure 2.3: Variation of band diagram atVcb = 0,J = 0, Jmax, and1.5 Jmax

A band-diagram for the base-collector junction is shown in Fig. 2.3 forJe = 0,

Jmax, and1.5 Jmax at Vcb = 0. Notice from the band-diagram and Equ. 2.3.11,

∆φsetback+grade decreases asJe increases, significantly influencingJmax by increas-

ing the potential difference across the InP layer. However, atJe > Jmax, the re-

ductions to∆φsetback+grade cause a positive potential increase across the grade. At

1.5Jmax, the field is beginning to reverse in the InP layer, but the potential difference

across the grade≈ ∆Ec/q has become sufficiently large to block electrons and/or

reduce their velocity, exacerbating the field reversal at higherJe. This behavior

has been witnessed from fabricated UCSB DHBTs of varying collector thicknesses;
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Ccb increases slowly,fτ andfmax decrease gradually asJe exceedsJmax. At much

higherJe, the increase ofCcb is rapid, andfτ andfmax both roll-off sharply.

2.4 HBT resistance and capacitance

2.4.1 Base-collector depletion capacitance,Ccb

With respect to the mesa HBT structure shown in Fig. 2.1, the three components

of the collector-base capacitance are,

Ccb = Ccb,ex + Ccb,gap + Ccb,i (2.4.1)

Ccb,ex = 2
εoεrLeWb

Tc
, Ccb,gap = 2

εoεrLeWgap

Tc
, Ccb,i =

εoεrLeWe

Tc

whereWb is the width of the base metal-semiconductor junction,Wb,gap is the spac-

ing between the base contact and emitter mesa, andWe andLe are the width and

length of the emitter junction.

2.4.2 Base resistance

The three components that contribute to the base resistance of an HBT are the

metal-semiconductor contactRb,cont, the gap or link resistance between the base

contact and emitter mesaRb,gap, and the spreading resistance within the active region

where recombination takes place,Rb,spread. Assuming the base is contacted on both
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sides of the emitter,

Rbb = Rb,cont + Rb,gap + Rb,spread (2.4.2)

Rb,cont =

√
ρc · ρs

2Le

coth
Wb

Lt

, Rb,gap = ρs
Wb,gap

2Le

, Rb,spread = ρs
We

12 · Le

whereρc (Ω · µm2) andρs (Ω/2) are the specific contact and sheet resistivities of

the base, andLt is the ohmic transfer length equal to
√

ρc/ρs. Equation 2.4.2 can

be rewritten to more clearly show how the base resistance varies with the emitter

dimensions and the width of the base mesa,

Rbb =
1

2

ρs

Le

[
Lt coth

Wb

Lt
+ Wgap +

We

6

]
(2.4.3)

During HBT fabrication, the base sheet and contact resistivities are monitored

using four-point-probe transmission line measurements (TLM) from non-pinched

and pinched structures. For each TLM pattern measured, the distance between the

probe pads progressively increases such that an excellent linear dependence should

be observed for the base resistance versus TLM spacing. A non-pinched TLM struc-

ture is shown in Fig. 2.4, where the emitter semiconductor has been removed and the

base semiconductor to be measured is exposed, used to extractρc. A pinched TLM

structure is shown in Fig. 2.5, where the emitter semiconductor resides atop the base

semiconductor, used to determineρs. Why both structures are needed is explained.

By removing the emitter semiconductor, surface states are formed on the exposed

base of the non-pinched TLM. For a 30 nm base where the exposed semiconductor
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Figure 2.4: Non-pinched TLM structure – the base semiconductor is exposed

Figure 2.5: Pinched TLM structure – the emitter resides atop the base semiconductor

is doped at7 · 1019 cm−3, the surface is depleted by 20%, increasingρs by the

same amount. A Pinched TLM does not experience this. However, the undercut

formed during the emitter mesa etch introduces an additive gap resistance term to

the extrapolated contact resistance, making the extractedρc fictitiously high.

Equations 2.4.4 and 2.4.5 show how the non-pinched and pinched TLMs behave,

Rnon−pin = 2Rcont + R ′
slope · L (2.4.4)

Rpin = 2Rcont + 2R ′
gap + Rslope · L (2.4.5)
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The prime notation is used to identify resistive paths of a depleted surface. From

the non-pinched relation, the ohmic transfer length isLt = Rcont/R
′

slope. From the

pinched TLM relation, the base sheet resistance isρs = Rslope/WTLM , whereWTLM

is the width of the TLM. The contact resistivity can be determined from the relation

Lt =
√

ρc/ρs. Fig. 2.6 shows a plot of measured non-pinched and pinched TLMs

from the same wafer.

Figure 2.6: Measured TLMs – Pinched and Non-pinched for DHBT 27

The contact resistivities achieved in this work are very low and necessitate the

use of this extraction method. Error is further minimized by examining the fabricated

TLMs by SEM so as to use their exact dimensions in the extrapolation.
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2.4.3 Sub-collector resistance

The contact, gap, and spreading resistances described for the base similarly exist

for the sub-collector,

Rcc = Rc,cont + Rc,gap + Rc,spread (2.4.6)

Rcc =
1

2

ρs

Le

[
Lt + Wc,gap +

Wcb

6

]

whereρc (Ω · µm2) andρs (Ω/2) are the specific contact and sheet resistivities of

the collector,Wcb is the width of the collector mesa,Wc,gap is the spacing between

the collector mesa and contact,Le is the emitter junction length, andLt is the ohmic

transfer length equal to
√

ρc/ρs. The exponential term associated withRc,cont can

be ignored as the contact is much wider than theLt associated with the collector

contact.

The sub-collector is thick and highly doped to minimize the sheet resistance.

The doping cannot be so high as to introduce defects within the growth of the sub-

sequent layers, and making it unnecessarily thick will introduce problems during

wafer planarization because it must be etched away in the field in order to isolate

devices. HBTs from UCSB typically employ a 300 nm sub-collector doped with Si

at 2 · 1019 cm−3. Non-pinched TLMs are utilized to measure the sheet and contact

resistance of the sub-collector. Any TLM surface depletion is ignored because its

thickness is much smaller in comparison to the sub-collector.
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2.4.4 Emitter resistance

The emitter resistance is dominated by the metal-semiconductor contact, with a

small contribution from the tall mesa required for a self-aligned base contact,

Rex = Rex,cont + Rex,bulk (2.4.7)

Rex,cont =
ρc

Ae,cont
, Rex,bulk = ρbulk

hmesa

Aje

After the growth of theN− InP emitter, a 120 nm thickN++ InP and InGaAs emitter

cap is grown. Because the current transport through the emitter is vertical, standard

TLM measurements are not possible. RF parameter extraction is used instead to

determineRex, and the bulk resistivityρbulk of the emitter cap can be approximated

from sub-collector TLM measurements, typically 3.6Ω·µm. For the 120 nm emitter

cap employed in HBTs from UCSB,ρbulk contributes∼ 0.45Ω · µm2 to Rex. It is

assumed that any surface depletion can be ignored because the emitter junction is

much wider and the cap doping is very high. This assumption must be reconsidered

when the emitter junction is scaled more narrowly. Nonetheless, if the surface is de-

pleted 50 nm for the 0.5µm emitter HBTs reported in this work (20% cap depletion),

the contribution fromρbulk would be less than 7 % of the totalRex.
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2.5 Transistor figures of merit

The HBT common-emitter unity current-gain cutoff frequencyfτ is,

1

2πfτ
= τc + τb + Ccb · (Rex + Rc) +

ηkT

qIe
(Ccb + Cje) (2.5.1)

whereτc andτb are the collector and base transit times,Ccb andCje are the depletion

capacitances for the collector and emitter,Rc and Rex are the resistances of the

collector and emitter, and(ηkT/qIc)
−1 is the transconductance of the HBT.

The HBT maximum oscillation (unity power-gain) frequency is,

fmax =

√
fτ

8π(RC)eff
(2.5.2)

dependent upon the HBTfτ and a general time constantRCeff that includes the ef-

fects of the distributed base-collector network, the emitter and collector resistances,

and the device transconductancegm [8]. When the base resistance is much larger

than the emitter and collector resistances, their effects become secondary and only

the distributed base-collector network needs to be considered. Furthermore, the

components ofCcb should only consider the resistance in its path when determin-

ing the charging time constants. Utilizing the definitions forCcb andRbb from Equ.

2.4.1 and 2.4.3,

fmax =

√
fτ

8π(RbbCcb)eff
(2.5.3)
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and

(RbbCcb)eff = Ccb,iRbb + Ccb,gap(Rb,cont + Rb,gap/2) + Ccb,ex(Rb,cont,0||Rb,cont,1)

(2.5.4)

where the collector-base capacitance underneath the emitter stripeCcb,i is charged

through the entire base resistance, and the gap capacitanceCcb,gap between the emit-

ter mesa and base contact is charged through (Rb,cont + Rb,gap/2). The extrinsic

collector-base capacitanceCcb,ex underneath the base contact is charged by currents

traversing vertically through the contact above it, having a resistanceRb,cont,0 =

ρc/(2 · LeWb). If the collector mesa has been undercut during fabrication, a paral-

lel charging path is formed by currents traversing laterally through the base contact

(semiconductor sheet resistance ignored) in the region associated with the undercut

Wu. This path has a resistanceRb,cont,1 = ρsLt · coth(Wu/Lt)/2Le, andRb,cont,0 is

equal toρc/(2 · Le(Wb −Wu))

2.6 Device modeling

This section describes the two modeling schemes most often used to characterize

InP HBTs from UCSB. The first technique makes use of the measured S-parameters

of the HBT in order to extract their electron transit time, resistances, and capaci-

tances to create a hybrid-π equivalent circuit. It is an accurate, simplified represen-

tation of an HBT compared to the true distributed nature ofRC elements within
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the device. The second device modeling technique utilizes a bias dependent, highly

detailed, equation based physical model of the HBT geometry for use in circuit de-

signs.

2.6.1 Small-signal equivalent circuit modeling

Fig. 2.7 shows the hybrid-π equivalent circuit for an HBT. It is a modified voltage

controlled current source where theRC elements of the device are placed between

their respective nodes. The extraction procedure for determining the model compo-

nents from S-parameter measurements at different bias currents is discussed.

Figure 2.7: Hybrid-pi equivalent circuit HBT model
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The device transconductancegm, input diffusion capacitanceCdiff , and input

resistanceRbe are given by,

gm =
qIe

ηkT
(2.6.1)

Cdiff = gm · τf (2.6.2)

Rbe =
β

gm
(2.6.3)

β = ∂Ic/∂Ib is used for RF modeling and determined from the low frequency value

of h21. From this,Rex + Rbb/β andη can be determined at low frequencies by

plotting,

Re(Y21)
−1 = Rex +

Rbb

β
+

ηkT

qIe
(2.6.4)

for various bias currents. The intercept at1/Ie = 0 givesRex + Rbb/β, leavingη to

be found from aRe(Y21)
−1, 1/Ie pair.

The collector-base conductance1/Rcb and total collector-base capacitanceCcb

can be determined from the real and imaginary parts ofY12 from the network ex-

pression at low frequencies,

Y12 =

(
1

Rcb
+ ω2(Cbe + Ccb,i)Ccb,iRbb

)
+ jω(Ccb,i + Ccb,ex) (2.6.5)

For the mesa HBT structure discussed in this work, it is fair to assume a ratio of

extrinsic to intrinsic collector-base capacitance,Ccb,ex/Ccb,i of three at this point in
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the modeling. Once the remaining circuit elements are determined, a more accurate

value for each can be found.

The total delayτec electrons experience through the HBT is,

1

2πfτ

= τc + τb + Ccb · (Rex + Rc) +
ηkT

qIe

(Ccb + Cje) (2.6.6)

It is assumed thatfτ has been extracted fromh21 at the different bias currents, and

Ccb, Rex, andgm have already been determined. The collector resistanceRc is small

and to first order can be determined from extracted TLM measurements and the

geometry of the HBT. From that,τf = τc + τb andCdiff can be determined from the

1/Ie = 0 intercept, leavingCje to found from a(1/2πfτ ), 1/Ie pair.

The base resistance is determined by comparing the real part ofY11 of the mea-

sured HBT data to the equivalent circuit from the following relation,

Re(Y11) ∼=
1

Rbe
+ ω2(Cje + Cdiff)

2 · Rbb (2.6.7)

Through the hybrid-π model,Rbb can be adjusted to make the quadratic frequency

dependence ofRe(Y11) match the measured trend. On the Smith chart,S11 should

be similarly monitored. Once determined, theRbb/β contribution to Equ. 2.6.4 is

known. At low frequenciesRbe, Rex, andgm may need adjustment in order forh21,

S11 (Smith chart), andRe(Y21) to be in agreement with the measured HBT. Also,

Rbb influences the curvatureS11 undergoes as the frequency increases. It should be

‘fine-tuned’ so thatRe(Y12) andS11 are well matched between the measured and
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Figure 2.8: Measured (solid line) and simulated S-parameters (data points) of the
HBT and hybrid-π equivalent circuit

modeled data over the same frequency sweep.

Before the model can be finished, more precise values ofCcb,i andCcb,ex need

to be found. Returning to Equ. 2.6.5, there is a quadratic frequency dependence that

is only influenced byCcb,i. Similarly, Mason’s unilateral gain U is only influenced

by Ccb,i. By simultaneously monitoringRe(Y12) and U,Ccb,i can be adjusted while

keeping the totalCcb constant to match well the measured and modeled data.

Fig. 2.8 shows on a Smith chart measured HBT S-parameters (DHBT 27, re-

ported in Chapter 4) and those of its equivalent circuit. Overall, the S-parameters,

Y-parameters,h21 and U are in very good agreement with the real and modeled data.
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The deviation inS12 is believed to be due to substrate mode coupling contributing

to the reverse transmission of the measurement. Thefτ andfmax of the hybrid-π

equivalent circuit was consistent with the value extrapolated for the HBT.

2.6.2 Large-signal HBT modeling

The small-signal hybrid-π equivalent circuit has shown to be an effective way to

characterize an HBT. However, this model is of limited use in circuit design because

its accuracy is poor when the bias currents and voltages vary from those associated

with the modeled HBT. The second modeling scheme discussed utilizes a non-linear

npn-BJT based SPICE model for circuit designs. It is a highly detailed equation

based physical model, where the exact dimensions of the device footprint, epitax-

ial thicknesses, bulk and contact resistivity, base electron diffusivity, and electron

velocity in the collector are all considered.

Fig. 2.9 shows the mathematical large signal HBT model. Within the SPICE

model, the resistive and capacitive terms have been set to zero and replaced external

to the HBT. The length, width, and contact resistivity of the emitter are passed pa-

rameters to determine the junction areaAje, Rex, Rb,spread, Cje, andCcb,i. The base

contact width, base contact resistivity, and collector undercut are passed to deter-

mine the collector mesa width,Rb,cont, Rc,spread, andCcb,ex. The base and collector

gap resistancesRgap, the collector-base gap capacitanceCcb,gap associated with the
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Figure 2.9: Distributed parasitics of mathematical device model

emitter-base undercut, and collector contact resistanceRc,cont are fixed parameters

within the model and vary only with emitter length. Lastly, the thickness of the base

and active collector can be varied as well. These eight input parameters of the HBT

model associated with the device footprint are the most significant in determining its

peak bandwidth and are sensitive to process variance. The remaining HBT parame-

ters within the model are determined from TLM measurements and epi design from

previously fabricated devices. Lastly, an external potential drop has been added to
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the emitter terminal, external to the device, to account for the additional∼ 150 mV

Vbe required to bias the abrupt InP/InGaAs base-emitter junction utilized by UCSB

HBTs.

The simulated RF characteristics of the large signal HBT model are very similar

to its fabricated counterpart, assuming the required input parameters of the model

are consistent with the extracted values from TLM measurements and small-signal

RF extraction. In the instances where variation is observed between the large sig-

nal model and small signal equivalent HBT circuit, adjustments can be made to the

large signal model to increase its accuracy. It does not account for variations inCcb

as the collector potentialVcb is varied, nor does it consider how the HBT behaves

for a given collector thickness when it is operated beyond its maximum current den-

sity, Jmax. To correct for these limitations, the normalizedCcb within the model is

adjusted by the expected amount, as observed from measured devices of the same

collector thickness. IfCcb varies significantly asVcb changes (typical in current mode

logic (CML) circuit design), then a weighted average is used. An additional point –

the low-current breakdown voltagesBVCEO andBVCBO are often not as relevant

in comparison to the highJe low-voltage HBT operation required for highfτ , fmax

and lowCcb/Ic ratio. A safe operating area (SOA) should instead be considered

for the device associated with the maximum power density the HBT can support

before failure at a givenJe. Such a plot requires many transistor measurements be
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Figure 2.10: InP DHBT safe operating area plot – 150 nm collector, 30 nm base

taken from similar devices to the point of failure. Taking into account that the shunt

heat-sinking path through the emitter will not contribute as significantly in large ICs

compared to discrete HBT measurements, asafe operating area is determined and

is shown in Fig. 2.10.

The large signal model described here was employed in static frequency divider

designs utilizing emitter coupled logic (ECL) and CML topologies. There was ex-

cellent agreement between the maximum simulated circuit performance and that

measured from fabricated circuits. These results are discussed in Chapter 5 and

Chapter 6.
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2.7 HBT delays within digital ICs

While the HBT figures-of-meritfτ andfmax describe the maximum bandwidth

attainable for a single device, they are of limited value in predicting the speed of

logic, mixed-signal, or optical transmission ICs. A regularly cited digital figure-

of-merit for a device technology is a static frequency divider. It is a master-slave

(M-S) flip-flop consisting of two series connected latches that are clocked out of

phase 180◦. To generate thefclk/2 frequency division, the differential output of the

flip-flop is inverted and connected to the input such that the circuit changes state on

the rising edge of the clock cycle. Because M-S flip-flops are utilized as retiming

elements for data synchronization, their maximum toggle rate often limits circuit

bandwidth. For this reason, static dividers are a more realistic benchmark circuit in

comparison to the narrow-band operation of dynamic frequency dividers and ring

oscillators.

The propagation delay through the latch is dependent upon the combined charg-

ing times of the capacitances in the signal path. By modeling the latch as an n-

port linear network having no inductors, the method of open circuit time constants

(MOTC) can be used to evaluate the time constants associated with the pole co-

efficientsan of the system. Note, MOTC does not determine the coefficientsbn
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Figure 2.11: Schematic of CML static frequency divider

associated with the zeros. The transfer function for such a network is given by,

Vout

Vin
=

[
Vout

Vin

]

midband

(
1 + b1s + b2s

2 + · · ·bns
n

1 + a1s + a2s2 + · · ·ansn

)
(2.7.1)

In order to utilize MOTC, the passive and active components of the network must

behave linearly. To satisfy this requirement, the HBT transconductancegm and diffu-

sion capacitanceCdiff of those devices operating as part of a differential pair (where

the voltage across the base emitter junction is≈ ∆Vlogic >> kT/q) are modified,

Gm, large−signal =
∆Io

∆Vbe
≈ 1

RLoad
(2.7.2)
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Figure 2.12: Delay path and capacitors charged during clock transition

Cdiff, large−signal = Gm · (τb + τc) (2.7.3)

Similar linearization is required of the base-emitter depletion capacitanceCje,

Cje, large−signal =
1

V1 − V2

∫ V2

V1

Cje(V ) dV (2.7.4)

To simplify the analysis, the network is considered to only have a single domi-

nant polea1, and the zeros are ignored. The coefficienta1 is,

a1 = R0
11C1 + R0

22C2 + R0
33C3 + · · ·R0

nnCn (2.7.5)

whereR0
nn is the effective resistance across the terminals ofCnn while treating all
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other capacitances as open circuits. The propagation delay is typically defined as

the time required to charge the output node when the input is toggled. Assuming

a (1 − exp(−t/τ )) charging behavior,Tprop = a1 ln(2). However, to the level of

accuracy of the assumptions used in the analysis, linear node charging with time is

assumed andTprop = a1/2.

Fig. 2.11 shows a schematic of a two-level CML flip-flop configured as a static

frequency divider. The schematic is redrawn in Fig. 2.12 to show the significant re-

sistive and capacitive elements encountered in the signal path, for the determination

of the propagation delay,

2Tprop
∼= N(∆Vlogic/Io)Ccb3 + RbbCcbi3

+ [2(Rex3 + 1/gm3) + (∆Vlogic/Io)]Ccb4 + 2Ccbi4Rbb4

+ (Cje4 + Ioτf/∆Vlogic)(Rbb4 + Rex3 + 1/gm3)

+ [Cje2 + Cje1 + (Ioτf/∆Vlogic)](∆Vlogic/Io)

+ (N + 1)(∆Vlogic/Io)Ccb1 + Rbb1Ccbi1 (2.7.6)

The devices are operating in the following modes: Q3 emitter-follower, Q4 common-

emitter, Q1 common-base, and Q2 cut-off.N denotes the fan-out of identically

connected gates in a larger circuit. As shown in Equ. 2.7.6, the base and collec-

tor transit times play a relatively minor role in logic speed, in comparison to their

strong contributions tofτ . The most significant delays in the latch are from charg-
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ing the depletion capacitances over the logic swing,(Cje + Ccb)∆Vlogic/Io, where

∆Vlogic/Io = RL. To minimize these capacitive delays, small devices should be

used operating a current densityJe close toJKirk.

It is not evident from the gate delay expression, butRex has a large indirect effect

on the maximum toggle rate. Consider the differential pair in Fig. 2.13, whereRex

is present. The differential switching current is described by,

Ic1 − Ic2 = Io tanh

[
q(V1 − V2)

2kT
− Ie1 − Ie2

2
·Rex

]
(2.7.7)

With no Rex present, the current is completely switched whenV1 − V2 = 6kT/q.

For non-zero values ofRex at a fixed currentIo, the output characteristics forIc1 −

Ic2 begin to progressively lean over asRex is increased. When the voltage drop

acrossRex is 6kT/q, more than10kT/q potential difference is needed to switch the

currents. If we assume an HBT junction temperature rise of∼ 60◦C when these

devices operate in a larger circuit, the potential difference required to switch only

the base-emitter junction is∼ 187 mV. Typically,V1 − V2 = ∆Vlogic = 300 mV for

ECL and CML based latches. This leaves 113 mV≈ 4kT/q of voltage headroom

to account forIoRex = ∆Vparasitic
∼= Jeρc, and digital noise margin (due to signal

ringing on the interconnect bus) in order to regenerate the logic state on the ‘hold’

stage of the latch.
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Figure 2.13: Current flow of a differential pair in the presence of emitter resistance –
IoRex = 0, 2kT/q, 4kT/q, and6kT/q. V1 − V2 is normalized tokT/q.
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Table 2.1: Summary of simultaneous parameter scaling for aγ:1 increase in HBT
and circuit bandwidth

key device parameter required change

collector depletion layer thickness decreaseγ:1

base thickness decrease
√

γ:1

emitter-base junction width decreaseγ2:1

collector-base junction width decreaseγ2:1

emitter depletion thickness decreaseγ1/2:1

emitter contact resistivity,ρex decreaseγ2:1

emitter current density increaseγ2:1

base contact resistivity – if contacts lie above B-C junction decrease∼ γ2:1

base contact resistivity – if contacts do not lie above B-C junction unchanged

bias currents and voltages unchanged

2.8 HBT scaling principles

The previous section reviewed the relevant HBT transit andRC delays asso-

ciated with discrete device performance and those of a digital latch. In order to

improve HBT as well as analog and digital IC speed, all significant capacitances and

transit times must be simultaneously reduced by an appropriate amount correspond-

ing to an intendedγ:1 increase in bandwidth [10]. This is done while maintaining

constant all resistances, the operating voltages and currentIc , and transconductance

gm = qIc/ηkT – i.e. Ic andgm ∝ γ0. These associated scaling laws are discussed

and reviewed here.

Reducing the collector depletion layer thicknessTc by γ : 1 and base thickness

Tb by γ1/2:1 reducesτf (andCdiff ) by the required proportion. Consequently how-
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ever, increases toCcb andRbb result. Reducing the emitter and collector junction

areas in proportion toγ2:1 will result in the desiredγ:1 reduction inCcb. The intrin-

sic base resistanceRb,spread underneath the emitter is reduced byγ3/2 : 1, butRb,gap

has increased byγ1/2 : 1 and the horizonal contact resistanceRb,cont by γ1/4 : 1.

At the 0.6µm emitter junction scaling generation, scaling for aγ : 1 increase in

bandwidth would result inRbb as a whole remaining unchanged. For higher orders

of HBT scaling, the contribution due toRb,gap is significant for thin bases due to

the exposed, depleted surface having a much higher effective sheet resistance by∼

60%. Increased base doping would be required to keepRbb constant. If the base

ohmic contacts lie above the collector-base junction, their width must be reduced

γ:1 to obtain the requisite reduction inCcb; this necessitates aγ2:1 reduction in the

base contact resistivityρv,b. If the contacts do not lie above the same semiconduc-

tor junction associated with the active collector region, their resistivity need not be

scaled as aggressively, if at all.

With constantIc, but with the emitter junction area reduced in proportion toγ2:1,

the emitter current densityJe increasesγ2 : 1. This is feasible and expected within

the limits imposed by the Kirk effect, asJKirk ∝ 1/T 2
c ∝ γ2. Because the emitter

resistanceRex must remain constant in the presence of aγ2:1 reduction in emitter

junction areaAje, the normalized emitter contact resistivityρex = RexAe must be

reduced rapidly, withρex ∝ 1/γ2. Because operatingJe increases in proportion
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to the bandwidth squared, the maximum reliable power density associated with a

safe operating area (previously discussed)P/Ae=JeVce∝ γ2Vce is a more significant

applied voltage limit than the low-current breakdown voltagesBVCEO or BVCBO.

The scaling limits ofBVCEO andBVCBO with collector thickness are not clear for

the type of base-collector grade utilized in this work. Trade-offs between grading

design and performance, and breakdown are given in the next section.

Scaling requirements for the emitter depletion thicknessTeb are not easily sum-

marized here and beyond the scope of this work. Detailed analysis of the need for

scalingTeb is reported in [10] and briefly summarized. The total emitter-base capac-

itanceCje is given by,

Cje = Cje1 + Cje2 =
κ1LeWe

Teb
+ κ2TebTbIc (2.8.1)

Examination ofCje in conjunction with the imposed scaling laws shows thatCje1

is reducedγ2 : 1 andCje2 is reducedγ1/2 : 1 (whereκ1 andκ2 are constants that

are unchanged), suggesting thatTeb need not be scaled. This is not a reasonable and

accurate statement. Consider the increase in stored mobile electron charge under

bias acrossTeb for the sameIc within a γ2 : 1 narrower emitter. The potential drop

associated with the electron quasi-Fermi level energy acrossTeb will increase and

modify the ideality factorN from the relationshipIc ∝ expqVbe/NkT ,

N = 1 +
1

q

∂(∆Efn,eb)

∂Vbe
(2.8.2)
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where∆Efn,eb is the change in quasi-Fermi energy at the base-edge of the emitter

and the increase inN beyond unity is due to the modulation of∆Efn,eb by Vbe – this

neglects effects from the abrupt emitter-base junction utilized in this work. To keep

such changes small and preventN from increasing at higherJe operation,Teb must

be reduced as the current density increases. The emitter depletion layer thickness

need not be scaled as rapidly as that of the collector, but it is reasonable to suggest

Teb be scaledγ1/2 : 1. ConsequentlyCje becomes progressively less significant with

scaling. These scaling laws are summarized in Tab. 2.1.

Lastly, reductions to device thermal resistance need to be considered [15]. For

discrete HBTs, a significant fraction of the heat generated in the collector is removed

through the base and into the emitter metal – behaving as an effective shunt path in

parallel with the substrate. In large integrated circuits, the heat-sinking through

the emitter is much less effective and should not be considered. From the scaling

laws, the thermal resistance normalized to the emitter junction areaθJAAje must

be reduced in proportion to the square of the circuit bandwidthγ2 : 1. Removing

layers between the collector and substrate that are of low thermal conductivity is

imperative, and substrate thinning could be beneficial. These are general guidelines,

as there is no clear approach how to keep the junction temperature constant through

subsequent scaling generations.

Consider specifically the impact of this scaling on ECL and CML logic speed.

44



CHAPTER 2. INP DHBT THEORY AND DESIGN

With a γ:1 scaling, the collector thicknessTc is reducedγ:1, the current density

increasedγ2:1, and the dominant delayCcb∆Vlogic/Ic reducedγ:1. The parasitic

voltage dropRexIc = ρexJe remains constant only becauseρex is reduced rapidly,

being proportional to1/γ2.

2.9 HBT scaling limits and solutions

From the HBT scaling laws, in order to increase circuit bandwidth, the transit

times and capacitances of the device must be reduced while maintaining constant

resistances, currents, andgm. This is realized by thinning the base and collector

layers, narrower emitter and collector junctions, increased operating current density,

and reduced contactρc and sheetρs resistivities.

Thinner base and collector epitaxial layers can be achieved through growth.

The base sheet resistance is∝ T−1
b , and to keep it unchanged the bulk resistivity

(ρbulk, Ω·cm) must be decreased through increased base doping. As the doping ap-

proaches7 ·1019 cm−3, the hole mobility decreases and the doping-mobility product

remains relatively constant. InP DHBTs from UCSB utilizing a 30 nm base and

doping grade from7 − 4 · 1019 cm−3 have aρbulk
∼= 18 Ω·µm. Thinner bases with

higher doping are being investigated (Tb = 20 nm,8 − 6 · 1019 cm−3), with initial

results showing a 20% reduction inρbulk.
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As the collector is thinned, the increased electric field enables higher operating

current densities. For InP DHBTs, the grade employed to removed the conduction

band discontinuity between the InGaAs and InP must continue to be effective. This

has been satisfied in existing designs by removing only the InP contribution from

the collector. Eventually, the InGaAs setback layer will be a significant fraction of

the total collector such that the increased electric field across it will reachEcritical

before doing so in the larger bandgap InP layer, and the benefit of increased collector

breakdown voltage will be negated. At the scaling node associated with this condi-

tion, thinning the setback and grade would be needed. It is not clear how the grade

should be scaled, however scaling the setback is simple. As discussed in§2.3, the

electrons entering the collector from the base require additional kinetic energy, sup-

plied by the setback layer, before entering the grade. Existing results from measured

HBTs suggests that a setback potential difference as low as∆φsetback
∼= 0.28 eV

(Tsetback = 15 nm,Tgrade = 24 nm,Tc = 120 nm) is adequate. Thus, as the collec-

tor is scaled, the setback should be thinned to maintain a similar value of∆φsetback.

Experiments are underway to better understand the limits of this grading scheme.

These scaling issues aside, UCSB InP DHBTs have demonstrated current densities

∼ 18 mA/µm2 before showing signs of current blocking from the setback/gradeor

thermal effects.

Emitter contacts as narrow as 0.4µm can be achieved through standard opti-
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cal lithography and evaporated metal-liftoff techniques. As the contact is scaled,

advanced photoresist processes are needed to resolve smaller features using i-line

stepper lithography. Even with such features, the height of the contact will be lim-

ited by the aspect ratio attainable from the e-beam metal evaporator. An electro-

plated emitter contact, or one formed through metal-sputtering and dry-etch, are

alternative ways of producing tall, straight, narrower features. For these narrower

contacts, the undercut of the emitter mesa becomes increasingly difficult to con-

trol. Dielectric sidewall spacer processes allow for very thin emitter semiconductor

layers, minimizing the undercut during mesa formation. Furthermore, the spacer

eliminates the need for evaporated self-aligned base contacts, where instead electro-

plating or metal-sputter dry-etch processes are used. These advanced processes are

under development and are discussed in [12, 13].

Narrower collector junctions require narrower base contacts. A minimum width

∼ Lt, the ohmic transfer length, should be maintained to prevent exponential in-

creases to the contact resistance Rb,cont. As Lt is scaled to less than 0.3 µm, these

thin, narrow contacts have unwanted resistance and inductance that influence HBT

performance. Furthermore, circuits employing these narrow contacts are very diffi-

cult to yield in a manufacturing environment.

The underlying theory of metal-semiconductor junction contact resistance is re-

viewed in Appendix A. Through the appropriate choice of metal workfunction and
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highly doped semiconductor, field-emission will be the dominant transport mecha-

nism across the junction, having an electron tunneling probability∝ exp(φ
1/2
barrier ·

Wdepletion) whereφbarrier is the barrier energy andWdepletion is the resulting deple-

tion width at the inferface. Invarient of the metal employed, the Fermi level at the

semiconductor surface will be influenced by residual surface contamination due to

a combination of surface states, native oxides, and metal-semiconductor diffusion at

the interface. Preparation techniques to minimize their presense have been devel-

oped, where exceptionally low values of contact resistanceρc ≈ 6 Ω · µm2 values

have been achieved. At this scaling node, the resulting transfer length is∼ 100 nm.

Contacts this narrow are not realistic. In order to satisfy the scaling requisites for

the collector junction, a collector pedestal process has been under development for

use in III-V HBTs.

The emitter contact resistivity is influenced by the same metal-semiconductor

issues as for the base. Because the semiconductor layer contacted for the emitter

is the last one grown, defects due to lattice strain from excessively high doping or

growth of lattice-mismatched, narrow-bandgap In-rich InGaAs can be utilized. The

increased doping reduces the depletion width, while the narrower bandgap semicon-

ductor maintains a lower energy barrier for electrons, as the penalty is less severe to

the contact resistance if contamination or oxides are present at the surface. Emitter

contact resistivity toN+ In0.85Ga0.15As as low as 7Ω · µm2 has been achieved in
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this work. Similar contacts to theN+ In0.53Ga0.47As sub-collector have achievedρc

∼ 4Ω ·µm2 utilizing a different surface treatment before contact deposition. Adjust-

ments are being made to the emitter photoresist lithography steps so as to achieve

comparable results. It is not clear howρc can be further reduced. Advanced materi-

als engineering may be beneficial. Regrown emitter junction HBTs have been under

development at UCSB as an alternative, where the ohmic contact is much larger than

the emitter junction for reduced access resistance.

2.9.1 Collector pedestal implant – reducedCcb

Figure 2.14: Variance of the contact resistance (normalized to
√

ρcρc

2Le
) as the base

contact is scaled
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For the HBTs reported in Chapter 4, the emitter and collector junctions are

0.6 µm and 1.3µm wide, and the base contactWb has been scaled on the order

of the ohmic transfer lengthLt. Preserving this ratio as the emitter is narrowed en-

tails similar scaling of the collector mesa through narrower base contacts. Fig. 2.14

shows how with further scalingRb,cont increases exponentially as theWb is scaled.

In addition, base contacts less than 300 nm present challenges in process design for

high yield fabrication, where non-negligible bulk metal resistance exists along the

length of the contact.

Figure 2.15: Pedestal process schematic

Closely following the SiGe device structure described in [14], an implanted col-

lector pedestal can be used to reduce the extrinsic collector-base capacitanceCcb,ex

of the HBT. This is realized by first growing the sub-collector and an undoped layer
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∼ 200 nm thick. A patternedN+ pedestal is then implanted through the undoped

layer, employing approximately the same geometry as the intended emitter. This

provides a sink for electrons from the collector to sub-collector. The remaining ac-

tive layers are grown and the HBT is formed, utilizing the standard UCSB mesa

HBT footprint already described. Fig. 2.15 shows a cross-section of the intended

device structure. The intrinsicCcb is unchanged, howeverCcb,ex is significantly re-

duced by the added height of the depleted pedestal layer underneath the base contact

and the large base pad interconnect used. The loweredAjc/Aje associated with the

pedestal HBT aliviates the need for narrower base contacts, permitting them to be

wider at a given level of device performance for increased HBT yield. Initial results

of this work are reported in [15].

2.9.2 Emitter junction regrowth

Collector pedestal processes address neither emitter contact nor base resistivity

scaling limits. Again, closely following the SiGe device structure, there is under de-

velopment an HBT process flow in which a T-shaped emitter is formed by regrowth

whose ohmic contact is much larger than the emitter junction. This is achieved by

first growing a template where the sub-collector, collector, and intrinsic base layers

are grown. Two additional layer are included, an extrinsic base that provides a highly

conductive link between the contact and intrinsic base, and a multi-layer InP/InAlAs
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Figure 2.16: Regrown-emitter process schematic

current barrier that prevents unwanted carrier injection between the emitter and ex-

trinsic base. Once the template is grown, an emitter window is patterned and etched

through to the intrinsic base. This defines the geometry of the emitter junction.

The emitter and cap layers are then growth across the wafer surface. Lastly, device

fabrication ensues in the same manner as a mesa HBT, where the emitter contact

deposited is larger than the active junction underneath it. The reductions of emitter

resistance through an increased contact/junction area ratio is an attractive alterna-

tive to materials engineering for reduced emitter access resistance because it also

permits an extrinsic base region ofNA > 1020 cm−3 doping where the total extrin-

sic and intrinsic thickness of 100 nm significantly reduces the base resistanceRbb.

Initial results of this work are reported in [16].
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2.10 HBT scaling efforts in this work

The carrier transit times, and the resistive and capacitive delays associated with

the InP mesa HBT topology have been discussed. To increase device bandwidth and

reduce digital IC gate delay, the footprint must be physically scaled vertically and

laterally to reduce theCcb/Ic andAjc/Aje ratios of the HBT. The base and emitter

contact resistivitiesρc must be reduced to maintain simultaneously highfτ and fmax,

and decrease the dominant gate delayCcb · (RL + Rbb). Limits to scaling the device

footprint have been clearly outlined as well.

Chapter 3 reports the efforts undertaken to scale the HBT for increased band-

width. Improved surface preparation before ohmic contact deposition has reduced

the emitter, base, and collectorρc by 2:1. Advanced photolithography processes

have demonstrated with high yield, 0.5µm emitter junction HBTs. Also, because

the baseρc has been reduced to∼ 6 Ω ·µm2, the ohmic transfer length is sufficiently

small to allow contacts as narrow as 0.3µm wide, significantly reducing the extrin-

sicCcb of the HBT. Other process changes have been pursued and are reported. The

HBT has been scaled to the physical barriers allowable for maximumfτ andfmax,

and minimumCcb/Ic ratio without utilizing the pedestal implant or emitter regrowth

modules. Device results employing this footprint, the fabrication improvements, and

many different collector thicknesses have demonstrated record bandwidths and are

reported in Chapter 4.
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3
HBT scaling and process improvements

CHAPTER 2 discussed the importance of vertical and lateral scaling of the

HBT in order to produce devices having simultaneously increasingfτ and

fmax, and lowerCcb/Ic ratio. At the time this work began (November 2002), the

mesa HBT process at UCSB [1] was still in its infancy and based closely on the

transfered-substrate HBT (TS-HBT) process flow [2], [3]. The transition from to

mesa device topology was motivated by the following issues with the transferred

substrate process.

The dominant failure mechanism associated with the TS-process have to do with

the substrate removal steps. After the device and circuit formation is complete, BCB

coats the wafer and vias are etched for the subsequent electroplating of a 5µm thick

ground plane. At this point a GaAs or AlN carrier wafer was soldered against the

ground plane. Often the BCB cracks because of the high temperature and pressure

experienced by the wafer from the soldering bonder, or pockets of air get trapped

between the InP host and carrier wafer. In the areas where this occurs, device and
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circuit yield is zero. The final step requires the InP host to be etched away. Some-

times during this etch, the NiCr resistors are attacked because their SiN protection

layer has formed cracks or voids earlier in the process. Circuits using these resistors

would not bias correctly.

Device heat-sinking must be considered as the active HBT layers are scaled be-

cause the operating power density increases proportional to the device bandwidth

squared. In the TS-topology, heat generated in the HBT is removed from the collec-

tor contact and Si3N4 dielectric on the emitter contact. Both of these heat-sinking

mechanisms have high thermal resistance. The triple-mesa topology alleviate this

issue because heat generated in the collector can be removed into the high thermally

conductive InP substrate.

For the TS-HBT process, device interconnects are deposited before and after the

InP host wafer is removed. Electrical connection between them is required. To make

this possible and have passivated HBTs, the passivation dielectric (polyimide) is

pattern-etched leaving the device encapsulated while clearing the field. This requires

the device interconnect metal climb∼ 0.8 µm over the device encapsulation. The

metal at the interconnect step coverage sites is thin and necessitates a much lower

maximum operating current density (mA/µm) for them.

By using a mesa HBT topology the first two issues are avoided, greatly improv-

ing HBT performance and yield. Other failure mechanisms associated with emitter-
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Figure 3.1: Failure mechanisms that limit yield for mesa HBTs

base lift-off short-circuits, excessive emitter semiconductor undercut, and metal in-

terconnect step coverage fractures and current handling were still unresolved, as

shown in Fig. 3.1. Because of these mesa process limitations, discrete device yield

was poor for highly scaled devices with emitter widths less than 0.7µm, and for

those with a collector to emitter mesa width ratio less than three. For circuits us-
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ing larger device features, the yield was poor for transistor counts greater than 100

HBTs. As this chapter will report, numerous fabrication improvements and changes

have been made to the mesa HBT process flow for increased device scaling and

increased circuit yield employing such devices. HBT and circuit results from this

process will be reported in Chapter 4 and Chapter 5, respectively.

3.1 Improved metal-semiconductor contact deposition

Contact related resistances have a significant impact on HBT and circuit speed,

and through each subsequent HBT scaling generation aγ2 decrease is required of

the emitter and base contact resistivitiesρc for aγ increase in bandwidth. Theρc as-

sociated with the metal-semiconductor junction (discussed in Appendix A) is made

smaller through the appropriate choice of interfacial metal contacting a semiconduc-

tor of low bandgap, having minimal surface oxides or contamination. The following

sub-sections discuss the extensive efforts undertaken to improve the quality of the

emitter and base contacts for reducedρc.

3.1.1 Indium rich InGaAs contact layers

Non-alloyed ohmics are utilized for contacting the collector, base, and emitter.

Because the emitter cap layers are grown last, all preceding layers grown should be

closely lattice-matched to InP for minimal defect related strain.In0.53Ga0.47As has a
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similar lattice constant as InP, where the bandgap energies are 0.72 eV and 1.35 eV

respectively. It is utilized as the base material to form the base-emitter heterojunc-

tion to InP. Also, the lower bandgap associated withIn0.53Ga0.47As produces lower

values of contact resistance compared to InP at similar doping levels. Therefore, it is

utilized as theN+ emitter cap layer and sub-collector contact layer. For some of the

devices reported in this work, the emitter cap is step-graded fromIn0.53Ga0.47As to

the more narrow bandgapIn0.85Ga0.15As with increased doping from3 · 1019 cm−3

to 6 · 1019 cm−3. Some improvement inρc for the emitter contact was observed for

these changes, but the data suggests that the emitterρc is more sensitive to surface

preparation and metal source quality.

3.1.2 Surface preparation before metal deposition

The most significant reductions observed for the emitter, base, and collectorρc

came through improved semiconductor surface preparation prior to metal deposi-

tion. In the past HBT work from UCSB [3, 4], an oxygen plasma etcher had been

used to clean the surface, but it simultaneously bombards the surface with energetic

ions and likely damaged the surface. An alternative surface preparation technique

was pursued to concurrently remove scum after photolithography development, not

damage the surface, and strip away surface oxides prior to metal deposition.

Studies by Driadet al. [5] showed that an ultra-violet ozone treatment (UV-
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ozone) is an effective way of cleaning a surface of organic and non-organic materials.

UV-ozone also produces an oxide film which passivates the defective surface layers

associated with the native oxides of InP and InGaAs, and device processing. They go

on to report that after a ten minute UV-ozone treatment, the stoichiometric composi-

tion at the surface is restored. Based on this understanding of UV-ozone treatments

and its affect on InP and InGaAs, the following surface preparation scheme was

devised.

After photoresist development, the sample is treated for 10 minutes in UV-ozone

to etch away any remaining scum and to oxidize the surface. Prior to loading into

the E-beam evaporator for the base and collector contact deposition, the sample

is dipped into a diluted NH4OH solution to strip this oxide. The sample is dried

immediately thereafter to prevent the re-formation of an oxide layer, leaving the

surface with a minimal number of defects and associated surface states. This process

cannot be used before the emitter deposition however, because NH4OH reacts with

SPR-955 and ruins the emitter photoresist lithography. A diluted HCl dip and short

water rinse is used instead.

3.1.3 Thin interfacial Pd layer to the P+ InGaAs base

Contacts toP+ In0.53Ga0.47As while varying the interfacial Pd thickness, anneal

temperature, and anneal time were investigated by Choret al. [6]. Their detailed
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analysis describes how Pd reacts with GaAs and InGaAs, diffusing through the in-

terfacial oxides and disperses them uniformly away from the surface. X-ray diffrac-

tion studies showed that theas deposited Pd forms As-rich PdxGayAs phases at

room temperature. After a high temperature anneal, the Pd forms Ga-rich PdxGayAs

phases. Invariant of whether the sample is annealed, there is no evidence of an oxide-

related species present at the metal-semiconductor interface. Oxide-free surfaces are

not similarly witnessed when Ti is the interfacial metal. The dominant reaction be-

tween Ti and GaAs results in the formation of TixAsy and GaxTiyOz. These species

change little when annealed and the interfacial oxides are still present.

While a UV-ozone treatment combined with NH4OH dip have shown to be ex-

tremely effective in removed scum and surface oxides, some native oxides return to

the semiconductor surface in the time it take to dry the NH4OH dipped sample and

load it into the E-beam evaporator. Because the lowest value of contact resistance to

a semiconductor is achieved from an oxide-free surface, ohmic contact experiments

to P+ andN+ InGaAs were performed at UCSB varying the interfacial Pd thick-

ness, the anneal temperature, and the anneal time. ForP+ InGaAs, the lowest base

ρc came from a Pd/Ti/Pd/Au contact 2.5/17/17/65 nm and no annealing. The con-

tact resistance increases∼ 50% after a 60 second anneal at 300◦C. ForN+ InGaAs,

no improvement was observed when an interfacial layer of Pd was used. When an-

nealed,ρc would increase. A Ti/Pd/Au contact produced the lowest value of emitter
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Table 3.1: Summary of InP HBT ohmic contact progress. Note, for these HBTs a
base doping grade is employed and the values listed below reflect the doping value
of the semiconductor the metal makes contact to.

Process date Apr 03 Oct 03 Mar 04 Mar 04 Oct 04 Jan 05 Jan 05

DHBT 19b mHBT 22b 24 25 26 27

Emitter
ρc, Ω · µm2

15 20 10.1 7.2 7.8 10.4 8.4

Cap style InGaAs InAs In-rich InGaAs In-rich In-rich In-rich

Cap doping,
cm−3

3·1019 3·1019 3·1019 3·1019 5·1019 5·1019 6·1019

Base
ρc, Ω · µm2

20 14 9.6 6.1 6.2 3.8 4.6

Doping, cm−3 8·1019 4·1019 7·1019 8·1019 7·1019 7·1019 7·1019

Collector
ρc, Ω · µm2

12 N/A 5.4 5.5 4.0 5.8 8.4

InGaAs
contact, nm

12.5 25 12.5 10 8.5 8.5 6.5

contact resistance∼ 8 Ω · µm2, showing little variance before and after annealing.

For theN+ sub-collector contact, the interfacial Pd cannot be used because its

diffusion depth (even for thin Pd layers∼ 2.5 nm) would exceed the thickness of the

InGaAs layer. An effective contact to InP would result and its larger bandgap would

greatly increaseρc. Regardless, low resistance ohmic contacts∼ 6Ω·µm2 have been

realized through a combination of good surface preparation and a Ti/Pd/Au contact

to InGaAs layers as thin as 6.5 nm.

Tab. 3.1 summarizes the measured values of emitter, base, and collector contact

resistance for different device process runs. The base and collectorρc were deter-
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mined through standard transmission line measurement (TLM) extraction. Accuracy

was ensured through visual inspection of the TLM dimensions with the FEI SEM.

The emitterρc was determined through either the ‘fly-back’ method or RF parame-

ter extraction. Reproducibly, the emitter contactρc is less than 10Ω · µm2, and the

base and collector contactρc is less than 6Ω · µm2. For DHBT 27, the collectorρc

increased to 8.4Ω · µm2. This can be attributed to the thickness (6.5 nm for reduced

device thermal resistance) of the InGaAs sub-collector contact layer. Even though

non-alloyed contacts are utilized, there is a non-zero diffusion depth associated with

the interfacial titanium layer. It is suspected Ti is beginning to penetrate through

the InGaAs portion of the sub-collector, creating a mixed contact to InGaAs and the

larger bandgap InP, and an increasedρc would be expected.

3.2 Advance lithographic scaling, device formation

When this work began, the Nanofabrication Research Facility at UC Santa Bar-

bara had introduced many new tools – they included an E-beam evaporator (E-beam

4), Panasonic ICP etcher, local-alignment system to the GCA i-line photolithogra-

phy stepper, and high-resolution low-voltage FEI Sirion SEM. Because device and

circuit yield for the mesa HBT process was poor, many changes were required in or-

der to yield devices with increased bandwidth and circuits employing such devices.
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The new tools were utilized to find permanent solutions to the fabrication yield lim-

iters – E-beam 4 provides improved metal lift-off profiles, the Panasonic ICP etcher

offers consistent etch rates and profiles, the local alignment system of the stepper

produces alignment registration errors of less than 150 nm, and the FEI SEM can

inspect in detail the accuracy of all process steps. This section reports the existing

problems at each step of the process and how they were corrected.

3.2.1 Emitter lithography and scaling

The narrowest device feature is the emitter contact. The emitter lithography

from the transferred substrate process, and first generation mesa HBT process uti-

lized a combination of SPR-950 by Shipley and CEM-365iS (contrast enhancement

material) by ShinMicroSi photoresist process. CEM acts as a bleachable solution

which is initially opaque, but becomes nearly transparent upon exposure. After spin-

coating the soft-baked positive resist (changed to SPR-955 for the current process)

with CEM, the pattern is exposed. The exposed areas of the sample are bleached

more heavily, creating an in-situ contact mask. This results in an increased contrast

level for the photomask pattern and smaller features can be realized. For the CEM

to be effective, it must sit on the wafer for∼ 60 seconds before being spun so that

the pre-baked resist properly interacts with it. If CEM does not interact long enough

with the photoresist, the increased contrast of the pattern will not be realized and a
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poorer liftoff profile will result. This step had not been well documented and under-

stood. This resulted in process deviation and is why an increased number of emitter

short-circuits were experienced over time in the transferred substrate process [4].

Metal ‘spikes’ at the top of the emitter contact and metal ‘strands’ at the bottom of

the contact were no longer present through the improved emitter lithography when

combined with the use of the new e-beam evaporator tool (E-beam 4). Emitter con-

tacts as narrow as 0.5µm (0.4µm emitter junction width), with high yield∼ 100 %

have been realized.

3.2.2 Base lithography and scaling

The base and collector semiconductor underneath the base contact represents the

extrinsic base-collector capacitance (Ccb,ex) of the device. It is a consequence of the

mesa device topology and is needed to supply bias to the base terminal of the HBT.

Processing limitations associated with the base contact must be clearly under-

stood before it can be scaled to prevent the base contact resistance from increasing

excessively. If we assume the minimum metal-semiconductor overlap required is

equal to the transfer lengthLt (typically 120 nm for the current process), an addi-

tional width due to the alignment registration error of the photolithography stepper,

and the base-collector undercut during mesa formation adds to the minimum con-

tact width. In general, the alignment error is 100 nm for the base contact and the
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base-collector undercut is 100 nm. Therefore, the minimum base-contact widths

fabricated for HBTs at UCSB isWb,min = Werror + Lt + Wundercut ≈ 300 nm.

A negative photoresist (PR is removed during development where not exposed)

is required for the base lithography step to ensure that all unexposed photoresist is

removed from underneath the emitter undercut before the self-aligned base contact is

deposited. The photoresist used for this step had always been AZ-5214 by Clariant.

Because AZ-5214 is susceptible to excessively undercutting the pattern during de-

velopment, and the pattern focus would drift across the wafer, the base contact was

often ragged and difficult to scale. A different photoresist was needed and nLOF

(negative lift-off film)-2020 by Clariant was pursued. Through experiments, this

negative resist demonstrated a high depth of focus for small features and little pat-

tern undercut during development. This improved lithography step when combined

with the new E-beam evaporator (E-beam 4) has produced narrow base contacts less

than 300 nm wide without any liftoff artifacts remaining on the contact.

The process improvements to the emitter and base contact lithography and de-

position were adopted amongst the remaining process steps. The stepper local-

alignment feature is employed on all nine lithography steps before device passi-

vation. In the event that the lithography fails, new advanced strippers like 1165 by

Shipley and AZ-300T by Clariant can cleanly remove all unwanted PR without com-

promising surfaces where ohmic contacts are to be deposited. After six months of
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Figure 3.2: Angled SEM of an HBT before passivation

Figure 3.3: Cross-sectional SEM of an HBT after passivation and interconnect metal
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changes and amendments to the device formation part of the process flow, Fig. 3.2

and Fig. 3.3 show a profile and cross-sectional SEM of the updated HBTs from

UCSB.

3.3 Old device passivation and interconnect process

The first mesa HBTs from UCSB utilized the transferred-substrate passivation

and interconnect scheme. However, differences in device topology required some

changes be made. For the TS-HBT process, the devices are isolated once the InP

wafer is etched away. Mesa HBTs are isolated after the 300 nm sub-collector in

the field is etched away and 100 nm of semi-insulating InP removed. Compared to

TS-HBTs, the polyimide passivation thickness needs to be 400 nm taller for mesa

devices.

The device interconnects for the TS-process employed a microstrip wiring envi-

ronment. This was possible because a ground plane is generated before the carrier

wafer is bonded and InP host wafer removed. This is not possible for mesa HBTs.

Instead, a coplanar waveguide environment (CPW) is used for its simplicity, where

low εo air and highεr = 12.8 InP sit above and below the interconnects. The large

difference in dielectric constant and the thick substrate make this CPW environment

vulnerable to radiative losses and parasitic substrate modes, making network ana-
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Figure 3.4: Device cross-section showing leakage paths for poorly passivated
surfaces

lyzer measurements of high bandwidth HBTs difficult.

The following subsections discuss the passivation and interconnect scheme used

in the old process flow and why they needed to be changed. Section§3.4 will detail

how the required changes were carried out.

3.3.1 Polyimide passivation

InP and InGaAs surfaces that are exposed to the ambient environment or poorly

passivated typically experience Fermi level pinning≈ 200 meV below the conduc-

tion band edge (Fig. 3.4). For the exposed portion of theP+ base, the surface pin-

ning depletes∼ 5 nm of the top surface (whenNA
∼= 7 · 1019 cm−3). When the base

is thin (less than 40 nm), this depletion depth significantly increases the base resis-
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tance. For theN− emitter and drift collector, the exposed surfaces will no longer be

fully depleted of mobile carriers and a leakage path is formed.

The original passivation of InP HBTs at UCSB used polyimide by HD Mi-

crosystems. It is applied as a liquid onto a substrate and then thermally cured leav-

ing a smooth and rigid film across the wafer surface. When properly applied, all

semiconductor surfaces will be encapsulated and the device leakage currents will

be small. Through numerous small area HBT process runs, the Gummel curves

showed variability in the leakage currents for the baseIb and collectorIc at moder-

ate base-collector offset voltages. It was suspected that either the polyimide was not

a well-behaved passivation material, or the polyimide was not filling in against the

active device junctions. Cross-sectional SEMs of regrown emitter junctions (work

pursued by D. Scott and Y. Wei) that were passivated in polyimide showed that

the dielectric was not filling in well against the junctions and air filled voids re-

mained. Mesa HBTs were assumed to be experiencing the same problem. Because

the type of polyimide used was quite viscous and most likely the reason void-filling

difficult, a more effective spin-on dielectric was pursued. Referencing other high-

frequencyIn0.53Ga0.47As/InP HBT results in the published literature, all used ben-

zocyclobutene (BCB) to passivate devices. This was pursued on future device runs

and explained in§3.4.3.
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3.3.2 Interconnect step coverage

SI InP

Collector
Base
E

sub-collector

M1 step coverage

Signal on high-k dielectric

Figure 3.5: Old HBT process after passivation and Metal-1 interconnect

The first mesa HBT process used polyimide for device passivation that was pat-

terned to leave islands around the device. This was necessary for the TS-process in

order to use collector metal for both the contact and as interconnect metal, however

it is not necessary for the mesa topology. The mesa HBT height compared to the

TS-HBT is 400 nm taller due to the sub-collector and isolation depth, and Metal-1

interconnect must climb 1.2µm, (0.8µm for the TS-process) to electrically contact

the HBT. As Metal-1 in both processes is≈ 1 µm thick, step-coverage is a greater

concern for mesa devices. Fig. 3.5 and Fig. 3.6 show a drawing and SEM of the

HBT after the patterned polyimide etch and Metal-1 deposition, where the large
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Figure 3.6: Old device interconnect scheme showing tall Metal-1 step-coverage

interconnect step can be observed.

In addition to the step-coverage issues with the wiring, substrate mode coupling

to the CPW wiring [8] is exacerbated by having them rest on theεr = 12.8 InP sub-

strate. The CPW guided mode propagates at the interface between the two dielectric

media with a phase velocityυg that exceeds the TEM wave in the higherεr InP sub-

strateυd. This condition causes energy from the guided CPW wave to be radiated

into the substrate. For constructive interference, the radiated wave and the guided

CPW wave should have the same propagation constant along the direction of the

CPW transmission line. This requirement restricts the propagation direction of the
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radiated wave to a semicone of angleθ, given by

cos θ = kg/kd = (εeff/εr)
1/2 (3.3.1)

wherekg andkd are the propagation constants of the guided and radiated waves.

Thus, energy transfer from the CPW mode into the substrate causes attenuation of

the guided wave.

When the substrate thickness is finite and comparable to the dielectric wave-

length, reflections from the back-side air-dielectric interface influence the behavior

of the CPW structure. These are referred to as surface wave or substrate modes. In

the frequency ranges where the propagation constants of the surface waves approach

or exceed the CPW mode, the two modes are phase matched and interact strongly

such that significant dispersion and radiative losses can occur. To prevent this condi-

tion from being satisfied, the operating frequency should not exceed that associated

with the lowest order TEo and TMo substrate modes. This is the case when the sub-

strate heighth < 0.12λd, whereλd is the wavelength in the substrate. For a 635µm

thick InP substrate (typically used in this work) where the CPW lines rest, the low-

est order TEo and TMo substrate modes are excited at∼ 20 GHz. Consequently,

measurement of HBTs having several hundred GHz bandwidth is very difficult in

this wiring environment. To alleviate the parasitic mode coupling, the interconnects

should be suspended above the InP substrate using a lowεr dielectric. By doing so,

less signal energy is coupled into the substrate reducing the parasitic effects.
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3.4 New device passivation and interconnect process

With the device fabrication updates completed for the front-end and issues asso-

ciated with the passivation and interconnects well understood, changes to the mesa

HBT back-end could go forth. Realizing that polyimide did not consistently pas-

sivate the HBTs well, BCB was pursued as an alternative. Experiments were un-

dertaken to learn how to adequately prepare the HBT surfaces, how BCB should be

etched and how quickly to etch it, and how well the suspended metal interconnects

would adhere to the planarized BCB surface. Furthermore, these new process steps

would need to maintain their physical and electrical integrity to the end of the pro-

cess where MIM (metal-insulator-metal) Si3N4 capacitors and additional BCB cures

are required to produce circuits. All of these associated experiments were pursued

concurrently.

Figure 3.7: Updated HBT cross-section after passivation and Metal-1 interconnect

75



CHAPTER 3. HBT SCALING AND PROCESS IMPROVEMENTS

3.4.1 Interconnect posts for a planar wiring environment

Fig. 3.7 shows a cross-section of the desired HBT process after device passiva-

tion and interconnects. In order to have a suspended wiring environment above the

substrate, two modifications are required before the devices can be passivated and

the wafer planarized. The incorporation of a collector post that is of equal height

to the tall emitter contact and base post is needed. This will allow the three HBT

terminals to be contacted from the suspended surface, compared to the polyimide

passivated HBT (Fig. 3.6) where the collector signal line rests on the collector con-

tact. A similar interconnect post is added to support resistors because they must

reside on the substrate for heat-sinking purposes and will be buried underneath the

dielectric. To realize both the collector and resistor post without adding unnecessary

steps, the order of the process flow was modified.

After the base-collector mesa formation etch, the collector contact is typically

deposited. Instead, the device isolation etch is performed and the resistors are de-

posited on the semi-insulating substrate. At this point, metal is deposited that si-

multaneously contacts the collector and the resistors. Even with the semiconductor

height difference between the collector and resistors, the wide focus range available

from nLOF-2020 (photoresist used for collector contact lithography) makes this si-

multaneous deposition possible. Lastly, a∼ 0.8 µm tall post is deposited on the

collector contact and separately a∼ 1.2 µm tall post is deposited on the resistor
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Figure 3.8: SEM, top view – 0.6µm emitter width, 1.3µm collector mesa width

contact for Metal-1 interconnection.

Because of the processing experience that had accrued overtime, introducing

these steps and changes required little new process development. A close-up SEM

of this modified mesa device is shown in Fig. 3.8. Compared to Fig. 3.2, there

is a collector post and the collector contact resides inside the device isolation etch

border. This border is approximately 1µm on all sides to ensure the contact does

not exceed the mesa edge. A circuit SEM of a divide-by-2 circuit interconnect bus

is shown in Fig. 3.9 – showing the devices, collector interconnect metal, resistors,

and interconnect posts. The wafer is ready for device passivation and planarization.
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Figure 3.9: SEM of divider core before device passivation and metal interconnects

3.4.2 Metal adhesion to the spin-on dielectric surface

Experiments were performed to learn how well metal interconnects adhered to a

spin-on dielectric surfaces. Polyimide was deposited and cured on many test sam-

ples, and the surfaces were prepared differently. In the cases where interconnects

were deposited directly on the polyimide surface, all of the metal peeled away dur-

ing lift-off. This was also observed for samples having 400 nm of polyimide etched

away to roughen the deposition surface and increase adhesion. The surface prepa-

ration that was found to be effective involved etching 400 nm of dielectric from the

surface and then depositing 100 nm of Si3N4 over the samples before depositing in-
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terconnect metal. After lift-off and needle probing, the metal did not show any signs

of peeling or deformation.

One RF HBT process run was completed using polyimide passivation and raised

interconnects. After the polyimide etchback and Si3N4 deposition, vias were etched

to expose the HBT contacts. Because of unforeseen problems associated with the

polyimide etch-back, not enough was removed and/ or the via etch was not deep

enough. A thin layer of polyimide is thought to have remained over the contacts,

such that HBT yield was limited by open-circuits or a large emitter resistance was

present during the measurement. This was noted for future process runs. Nonethe-

less, while HBT performance was poor, the interconnects maintained their integrity

after numerous probings.

3.4.3 BCB passivation

The height from the substrate floor to the top of the device interconnect posts is

≈ 1.8 µm. A benzocyclobutene by DuPont (BCB 3022-35) was chosen for its low

viscosity and because it could be spun-on uniformly at a thickness of∼ 2µm. Before

it could be utilized for HBT passivation, experiments were performed to determine

how the wafer surface should be prepared before coating with BCB, how it should

be etched, and the preferred manner of inspection to ensure all of the interconnect

posts are exposed.
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There were no instructions accompanying the BCB suggesting how the semi-

conductor surface should be prepared. Understanding the importance of removing

surface oxides for minimal leakage currents, the same surface preparation for the

base and collector contact deposition was attempted – a 10 minute UV-ozone treat-

ment, followed by a 10 second diluted NH4OH:H2O 1:10 dip, andN2 dried with no

water rinsing. The wafer was immediately coated with BCB. To be certain it filled

in well against the HBT junctions, it rested on the surface for 30 sec before being

spun to a final thickness of∼ 2 µm. Lastly, the sample was quickly loaded into

the Nanofabrication facility ‘Blue Oven’ to prevent oxygen from contaminating the

uncured BCB.

The Panasonic inductively coupled plasma etcher (ICP) was utilized for BCB

etching. Through trial and error experimentation using Si dummy wafers, a CF4:O2

50:200 sccm (1000 W power) recipe was determined to be most useful. The BCB

etch rate associated with this recipe was∼ 250 nm / minute and it left the surface

smooth.

During the etching experiments it was discovered that there is a BCB height

difference of∼ 200 nm from the center of the sample (thicker) to the edge (thinner).

This amount of non-uniformity was within the processing limits and attempts to

remove it were not pursued. Because there was no laser monitoring system in the

ashing chamber of the ICP and excessive overetching would ruin the sample, an
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Figure 3.10: Planar device interconnect scheme: metal interconnect on 1.7µm of
BCB above InP substrate

Figure 3.11: IC micrograph photo of device within test structure after passivation
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Figure 3.12: IC micrograph photo of a static frequency divider interconnect bus after
Metal-1 interconnect

iterative etching scheme was used. Once the BCB is cured, 300 nm is blanket etched

in the ICP and then inspected at low-voltage in the FEI SEM to confirm that all of

the interconnect posts are exposed. If they are not and BCB remained, an additional

100 nm is etched and inspected again. This is repeated until 300 nm of the posts are

exposed.

As with the planar wiring environment, the transition from polyimide to BCB

was straight forward with few problems. The Si3N4 interconnect adhesion layer was

well behaved and the metal liftoff profile was clean. An SEM of a completed HBT

after BCB passivation and interconnect deposition is shown in Fig. 3.10, and an opti-

cal photograph is shown in Fig. 3.11. Fig. 3.12 shows the same divider interconnect

bus from Fig. 3.9 after Metal-1 deposition and MIM capacitor formation without
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any evidence of BCB degradation.

3.5 Thin-film microstrip for mesa HBTs

A coplanar waveguide environment (CPW) was used for mesa HBTs for sim-

plicity, because devices could be tested after the first layer of interconnect metal is

deposited. If not properly designed, CPW is susceptible to the excitation of parasitic

modes (shown in Fig. 3.13) that can corrupt transistor and circuit measurements.

To suppress each of them, additional processing steps are needed: ground vias for

microstrip modes, wafer thinning for substrate modes, and ground straps for slot

modes. Also, multiple ground breaks in complex ICs introduces ground return in-

ductance to various parts of the circuit and must be considered during design.

Figure 3.13: Coplanar wiring environment – showing the CPW and parasitic modes

CPW substrate modes are not easily suppressed at higher frequencies> 20 GHz,

and their presence makes vector network analyzer (VNA) calibration and subse-

quent S-parameter measurements difficult to achieve. The Thru-Reflect-Line (TRL)
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method is most commonly used to calibrate the HP 8510C VNA at UCSB before

HBT testing [7]. This method does not require accurate characterization of all of the

calibration standards. The TRL calibration utilizes two transmission line standards –

the ‘Thru’ standard and the ‘Line’ standard. The line standard differs from the Thru

line by an electrical length∆L, related to the frequency span being examined. The

Reflect standard is satisfied through the use of an open or short circuit termination.

From the measured calibration standards, the reflection coefficientΓ of the Re-

flect and propagation constant of the Line standard are determined. The only pa-

rameter that must be precisely known is the characteristic impedanceZo (typically

50Ω) of the Line standard,

Zo =

√
R + jωL

G + jωC
(3.5.1)

This characteristic impedance is the reference impedance for the calibrated measure-

ments, having a magnitude and phase associated with it – i.e. both real and imagi-

nary parts. Resistive losses at low frequency and skin effect losses are∝
√

ω. The

effect of surface impedance (skin effect) onβ however tends to decrease at higher

and higher frequencies. These resistive losses can be accurately modeled within

an electromagnetic (EM) simulator such that a complex impedance correction can

be applied to the TRL calibration, and the measured S-parameters converted to a

reference impedance of 50Ω as expected by the VNA [9].

Energy coupled into the semiconductor in the form of substrate modes appears
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as an effective conductanceG, altering the effectiveZo. This is not accounted for

well in the EM simulation and hence cannot be applied to the complex impedance

correction. As the frequency increases, higher order TE and TM substrate modes

will be excited (appearing as resonances on the Smith chart) andZo will diverge

further away from50 Ω. The TRL calibration will not be effective and the accuracy

of the S-parameter measurements will poor. Unless the wafer is thinned to less than

125µm (fcutoff ∼ 100 GHz), an alternative wiring environment is needed in order to

lessen the parasitic substrate modes, and have accurate VNA calibration and device

measurements.

The transferred-substrate HBT process is very difficult, however by soldering

the host wafer to a carrier and removing the substrate, a ground plane is formed and

a thin-film microstrip wiring environment can be used. Because the dielectric height

between the signal line and ground plane is∼ 5 µm, parasitic modes (fcutoff >

500 GHz) will not be excited at the frequencies HBTs and circuits are tested. Ra-

diative probe-to-probe coupling though has interfered with device measurements at

frequencies greater than 200 GHz. Unable to use the style of microstrip from the

transferred-substrate process, an inverted microstrip interconnect scheme was con-

ceived – shown in Fig. 3.14, where the ground plane is the top-most layer of metal.

After Metal-1 is deposited and capacitors are formed, posts∼ 3.5µm tall are elec-

troplated or evaporated. BCB of the same thickness is spun, cured, and etched back
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Figure 3.14: Cross-section of the mesa HBT process, showing its thin-film mi-
crostrip wiring environment

to reveal the posts. Lastly, the ground plane is formed.

From a circuit design standpoint, using thin-film microstrip is advantageous as

well because it is more predictable and easier design in to. Ground straps required

for CPW to maintain ground plane continuity are not needed and Metal-1 can be

used solely for signal interconnects. Amplifier design is simplified through the use

of microstrip because 2-D and 3-D electromagnetic simulators like Momentum by

Agilent can more accurately predict the impedance of signal lines, along with the ca-

pacitance and inductance of various structures. The thin-film dielectric between the

ground plane and signal line permits the interconnects of digital and mixed-signal

circuits to be placed more closely together without compromising signal integrity,

thus decreasing the wiring parasitics and delays. Lastly, the ground plane shields the

core parts of amplifiers and digital circuits of interference from the probed input and

output signals.
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The final point is of particular importance for discrete HBT measurements. By

shielding the signal lines from the probe pad to the device, probe-to-probe coupling

can be significantly reduced. On-wafer TRL VNA calibration structures (discussed

in Chapter 4) allow the HBT test structure to use long signal lines between the probe

pad and terminal of the device (where the reference plane is set). The increased dis-

tance has reduced probe-to-probe coupling effects. Through the combined use of the

long signal lines for increased probe spacing, inverted microstrip where the ground

plane shields the signal lines, and shielded probes where the signal line is covered

by a ground plane until the edge of the probe [6], excellent VNA measurements of

HBTs should be possible to 300 GHz with minimal parasitic substrate mode cou-

pling due to the large probe pad.

Figure 3.15: Fabricated divide-by-2 before and after final ground-plane metalization
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This inverted microstrip is employed as the wiring environment for the static

frequency dividers reported in Chapter 5 and proved to work well. Fig. 3.15 shows

a divider circuit before and after ground plane deposition. Device results are not

available at this time.
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3.6 Process challenges for UCSB metamorphic DHBTs

Even though InP DHBTs have demonstrated higher bandwidths and breakdown

voltages compared to SiGe HBTs at similar levels of scaling, the high cost and

low breakage strength of InP substrates have hindered it acceptance beyond low-

volume, commercial manufacturing environments. Metamorphic growth of InP-

based DHBTs on GaAs substrates has been investigated as a means of accessing

the properties of InP in a GaAs manufacturing environment with lowered costs. For

these devices to be useful in high speed circuit applications, a lowCcb/Ic ratio (high

Je) is necessary, requiring the device operating temperature be addressed during

device design [11]. Because the metamorphic buffer layer can have a significant im-

pact on the thermal resistance of the HBT [12], InP is used as the buffer for its higher

thermal conductivity. While these buffer layers are capable of removing the strain

associated with the 3.8% lattice mismatch between GaAs and InP, InP buffers cannot

suppress defects in the growth of the device layers to the low levels observed with

graded ternary buffers [13]. However, the thermal resistance of mHBTs using low

thermally conductive ternary buffer layers (InP = 68 W/K-m, InAlAs = 9.9 W/K-

m, InGaP = 15 W/K-m) is such that these devices when biased at current densities

required for high bandwidth would exhibit several 100◦C self-heating [14].

Cross-sectional TEM (transmission electron microscopy) images of the mHBT

epitaxy from the results to be reported [15] are shown in Fig. 3.16 and Fig. 3.17.
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Figure 3.16: Observed InP metamorphic buffer defects from epitaxy growth

Figure 3.17: Observed InP metamorphic buffer defects–different location
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There is a defect density per unit length emitter of 5-6/µm [16], which results in

35-45 defects for a 0.5×7 µm2 mHBT. Despite this, the transistor yield is similar

to that observed for lattice-matched HBTs (LM-HBT, where the host wafer is InP)

from UCSB. Thus the present data does not support any conclusion that the defect

density from the InP metamorphic buffer impacts transistor performance or yield.

The primary research on metamorphic HBTs from UCSB was conducted by Dr.

YoungMin Kim, and results from that work have been reported in [12] and [17].

They discuss in detail the thermal resistance of a number of metamorphic buffer

schemes, along with RF performance of small area DHBTs. The process used to

fabricate these older mHBTs is the same as discussed in§3.3, where limitations

associated with device scaling and passivation lessened their performance.

The surface morphology of the mHBT is very rough compared to LM-HBT

growths. For LM-HBTs having a low defect density and smooth surface, the wet-

etch behavior is easily observed and can be well controlled. The surface roughness

associated with mHBTs however makes observing the semiconductor wet-etch dif-

ficult. Consequently, an underetch or overetch of a mesa features can happen un-

intentionally. In the case of an underetch, semiconductor material remains above

the layer that is to be revealed. Because the wet-etch chemistry used to remove InP

and InGaAs is highly selective, an underetch of the preceeding layers would prevent

subsequent layers from etching where material remained and the process run would
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be ruined. Excessive emitter undercut is undesired because it would create a larger

gap underneath the emitter contact between the emitter mesa and base contact. This

larger gap unnecessarily increases the base resistance and reducesfmax.

The process improvements reported in§3.2.1,§3.2.2, and§3.4 to scale the HBT

footprint, passivate the device in BCB, and raise the interconnects from the substrate

were adopted for future mHBT process runs. The inability to determine when the

InGaAs and InP etches ended was still of concern.§3.6.1 and§3.6.2 will discuss the

additional process-step employed to reduce base-leakage and increase mHBT device

yield.

3.6.1 Difficulties etching the emitter mesa

Through a series of experiments it was discovered that during the emitter semi-

conductor wet-etch in the mHBT process, the InP in the field is completely etched

away, butN− material surrounds the emitter mesa – shown in Fig. 3.18 and Fig. 3.19.

In some places, what appears to be InP strands protrude beyond the emitter undercut

and touch the self-aligned base contact. While contacting this metal did not impair

device performance significantly, base-leakage currents were higher and yield suf-

fered because of the raised base metal on theN− semiconductor short-circuiting to

the emitter contact. Sometimes this metal could be ‘burned-off’, where in some in-

stances aVbe greater than the device turn-on∼ 0.8 V would be required. However,
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Figure 3.18: Inspection of emitter mesa after wet-etching. Note, the emitter contact
has been removed

if circuits were pursued, they would not bias properly.

It is suspected that during the growth transition from the InGaAs base to InP

emitter, Ga and/or As is unintentionally incorporated in the initial layers of the emit-

ter. If there is a thin layer of InAsP or InGaAsP above the base, the semiconductor

etch-rate would become slow for these materials because of the wet-etch solution

being used. Furthermore, the etch-rate of this material would be even slower around

the emitter mesa where the wet-etch solution circulates less. This is most likely why

the base semiconductor is exposed in the field and the emitter mesa is surrounded by

thisN− material. Rather than correcting the epitaxial growth at this time, a dielectric

sidewall spacer solution was pursued.
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Figure 3.19: Inspection of theN− semiconductor between the etched emitter mesa
and self-aligned base contact

3.6.2 SiO2 dielectric sidewall solution

Dielectric sidewall spacers around the emitter contact of InP HBTs has been in-

vestigated as a means of electrically isolating the emitter and base contact in more

advanced device processes. The same type of dielectric spacer is used here for a dif-

ferent purpose for mHBTs to increase the spacing between the base contact and any

residual material associated with the emitter undercut. Fig. 3.20 shows the process

steps involved in fabricating the sidewall and are described here.

After the emitter contact is formed, 100 nm of SiO2 is deposited on the wafer

by plasma enhanced chemical vapor deposition (PECVD). The wafer is then etched

anisotropically by reactive ion etch (RIE) using a CF4:O2 gas mixture. This etch
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Figure 3.20: Process flow for emitter dielectric sidewall spacer

removes SiO2 from the field and leaves an 80 nm sidewall around the emitter contact.

The emitter mesa is wet-etched. Lastly, the self-aligned base contact is deposited

with an additional 80 nm spacing from the emitter mesa edge.

A cross-sectional SEM of the mHBT shown in Fig. 3.21, where the dielectric

sidewall and emitter undercut are highlighted. While this sidewall alleviates the

emitter mesa etching issues, the base gap resistanceRb,gap between base contact and

emitter mesa is∼ 2.5× higher due to the spacer. Separating process-related issues

from growth-related issues when measuring mHBT electrical performance is im-
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perative to understanding the differences between mHBTs and their lattice-matched

counterpart. The results in Chapter 4 will reveal that the DC and RF performance of

mHBTs and LM-HBTs is very similar.

Figure 3.21: Cross-sectional SEM of an mHBT after passivation and device
interconnect
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3.7 Summary

This chapter reports the efforts undergone in order to create a high frequency InP

DHBT process with increased bandwidth and high yield. Process steps have been

added to support small-scale circuits. Chapter 4 reports recent RF HBT results from

UCSB using this updated process. Static frequency dividers have been yielded as

well and are reported in Chapter 5. The final process-flow is given in Appendix B.
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4
InP DHBT Device Results

THIS chapter reports discrete device results for InP DHBTs fabricated from

UCSB – a continuation of the research by M. Dahlstr¨om [9]. Combined

with the new HBT process reported in Chapter 3, the device epitaxy was designed

to simultaneously increasefτ andfmax, and reduce theCcb/Ic ratio for use in small-

scale digital integrated circuits. Thermal resistance, emitter resistance, and base

resistance are the key barriers to HBT scaling. As the DHBT results are reported,

there will be a discussion of the intended use of the device, what changes were made

to the layer structure compared to its predecessor, along with measured DC and RF

results.

4.1 VNA calibration methods

Accurate and repeatable on-wafer two-port device measurements require a well

characterized measurement environment. For the HBTs reported in this work, their

bandwidths far exceed the DC-110 GHz frequency span covered by typical com-
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mercial vector network analyzers (VNA). Modules are available for testing at higher

frequencies, however device data in these frequency bands are not needed to deter-

mine thefτ , fmax, andCcb/Ic of an HBT. Furthermore, the challenges associated

with achieving accurate measurements> 110 GHz are beyond the scope of this

work.

Before measurements can commence, a two-port VNA calibration is required so

as 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

stripping from the measurements the contributions from delays and losses associ-

ated with microwave cabling, the wafer probes, and the on-wafer transmission line

network that the DUT is embedded within. A VNA calibration is performed by mea-

suring a set of defined calibration standards. From the S-parameter measurements of

these standards, a set of error correction coefficients are determined and used to cal-

ibrate the VNA and subsequent measurements. A discussion of the derivation and

formulation of the error correction terms is complicated and not included – how-

ever, the following references [1, 2, 3, 4] provide detailed mathematical derivation

of various VNA calibration schemes.

There are two approaches available to realize the VNA calibration standards – in-

variant of the calibration method used. The first is realized by utilizing a calibration

substrate different from the DUT. Such substrates are commercially available and
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are effective in calibrating a VNA from DC-110 GHz. These substrates are typically

fabricated using thin-film processes on alumina, where coplanar waveguide (CPW)

is the wiring environment employed. Because the calibration is designed to place

the measurement reference planes at the wafer-probe tips, this method is often re-

ferred to as aprobe-tip or off-wafer calibration. This approach is commonly used for

on-wafer DUT measurements and offers the advantage of having well-characterized,

precision calibration standards. There are two drawbacks however associated with

using a calibration substrate that is different from the DUT.

The probe spacing between the calibration standards is of a distance where

electro-magnetic field coupling between port 1 and port 2 is experienced. If the

coupling is constant and the same for all standards measured during the calibration,

their effects are less severe. At frequencies> 50 GHz, this is not a reasonable ex-

pectation. Increasing the signal-line spacing between the probe-pad and terminals

of the device would lessen the effects of the fringing fields. However, for a probe-

tip calibration, the effects of the embedding structure (probe-pad and signal lines)

must be removed from the measurement so that the S-parameter measurements only

contain data about the device – i.e. the reference planes are moved from the probe-

tips to the device terminals. An approximate approach often used to account for the

device test structure is to measure the open-circuit network capacitance of the struc-

ture without a device present and subtracting it from device measurements using
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S-parameter simulation software. Because HBTs having very high bandwidths have

little capacitance, this approach can generate considerable error. Also, this approach

ignores the series resistance and inductance of the embedding network, both having

values that effect high bandwidth devices.

A more precise determination of the electrical characteristics is done by mea-

suring both the openand short-circuit test structures, and subtracting the measured

Y-parameters and Z-parameters, respectively, of these networks from measurements

of the DUT [5]. This approach is conditioned upon the physical length of the embed-

ding network being small relative to the propagation wavelength at the measurement

frequency. De-embedding the entire test structure this way is particularly attractive

because it removes any residually generated human error due to mis-interpretation

of the lumped equivalent circuit from the open and short-circuit structures. An addi-

tional comment: as already mentioned, there are limits as to the length of the signal

lines in the embedding network in order to suppress port-to-port fringing fields. Re-

cently, probes have become commercially available where a shielded ground-plane

covers the signal line of the probe [6] until the tip is reached–used in the measure-

ments of DHBT 27, to be discussed. Typically, probe-to-probe coupling causes the

device Unilateral power gain to progressively roll-off at greater than -20dB/dec for

frequencies beyond 50 GHz. By removing the fringing field transmission between

port 1 and port 2, their effects are removed from the S-parameter measurements –
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increasing the accuracy of device characterization.

The second way of realizing the calibration standards is to design them custom

to the process associated with the DUT on the same wafer. Using this approach,

calibration standards can be realized in the same embedding network used by the

DUT and the measurement reference planes can be placed at the device terminals.

Also, unlike with probe-tip calibrations, the signal lines can be made longer to re-

duce fringing fields. The trade-off of this approach is that the realization of precision

calibration standards repeatably on the substrate over numerous process runs may be

challenging and require some post-processing of the S-parameter data to account for

such deviations between the expected and realized calibration standard values. At

higher frequencies however, these deviations have less and less effect on the mea-

surements of the device.

There are a number of different VNA calibration methods that could be utilized

to calibrate the system. The calibrations differ in the standards that are measured,

and in the assumptions made regarding the standards for determining the error-

corrections terms. The calibration methods are named according to the standards

that are measured in the method; they include Short-Open-Line-Thru (SOLT), Thru-

Reflect-Line (TRL), Line-Reflect-Match (LRM), and Line-Reflect-Reflect-Match

(LRRM). In this work, TRL (probe-tip and on-wafer) and LRRM (probe-tip) tech-

niques are used for VNA calibration, and are briefly reviewed.
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The LRRM method [2] is well suited for two-port VNA calibration in a coaxial

measurement environment where the desired frequency span to be tested is large.

An example would be a DC-110 GHz single sweep on an Agilent 8510XF VNA

system. The accuracy of the standard models used in the calibration need not be

known to a high level of accuracy. The models expected include two independent

reflect standards – a dual one-port device made up by two identical, isolated loads

with a reflection coefficientΓr1 for Reflect ‘1’andΓr2 for Reflect ‘2’. To assure inde-

pendent measurements, a non-ideal open-circuit and non-ideal short-circuit should

be used in the determination ofΓr1 andΓr2. The Match standard is modeled as a

resistorR having a series inductanceL, whereR must be known (and have a similar

value as the Line impedance) andL is determined from the calibration. The Line

standard provides a fixed value of electrical delay.

Unlike the LRM calibration method where two known and electrically identical

Match standards are needed (for Port 1 and 2), the additional Reflect used by LRRM

eases this condition and increases the accuracy of the calibration. An additional

benefit is that all LRRM standards can be realized with a fixed probe-to-probe spac-

ing, lessening fringing field effects. Note, the LRRM calibration is generally not an

available technique in VNA hardware (like the Agilent 8510C and 8510XF systems

used for HBT testing in this work), however it can be implemented into the VNA

through the use of commercially available controller software [8].
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Like the LRRM calibration, the TRL calibration does not require an accurate

characterization of all of the calibration standards. The calibration uses two trans-

mission line standards – one designated as a ‘Thru’, and the other ‘Line’. The Line

standard differs from the Thru by some electrical length∆L. The Reflect standard

may be an open or short circuit termination.

The solution for the error terms in a TRL calibration is over-determined, and

the reflection coefficient associated with the Reflect standard and the propagation

constant of the Line standard can be determined from calibration measurements.

The only parameter that must be accurately known is the characteristic impedance

Zo of the Line standard. ThisZo becomes the reference impedance for the calibrated

measurements and it is important to remember that this impedance has frequency

dependent real and imaginary parts. Methods are described in [7] how this frequency

dependence of the characteristic impedance is accounted for and corrected in the

device measurements.

An often cited disadvantage of the TRL method is that one Line standard can

only cover a 1:8 frequency span, with the ideal∆L being aλ/4 wavelength at the

center of the span. As such, multiple Line standards are required to cover larger

frequency ranges, and low frequency standards take up large amount of die area.

Multiple Line standards may also be utilized to provide measurement redundancy in

a given band. Interested readers are referred to [1, 3, 7] for a complete discussion of
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the TRL calibration method.

4.2 150 nm collector, 30 nm base – DHBT 19b

At the time this work began (September 2002), the best reported HBT result from

UCSB (DHBT 17) was fabricated in the old UCSB process with a 200 nm collector

and 30 nm base, exhibiting a 282 GHzfτ and> 400 GHzfmax [10]. The yield was

< 10% and DC current gain∼ 15. Also, the collector doping was chosen such that

a voltage offset ofVcb = 0.3 V was required to fully deplete the collector at lowJe.

The measured thermal resistance and emitter resistance for these devices suggested

that digital circuit bandwidth would benefit from thinning the collector from 200 nm

to 150 nm in order to operate the HBTs at higher current densities.

A device layer structure was conceived (DHBT 19b), intended for use in emitter-

coupled-logic (ECL) static frequency divider circuit design. The full layer structure

and simulated band-diagram [11] for the device are given in Tab. 4.1 and Fig. 4.1,

respectively. It utilizes a 150 nm collector and 30 nm base, with a projectedJKirk

= 3 mA/µm2 at Vcb = 0.0 V andJKirk = 6 mA/µm2 at Vcb = 0.6 V. The InGaAs

sub-collector contact layer was thinned from 25 nm to 12.5 nm for reduced thermal

resistance. Also, ECL divider designs require the collector be fully depleted atVcb

= 0.0 V, therefore the collector doping was chosen to ensure this. Two wafers were
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Table 4.1: Layer structure DHBT 19b – 150 nm collector, 30 nm base

Thickness (nm) Semiconductor CompositionDoping (cm−3) Description

40 In0.53Ga0.47As 3 · 1019:Si Emitter cap

80 InP 3 · 1019:Si Emitter cap

10 InP 8 · 1017:Si Emitter

30 InP 3 · 1017:Si Emitter

30 InGaAs 5 − 8 · 1019:C Base

20 In0.53Ga0.47As 3 · 1016:Si Setback

24 InGaAs / InAlAs 3 · 1016:Si B-C grade

3 InP 3 · 1018:Si Delta doping

103 InP 3 · 1016:Si Collector

25 InP 1.5 · 1019:Si Sub-collector

12.5 In0.53Ga0.47As 2 · 1019:Si Sub-collector

300 InP 2 · 1019:Si Sub-collector

Substrate Semi-Insulating InP

ordered with this design from IQE and attempts to process the new divider mask

set began. Because of process difficulties associated with forming devices, it was

concluded that circuits would not be functional when the process was completed.

Efforts were pursued to correct the HBT fabrication process steps.

After six months the device formation updates were completed. Two samples

were fabricated using two different mask sets – one for devices, the other for circuits.

The device mask set was processed to check device performance and yield as it

contained narrower device footprints on the reticle that are more difficult to yield.

On this mask set, HBTs could be measured after Metal-1 interconnect deposition –

something not possible with the divider mask set. A screening of the device wafer
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Figure 4.1: Simulated band-structure DHBT 19b –Vbe = 0.9 V,Vcb = 0.0 V

showed that yield was∼ 100% for HBTs of all dimensions (emitter junctions as

narrow at 0.4µm), with little variation in DC and RF performance amongst them.

Fig. 4.2 shows the common-emitterI−V curves and Gummel characteristics for

DHBT 19b. The devices can sustain a maximum operating power densityPmax >

18 mW/µm2, there is no evidence of current blocking atJe > 12 mA/µm2,

Vcb = 0.0 V and the ideality factors for the basenb and collectornc are similar

to other InP DHBTs [10] from UCSB. Tab. 4.2 summarizes the measured electrical

characteristics for the device.

Fig. 4.3 shows the measured microwave gainsh21 and Mason’s unilateral gain

U at the bias associated with peakfτ andfmax. A maximum 370 GHzfτ and 459

GHz fmax were extrapolated from two different devices of exact dimension atJe
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Table 4.2: Summary of electrical characteristics, DHBT 19b

emitter base collector ideality

DHBT β BVCEO ρc ρs ρc ρs ρc nb nc fτ fmax

19b 11 5.6 15 603 20 12.9 12 1.55 1.05 370 459

Volts ρc, Ω · µm2 andρs, Ω/sq GHz

= 8.3 mA/µm2 andVcb = 0.3 V. Measuring two devices was necessary because the

DC-50 GHz device test structures utilizing anon wafer Thru-Reflect-Line (TRL)

network analyzer calibration showed strong resonances beyond 20 GHz (likely due

to parasitic substrate modes), but less so in W-band (75-110 GHz). Consequently,

the DC-30 GHz data was taken from a device utilizing a short-pad test structure

requiring aprobe-tip TRL network analyzer calibration. The measured values offτ

andfmax for both DHBTs were the same and consistent with simulated values from

device modeling.

While this HBT performance showed significant improvements in yield com-

pared to DHBT 17, the deviceβ was lower than expected andJKirk was much

higher. It was believed that the device passivation scheme combined with high base

doping was responsible for the lowβ. TheJKirk was high because the pulse doping

in the collector was inadvertently grown 50% higher than specified. Complications

pertaining to the growth of the pulse doping have since been resolved.

Three projects were pursued after the DHBT 19b measurements were com-

pleted – all discussed thoroughly in Chapter 3. The first was to reduce the device
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Figure 4.2: Common-emitter I-V and Gummel characteristics, DHBT 19b

leakage currents. This involved transitioning from polyimide to BCB as the passi-

vation dielectric. It also permitted the device interconnects to be suspended above

the highε = 12.8 InP substrate. Second, corrections were needed to the back-

end of the process. The circuit wafer previously mentioned (processed concurrently

with DHBT 19b devices) failed to yield devices or circuits because of problems as-

sociated with forming the inverted microstrip wiring environment. Lastly, from the

device data measured from DHBT 19b, static frequency dividers were designed with

an intendedfclk,max > 150 GHz. To do so, a simple design-kit was generated that

included safe operating curves based on the maximum operating power density of
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Figure 4.3: Measured microwave gains, DHBT 19b – Peakfτ , fmax

the HBTs and a plot of the dependence ofCcb/Ic with varyingVcb andJe.
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Figure 4.4: Simulated band-structure DHBT 22 –Vbe = 0.9 V,Vcb = 0.0 V

4.3 150 nm collector, 30 nm base – DHBT 22

This wafer, like DHBT 19b, has a 150 nm collector and 30 nm base. There are

two significant differences with DHBT 22 – the emitter cap is step-graded from

In0.53Ga0.47As to the narrower bandgap In-rich In0.85Ga0.15As for reduced emitter

ρc, and the doping grade in the base is reduced from8 → 5 · 1019 cm−3 to 7 → 4 ·

1019 cm−3. In addition to these changes, all of the process modifications discussed in

Chapter 3 (BCB passivation, raised interconnects, inverted-microstrip wiring) were

employed for device and circuit formation. Static frequency dividers were yielded

and are discussed in Chapter 5.

The full layer structure and simulated band-diagram for the device are given
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Table 4.3: Layer structure DHBT 22 – 150 nm collector, 30 nm base

Thickness (nm) Semiconductor CompositionDoping (cm−3) Description

5 In0.85Ga0.15As > 3 · 1019:Si Emitter cap

15 InxGa1−xAs 3 · 1019:Si Emitter cap

20 In0.53Ga0.47As 3 · 1019:Si Emitter cap

80 InP 3 · 1019:Si Emitter

10 InP 8 · 1017:Si Emitter

80 InP 5 · 1017:Si Emitter

30 InGaAs 4 − 7 · 1019:C Base

20 In0.53Ga0.47As 2.5 · 1016:Si Setback

24 InGaAs / InAlAs 2.5 · 1016:Si B-C grade

3 InP 3 · 1018:Si Delta doping

103 InP 2.5 · 1016:Si Collector

10 InP 1.5 · 1019:Si Sub-collector

12.5 In0.53Ga0.47As 2 · 1019:Si Sub-collector

300 InP 2 · 1019:Si Sub-collector

Substrate Semi-Insulating InP
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in Tab. 4.3 and Fig. 4.4, respectively. The collector doping was slightly reduced

compared to DHBT 19b, with the projectedJKirk = 3 mA/µm2 at Vcb = 0.0 V and

JKirk = 6 mA/µm2 at Vcb = 0.6 V. Fig. 4.5 shows the common-emitterI − V

Figure 4.5: Common-emitter I-V and Gummel characteristics, DHBT 22

curves and Gummel characteristics for DHBT 22. The devices behave as expected

with no signs of gain-compression or current blocking atP = 15 mW/µm2, and

the Gummel curves show normal ideality factors for the basenb and collectornc.

Tab. 4.4 summarizes the measured electrical characteristics for DHBT 22.

DC-50 GHz RF measurements were carried out after performing aprobe-tip

Line-Reflect-Reflect-Match (LRRM) calibration on an Agilent 8510 XF network

analyzer. An on-wafer open circuit pad structure identical to the one used by the
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Table 4.4: Summary of electrical characteristics, DHBT 22

emitter base collector ideality

DHBT β BVCEO ρc ρs ρc ρs ρc nb nc fτ fmax

22 36 5.1 10.1 564 9.6 11.9 5.4 1.38 1.17 391 505

Volts ρc, Ω · µm2 andρs, Ω/sq GHz

devices was measured after calibration in order to de-embed this associated capaci-

tance from the device measurements. Fig. 4.6 shows the measured microwave gains

h21 and Mason’s unilateral gain U at the bias associated with peakfτ andfmax. A

maximum 391 GHzfτ and 505 GHzfmax were extrapolated atJe = 5.17 mA/µm2,

Vcb = 0.6 V, andCcb/Ic = 0.51 ps/V. A small-signalhybrid−π equivalent circuit of

Figure 4.6: Measured microwave gains, DHBT 22 – Peakfτ , fmax
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Figure 4.7: Hybrid-π model, DHBT 22 – Peakfτ , fmax

the device at peakfτ andfmax is shown in Fig. 4.7.

Inspection of the measured data shows DHBT 22 improved when compared to

DHBT 19b. The device leakage currents were reduced by more than 100× for both

the baseIb at lowVbe and the collectorIc as lowVcb,offset. This can be attributed to a

reduction in the amount of semiconductor surface pinning through the use of BCB.

Deviceβ increased by more than was anticipated from the reduction in base doping,

likely due to reduced surface leakage from around theN− emitter periphery. Lastly,

the emitter and base contact resistivityρc were reduced by∼ 40% through the com-

bined use of the In-rich InGaAs emitter cap layer, and improved surface preparation
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and metalization source quality – previously discussed in detail in Chapter 3. These

results reflect the betterment in HBT performance from layer structure and fabrica-

tion changes. Also, the yield remained high and circuits with transistor counts of 28

(divide-by-2) and 56 (divide-by-4) were realized on the same wafer.

Further attempts to improve the process-flow ceased and scaling of the epitaxial

layers was pursued. The remaining sections report device results from different

DHBT layer structures utilizing the new UCSB HBT process.
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4.4 210 nm collector, 35 nm base – DHBT 24

DHBT 24 was designed by M. Dahlstr¨om and Z. Griffith for use in InP DHBT

based power amplifier designs by V. Paidi operating at∼ 200 GHz. The designs and

layout were done utilizing the old UCSB HBT device and circuits process (discussed

in Chapter 3) because of time restrictions, and results of this work have been reported

in [14]. The full layer structure and simulated band-diagram for the device are given

in Tab. 4.5 and Fig. 4.8, respectively. The collector doping was selected for aJKirk

= 1.5 mA/µm2 atVcb = 0.0 V andJKirk = 3.5 mA/µm2 atVcb = 0.8 V.

While the amplifier results demonstrated 8.3-dBm output power at 176 GHz with

4.5-dB associated power gain, device and circuit performance suffered because of

processing complications that increased the emitter and base contact resistanceρc.

That causedfmax to be∼ 35% lower than projected. Devices were fabricated again

using the new process (improved ohmic contacts, and BCB passivation) to show that

the HBTs could operate at much higher bandwidths for the same material.

Fig. 4.9 shows the common-emitterI − V characteristics for DHBT 24. The

device is well behaved with no evidence of gain-compression or current blocking

due to thermal effects untilP > 14 mW/µm2, and the Gummel curves showed

expected ideality factors for the basenb = 1.40 and collectornc = 1.10. Tab. 4.6

summarizes the measured electrical characteristics for the device.

DC-40 GHz RF measurements were carried out after performing aprobe-tip
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Table 4.5: Layer structure DHBT 24 – 210 nm collector, 35 nm base

Thickness (nm) Semiconductor CompositionDoping (cm−3) Description

30 In0.53Ga0.47As 3 · 1019:Si Emitter cap

110 InP 3 · 1019:Si Emitter

10 InP 8 · 1017:Si Emitter

40 InP 5 · 1017:Si Emitter

35 InGaAs 5 − 8 · 1019:C Base

20 In0.53Ga0.47As 1.5 · 1016:Si Setback

24 InGaAs / InAlAs 1.5 · 1016:Si B-C grade

3 InP 3 · 1018:Si Delta doping

163 InP 1.5 · 1016:Si Collector

50 InP 1.5 · 1019:Si Sub-collector

10 In0.53Ga0.47As 2 · 1019:Si Sub-collector

300 InP 2 · 1019:Si Sub-collector

Substrate Semi-Insulating InP

Table 4.6: Summary of electrical characteristics, DHBT 24

emitter base collector ideality

DHBT β BVCEO ρc ρs ρc ρs ρc nb nc fτ fmax

24 21 6.9 7.2 446 6.1 12.6 5.5 1.40 1.10 276 451

Volts ρc, Ω · µm2 andρs, Ω/sq GHz
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Figure 4.8: Simulated band-structure DHBT 24 –Vbe = 0.9 V,Vcb = 0.0 V

Figure 4.9: Common-emitter I-V characteristics, DHBT 24
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Thru-Reflect-Line (TRL) calibration on an Agilent 8510C network analyzer. An

on-wafer open circuit pad structure identical to the one used by the devices was

measured after calibration in order to de-embed this associated capacitance from the

device measurements. Fig. 4.10 shows the extrapolated microwave gainsh21 and

Mason’s unilateral gain U at the bias associated with peakfτ andfmax. A maximum

276 GHzfτ and 451 GHzfmax were measured atJe = 3.48 mA/µm 2 andVcb =

0.8 V. A small-signalhybrid−π equivalent circuit of the device at peakfτ andfmax

is shown in Fig. 4.11.

Improvements observed in device performance between DHBT 19b and DHBT 22

Figure 4.10: Measured microwave gains, DHBT 24 – Peakfτ , fmax
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Figure 4.11: Hybrid-π model, DHBT 24 – Peakfτ , fmax

(§4.2, §4.3) were similarly observed for DHBT 24. Between old and new UCSB

HBT process, peakβ increased from 14 to 21, base and collector leakage cur-

rents were reduced∼ 100×, and fτ / fmax increased from 220/ 290 GHz to

275/ 451 GHz.
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4.5 100 nm collector, 30 nm base – DHBT 25 and 26

Two HBT layer structures utilizing a 100 nm collector and 30 nm base were

designed to investigate the effectiveness of the chirped-superlattice base-collector

grade at higher current densities and produce devices with highfτ without signif-

icant reductions tofmax. The InGaAs contribution to the sub-collector has been

thinned from 12.5 nm to 8.5 nm for reduced thermal resistanceθJA, while maintain-

ing low collector contactρc.

For Type-I DHBTs to operate effectively at highJe, the energy barrier to electron

transport in the collector associated with the conduction band discontinuity between

InGaAs and InP must be removed. The DHBTs designs and results discussed in

the previous sections (DHBT 19b§4.2, DHBT 22§4.3, DHBT 24§4.4) employed a

47 nm transition region (20 nm setback, 24 nm grade, 3 nm pulse doping) between

the base and InP portion of the collector and was effective at suppressing current

blocking. As the collector thicknessTc is scaled, the ternary materials associated

with the setback and grade will occupy a greater portion of the collector and the de-

vice operating temperature will increase rapidly at moderate base-collector voltages

Vcb [15]. Two approaches to reduce them from the collector are pursued.

The conduction-band potential drop across the setback layer associated with
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launching electrons into the grade is [4],

∆φsetback = (Vcb + φbi)
Tsetback

Tc
+

qNδTδTsetback

εoεr
+

(qNc − J(x)
υeff

)TcTsetback

2εoεr

(4.5.1)

For the device designs with a 210 nm and 150 nmTc, the collector setback thick-

nessTsetback = 20 nm produced an electrostatic potential drop across this region

∆φsetback ≈ 0.370 and 0.378 eV, respectively. Scaling to 100 nm collector thickness

with a 20 nmTsetback would give∆φsetback ≈ 0.442 eV. Based on the previous results

and effectiveness of the grade for the values of∆φsetback utilized, the setback was

thinned to 15 nm and the grade unchanged (42 nm transition) to make∆φsetback ≈

0.332 eV for DHBT 25.

Invariant of the setback thickness, a pulse-doping is required to suppress the

change in the conduction band quasi-field at the InP interface within the collector

when a chirped-superlattice grade is used in order to remove the∆Ec discontinuity,

and is determined from the following relationship [3,4],

NδTδ =
εoεr · ∆Ec

q2Tgrade
(4.5.2)

The second device design explored (DHBT 26) employs the same layer structure

and doping values as DHBT 25, but the setback is further thinned to 10 nm and

the base-collector grade has been reduced by 2:1 (25 nm transition) with the pulse

doping adjusted to produce a∆φsetback ≈ 0.338 eV.
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Table 4.7: Layer structure DHBT 25 / 26 – 100 nm collector, 30 nm base

Thickness (nm) Semiconductor Composition Doping (cm−3) Description

5 In0.85Ga0.15As > 5 · 1019:Si Emitter cap

15 InxGa1−xAs 4 · 1019:Si Emitter cap

20 In0.53Ga0.47As 3 · 1019:Si Emitter cap

80 InP 3 · 1019:Si Emitter

10 InP 1 · 1018:Si Emitter

40 InP 8 · 1017:Si Emitter

30 InGaAs 4 − 7 · 1019:C Base

15 In0.53Ga0.47As 9 · 1016:Si Setback

24 / 12 InGaAs / InAlAs 9 · 1016:Si B-C grade

3 InP 2.75 / 5.5 · 1018:Si Delta doping

58 / 75 InP 9 · 1016:Si Collector

10 InP 1.5 · 1019:Si Sub-collector

8.5 In0.53Ga0.47As 2 · 1019:Si Sub-collector

300 InP 2 · 1019:Si Sub-collector

Substrate Semi-Insulating InP
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Figure 4.12: Simulated band-structure DHBT 25 –Vbe = 0.9 V,Vcb = 0.0 V

Figure 4.13: Simulated band-structure DHBT 26 –Vbe = 0.9 V,Vcb = 0.0 V

The layer structures and simulated band-diagrams for DHBT 25 and DHBT 26

are given in Tab. 4.7, Fig. 4.12, and Fig. 4.13, respectively. The collector doping was
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Figure 4.14: Common-emitter I-V and Gummel characteristics, DHBT 25

specified for a projectedJKirk = 5 mA/µm2 atVcb = 0.0 V andJKirk = 12.5 mA/µm2

atVcb = 0.6 V.

Fig. 4.14 and Fig. 4.15 shows the common-emitterI − V curves and Gum-

mel characteristics for DHBT 25 and DHBT 26, respectively. The devices be-

have normally with no evidence of gain-compression or current blocking untilJe >

9 mA/µm2, and the Gummel curves show expected ideality factors for the basenb

and collectornc.

DC-42 GHz RF measurements were carried out after performing aprobe-tip

Thru-Reflect-Line (TRL) calibration on an Agilent 8510C network analyzer. An

on-wafer open circuit pad structure identical to the one used by the devices was
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Figure 4.15: Common-emitter I-V and Gummel characteristics, DHBT 26

measured after calibration in order to de-embed this associated capacitance from

the device measurements. Fig. 4.16 shows the measured microwave gainsh21 and

Fig. 4.17 shows Mason’s unilateral gain U at the bias associated with peakfτ and

fmax, respectively for DHBT 25. A maximum 491 GHzfτ and 415 GHzfmax were

extrapolated atJe = 10.3 mA/µm 2 andVcb = 0.4 V. Fig. 4.18 shows the measured

microwave gainsh21 and Fig. 4.19 shows Mason’s unilateral gain U at the bias as-

sociated with peakfτ andfmax, respectively for DHBT 26. A maximum 465 GHz

fτ and 416 GHzfmax were extrapolated atJe = 8.53 mA/µm 2 andVcb = 0.4 V.
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Figure 4.16: Measured microwave gains, DHBT 25 – Peakfτ

Figure 4.17: Measured microwave gains, DHBT 25 – Peakfmax
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Figure 4.18: Measured microwave gains, DHBT 26 – Peakfτ

Figure 4.19: Measured microwave gains, DHBT 26 – Peakfmax

130



CHAPTER 4. INP DHBT DEVICE RESULTS

Table 4.8: Summary of electrical characteristics, DHBT 25 and 26

emitter base collector ideality

DHBT β BVCEO ρc ρs ρc ρs ρc nb nc fτ fmax

25 41 3.1 7.8 629 6.2 12.9 4.0 1.44 1.12 490 415

26 47 3.1 10.4 616 3.8 13.3 5.8 1.51 1.11 465 416

Volts ρc, Ω · µm2 andρs, Ω/sq GHz

4.5.1 Comparison of the proven gradevs the thinned grade

Thermal resistanceθJA and device junction temperature were measured by the

method of Liu [17] (at differentVcb (Fig. 4.20) to vary the field distribution and

power dissipation in the InGaAs setback, ternary grade, and InP layers of the collec-

tor) through the following relationship,

δVbe|fixed Ic =
dVbe

dT

dT

dP

dP

dVce
= −φ · θJA · Ic · δVce (4.5.3)

whereφ is the thermal-electric feedback coefficient (V/◦C) andθJA (◦C/mW) the

device thermal resistance. Because InGaAs, InAlAs, and InP have substantially

different thermal resistivities, variation ofθJA with Vcb andJe is expected. Tab. 4.9

and Fig. 4.21 showsθJA (from Ic = 15 mA,Je = 5.8 mA/µm2) for varyingVcb and

the temperature rise at different bias points. Note that the change in thermal feedback

coefficient,φ has adjusted to account for the difference in operating current density.

Also, the collector junction may be considerably hotter than the emitter junction

due to the emitter interconnect metal, and the high thermal resistance of the InGaAs

base.
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Figure 4.20: Change inVbe associated with differences in operating temperature for
changes inVce (δVce = δVbe+δVcb), keepingIc constant. The Gummel measurement
technique is used to acquire device thermal data.

Fig. 4.22, Fig. 4.23, and Fig. 4.24 show a direct comparison of the two HBTs.

The hybrid-π equivalent circuit shows that the devices have similar values of re-

sistive and capacitive parasitics – therefore, the disparity in DHBT performance is

directed at the differences between the B-C grades. The common-emitter I-V curves

from Fig. 4.22 are comparable forJe ≤ 9 mA/µm2. At higherJe, the 25 nm tran-

sition device (DHBT 26) suffers from current blocking (validated by the increase in

Ccb witnessed in Fig. 4.24), while the 42 nm transition device (DHBT 25) behaves

normally untilJe ≥ 18 mA/µm2. The negative differential resistance observed for

both HBTs is due to device self-heating.
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Figure 4.21: Variance of thermal resistanceθJA with changing collector potential
Vcb

The inability of the 25 nm transition devices to operate well at higherJe is most

likely due to imperfect design, or possibly more fundamental issues regarding the

design of the graded layers. Upon closer examination of the energy band diagram,

the setback is too thick for the pulse doping and grade used. The potential difference

∆φ over the setback and grade for the 25 nm transition is the same as for the 42 nm

transition, however this results in the electric field being much higher at the base-end

of the collector and less strong in the InP. Electrons entering the collector will scatter

more closely to the base and the effective electron velocity may be significantly

reduced. The electron velocity associated with transport in the higher effective mass

L-valley will modify the electric field in the InP more quickly as the current density

133



CHAPTER 4. INP DHBT DEVICE RESULTS

Table 4.9: Thermal resistance and device operating temperature –Aje = 0.6 ×
4.3 µm 2

DHBT 25, 42 nm transition DHBT 26, 25 nm transition

θJA = 2.3613 + 0.8056 · Vcb (K/mW) θJA = 2.9195 + 1.4154 · Vcb (K/mW)

Vce (V) Je (mA/µm 2) ∆T (K) Vce (V) Je (mA/µm 2) ∆T (K)

2.5 9.61 242 2.5 8.60 304

2.5 7.40 179 2.5 7.12 247

2.0 14.49 271 2.0 14.90 386

2.0 13.66 253 2.0 12.33 311

2.0 12.36 226 2.0 10.90 272

1.11 18.41 153 1.23 15.30 176

1.37 10.30 105 1.37 8.53 111

is increased. Consequently, the Kirk threshold and field reversal will occur at a lower

Je when compared to the 42 nm transition HBT. This also explains why the thermal

resistance is lower for the 42 nm transition because electrostatic potential drop is

much less in the setback and grading layers of the collector at moderate to highJe.
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Figure 4.22: High-power density common-emitter curves – 42 nm transition
(DHBT 25) black, 25 nm transition (DHBT 26) blue

Figure 4.23: Hybrid-π models, 100 collector, 42 / 25 nm transitions – Peakfτ , fmax
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Figure 4.24: Comparison ofCcb vs Je andVcb for both 100 nm collector devices–
42 nm transition (DHBT 25) filled, 25 nm transition (DHBT 26) hollow
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Table 4.10: Layer structure DHBT 27 – 120 nm collector, 30 nm base

Thickness (nm) Semiconductor CompositionDoping (cm−3) Description

5 In0.85Ga0.15As > 5 · 1019:Si Emitter cap

15 InxGa1−xAs 4 · 1019:Si Emitter cap

20 In0.53Ga0.47As 3 · 1019:Si Emitter cap

80 InP 3 · 1019:Si Emitter

10 InP 8 · 1017:Si Emitter

40 InP 5 · 1017:Si Emitter

30 InGaAs 4 − 7 · 1019:C Base

15 In0.53Ga0.47As 3.25 · 1016:Si Setback

24 InGaAs / InAlAs 3.25 · 1016:Si B-C grade

3 InP 2.75 · 1018:Si Delta doping

78 InP 3.25 · 1016:Si Collector

5 InP 1.5 · 1019:Si Sub-collector

6.5 In0.53Ga0.47As 2 · 1019:Si Sub-collector

300 InP 2 · 1019:Si Sub-collector

Substrate Semi-Insulating InP

4.6 120 nm collector, 30 nm base – DHBT 27

The device results from DHBT 25 having a collector thicknessTc = 100 nm con-

firmed that the base-collector grade can support current densitiesJe > 15 mA/µm2

without showing degradation to HBT performance from current blocking or thermal

effects. They showed that in scaling the collectorTc from 150 nm to 100 nm,fmax

had decrease by the same amountfτ increased and theCcb/Ic ratio was unchanged.

This suggests that for the device footprint utilized, the collector to emitter area ratio

(a measure of extrinsicCcb) is excessive at 100 nm collectorTc.

Based on the measured data for DHBT 22 (150 nmTc) and DHBT 25 (100 nm
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Figure 4.25: Simulated band-structure DHBT 27 –Vbe = 0.9 V,Vcb = 0.0 V

Tc), an InP DHBT layer structure employing a 120 nm thick collector and 30 nm

base was ordered from IQE with a projectedfτ andfmax > 450 GHz. The InGaAs

contribution to the sub-collector has been thinned from 8.5 nm to 6.5 nm for reduced

thermal resistanceθJA, while maintaining low collector contactρc. The device de-

sign was intended for use in 150 GHz static frequency divider designs consuming

only half the power (150 mW per latch) as those results to be reported in Chapter 5.

The collector doping was selected so that the extrinsic portions of the collector be-

yond where electrons traverse is fully depleted at 0.0Vcb with a projectedJKirk =

3 mA/µm2 and atVcb = 0.6 V,JKirk = 7 mA/µm2.

Fig. 4.26 and Fig. 4.27 show the common-emitterI − V curves and Gummel
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Figure 4.26: Common-emitter current-voltage characteristics, DHBT 27

characteristics for DHBT 27. The device is well behaved with no evidence of gain-

compression or current blocking atJe > 12 mA/µm2, and the Gummel curves show

expected ideality factors for the basenb and collectornc. Thermal resistanceθJA

and device junction temperature were measured at differentVcb to vary the field dis-

tribution and power dissipation in the InGaAs setback, ternary grade, and InP layers

of the collector. The thermal measurement techniques are the same as described in

§4.5, Equ. 4.5.3, and Fig. 4.20. Variation ofθJA with Vcb is shown in Fig. 4.28, where

θJA = 2.6561 + 1.0878 · Vcb (◦C/mW). Superimposed on Fig. 4.26 are contours of

constant power density (mW/µm2) and the respective increase in temperature∆T at
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Figure 4.27: Gummel characteristics, DHBT 27

different operating points.

DC-110 GHz RF measurements were carried out after performing aprobe-tip

Line-Reflect-Reflect-Match (LRRM) calibration on an Agilent 8510 XF network

analyzer. On-wafer open and short circuit pad structures identical to those used by

the devices was measured after calibration in order to de-embed their associated

Table 4.11: Summary of electrical characteristics, DHBT 27

emitter base collector ideality

DHBT β BVCEO ρc ρs ρc ρs ρc nb nc fτ fmax

27 40 3.9 8.4 610 4.6 12.1 8.4 1.41 1.12 450 490

Volts ρc, Ω · µm2 andρs, Ω/sq GHz
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Figure 4.28: Variance of thermal resistanceθJA with changing collector potential

Figure 4.29: Measured microwave gains, DHBT 27 – Peakfτ
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Figure 4.30: Measured microwave gains, DHBT 27 – Peakfmax

parasitics from the device measurements. Fig. 4.29 shows the measured microwave

gainsh21 and Fig. 4.30 shows Mason’s unilateral gain U at the bias associated with

peakfτ andfmax respectively for DHBT 27. A maximum 450 GHzfτ and 490 GHz

fmax were measured atJe = 8.0 mA/µm2, Vcb = 0.6 V, andCcb/Ic = 0.37 ps/V. A

small-signalhybrid−π equivalent circuit of the device at peakfτ andfmax is shown

in Fig. 4.31.

The variation ofCcb versusJe and Vcb for use in current mode logic (CML)

circuit design is shown in Fig. 4.32, where switching endpoints for devices from the

CML static frequency divider schematic are shown (Fig. 4.33). Lines connecting the

switching endpoints have been superimposed to act as a guide. At the indicated bias
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Figure 4.31: Hybrid-π model, DHBT 27 – Peakfτ , fmax

points, data steering devices (Q1,Q2) have a minimumCcb/Ic ≈ 1.6 ps/V, emitter

follower devices (Q3)Ccb/Ic ≈ 0.57 ps/V, and clock steering devices (Q4)Ccb/Ic ≈

0.67 ps/V. Some of the bias points have been selected beyondJKirk for reduced

Ccb/Ic ratio. WhileCcb may be increasing, inspection of the microwave gains versus

Je andVcb (Fig. 4.29, Fig. 4.30) shows that the initial roll-off offτ andfmax is soft,

suggesting that the initial field collapse in the setback layer of the base-collector

interface does not significantly impact the forward delayτf of the HBT. Because of

this, the selection of a smaller device size for aJe slightly aboveJKirk will increase

the maximum toggle rate of the latch. AtJe substantially aboveJKirk, the field will

reverse in the collector setback and grade. The forward delay will increase rapidly –
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Figure 4.32: Comparison ofCcb vs Je andVcb, DHBT 27, labeled to show the cor-
responding device switching endpoints within a CML divider schematic Fig. 4.33.
Lines connecting the switching endpoints have been superimposed to act as a guide.

this is when the roll-off of bothfτ andfmax becomes significant, and digital circuit

speed will suffer.
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Figure 4.33: Schematic of current mode logic (CML) static frequency divider
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Table 4.12: Layer structuremetamorphic DHBT – 200 nm collector, 30 nm base

Thickness (nm) Semiconductor CompositionDoping (cm−3) Description

10 InAs 3 · 1019:Si Emitter cap

30 In0.53Ga0.47As 3 · 1019:Si Emitter cap

80 InP 3 · 1019:Si Emitter

10 InP 8 · 1017:Si Emitter

30 InP 3 · 1017:Si Emitter

30 InGaAs 4 · 1019:C Base

20 In0.53Ga0.47As 3 · 1016:Si Setback

24 InGaAs / InAlAs 3 · 1016:Si B-C grade

3 InP 3 · 1018:Si Delta doping

153 InP 3 · 1016:Si Collector

25 In0.53Ga0.47As 2 · 1019:Si Sub-collector

375 InP 2 · 1019:Si Sub-collector

20 InP undoped buffer

20 InAlAs undoped buffer

1500 InP undoped metamorphic buffer

Substrate Semi-Insulating GaAs

4.7 metamorphic DHBTs

Processing challenges associated with the old UCSB HBT process and those

specific to metamorphic InP HBTs (mHBT) lessened the DC and RF performance of

these devices. This section reports the latest mHBTs results from UCSB employing

the device formation improvements discussed in Chapter 3.

The full layer structure and simulated band-diagram for the device are given in

Tab. 4.12 and Fig. 4.34, respectively. The HBT design is similar to the devices

reported in [10] (DHBT 17), having a 200 nm collector and 30 base. The collector
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Figure 4.34: Simulated band-structure mHBT –Vbe = 0.9 V,Vcb = 0.0 V

design is identical, but the base doping is constant at4 · 1019 cm−3 without any

conduction band grading. Compared DHBT 17,τb is expected to be higher (slightly

lower fτ ), and the necessary dielectric sidewall spacer around the emitter contact

will increase the gap resistanceRb,gap between the base contact and emitter mesa

(lowerfmax).

Fig. 4.35 shows well-behaved common-emitterI − V characteristics for the

metamorphic HBTs. Gummel characteristics for the mHBT and a lattice-matched

InP HBT (LM-HBT, active layers grown on lattice-matched InP substrate) are su-

perimposed and shown in Fig. 4.36. Compared to the LM-HBT, the mHBT has

similarly low collector leakage currents∼ 100 pA, with like collector ideality fac-

147



CHAPTER 4. INP DHBT DEVICE RESULTS

Figure 4.35: Common-emitter current-voltage characteristics, mHBT

Table 4.13: Summary of electrical characteristics, mHBT

emitter base collector ideality

β BVCEO ρc ρs ρc ρs ρc nb nc fτ fmax

mHBT 35 5.7 20 814 14 — — 1.68 1.24 268 339

Volts ρc, Ω · µm2 andρs, Ω/sq GHz

torsnc. The increased base ideality factornb for the mHBT is because of the residual

N− InAsP or InGaAsP surrounding the emitter mesa. This creates a small leakage

path, but once the base-emitter junction is turned on (Vbe > 0.8 V, Ic > 100 µA),

thenb of the mHBT is similar to the LM-HBT. Tab. 4.13 summarizes the measured

electrical characteristics for the device.

DC-30, 75-110 GHz RF measurements were carried out after performing anon
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Figure 4.36: Gummel curves – comparing metamorphic and lattice-matched DHBT
characteristics

wafer Thru-Reflect-Line (TRL) calibration on an Agilent 8510C network analyzer.

Fig. 4.37 shows the measured microwave gainsh21 and Mason’s unilateral gain U at

the bias associated with peakfτ andfmax. A maximum 268 GHzfτ and 339 GHz

fmax were extrapolated atJe = 2.9 mA/µm 2 andVcb = 0.8 V. These values offτ and

fmax measured were consistent with simulated values from device modeling. The

normalized thermal resistanceRth = 10.1◦C·µm2 /mW and the device experiences

an emitter junction to ambient temperature increase∆T = 51◦C when biased at peak

fτ , fmax.

These results demonstrated for the first time that InP metamorphic DHBTs can
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Figure 4.37: Measured microwave gains for 200 nm collector metamorphic DHBT –
Peakfτ , fmax

demonstrate electrical equivalence compared to InP DHBTs grown on a lattice-

matched substrate. Thermal measurements of the mHBT show only a small increase

in θJA due to the 1.5µm thick InP buffer grown on the GaAs substrate. A thor-

ough discussion with supporting experimental data of the thermal resistance of InP

mHBTs from UCSB have been reported in the following publications – [19, 20, 21].
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5
Static frequency divider results

STATIC frequency dividers were designed and simultaneously fabricated at

Global Communication Semiconductors (GCS), UCSB, and Rockwell Scien-

tific (RSC). This chapter discribes the measurement systems required to test divider

circuits to 150 GHz and the results from each firm.

A schematic of the emitter coupled logic (ECL) divide-by-2 circuit is shown in

Fig. 5.1. The divider interconnect bus is doubly-terminated by the load resistors

RL to make the interconnects short and keep the wiring delays small. Because the

parasitic voltage drop∆Vparasitic
∼= Jeρc across the emitter resistance limits the

maximum toggle rate and the HBTs utilized in the designs could support higher cur-

rent densitiesJe, a lower load resistance is utilized such that larger devices operating

at higher currentsIc are used in order to reduce the major delayτ = Ccb∆Vlogic/Ic,

where∆Vlogic is maintained at 300 mV. A peaking inductor is added in series with

RL to decrease the transition time of the changing logic state on the bus. To keep

the capacitive loading on the signal bus low, an output buffer using small devices
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restores the output signal so that it can be measured off-chip. Lastly, thin-film di-

electric microstrip wiring is employed for the circuit interconnects because of its

predictable characteristics, controlled impedance, and reduced line coupling at very

high frequencies. The circuit lay-out was varied to produce many versions, where

the HBT junction areas were adjusted slightly so as to realize the fastest possible

divider circuit associated with the other fixed design parameters. The maximum

simulated toggle rate was 168 GHz.

Figure 5.1: Circuit diagram of ECL static frequency divider w/ design details
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5.1 Static divider testing and measurement equipment

Testing of divide-by-2 and divide-by-4 circuits took place at UCSB and the Mayo

Foundation Special Purpose Processor Development Group. After circuit fabrication

was complete, wafers were brought to UCSB for an initial screening to investigate

yield, and to test divider functionality from DC to 110 GHz. Non-phase locked

signal sources beyond 110 GHz are available at UCSB and divider testing possi-

ble, however a functional divide-by-2 beyond 110 GHz requires the output signal

be down-converted for spectrum analyzer measurement. Because the down-convert

mixer does not have a pre-selector, all intermixing products of the RF and LO signal

are visible. When combined with the cabling losses, it is difficult to determine if a

divide-by-2 is functioning correctly.

A program milestone required that a 150 GHz divider be produced. It was the

responsibility of the Mayo Foundation to repeat the divider measurements of the

participating contractors. Since testing beyond 110 GHz was not feasible for divide-

by-2 circuits, the self-oscillation frequency of many dividers was determined. Those

with the highest self-oscillation frequency were identified and tested further at the

Mayo Foundation.

When the circuit bias is adjusted to achieve its maximum clock ratefclk,max, the

divider may begin operating in a dynamic mode. To be certain the divider is static,

the circuit is toggled at low frequency at the same bias associated withfclk,max.
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Figure 5.2: DC-40 GHz divider testing

Fig. 5.2 shows the measurement setup for testing between DC-40 GHz. The synthe-

sizer signal is delivered directly on-wafer.

Fig. 5.3 shows the measurement setup for divider testing from 50-75 GHz (V-

band) and 75-110 GHz (W-band). For V-band measurements, the synthesizer drives

a frequency tripler for testing between 50-75 GHz, and the signal is delivered on-

wafer using a WR-15 waveguide coupled probe. For W-band measurements, the

synthesizer drives a 20-40 GHz amplifier, whose output drives a frequency tripler

for testing between 75-110 GHz, and the signal is delivered on-wafer using a WR-

10 waveguide coupled probe.

Fig. 5.4 shows the measurement setup for divider testing from 110-136 GHz. A

backward-wave-oscillator (BWO) produces the source signal without any frequency

multiplication that is delivered on-wafer using a WR-06 waveguide coupled probe.
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Figure 5.3: 50-75 and 75-110 GHz divider testing

Figure 5.4: 110-136 GHz divider testing

The output spectrums from DC-50 GHz and 50-75 GHz were monitored simultane-

ously to ensure that the measuredfclk/2 is the fundamental signal and not harmonic

content associated with a failing divider operating in anfclk/3 or fclk/4 state.

Fig. 5.5 shows the measurement setup for divider testing from 136-156 GHz. A
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Figure 5.5: 136-156 GHz divider testing

phase-locked synthesizer signal is quadrupled using a Virginia Diode (VDI) doubler

chain, and the source signal is delivered on-wafer using a WR-05 waveguide coupled

probe. As with the 110-136 GHz testing, the output spectrums from DC-50 GHz and

50-75 GHz were monitored simultaneously to ensure that the measuredfclk/2 is the

fundamental signal.
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Table 5.1: Key device parameters of the 118.7 GHz static divider

units Q1, Q2 Q3, Q4 Q5 Q6

Ae µm2 0.5 × 4 0.5 × 4 0.5 × 5 0.5 × 5

Je mA/µm2 5.0 6.0 4.0 4.8

Vcb V 0.0 0.6 0.6 0.6

fτ GHz 220 235 255 255

fmax GHz 150 265 260 260

5.2 GCS manufactured dividers

5.2.1 First wafer lots, October 2003–excessively highCcb

The first completed circuit wafers from GCS demonstrated working dividers. RF

device measurements showed that the base-collector capacitanceCcb was twice as

high as specified at 0.0Vcb, suggesting that the collector was severely undepleted.

Upon investigation, it was discovered that the growth of the pulse doping layer in

the collector was excessive and the reason for the excessiveCcb. This problem has

since been resolved. For discrete HBT measurements, theVcb potential could be

increased to more fully deplete the collector and improve device bandwidth. This

could not be done within the divider circuits and their bandwidth suffered. However,

circuit testing was promising. Divide-by-2 and divide-by-4 circuits operating from 2

to 111 GHz were demonstrated. These were the first such circuits to operate beyond

100 GHz [1]. The fastest dividers were identified and the wafer was sent to the Mayo

Foundation.
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Figure 5.6: GCS fabricated divide-by-2 output spectrum,fclk = 118.70 GHz,fout =
59.35 GHz

Testing at higher frequencies demonstrated increased circuit bandwidth. The

fastest divide-by-2 circuit had a maximum toggle rate of 118.7 GHz. Excluding

the output buffer, the circuit consumed 620 mW within the divider core. The out-

put spectrum atfclk/2 = 59.38 GHz is shown in Fig. 5.6. Tab. 5.1 summarizes the

discrete RF performance of different HBTs within the circuit (Fig. 5.1) at their re-

spective bias conditions. The fastest divide-by-4 circuit had a maximum toggle rate

of 115.72 GHz. The output spectrum atfclk/2 = 28.93 GHz is shown in Fig. 5.7.

Sensitivity measurements were performed fromfclk = 3 to 118.70 GHz on the

divide-by-2 circuit (Fig. 5.8). The self-oscillation frequency of the divider was
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Figure 5.7: GCS fabricated divide-by-4 output spectrum,fclk = 115.72 GHz,fout =
28.93 GHz

75 GHz. The discontinuity between V-band and W-band testing is due to the mini-

mum input power requirements of the W-band frequency tripler. Circuit results were

summarized and reported in [2].
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Figure 5.8: Sensitivity plot of 118.7 GHz divide-by-2
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Table 5.2: Key device parameters of the 150 GHz static divider

units Q1, Q2 Q3, Q4 Q5 Q6

Ae µm2 0.5 × 5 0.5 × 4 0.5 × 6 0.5 × 5

Je mA/µm2 4.0 6.0 3.3 4.8

Ccb/Ic ps/V 0.99 0.59 0.86 0.59

Vcb V 0.0 0.6 1.7 0.6

fτ GHz 260 301 280 301

fmax GHz 268 358 280 358

5.2.2 Good wafer lots, February 2004–150 GHz dividers

Excessive base-collector capacitanceCcb lessened the maximum clock rate of

the first batch of circuits. The InP DHBT growth inaccuracies were resolved and

static frequency dividers were fabricated again at GCS.

Divide-by-2 and divide-by-4 circuits were clocked as low as 3 GHz to show

they are fully static in nature – the output waveform atfclk/2 = 1.5 GHz is shown

in Fig. 5.9. Measurements continued with most of the dividers operating tofclk =

112 GHz. Divide-by-2 testing at UCSB ceased. Further divide-by-4 testing contin-

ued, utilizing GUNN oscillator sources operating to 140 GHz. A maximum toggle

rate offclk,max = 137 GHz was demonstrated, where the output spectrum atfclk/4 =

34.25 GHz is shown in Fig. 5.10.

The fastest dividers were identified and circuit testing continued at the Mayo

Foundation under the supervision of UCSB and Rockwell Scientific. Attempts to

test divide-by-4 circuits did not reveal any operating beyondfclk = 137 GHz. The
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Figure 5.9: GCS divide-by-2 output waveform,fclk = 3 GHz,fout = 1.5 GHz

maximum toggle rate of the divide-by-4 was not limited by the input stage, rather

the second stage did not operate as fast as designs had predicted. This was confirmed

by testing separately the second divider stage. Configured as a divide-by-2, it only

showed anfclk,max = 72 GHz.

Divide-by-2 circuits demonstrated anfclk = 150 GHz. The signal power deliv-

ered on-wafer was∼ 11 dBm. The output spectrum atfclk/2 is shown in Fig. 5.11.

As the toggle frequency increased to 152 GHz, the divider operated correctly. How-

ever, the output power atfclk/2 reduced by∼ 8 dBm. At higher frequencies, no out-

put signal was visible. The platten where the wafer rested was reduced in tempera-
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Figure 5.10: GCS fabricated divide-by-4 output spectrum,fclk = 137 GHz,fout =
34.25 GHz

ture from 25◦C to 20◦C. Returning to 152 GHz, thefclk/2 output signal increased by

∼ 10 dBm due to the reduction in wafer temperature.fclk was increased to 153 GHz

and the divide-by-2 demonstrated the correctfclk/2 output spectrum at 76.5 GHz,

shown in Fig. 5.12. Excluding the output buffer, the circuit consumed 595 mW from

the divider core. Testing at higher frequencies was not attempted. Sensitivity mea-

surements were performed fromfclk = 3 to 153 GHz on the divide-by-2 (Fig. 5.13).

The self-oscillation frequency was 87 GHz.

The maximum simulated and measuredfclk of the divide-by-2 are in good agree-

ment – simulatedfclk,max = 168 GHz, measuredfclk,max = 153 GHz. Excessive de-
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Figure 5.11: GCS fabricated divide-by-2 output spectrum,fclk = 150 GHz,fout =
75 GHz atT = 25◦C

vice self-heating associated with clock-level emitter followers (Q5, Fig. 5.1) limited

divide-by-2 bandwidth beyond 152 GHz, such that cooling was required to increase

the toggle rate. Because these designs did not employ a level-shift diode between Q5

and Q6, the additionalVbe voltage drop required for correct Q6 bias was applied by

an external supply at the base of Q5. This significantly increased the power density

under DC operation in Q5 –Je = 3.3 mA/µm2, Vce = 2.7 V, P ≈ 9 mW/µm2. At

150 GHzfclk, input signal power required for the divider to function was∼ 11 dBm.

Recall, the clock signal is applied to the divider single-ended, thus the toggle voltage

Vclk ≈ 1.1 Vp−p appears at the base of Q5. Therefore, the peak maximum power dis-

sipated in Q5 is as high 11 mW/µm2. Under these operating conditions, the HBTs
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Figure 5.12: GCS fabricated divide-by-2 output spectrum,fclk = 153 GHz,fout =
76.5 GHz atT = 20◦C

experience significant device self-heating and are unable to operate at higher band-

widths. This was not considered in detail at the time of design.

In addition to this divide-by-2 result, other firms have demonstrated static fre-

quency dividers operating beyond 150 GHz. HRL has reported a divide-by-8 cir-

cuit operating to 151.2 GHz [4] utilizing a CML topology. In order to achieve this

bandwidth, a -30◦C stream of air cooled the surface of the wafer during testing.

Vitesse has reported a divide-by-2 circuit operating to 152.05 GHz [5] utilizing an

ECL topology. Northrop Grumman has reported a divide-by-2 circuit operating to

153.0 GHz [6] utilizing a CML topology.
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Figure 5.13: Sensitivity plot of 150 GHz divide-by-2
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5.3 UC Santa Barbara manufactured dividers

Static frequency dividers were fabricated at the UCSB Nanofabrication Facility

with a projected maximum clock ratefclk > 160 GHz. These circuit designs were

similar to those fabricated at GCS because the HBT base and collector designs were

the same. Circuit layout changes were necessary because of differences between the

processes.

The new UCSB circuits process was utilized to fabricate divide-by-2 and divide-

by-4 circuits. Discrete device yield was high∼ 100%, however circuit yield was low

(less than 5%) because of complications associated with the formation of the M1-

ground plane interconnect posts, and BCB etching before depositon of the ground

plane. This was confirmed during circuit testing. In most instances a waveform

at fclk was observed, indicating that more than one load resistor was not properly

terminated to the ground plane.

Amongst the functional dividers, they were clocked as low as 4 GHz to show

they are fully static in nature. The output waveform atfclk/2 = 2.0 GHz is shown in

Fig. 5.14. Measurements continued, with divide-by-2 and divide-by-4 circuits oper-

ating tofclk = 113 GHz (Fig. 5.15). Circuit testing continued at the Mayo Foundation

under the supervision of UCSB and Rockwell Scientific. A divide-by-2 circuit with

a maximum toggle ratefclk,max = 142 GHz was demonstrated. The output spectrum

at fclk,max/2 = 71 GHz is shown in Fig. 5.16, where the signal power delivered on-
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Figure 5.14: UCSB divide-by-2 output waveform,fclk = 4 GHz,fout = 2 GHz

wafer was∼ 11 dBm. Excluding the output buffer, the circuit consumed 800 mW

within the divider core. At higher frequencies, the divider failed, operating in a

divide-by-3 or divide-by-4 state. Sensitivity measurements were performed from

fclk = 4 to 142 GHz. The self-oscillation frequency was 84 GHz. Because of time

restrictions, divide-by-4 circuits were not tested at higher frequencies.

The maximum toggle rate of the dividers was lower than projected. Compared

to GCS, the UCSB HBT process produces much lower values of emitter and base

contact resistance. This is reflected in the RF device measurements. Peak HBT

fτ / fmax from the 150 GHz GCS divider wafer was 301/358 GHz, whereas peak
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Figure 5.15: UCSB divide-by-2 output waveform,fclk = 113.1 GHz,
fout = 56.55 GHz–the highest available sampling scope measurement

HBT fτ / fmax from the 142 GHz UCSB divider wafer was 391/505 GHz. For all

divider designs, the HBTs within the circuit are biased closely toJe = JKirk for

minimum Ccb/Ic ratio. An error while processing the UCSB dividers resulted in

the sheet resistance of the resistors being 20% lower than specified in the designs,

significantly increasing the operating current density for some of the HBTs. From

Fig. 5.1, devices Q3-Q6 were affected little. However, the bias currentIef of the

emitter followers on the data level (Q1,Q2) exceedsIKirk by ∼ 40%. This causes

Ccb for Q1 and Q2 to increase significantly and explains why the UCSB divider

performance suffers compared those fabricated at GCS.
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Figure 5.16: UCSB fabricated divide-by-2 output spectrum,fclk = 142 GHz,fout =
71 GHz

5.4 Rockwell Scientific manufactured dividers

The divider circuits from GCS and UCSB were realized in a standard-mesa HBT

technology, utilizing evaporated contacts, metal lift-off, and a self-aligned base con-

tact. These device features are key limiters to the yield of circuits with high transistor

counts. Processes are being development at Rockwell Scientific (RSC) to eliminate

these failure mechanisms from the device formation steps. The new process involves

electroplating the emitter and base contacts, and using a dielectric sidewall around

the emitter. The sidewall provides electrical isolation between the emitter and base.
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The process is described in detail in [8]. Static frequency dividers were demon-

strated in the early phases of this technology. The circuit designs were similar to the

dividers produced by GCS and UCSB.

Figure 5.17: RSC fabricated divide-by-2 output spectrum,fclk = 120.68 GHz,fout =
60.34 GHz

Divide-by-2 circuits were clocked as low as 4 GHz to show they are fully static

in nature. Measurements continued tofclk = 111 GHz. The fastest dividers were

identified and the wafer was sent to the Mayo Foundation. Testing at higher frequen-

cies demonstrated increased circuit bandwidth. The fastest divide-by-2 circuit had a

maximum toggle rate of 120.68 GHz. The output spectrum atfclk/2 = 60.34 GHz is

shown in Fig. 5.17.
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Circuit performance for these dividers was slower than those from GCS and

UCSB because of increased parasitics associated with RSC process. Significant

improvements have since been made. Device and circuit results from this technology

having increased bandwidth will be reported in the future.
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6
Conclusions

6.1 Accomplishments

6.1.1 Process development

The HBT fabrication process underwent many changes in order to increase de-

vice bandwidth and yield, and they are summarized. The local-alignment feature

of the GCA i-line photolithography stepper was well characterized, generating re-

producible alignment error within± 0.15 µm of the target feature. This allowed

the extrinsic base-collector mesa to be reduced by 2:1 when compared to HBTs

from UCSB prior to this work. Through the combined use of advanced photoresist

processes and the new E-beam evaporator (E-beam-4), metal spikes and artifacts as-

sociated with metal liftoff are no longer present. This increased the HBT yield of

0.5 µm wide emitter junctions to 100%. Improved semiconductor surface prepara-

tion prior metal deposition of the device contacts was explored for reduced contact

resistance. Through the combined use of an UV-ozone plasma treatment and di-
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luted NH4OH dip to the sample before loading into the evaporator, a 2:1 reduction

in all contact resistances has been observed. The dielectric passivation material was

changed from polyimide to BCB, reducing the HBT leakage currents for the base

and collector by 100×. A collector post feature was added so that during the BCB

passivation etch-back, once the collector, base, and emitter contacts were exposed,

the etching would stop. Because the wafer is now planarized and the contacts ex-

posed, interconnects can be deposited and step-coverage issues are avoided. Process

steps associated with the formation of the thin-film microstrip wiring environment

were modified from the original process reported by S. Krishnan [1]. Tall posts are

now formed after the second layer of interconnect metal. BCB is deposited, etched

back to reveal the interconnect posts, and the ground plane is evaporated. Through

the utilization of these process changes, InP HBTs and circuits employing them have

been demonstrated. The results are summarized in the following sections.

6.1.2 HBT results

Tab. 6.1 summarizes discrete InP DHBT DC and RF performance for the layer

structures investigated. Progressive scaling of the high thermally resistive ternary

layers from the collector, combined with reductions to the emitter and base resis-

tance allowedfτ andfmax to increase and remain simultaneously high as the col-

lector was thinned fromTc = 210 nm to 100 nm. The bias conditions associated
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Table 6.1: Summary of electrical characteristics for all HBTs fabricated in this
work – from April 2003 to January 2005, listed sequentially.Bold listed values offτ

andfmax indicate record performance for InP-DHBTs at the time of measurement
and publication.

thickness emitter base collector

DHBT col / base β BVCEO ρc ρs ρc ρs ρc fτ fmax

19b 150 / 30 11 5.6 15 603 20 12.9 12 370 459

mHBT 200 / 30 35 5.7 20 814 14 — — 268 339

22 150 / 30 36 5.1 10.1 564 9.6 11.9 5.4 391 505

24 210 / 35 21 6.9 7.2 446 6.1 12.6 5.5 276 451

25 100 / 30 41 3.1 7.8 629 6.2 12.9 4.0 490 415

26 100 / 30 47 3.1 10.4 616 3.8 13.3 5.8 465 416

27 120 / 30 40 3.9 8.4 610 4.6 12.1 8.4 450 490

nm Volts ρc, Ω · µm2 andρs, Ω/sq GHz

with peakfτ andfmax were well below a bias where device self-heating affected

performance. For future InP DHBT designs, higher operating power densities can

be tolerated as the collector thickness, device footprint, and emitter and base resis-

tivities are scaled for increased bandwidth. Fig. 6.1 summarizes the devicefτ and

fmax from different HBT manufacturers as of July 2005.

6.1.3 150 GHz ECL static frequency dividers

InP HBTs from UCSB were measured and modeled for use in static frequency

divider designs having a toggle rate> 150 GHz. HBTs having a collector thickness

of 150 nm were utilized. The devices were sized to operate at a current density

Je ≈ JKirk to minimize theCcb/Ic ratio of the device. However, the devices were
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Figure 6.1: Summary offτ andfmax performance from various HBT manufacturers
at the collector thickness cited – updated June 2005

not scaled so small to where the parasitic voltage drop across the emitter resistance

∆Vparasitic becomes a significant fraction of∆Vlogic. Because there was no power

budget assigned for the designs, emitter coupled logic was used for reduced gate

delay when compared to the current mode logic topology. The maximum simulated

toggle rate was 168 GHz.

These circuit designs were fabricated independently at GCS, UCSB, and Rock-
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well Scientific (RSC). The GCS and UCSB process makes use of a mesa HBT tech-

nology, whereas the RSC process is more advanced and intended to produce circuits

having > 10,000 HBTs. A 153 GHz divide-by-2 was demonstrated from GCS.

A 142 GHz divide-by-2 was demonstrated from UCSB. This is a 63% increase in

fclk,max compared to the previous dividers from UCSB. Lastly, a 120.8 GHz divide-

by-2 was demonstrated from RSC while the process was in its infancy.

Other firms have demonstrated static frequency divider operating to 150 GHz.

At the time this work began (April 2003), the maximum toggle rate for a static

frequency divider in an InP and SiGe material system were 100 GHz and 86 GHz

[3] respectively. Today (June 2005) the maximum toggle rate for a static frequency

divider in an InP and SiGe material system is 153 GHz (this work) and 102 GHz [4]

respectively.

6.2 Future work

For InP DHBTs to gain wider acceptance, more circuits utilizing these devices

need to be demonstrated. The circuits must operate at higher frequencies where

SiGe HBTs cannot similarly compete. InP HBT circuits consuming less power than

could be realized in SiGe at similar bandwidths are needed as well. Attempts to

demonstrate such circuits have been attempted and are reported here.
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6.2.1 150 GHz CML static frequency dividers

A new set of static frequency dividers operating at 150 GHz were designed uti-

lizing HBTs with a 120 nm collector for increased operating current densityJe and

reducedCcb/Ic ratio. Unlike the divider designs that employed emitter coupled logic

(ECL), the new designs utilize current mode logic (CML), shown in Fig. 6.2. The

power consumption associated with the CML topology is significantly less than ECL

because the emitter followers have been removed (and their respective operating

Figure 6.2: Circuit diagram of current mode logic (CML) static frequency divider
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Figure 6.3: CML divide-by-2 output waveform –fclk,max = 112.5 GHz,fout =
56.25 GHz

currents) from the data level, such that only devices Q1 and Q2 remain (Fig. 6.2).

Devices throughout the circuit are sized to either operate at aJe slightly aboveJKirk

(reducedCcb/Ic ratio), or to a point where the voltage drop across the emitter resis-

tance (∆Vparasitic) is not excessive.

Initial circuit results have been demonstrated. The dividers were fabricated at

RSC utilizing their dielectric sidewall spacer process. Divide-by-2 circuits were

toggled fromfclk = 4 GHz to anfclk,max = 112.5 GHz (Fig. 6.3). Excluding the

output buffers, the circuit consumed 212 mW. Testing at higher frequencies has not

been pursued. The source-free self-oscillation frequency (no signal applied) was
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∼ 78 GHz. This suggests that the divider could operate as high as 125 GHz. Cir-

cuit performance was slower than projected because a 150 nm thick was used, not

120 nm as designed for. This increases theCcb/Ic ratio for Q1 and Q2 (Fig. 6.2)

because of the lowerJKirk associated with thicker collectors, and hence the gate

delay increases. Currently, more dividers are being fabricated at Rockwell Scien-

tific with 120 nm collector thickness while employing a collector pedestal to further

reduce theCcb/Ic ratio of the HBT. With these considerations, the maximum sim-

ulated toggle frequency is 164 GHz, while consuming∼ 210 mW. This would be

approximately one-third of the power consumed by the 150 GHz ECL divider result

reported.

6.2.2 Ultra low power CML static dividers

Additional CML designs were pursued with the intent of reducing to a minimum

the required supply voltage and operating currents within the circuit, and investigat-

ing the maximum divider toggle rate associated with this bias. The circuit diagram

of the ultra-low power CML divider is similar to the previously discussed CML de-

signs, shown in Fig. 6.2.∆Vlogic is 250 mV and the effective loading resistance is

100Ω (200 Ω ‖ 200 Ω) – Idata = 2.5 mA. In order for the divider to simulate accu-

rately, the emitter follower devices (Q3) required a minimumIef,clk = 1.2 mA. The

HBTs within the circuit are sized to the smallest yieldable device dimensions, yetJe
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Figure 6.4: Ultra low power CML divide-by-2 output waveform –fclk,max = 51 GHz,
fout = 25.5 GHz

for these devices is still much less thanJKirk.

Initial circuit results have been demonstrated. The dividers were fabricated at

Rockwell Scientific utilizing their dielectric sidewall process. Divide-by-2 circuits

were toggled fromfclk = 12 GHz to anfclk,max = 51 GHz (Fig. 6.4). Excluding

the output buffers, the circuit consumed 23.6 mW atfclk = 48 GHz, and 29.2 mW

at fclk,max. At higher frequencies the divider failed. The source-free self-oscillation

frequency (no signal applied) was∼ 34 GHz. The latch power-delay product (figure-

of-merit of digital circuits) is 123 fJ and 143 fJ at 48 GHz and 51 GHz, respectively.

This is a factor of 2 reduction in power-delay product for digital circuits in an InP
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HBT material system [5]. These divider circuits will continue to improve in band-

width. Because the emitter junction area is small compared to the collector area, the

gate delay is dominated by the extrinsicCcb of the device footprint. By utilizing a

collector pedestal within the HBTs, the maximum toggle rate is projected to double

to 100 GHz while consuming only∼ 30 mW. If such a circuit could be realized, it

would demonstrate how advanced InP HBT technologies could be used for both ultra

high bandwidth circuits beyond 300 GHz (neglecting power budget)and 100 GHz

applications consuming very little power – two domains where SiGe technologies

would have difficulty competing.
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A
Metal-semiconductor contact resistance

THIS section reviews the basic theory of metal-semiconductor contacts hav-

ing depletion type contacts (Φm > Φs, n-type andΦm < Φs, p-type), where

Φs is the energy difference between the vacuum level and Fermi potential. A general

expression for the three dominant carrier transport mechanisms across the Schot-

tky barrier are thermionic emission over the potential barrierΦb, tunneling through

the potential barrier (field emission) depletion region, or a combination of the two

(thermionic-field emission). The specific contact resistanceρc is defined and deter-

mined from this expression. Accumulation type contacts are not discussed.

Fig. A.1 and Fig. A.2 show the band-lineup for a metal/p-type and metal/n-

type semiconductor system before and after being brought together. In contact and

under thermal equilibrium the metal and semiconductor Fermi levels align. Within

the bulk semiconductor,Ec − Ef (n-type) andEf − Ev (p-type) are unchanged

before and after contact. However, at the interface a potential barrierΦb remains,

that in turn creates a depletion regionW in the semiconductor at the junction. It is a
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Figure A.1: Band line-up of p-type ohmic contact

Figure A.2: Band line-up of n-type ohmic contact

consequence of the work function difference between the metal and semiconductor,

the semiconductor doping, and can influenced by the history of the semiconductor

surface before metal deposition.
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If a parabolic barrier shape is assumed to describe the band bending over the

depletion region and image force barrier lowing is ignored, the current density across

the junction is [1]:

J = Js · exp(qV/E00) (A.0.1)

where the saturation current is

Js =
Aπ1/2E

1/2
00 (Φb − qV + ξ)1/2

kT cosh(E00/kT )
exp

[
ξ

kT
− ΦB + ξ

E00

]
(A.0.2)

ΦB is the potential energy barrier at the metal-semiconductor interface,V is the ap-

plied bias at across the junction,ξ is the energy difference between the conduction

band for electrons (valence band for holes) and Fermi level in the bulk semiconduc-

tor, k is Boltzmann’s constant,T (K) is the temperature, andA = 4πqk2m∗/h3 is

the Richardson constant.E00 is thecharacteristic energy,

E00 =
qh

2π

√
N

m∗ · εoεr
(A.0.3)

whereN is the doping concentration at the metal-semiconductor interface,m∗ is

the effective mass of the tunneling electrons, andεoεr is the relative permeability of

the semiconductor. If field-emission is the carrier transport mechanism, the applied

potentialV across the junction required to tunnel electrons across the barrier will be

much smaller than the barrier energyΦB. The semiconductor doping will be high

∼ 1019 cm−3, ξ will small in comparison toΦB, and the voltage dependence on the
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saturation current is negligible. Under these assumptions, Equ. A.0.1 and A.0.2 can

be written:

J = Jso · exp(qV/E00) (A.0.4)

Jso
∼=

Aπ1/2E
1/2
00 (ΦB + ξ)1/2

kT cosh(E00/kT )
exp

[
−ΦB

E00

]
= C1 · exp

[
−ΦB

E00

]
(A.0.5)

The specific contact resistanceRc is defined as:

Rc ≡

(
∂J

∂V

)−1

V =0

=
E00

q · Jso
(A.0.6)

Rc =
E00

q · C1
exp

[
ΦB

2π

qh

√
m∗ · εoεr

N

]
∝ exp

[
Φ

1/2
B · Wbarrier

]
(A.0.7)

A metal-semiconductor is utilized to electrically link the emitter, base, and col-

lector semiconductor to their respective interconnects. The contact has associated

with it a specific contact resistance due to an energy barrierΦb and depletion re-

gion at the junction interface. This barrier and depletion can be minimized through

the combined use of a narrow bandgap semiconductor that is highly doped, proper

surface preparation before metal deposition to reduce surface states, and choice of

interfacial metal having an appropriate work functionΦm.
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B
InP mesa HBT / Circuit Process Flow

THIS appendix describes the process flow for fabricating InP DHBTs and cir-
cuits.

• The process tolerances are sensitive to the quality of the photoresist

– If uncertain of the age and/or quality of the PR, pour a new bottle

– This is especially important for SPR-955, CEM, and nLOF 2020

• When spinning PR, use a slow acceration

– i.e. It should take 2→ 2.5 seconds to reach maximum spin speed

• For the following steps, a focus array is required for accurate features:

1. Emitter contact lithography

2. Base contact lithography

3. Base post lithography

– Otherwise, the focus offset on subsequent steps is = 0

– Always inspect the focus checkers thoroughly after development

1. Wafer cleaving and preparation

• There are two type of wafers

(a) European / Japan flat option wafer where the minor flat is to the left
of the major flat

(b) US flat option wafer where the minor flat is to the right of the major
flat
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• To ensure proper semiconductor mesa etch undercut, the long-axis of the
emitter should be oriented...

– Perpendicular to the major flat for European / Japan flat option wafers

– Parallel to the major flat for US flat option wafers

• For the local-alignment DFAS (Dark-Field-Alignment-System) system
to work on the i-line GCA stepper, the minimum size of the sample to be
processed should be greater than 1 x 1 inch2.

2. Emitter contact lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-955, 2.5 kRPM, 30 sec

• Pre-exposure PR bake – 92◦C, 60 sec

• CEM coat and spin

– Coat wafer w/ CEM and let sit for 60 sec

– Then spin 4 kRPM, 30 sec

• Shoot ‘emitter’ pattern in stepper, 2.055 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately transfer wafer to MF-701 developer

– Develope 2 min 20 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

3. Emitter contact deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Vent E-beam 4, load private sources – Ti, Pd, and Au

• Surface preparation – HCl:H2O 1:10 dip 10 sec, H2O rinse 10 sec, N2
dry
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• Load sample in E-beam 4 – orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit emitter contact

– Ti 200 A (1 A/sec)

– Pd 400 A (1 A/sec)

– Au 7500 A

∗ 1 A/sec for 1-300 A

∗ 2 A/sec for 301-500 A

∗ 3 A/sec for 501-1000 A

∗ 4-5 A/sec 1001-7500 A

• Metal liftoff – 1165 stripper, 80◦C, 2 hr

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to H2O or Solvent
clean

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Anneal emitter contact, 300◦C, N2 purge, 60 sec

4. Emitter mesa etch

• Prepare three beakers with...

(a) NH4OH:H2O, 1:10

(b) H3PO4:H2O2:H2O, 1:1:25 – use stirrer at 200 RPM

(c) H3PO4:HCl, 4:1 – use stirrer at 200 RPM

• Dip sample – NH4OH:H2O solution 10 sec, H2O rinse 10 sec, N2 dry

• Etch InGaAs emitter cap in H3PO4:H2O2:H2O≈ 21 sec

– Overetch should only be 3 sec from the time the color change is
complete

– Inspect under microscope to ensure all InGaAs is etched

• Etch InP emitter in H3PO4:HCl ≈ 35 sec

– Overetch should only be 5 sec from the time the color change is
complete

– Inspect under microscope to ensure all InP is etched
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5. Base contact lithography

• No solvent cleaned needed after emitter mesa etch

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – nLOF 2020, 4 kRPM, 30 sec

• Pre-exposure PR bake – 111◦C, 60 sec

• Shoot ‘base contact’ pattern in stepper – 0.46 sec

• Post-exposure PR bake – 114◦C, 60 sec

• Development – MF-701 developer, 2 min

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

6. Base contact deposition

• Prepare ozone reactor – let run empty for 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Vent E-beam 4, load private sources – Ti, Pd, and Au

• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Load sample in E-beam 4 – orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit base contact

– Pd 25 A, Ti 170 A, Pd 170 A, Au 650 A

∗ 1 A/sec for all metal depositions

∗ Higher deposition rates onto nLOF 2020 will leave more PR
scum

• Metal liftoff – 1165 stripper, 80◦C, 1 hr

• Remove metal and place sample in fresh AZ 300T stripper, 80◦C, 10 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to H2O or Solvent
clean

– The sample can proceed to ‘base-post’ lithography if there is no
scum on post-end of the base contact
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∗ Otherwise, repeat the AZ 300T step until that is the case

7. Base post lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-955, 2.5 kRPM, 30 sec

• Pre-exposure PR bake – 92◦C, 60 sec

• CEM coat and spin

– Coat wafer w/ CEM and let sit for 60 sec

– Then spin 4 kRPM, 30 sec

• Shoot ‘base post’ pattern in stepper, 2.055 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately transfer wafer to MF-701 developer, develope 2 min
20 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

8. Base post deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Vent E-beam 4, load private sources – Ti, Pd, and Au

• Surface preparation – HCl:H2O 1:10 dip 10 sec, H2O rinse 10 sec, N2
dry

• Load sample in E-beam 4 – orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit base post

– Pd 25 A (1 A/sec)

– Ti 170 A (1 A/sec)
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– Pd 170 A (1 A/sec)

– Au 9300 A

∗ 1 A/sec for 1-300 A

∗ 2 A/sec for 301-500 A

∗ 3 A/sec for 501-1000 A

∗ 4-5 A/sec 1001-9300 A

• Metal liftoff – 1165 stripper, 80◦C, 2 hr

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to H2O or Solvent
clean

9. Base mesa lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘base mesa’ pattern in stepper, 1.0 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 90 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

10. Base mesa etch

• Prepare three beakers with...

(a) NH4OH:H2O, 1:10

(b) H3PO4:H2O2:H2O, 1:1:25 – use stirrer at 200 RPM

(c) H3PO4:HCl, 4:1 – use stirrer at 200 RPM

• Dip sample – NH4OH:H2O solution 10 sec, H2O rinse 10 sec, N2 dry

• Etch InGaAs base, InGaAs collector setback, and ternary grade in H3PO4:H2O2:H2O
≈ 35 sec
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– Overetch should only be 5 sec from the time the color change is
complete

– Inspect under microscope to ensure all InGaAs is etched

• Etch InP collector in H3PO4:HCl ≈ 35 sec

– Overetch should only be 10 sec from the time the color change is
complete

– This extended overetch is for increased collector semiconductor un-
dercut

– Inspect under microscope to ensure all InP is etched

• Strip PR mask – 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to H2O or Solvent
clean

11. Device isolation lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘dev isolation’ pattern in stepper, 1.0 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 90 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

12. Device isolation etch

• Prepare three beakers with...

(a) NH4OH:H2O, 1:10

(b) H3PO4:H2O2:H2O, 1:1:25 – use stirrer at 200 RPM

(c) H3PO4:HCl, 4:1 – use stirrer at 200 RPM

• Dip sample – NH4OH:H2O solution 10 sec, H2O rinse 10 sec, N2 dry

• Etch InGaAs sub-collector in H3PO4:H2O2:H2O≈ 15 sec
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– The color change is not visible to the ‘naked eye’

∗ The InGaAs layer is too thin

– Inspect under microscope to ensure all InGaAs is etched

• Etch InP sub-collector and semi-insulating InP in H3PO4:HCl – 45 sec

– There is no etch stop layer – etching of sub-collector continues into
the semi-insulating InP (SI-InP)

– For proper device isolation and dielectric planarization, only 100 nm
of SI-InP should be etched

– Dektak the etch depth and repeat InP etching in 7 sec increments as
necessary

• Strip PR mask – 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to H2O or Solvent
clean

13. NiCr Resistor lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• CEM coat and spin

– Coat wafer w/ CEM and let sit for 60 sec

– Then spin 4 kRPM, 30 sec

• Shoot ‘Resistor’ pattern in stepper, 2.2 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately thereafter transfer wafer to MF-701 developer, devel-
ope 2 min 30 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope
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14. NiCr Resistor deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 90 sec

• Vent E-beam 1, load private sources – Ti, SiO2, NiCr

• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Load sample in E-beam 1

• Allow system to pump-down for 60 min to< 2·10−6 torr

• Deposit NiCr resistors

– Ti 50 A (1 A/sec)

– SiO2 200 A (1 A/sec)

– NiCr xxx A (1 A/sec)

∗ For NiCr, Cr out-diffuses more quickly than than Ni

∗ Thus, the source resistivity goes down after each deposition

∗ Refer to the NiCr worksheet for accurate determination of NiCr
deposition thickness for 50Ω/2

• Metal liftoff – 1165 stripper, 80◦C, 2 hr

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to H2O or Solvent
clean

15. Collector contact lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – nLOF 2020, 3.5 kRPM, 30 sec

• Pre-exposure PR bake – 111◦C, 60 sec

• Shoot ‘collector contact’ pattern in stepper – 0.46 sec

• Post-exposure PR bake – 114◦C, 60 sec

• Development – MF-701 developer, 2 min

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope
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16. Collector contact deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 90 sec

– Do not run sample any longer in the ozone reactor

– Longer ashing will remove PR from above the emitter contactand
oxidize too much of the InGaAs sub-collector contact layer

• Vent E-beam 4, load private sources – Ti, Pd, and Au

• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Load sample in E-beam 4 – orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit collector contact

– Ti 200 A (1 A/sec)

– Pd 400 A (1 A/sec)

– Au 4500 A

∗ 1 A/sec for 1-300 A

∗ 2 A/sec for 301-500 A

∗ 3 A/sec for 501-1000 A

∗ 4 A/sec 1001-4500 A

• Metal liftoff – 1165 stripper, 80◦C, 2 hr

• Remove metal and place sample in fresh AZ 300T stripper, 80◦C, 10 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to H2O or Solvent
clean

17. Collector post lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-518, 3.0 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec
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• CEM coat and spin – coat wafer w/ CEM and let sit for 60 sec, then spin
4 kRPM, 30 sec

• Shoot ‘collector post’ pattern in stepper, 2.6 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately transfer wafer to MF-701 developer, develope 2 min
30 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

18. Collector post deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au

• Surface preparation – HCl:H2O 1:10 dip 10 sec, H2O rinse 10 sec, N2
dry

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit collector post

– Ti 100 A (1 A/sec)

– Au xxxx A (see list below for deposition rate)

∗ The collector post needs to be level with the top of the emitter
contact

∗ Dektak to determine Au deposition thickness

∗ 1 A/sec for 1-300 A

∗ 2 A/sec for 301-500 A

∗ 3 A/sec for 501-1000 A

∗ 4-5 A/sec 1001-xxxx A

– Ti 100 A (1 A/sec)

• Metal liftoff – 1165 stripper, 80◦C, 2 hr

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min
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– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to H2O or Solvent
clean

19. Resistor post lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-518, 3.0 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• CEM coat and spin – coat wafer w/ CEM and let sit for 60 sec, then spin
4 kRPM, 30 sec

• Shoot ‘resistor post’ pattern in stepper, 2.6 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately transfer wafer to MF-701 developer, develope 2 min
30 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

20. Resistor post deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au

• Surface preparation – HCl:H2O 1:10 dip 10 sec, H2O rinse 10 sec, N2
dry

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit resistor post contact

– Ti 100 A (1 A/sec)

– Au xxxx A (see list below for deposition rate)
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∗ The resistor post needs to level with the top of the emitter con-
tact

∗ Dektak to determine Au deposition thickness

∗ 1 A/sec for 1-300 A

∗ 2 A/sec for 301-500 A
∗ 3 A/sec for 501-1000 A

∗ 4-5 A/sec 1001-xxxx A

– Ti 100 A (1 A/sec)

• Metal liftoff – 1165 stripper, 80◦C, 2 hr

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet
– Rinse sample in 2-propanol before transferring to H2O or Solvent

clean

21. BCB passivation

• The ‘Blue Oven’ must be at room temperature 25◦C or less before be-
ginning

– Otherwise, BCB will bubble during the cure and the sample will be
ruined

• NOTE: there must not be any stops in the steps from sample surface
preparation to loading the spun sample w/ BCB into the Blue oven

– Any delays will allow increased surface oxide to regenerate on the
semiconductor, increasing leakage currents

– Oxygen contaminates BCB and prolonged exposure will compro-
mise the cure and ruin the sample

• Prepare the ‘Blue Oven’ – run N2 through chamber at 100%

• Prepare ozone reactor – run empty, 20 min

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Coat wafer with BCB 3022-35 – let sit on surface for 30 sec
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• Spin BCB 1.5 kRPM, 30 sec – BCB thickness≈ 1.88µm

• Place sample into Al cup holder

– The holder should be deformed such that the sample is completely
level, yet has minimal contact with the bottom holder surface

– Otherwise, cured BCB that has crept onto the bottom surface may
prevent the sample from being removed from the holder

• Place sample (in holder) into the ‘Blue Oven’

• Reduce N2 flow to 60% after 3 min

• Load and run Program 5 (confirm in case it has been altered)

• Program sequence:

(a) 5 min ramp to 50◦C, 5 min soak
(b) 15 min ramp to 100◦C, 15 min soak
(c) 15 min ramp to 150◦C, 15 min soak
(d) 60 min ramp to 250◦C, 60 min soak
(e) Natural cool down
(f) Oven off

• Remove sample and inspect under the microscope

• Turn off the ‘Blue Oven’

22. Wafer planarization and interconnect surface preparation

• Clean carrier wafer in Panasonic ICP – CF4/O2 50:200 sccm, 7 min

(a) Load sample on carrier wafer, BCB ICP etch CF4/O2 50:200 sccm,
2 min

(b) Inspect sample in FEI SEM to see if the device contacts and inter-
connect posts are exposed

• Repeat the above etch (1 min increments) and inspection until all contact
and posts are exposed

– Be sure to run the wafer clean program in between each etch cycle

• Repeat the BCB passivation step for further sample planarization

• Clean carrier wafer in Panasonic ICP – CF4/O2 50:200 sccm, 7 min

(a) Load sample on carrier wafer, BCB ICP etch CF4/O2 50:200 sccm,
3 min 30 sec

(b) Inspect sample in FEI SEM to see if the device contacts and inter-
connect post are exposed
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Figure B.1: BCB etch rate for the given CF4/02 recipe

• Repeat the above etch (1 min increments) and inspection until all contact
and posts are exposed

– Be sure to run the wafer clean program in between each etch cycle

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake 120◦C, 10 min

• Cool wafer, 5 min

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Deposit 100 nm SiNx on the BCB surface by PECVD

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘contact via’ pattern in stepper, 2.0 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 90 sec
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• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

• Clean carrier wafer in Panasonic ICP – CF4/O2 50:200 sccm, 7 min

• Load sample on carrier wafer for ICP etching

(a) SiNx ICP etch CF4 125 sccm, 90 sec

(b) Short BCB ashing CF4/O2 50:200 sccm, 10 sec

• Inspect sample in FEI SEM to see if the device contacts and interconnect
posts are exposed

• Strip photoresist mask

(a) Flood expose sample, 15 sec

(b) Develope exposed PR – MF-701, 2 min

(c) Strip remaining PR in acetone – 3 min

(d) Inspect – if PR remaining, use 1165 stripper, 80◦C, 3 min

(e) Gently agitate sample surface with small pipet

• Rinse sample in 2-propanol before transferring to H2O or Solvent clean

23. Metal-1 interconnect lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – nLOF 2020, 4 kRPM, 30 sec

• Pre-exposure PR bake – 111◦C, 60 sec

• Shoot ‘Metal 1’ pattern in stepper – 0.46 sec

• Post-exposure PR bake – 114◦C, 60 sec

• Development – MF-701 developer, 2 min

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

24. Metal-1 interconnect deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – clean wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au
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• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit Metal-1 interconnect

– Ti 100 A (1 A/sec)

– Au 10 kA

∗ 2 A/sec for 1-300 A

∗ 3 A/sec for 301-500 A

∗ 4 A/sec for 501-1000 A

∗ 5-6 A/sec 1001-10000 A

– Ti 100 A (1 A/sec)

• Metal liftoff – AZ 300T stripper, 80◦C, 20 min

• Remove metal and place sample in fresh AZ 300T stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to H2O or Solvent
clean

25. Measure devices and TLMs

• If device performance and TLMs are well behaved, continue

26. SiN MIM capacitor formation

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake 120◦C, 10 min

• Cool wafer, 5 min

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Deposit 400 nm SiNx onto the sample by PECVD

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec
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• Shoot ‘SiN cap’ pattern in stepper, 2.0 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 90 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

• Clean carrier wafer in Panasonic ICP – CF4/O2 200:40 sccm, 7 min

• Load sample on carrier wafer for ICP etching

(a) SiNx ICP etch CF4 125 sccm, 3 min

(b) Short ashing CF4/O2 50:200 sccm, 15 sec

• Strip photoresist mask

(a) Flood expose sample, 15 sec

(b) Develope exposed PR – MF-701, 2 min

(c) Strip remaining PR in acetone – 3 min

(d) Inspect – if PR remaining, use 1165 stripper, 80◦C, 3 min

(e) Gently agitate sample surface with small pipet

• Rinse sample in 2-propanol before transferring to H2O or Solvent clean

27. Metal-2 interconnect lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – nLOF 2020, 3 kRPM, 30 sec

• Pre-exposure PR bake – 111◦C, 60 sec

• Shoot ‘Metal 2’ pattern in stepper – 0.46 sec

• Post-exposure PR bake – 114◦C, 60 sec

• Development – MF-701 developer, 2 min

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

28. Metal-2 interconnect deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – clean wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au
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• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit Metal-2 interconnect

– Ti 100 A (1 A/sec)

– Au 10 kA

∗ 2 A/sec for 1-300 A

∗ 3 A/sec for 301-500 A

∗ 4 A/sec for 501-1000 A

∗ 5-6 A/sec 1001-10000 A

– Ti 100 A (1 A/sec)

• Metal liftoff – 1165 stripper, 80◦C, 2 hr

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to H2O or Solvent
clean

29. Metal-2 to Metal-3 interconnect post lithography – 1

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – SPR 518, 3 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• CEM coat and spin

– Coat wafer w/ CEM and let sit for 60 sec

– Then spin 4 kRPM, 30 sec

• Shoot ‘M2 - M3 post’ pattern in stepper – 2.8 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 2 min 30 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope
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30. Metal-2 to Metal-3 interconnect post deposition – 1

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – clean wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au

• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit M2-M3 post contact

– Ti 100 A (1 A/sec)

– Au 13 kA
∗ 2 A/sec for 1-300 A
∗ 3 A/sec for 301-500 A
∗ 4 A/sec for 501-1000 A

∗ 5-6 A/sec 1001-13000 A
– Ti 100 A (1 A/sec)

• Metal liftoff – 1165 stripper, 80◦C, 30 min

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 10 min

– Gently agitate sample surface with small pipet
– Rinse sample in 2-propanol before transferring to H2O or Solvent

clean

31. Thin-film BCB microstrip wiring envirnment – layer 1

• The ‘Blue Oven’ must be at room temperature 25◦C or less before be-
ginning

– Otherwise, BCB will bubble during the cure and the sample will be
ruined

• NOTE: there must not be any stops in the steps from sample surface
preparation to loading the spun sample w/ BCB into the Blue oven

– Any delays will allow increased surface oxide to regenerate on the
surface, increasing leakage currents

– Oxygen contaminates BCB and prolonged exposure will compro-
mise the cure and ruin the sample
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• Prepare the ‘Blue Oven’ – run N2 through chamber at 100%

• Prepare ozone reactor – run empty, 20 min

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Surface preparation – clean wafer surface in ozone reactor, 10 min

• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Coat wafer with BCB 3022-35 – let sit on surface for 30 sec

• Spin BCB 1.5 kRPM, 30 sec – BCB thickness≈ 1.88µm

• Place sample into Al cup holder

– The holder should be deformed such that the sample is completely
level, yet has minimal contact with the bottom holder surface

– Otherwise, cured BCB that has crept onto the bottom surface may
prevent the sample from being removed from the holder

• Place sample (in holder) into the ‘Blue Oven’

• Reduce N2 flow to 60% after 3 min

• Load and run Program 5 (see passivation step)

• Remove sample and inspect under the microscope

• Turn off the ‘Blue Oven’

• Clean carrier wafer in Panasonic ICP – CF4/O2 50:200 sccm, 7 min

(a) Load sample on carrier wafer, BCB ICP etch CF4/O2 50:200 sccm,
90 sec

(b) Inspect sample in FEI SEM to see if the interconnect posts are ex-
posed

• Repeat the above etch (45 sec increments) and inspection until all contact
and posts are exposed

– Be sure to run the wafer clean program in between each etch cycle

32. Metal-2 to Metal-3 interconnect post lithography – 2

• Repeat this step

33. Metal-2 to Metal-3 interconnect post deposition – 2
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• Repeat this step

34. Thin-film BCB microstrip wiring envirnment – layer 2

• Repeat this step

35. Metal-3 adhession layer

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake 120◦C, 10 min

• Cool wafer, 5 min

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – clean wafer surface in ozone reactor, 10 min

• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Deposit 100 nm SiNx on the BCB surface by PECVD

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘Metal-3 via’ pattern in stepper, 2.0 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 90 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

• Clean carrier wafer in Panasonic ICP – CF4/O2 50:200 sccm, 7 min

• Load sample on carrier wafer for ICP etching

(a) SiNx ICP etch CF4 125 sccm, 90 sec

(b) Short BCB ashing CF4/O2 50:200 sccm, 10 sec

• Inspect sample in FEI SEM to see if the interconnect posts are exposed

• Strip photoresist mask

(a) Flood expose sample, 15 sec

(b) Develope exposed PR – MF-701, 2 min

(c) Strip remaining PR in acetone – 3 min

(d) Inspect – if PR remaining, use 1165 stripper, 80◦C, 3 min

(e) Gently agitate sample surface with small pipet
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• Rinse sample in 2-propanol before transferring to H2O or Solvent clean

36. Metal-3 interconnect and ground plane lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – nLOF 2020, 3 kRPM, 30 sec

• Pre-exposure PR bake – 111◦C, 60 sec

• Shoot ‘Metal 3’ pattern in stepper – 0.47 sec

• Post-exposure PR bake – 114◦C, 60 sec

• Development – MF-701 developer, 2 min

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

37. Metal-3 interconnect and ground plane deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – clean wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au

• Surface preparation – NH4OH:H2O 1:10 dip 10 sec, N2 dry, NO WATER
RINSE

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit Metal-3 (ground plane)

– Ti 100 A (1 A/sec)
– Au 15 kA

∗ 2 A/sec for 1-300 A
∗ 3 A/sec for 301-500 A
∗ 4 A/sec for 501-1000 A
∗ 5-6 A/sec 1001-15000 A

– Ti 100 A (1 A/sec)

• Metal liftoff – 1165 stripper, 80◦C, 2 hr

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet
– Rinse sample in 2-propanol before transferring to H2O or Solvent

clean
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