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Abstract
In this dissertation, technology developments are reported that enhance the
performances of the Indium Phosphide-based high electron mobility transistor (HEMT) process of the Laboratory for Electromagnetic Fields and Microwave Electronics of the ETHZ. InP HEMTs are well-suited for highfrequency applications, thanks to their excellent intrinsic channel transport
properties. This work focuses on the power and high-frequency performance
improvement of the devices. The structure of the transistor gate contact is
being investigated in detail, and new fabrication processes are proposed.
The maximum output power of InP HEMTs is limited by their low breakdown voltage. Indeed, the large impact-ionization rates in the InGaAs channel of the devices trigger an avalanche process that occurs already for low
bias. This results in a low breakdown voltage. Carrier multiplication due to
impact ionization takes place in the high electric-field region of the device,
i.e., predominantly between gate and cap layer on the drain side of the gate.
The proposed solution to alleviate impact ionization consists in the increase
of the gate-to-cap layer distance on the drain side to reduce the peak electric
field. Yet, the gate-to-cap layer distance on the source side must remain
small to avoid a source-resistance increase and high-frequency performance
degradation. Hence, an asymmetric gate recess must be fabricated.
The suitability of the asymmetric gate-recess technology to curb impact
ionization and increase the breakdown voltage is confirmed with two-dimensional (2D) physical simulations of the devices. The physical models and parameters implemented in the simulation tool are validated by the joint
investigation of a p –i –n laser diode with Kelvin probe force microscopy and
2D simulations.
An asymmetric recess is obtained by patterning a stack of resist layers
with electron-beam lithography (EBL). The scanning pattern required to
fabricate a given resist profile involves a large number of interacting parameters. Therefore, to reduce the number of time-consuming trial-and-error

xii
steps, an EBL simulation and optimization tool is developed. It is based on
the careful modeling of the physical processes involved during resist exposure
and development. A genetic algorithm is used to search the complex multidimensional optimization space. Control of process tolerances is embedded
into the simulator to increase the accuracy of the predicted scanning patterns. Multiple exposures/multiple development processes are implemented
in the simulation tool. The tool is then used for the prediction of scanning
patterns for asymmetric gate-recess applications. Additionally, the EBL simulator is employed to optimize T-gates with 100 nm footprint.
Devices with asymmetric gate recess are fabricated with a double exposure process. Gate-to-cap layer distances of 20 nm and 320 nm are achieved
on the source and drain sides of the gate, respectively. The asymmetric gate
recess induces a pronounced kink visible in the device DC characteristics.
However, impact ionization is reduced, and the breakdown voltage is increased by 50% when an asymmetric gate recess is used. The transistor cutoff frequency decreases by 30%, yet the maximum frequency of oscillation remains unchanged.
The improvement of the device high-frequency performance can be
achieved by decreasing the transit time of the electrons below the gate. To
this end, the gate length is reduced from 200 nm to 100 nm. The principal
technology hurdle consists in uniformly etching the gate recess. An isopropylic-alcohol wetting is used prior to wet-chemical etching in succinic acid.
The high-frequency performance is improved by 40% when a 100 nm gate
length is used. The extrinsic cut-off frequency and the maximum frequency
of oscillation reach 185 GHz and 300 GHz, respectively. State-of-the-art RF
performance for 100-nm InP HEMTs is achieved.
Millimeter-wave integrated-circuit demonstrators are designed and fabricated with the new technologies. Class A power amplifiers at 32 GHz show
that the asymmetric gate-recess technology is actually unsuited for power applications, due to non-linearities in the knee area of the device that induce a
strong degradation of the gain in this region. On the other hand, single-stage
power amplifier with 2×125 µm devices and symmetric recess shows a maximum output power of 11.2 dBm and a power-added efficiency of 11.3%. To
evaluate the performances of the devices with 100 nm T-gates, W-band amplifiers are designed at 94 GHz and 110 GHz. These amplifiers deliver 9.2 dB
and 5 dB gain at 94 GHz and 110 GHz, respectively.

Zusammenfassung
Diese Dissertation stellt die Technologieweiterentwicklung zu Verbesserung
des Indiumphosphid-basierten High Electron Mobility Transistor (HEMT)
Prozesses des Instituts für Feldtheorie und Höchstfrequenztechnik an der
ETH Zürich vor. Dank ihrer hervorragenden Transporteigenschaften sind
InP HEMTs bestens für Hochfrequenzanwendungen geeignet. Diese Arbeit
konzentriert sich auf die Verbesserung der Leistungs- und Hochfrequenzeigenschaften der Transitoren, insbesondere wird die Struktur des Gatekontaktes untersucht und neue Herstellungsprozesse vorgeschlagen.
Die maximale Ausgangsleistung von InP HEMTs ist durch ihre niedrige
Durchbruchsspannung begrenzt. Die grossen Stossionisationskoeffizienten im
InGaAs Kanal des Bauteils lösen einen Lawinenprozess aus, welcher schon
bei kleinen Vorspannungen auftritt und deshalb in einer geringen Durchbruchsspannung resultiert. Trägermultiplikation durch Stossionisation findet
hauptsächlich auf der Drain-Seite des Gates, zwischen Gate und Cap-Schicht
statt, da in diesem Bereich die Feldstärke am höchsten ist. Die vorgeschlagene Lösung zur Verringerung der Stossionisation besteht in der Vergrösserung des Abstandes vom Gate zum Cap-Schicht auf der Seite des Drains um
dort die elektrische Feldstärke zu reduzieren. Gleichzeitig soll die Distanz
vom Gate zur Cap-Schicht auf Source-Seite klein bleiben um eine Erhöhung
des Source-Widerstandes und somit eine Verschlechterung der Hochfrequenzeigenschaften zu vermeiden. Deshalb wäre es wünschenswert ein asymmetrischer Gate-Rezess hergestellen zu können.
Die Eignung der asymmetrischen Gate Rezess Technologie zur Reduzierung der Stossionisation wird durch zweidimensionale (2D) physikalische
Simulation des Bauteils bestätigt. Die physikalischen Modelle und die im
Simulationswerkzeug verwendeten Parameter werden durch die Untersuchung einer p –i –n Laserdiode mit “Kelvin probe force” Mikroskopie und 2D
Simulationen validiert.
Ein asymmetrischer Gate Rezess wird durch Belichtung einer Schichtung
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von Lacken durch Elektronenstrahllithographie (EBL) erhalten. Das nötige
Belichtungsmuster zur Herstellung eines gegebenen Lackprofils beinhaltet
eine grosse Vielzahl von Parametern. Um die Zahl der zeitaufwendigen trialand-error Schritte zu reduzieren wurde ein EBL Simulations- und Optimierungswerkzeug entwickelt. Es basiert auf der sorgfältigen Modellierung
des stattfindenden physikalischen Prozesses während der Belichtung und Entwicklung des Lacks. Zur Suche im komplexen multidimensionalen Optimierungsraum wird ein genetischer Algorithmus benutzt. Die Kontrolle der
Prozesstoleranzen ist in den Simulator eingebaut um die Genauigkeit der vorhergesagten Belichtungsmuster zu erhöhen. Im Simulationswerkzeug, welches für die Vorhersage der Belichtungsmuster für asymmetrische Gate-Rezesse
benutzt wird, sind Mehrfachbelichtungs-/ Mehrfachentwicklungsprozesse implementiert. Darüberhinaus wird der EBL Simulator eingesetzt um T-Gates
mit 100 nm Länge zu optimieren.
Bauteile mit asymmetrischem Gate-Rezess wurden mit einem Zweifachbelichtungsprozess hergestellt. Gate zu Cap-Schicht Distanzen von 20 nm
auf der Source-Seite bzw. 320 nm auf der Drain-Seite wurden erreicht. Der
asymmetrische Gate Rezess ruft einen ausgeprägten Knick in der DC-Charakteristik des Bauteils hervor. Bei der Verwendung des asymmetrischen Gate
Rezesses, wird dennoch die Stossionisation reduziert und deshalb verbessert
sich die Durchbruchspannung des Bauteils um 50%. Die Transitfrequenz verringert sich um 30%, während die maximal mögliche Schwingfrequenz unverändert bleibt.
Die Verbesserung der Hochfrequenzeigenschaften des Bauteils kann durch
eine Verringerung der Transitzeit der Elektronen unter dem Gate erreicht
werden. Dazu wird die Gatelänge von 200 nm auf 100 nm reduziert. Die
Schwierigkeit dabei besteht im gleichmässigen Ätzen des Gate Rezesses. Vor
dem chemischen Nassätzen in Bernsteinsäure wird eine Benetzung mit Isopropylalkohol benutzt. Die Hochfrequenzeigenschaft wird bei der Verwendung von 100 nm Gates um 40% verbessert. Die extrinsische Transitfrequenz
und maximal mögliche Schwingfrequenz erreichen 185 GHz bzw. 300 GHz.
Mit der neuen Technologie wurden zur Demonstration integrierte Millimeterwellenschaltungen entworfen. Klasse A Leistungsverstärker bei 32 GHz
zeigen, dass die asymmetrische Gate Rezess Technologie ungeeignet für Leistungsanwendungen ist, da die Nichtlinearität in der Knieregion des Bauteils
eine starke Herabsetzung der Verstärkung in diesem Bereich hervorruft.
Dagegen zeigt ein einstufiger Leistungsverstärker mit 2×125 µm Transistoren mit symmetrischem Gate Rezess eine maximale Ausgangsleistung von
11.2 dBm und einen Gesamtwirkunsgrad von 11.3%. Um die Leistungsfähigkeit der Bauelemente mit 100 nm T-Gates zu untersuchen, wurden W-Band
Verstärker bei 94 GHz und 110 GHz entworfen. Diese Verstärker zeigen eine
Verstärkung von 9.2 dB und 5 dB bei 94 GHz, bzw. 110 GHz.
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Introduction
1.1

Motivation

With the explosive growth of the Internet and of multimedia communication
systems, high-capacity networks are required to handle large data volumes.
Thanks to the development of broadband Erbium-doped optical fiber amplifiers, a rapid increase of transmission bit rates has been possible [1]. Indeed,
the broadband characteristics of Er-doped fibers allow the transmission of
many channels on separate wavelengths over a single fiber (using the wavelength-division multiplexing scheme). To fully benefit from the advantages
of photonic communication, the long-term objective is to build all-optical networks. However, despite the tremendous progress achieved in the design and
fabrication of optical components, in the near-term some operations such as
packets coding, switching, or multiplexing-demultiplexing must still be performed electronically. High-speed electronics is therefore essential to process
the huge amount of data that can be transmitted over the optical components
of the network. For example, integrated circuits have made possible the fabrication of systems with transmission rates over 40 Gbits/channel [2] using
the time-division multiplexing coding scheme.
In a different region of the spectrum, the domain of use of radio-frequency
integrated circuits (RFICs) encompasses ever higher frequency bands.
Thanks to technology improvements in the last few years, new applications
of RFICs have mushroomed. Indeed, with the crowding of the electromagnetic spectrum at lower frequencies, new bands must be allocated at frequencies
above 100 GHz for communication systems [3], or at 77 GHz, and 94 GHz for
collision avoidance radars [4], and passive imaging systems for automotive
applications [5, 6], respectively. Other applications involve atmospheric remote-sensing and low-noise amplifiers of image-array receiver systems for the
astronomy and the radio-astronomy. These applications are demanding in
devices with state-of-the-art performances. Of prime importance are the requirements for ultra-low noise characteristics.
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Introduction

To summarize, optical-fiber communication and RFIC systems have propelled the development of new technologies for high-frequency and high-speed
applications. Since their emergence, high electron mobility transistors
(HEMTs) based on the Indium-Phosphide material system have demonstrated among the best high-frequency performances. Record low-noise levels with
very low power dissipation have been obtained with InP HEMTs. The weakness of InP HEMT devices lays in their poor power performance due to a low
breakdown voltage that limits the RF voltage swing.
To achieve higher output-power levels, the current swing or the voltage
swing can be increased, or both. In the first case, the increase of the current
density in the device results in a lower output impedance, which, in turn,
renders the output matching more difficult. It is therefore more advantageous
to bias a power HEMT at high voltage and low current rather than vice-versa
because this allows a matching to 50 Ω systems with larger bandwidth [7]
and reduces the losses. To get a larger RF voltage swing, it is necessary to
increase the breakdown voltage of InP HEMTs. This voltage has remained
at low levels due to the intrinsic small bandgap of the materials used. Indeed,
the small bandgap favors carrier multiplication via impact ionization and
leads to avalanche breakdown.
As the minimum feature size of the InP HEMT has been reduced and device performances have been improved, powerful simulation tools have become compulsory to predict its behavior. To this end, two types of tools are
available. Phenomenological models are based on empirical equations that
are fitted to the device characteristics [8]. These models are used to quickly
and accurately predict the behavior of monolithic microwave integrated circuits (MMICs). The second type of models relies on a set of physical equations that describes the transport of carriers in the semiconducting materials
[9]. This kind of model is very useful to study the suitability of device structures without actually fabricating them and can therefore help test the validity of new concepts. The challenge of physical modeling is to find the
equations and parameters that thoroughly describe the physical mechanisms
involved in a device.
The modeling of the process steps involved during the fabrication of semiconductor devices [10] is also gaining more importance as the critical dimensions are shrunk to sub-micrometer size. For instance, electron-beam
lithography (EBL) is an essential tool used for the fabrication of the gate contact of InP HEMTs. The improvement of the high-frequency and power performances of these devices requires innovative gate topologies that involve a
complex patterning of the materials involved. In this context, an EBL simulation tool can help lower the fabrication costs thanks to a reduction of the
number of experimental trial-and-error steps.
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Fig. 1.1 Schematic overview of the work presented in this dissertation
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1.2

Introduction

Objectives and outline of the work

The purpose of the work presented in this dissertation is twofold. On the one
hand, new exploratory paths are followed to increase the breakdown voltage
of the InP HEMTs. On the other hand, technological solutions are investigated and applied to improve the high-frequency performances of the InP
HEMT technology developed over the last ten years at the Swiss Federal Institute of Technology in Zurich. To accomplish these two objectives, a physical modeling tool is first employed to gain some insights in the physical
mechanisms involved in the devices. Then, an EBL simulation tool is developed for the fabrication, primarily, of new sub-micrometer gate structures.
The devices are fabricated and characterized and the technology developments are validated with the design of a power amplifier at 32 GHz and of
gain amplifiers at 94 GHz and 110 GHz. The outline of the work is shown
graphically in Fig. 1.1.
In chapter 2, different aspects of InP HEMTs are discussed: the physics
of the devices is described, the generic MMIC fabrication process is presented, the phenomenological modeling of the devices is described, and a stateof-the-art of InP HEMT performances is given. Chapter 3 starts with a discussion of the breakdown mechanisms in InP HEMTs, then the physical simulation tool and the models used in this work are presented. Technological
solutions to improve the breakdown voltage are investigated by means of the
physical simulations. In chapter 4, the development of an EBL simulation
tool is reported, and structure-optimization techniques are discussed. In
chapter 5, the fabrication and characterization of devices with a new gate
structure for high-power applications are described. In chapter 6, the fabrication and characterization of devices for applications at W band are described. To study the technology improvements, the design, fabrication, and
performances of amplifiers at 32 GHz, 94 GHz, and 110 GHz are presented
in chapter 7.

2
InP HEMTs: physics and
applications
In this chapter, an overview of several important aspects of InP HEMTs is
given. In section 2.1, the basic physics of heterostructures and the considered
material systems (InP versus GaAs) are discussed. The fabrication of InP
HEMTs is described in section 2.2. A small-signal equivalent scheme of the
fabricated devices is discussed in section 2.3. High-frequency figures of merit
are extracted in section 2.4. Finally, a state-of-the-art of III-V technologies
is presented in section 2.5.

2.1

Heterostructures on InP

The first High Electron Mobility Transistors (HEMTs) appeared in 1980
[11, 12]. HEMTs are field-effect transistors (FETs), i.e., the current flow between two ohmic contacts (source and drain) is modulated by an electric field
created when a voltage is applied to a third—Schottky—contact (gate).
2.1.1 2-DEG and physics of heterostructures
HEMTs are based on the existence of a two-dimensional electron gas
(2-DEG) at the heterointerface between two materials. The first 2-DEG was
observed at an AlGaAs/GaAs heterointerface in 1978 [13]. Later, the InGaAs/InAlAs system was proposed to improve the performances of HEMTs.
Due to its high electron density, the 2-DEG serves as the conducting channel—between source and drain—of the HEMT.
The physical process responsible for the formation of a 2-DEG is now described. When two materials with different bandgap energies (EG,1 and EG,2,
for the materials with large and small bandgaps, respectively) and electron
affinities ( χ 1 and χ 2 ) are brought in intimate contact, the Fermi levels align
assuming thermal equilibrium. If E G, 1 – E G, 2 > χ 1 – χ 2 (type I heterojunction) a spike is created in the conduction band at the heterointerface and a
triangular potential well appears on the small bandgap side. A 2-DEG is
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formed by the transfer of electrons from the material with the higher conduction-band energy EC to the material with the lower EC. The electrons are
confined in the potential well, as is illustrated in Fig. 2.1. For instance, considering the In0.52Al0.48As/In0.53Ga0.47As system (which can be grown lattice-matched on InP substrates), the bandgap energies are 1.47 eV and
0.76 eV, respectively and the conduction band energy discontinuity is
0.54 eV.
Higher 2-DEG densities can be obtained when doping modulation is used.
It consists in selectively doping the layer with higher EC, from which the electrons are transferred into the potential well (see Fig. 2.1). With doping modulation, the physical separation of the electrons from the ionized donors is
increased and thus, the Coulomb scattering by the positively charged donor
centers is reduced. Therefore, with doping modulation higher mobilities can
be also reached than in bulk materials, an enhancement that is further
strengthened by the screening effect of the 2-DEG. The physical separation
can be increased further by the insertion of an undoped spacer between the
donor atoms and the channel. An in-depth discussion of heterojunction and
HEMT physics is available in Ref. [14].
2.1.2 Material systems comparison
The fabrication of HEMT heterostructures requires atomically abrupt interfaces. The growth of these high-quality structures was made possible only

Fig. 2.1 Band diagram of an heterojunction. ∆EC is the conduction band energy
discontinuity at the junction and is given by: ∆EC = χ 2 − χ 1 , where χ 1 and
χ are the electron affinities for the large and small bandgap materials, respec2
tively.

Heterostructures on InP
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thanks to the advances in Molecular Beam Epitaxy (MBE) [15] and substrate
quality (orientation mismatch, defect density, compensation doping). The
first HEMTs based on the AlGaAs/GaAs heterojunction were relatively easy
to grow on GaAs substrates because of the almost perfect lattice matching
between GaAs and AlxGa1−xAs (0 < x < 1). They offer however, an electron
mobility at room temperature of only 4000 cm2/V.s and a poor electron confinement in the quantum well due to the small ∆EC of 0.22 eV. Very early,
the introduction of Indium in the channel was proposed to improve both mobility and confinement [16]. Yet, InGaAs channels of PHEMTs (pseudomorphic HEMTs) can only be grown with a limited Indium content and thickness
on GaAs substrates because of the lattice mismatch which induces compressive stress in the InGaAs layer. This limitation was later lifted with the advent of metamorphic structures [17, 18]. Metamorphic structures are
obtained by growing a very thick graded buffer layer on a GaAs substrate
with a gradually increasing lattice constant. The strain relaxation takes
place in the buffer layer and on top of it high-quality layers can be grown
with a large Indium content. The metamorphic technology is however very
difficult to master due to the formidable task of confining the misfit dislocations in the buffer layer [19].
Another path was proposed to obtain higher Indium content in the channel: an InP substrate can be used as a substitute for the GaAs substrate. As
is made clear in Fig. 2.2, In0.53Ga0.47As and In0.52Al0.48As can be grown lattice-matched to the InP substrate and can be used as small and large bandgap materials, respectively [20, 21]. The InGaAs/InAlAs structure has a
∆EC of 0.54 eV, a saturation velocity vsat of 2.9 × 10 7 cm/s, a mobility in
excess of 12000 cm2/V.s at 300 K, and an electron density over

Fig. 2.2 Lattice constant versus bandgap energy of the most important semiconductors. The thick lines show the AlGaAs/GaAs and InGaAs/InAlAs/InP systems.

8

InP HEMTs: physics and applications

3.5 × 10 12 cm −2 can be obtained with these heterostructures, lattice-matched
on InP. Further improvements are possible with the pseudomorphic growth
of a InxGa1−xAs strained layer with x > 0.53 [22-24]. However, to prevent
the relaxation of the compressive stress in the InGaAs layer, its maximum
thickness should not exceed a critical value, e.g., 10 nm for x = 0.75.
Better confinement and higher mobility result in improved high-frequency
performance and lower noise. On the other hand, the small bandgap of
In0.53Ga0.47As (0.74 eV) favors impact ionization in the channel and the lower Schottky barrier height results in a higher gate-leakage current [25].
Figure 2.3 depicts the HEMT layer structure used in this work. It is
grown on a semi-insulating Fe-doped InP substrate. The thick InAlAs buffer
layer is necessary to even out the surface roughness and grow subsequent
high-quality layers1. The 50-nm thick InGaAs channel is followed by a 10-nm
thick InAlAs spacer layer. The Silicon δ-doping plane ( 2 × 10 12 cm−2) provides the channel with electrons2 and is followed by a 15-nm thick InAlAs
Schottky barrier layer. Finally, the whole structure is capped by a
5 × 10 18 -cm−3 Silicon-doped InGaAs layer for ohmic contact fabrication and
to prevent the oxidation of the Al-rich layers. This structure has been optimized for low-noise and high-frequency applications [26, 27].

Fig. 2.3 Basic lattice-matched HEMT layer stack on InP substrate for small-signal and low-noise applications (n.i.d.: non-intentionally doped, S.I.: semi-insulating).
1An InAlAs buffer layer is used instead of an InP layer mainly for two reasons: (i ) Phosphorus-containing layers have been historically difficult to grow with MBE, and (ii ) the
InAlAs/InGaAs heterojunction offer a better electron confinement than the InP/InGaAs
system.
2
A volume doping of the Schottky layer can also be used to supply the channel with
electrons.
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InP HEMT fabrication

In the previous section, the basic principle of the InP HEMT based on an
InGaAs/InAlAs heterostructure were described. In the next subsection, our
in-house technology for the fabrication of single devices and InP
HEMT-based Monolithic Microwave Integrated Circuits (MMICs) will be described. In subsection 2.2.2, a review of various gate technologies will be given. Specific new technology developments for power and high-frequency
applications will be presented in chapters 5 and 6, respectively.
2.2.1 Process description
The HEMT fabrication process can be separated into approximately 11 successive steps that are sketched in Fig. 2.4. For the structures definition,
standard optical lithography was employed, except for the gate, which was
patterned with electron-beam lithography (mix-and-match technology). For
metal evaporation a PLS500 electron gun evaporation system from Pfeiffer is
used. With liquid N2 Meissner gas trap, chilled water walls cooling and turbomolecular pump, a vacuum better than 5×10−8 mbar can be reached. A
rotating barrel with 6 crucibles allows the evaporation of Au, Ni, Ge, Ti, Pt
and Cr. The fabrication process is now described.
• MBE growth of the HEMT structure on a semi-insulating InP substrate, e.g., the structure shown in Fig. 2.3. For this work, epitaxial
layers from a commercial supplier [28] were used.
• Wafer dicing into 8.5× 8.0 mm 2 chips. Thorough chips cleaning1. Each
chip is processed individually. In this way, several masks and/or technologies can be tested on the same HEMT structure.
• Ohmic contacts definition (OHM). The metallization consists of:
17 nm Ge, 48 nm Au, 10 nm Ni and 200 nm Au. After lift-off, the
ohmic contacts are annealed for 2 min. at 300°C under N2 atmosphere.
An image reversal resist AZ 5214E (Clariant, Inc.) is used for the
ohmic contacts patterning.
• Devices isolation: mesa etching (MES). The etch depth of the active
layers is 100 nm to achieve a good electrical isolation, monitored individually on-wafer with I-V measurements. A positive resist S1828 from
Shipley is used. The etchant is H3PO4:H2O2:H2O 1:1:5.
• Gate-recess etch for Schottky contact formation (GAD1). After patterning of the tri-layer resist structure with electron-beam lithography
and development, the highly doped InGaAs cap layer is etched in a
succinic acid:hydrogen peroxide solution. The etchant is prepared as
follows: dissolve 10 g succinic acid (C4O4H6) in 50 ml water and 10 ml
1
A careful cleaning before each process step proved to be mandatory to obtain good
performances, mainly to remove resist residuals at the surface after lift-off.
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Fig. 2.4 Schematic overview of the InP HEMT process.
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NH4OH until a pH = 5.5 is reached, then mix 50 ml from the base solution with 10 ml H2O2.
This solution etches InGaAs with a selectivity better than 100:1 over
InAlAs, and a better threshold voltage uniformity can be achieved.
With the succinic acid solution, the channel is also selectively etched
at the mesa flanks. This prevents a sidewall contact of the gate metallization with the channel and thus reduces the gate-leakage current
[29]. The gate-recess etch is followed by an hydrogen plasma treatment
for surface traps passivation [26, 30].
• Gates metallization (GAD2): 20 nm Ti followed by 250 nm Au. The T
or mushroom shape of the gates helps reducing the gate access resistance. The Ti layer acts as a diffusion barrier for the Au atoms and as
an adhesion promoter (see chapters 4, 5, and 6 for SEM views of fabricated T-gates).
• Thin-film resistors patterning (RES). Definition with image-reversal
resist AZ 5214E, 23 nm Ti evaporation. The targeted resistance is
50 Ω ⁄ .
• First interconnect patterning (ME1). Definition with image-reversal
resist AZ 5214E, 10 nm Ti followed by 250 nm Au.
• Dielectric film deposition for simultaneous MIM capacitors fabrication
and devices passivation (CAP). The thin-film dielectric technology
from Avalon Photonics was used for deposition and dry etching. The
plasma-enhanced chemical vapor deposition (PECVD) with Silane
(SiH4) and N2 was performed at low temperature (120°C) and 120 nm
SiNx layers were deposited. Reactive ion etching (RIE) with Carbon
Tetrafluoride (CF4) was used to remove the SiNx dielectric from the
unwanted areas. The patterning was done with S1828 resist.
• Second interconnect patterning (ME2). Definition with image-reversal
resist AZ 5214E, 10 nm Ti followed by 250 nm Au.
• First airbridge metallization (AIR1). Definition with S1828 positive
resist (4 µm thickness), 20 nm Ni evaporation.
• Airbridge electroplating (AIR2). Definition with S1828 positive resist
(3 µm thickness), Au electroplating in KAu(CN)2 solution.
All the steps described above are necessary for the fabrication of MMICs.
To fabricate single devices, however, only OHM, MES, GAD, MET1 and optionally CAP (for device passivation) are required.
For the design and fabrication of MMICs a coplanar waveguide technology (CPW) is used. The CPW technology requires no wafer thinning, via
holes etching, or backside metallization. The wafer handling is thus facilitated and the yield is better than with a microstrip technology. The signal lines
are usually processed with the first interconnect while the ground is processed
with the second interconnect. With the airbridges, lines that are topologically
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Fig. 2.5 SEM view of a fabricated HEMT with airbridges and passivation.

isolated (e.g., source contacts of multi-finger transistors) can be electrically
connected as is shown in Fig. 2.5. Therefore, no thick dielectric layer and via
hole are required. The reach of the airbridges is however limited to 50–60 µm.
In Fig. 2.5, the ohmic contacts, mesa, gates, first interconnect, and passivation (dielectric) are also visible.
Figure 2.6 shows a schematic cross-section of an InP HEMT. Relevant dimensions for this work are the gate-to-cap layer distance on the source side
LS, the gate-to-cap layer distance on the drain side LD, and the gate length
LG .

Fig. 2.6 Schematics of a fabricated HEMT with gate recess, T-gate structure
and ohmic contacts metallization. LD and LS are the widths of the etched recess
on the drain and source sides of the gate, respectively. LG is the gate length.
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2.2.2 Overview of the gate technology
In the previous subsection, it was mentioned that the T-gate is defined with
electron-beam lithography (EBL). The T-shaped gate allows the reduction of
the gate access resistance which directly influences the RF gain and noise
performances of the transistor [31]. The ideal T-gate profile offers a small
gate length LG for shorter electrons transit time below the gate, a large
gate-head cross-section for reduced access resistance, and mechanical stability. However, the improved gate RF characteristics should not be met at the
expense of the reproducibility and the yield, which for practical reasons
should remain larger than 95%.
Different approaches were investigated for the fabrication of the T-gate:
(i ) Selective plasma etching of metallic layers [32]. (ii ) Metal evaporation
under grazing angles of a pattern defined with standard optical lithography
[33]. (iii ) Mixed electron-beam/ion-beam lithography for the definition of the
gate foot and gate head, respectively [34]. (iv ) Thinning of an optical lithography-defined resist line with O2 plasma [35]. (v ) Multilayer systems of resists, metal and/or dielectric materials combined with one or several
lithography steps. The multilayer systems are today the most widespread
thanks to their greater flexibility.
Together with multilayer processes, some authors use a combination of
optical and electron-beam lithographies to define the gate head and the gate
foot, respectively [36, 37]. However, single-step pattern definition with EBL
reduces the complexity of the T-gate fabrication process and the combination
of two resists with low and high sensitivities (LO/HI) as bottom and top layers, respectively was used1. The first structures were fabricated with a single
line exposure which took advantage of the higher sensitivity of the top layer
to get a T-shaped groove [38]. The use of polymethylmethacrylate (PMMA,
low
sensitivity)
and
polymethyl(methacrylate-acetylacrylate)
[P(MMA-MAA), high sensitivity] multilayer systems proved particularly
successful and flexible [39, 40].
To facilitate the lift-off process, it is beneficial to fabricate resist profiles
with overhanging walls. As can be seen in Fig. 2.7, the overhanging walls are
obtained naturally at low acceleration voltages, due to the pronounced forward scattering [41]. Above 30 kV, however, a trilayer system LO/HI/LO
should be used for better lift-off. With the intermediate sensitivity upper resist layer, an overhanging profile can be obtained even when high acceleration voltages are used.
The choice of the developer is also important to get the best contrast, and
1
A resist is mainly characterized by: (i ) its contrast which is the capability for the resist
to translate a small exposure-dose variation into a large solubility rate variation, and (ii )
its sensitivity which relates to the minimum energy necessary to fully develop the resist
layer. A resist with low sensitivity requires a large electron dose to be developed.
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Fig. 2.7 Obtained profiles with (a) and (b) bilayer system for two acceleration
voltages and (c) trilayer system.

possibly some selectivity between the resist layers. The solution methyl isobutyl ketone:isopropylic alcohol (MIBK:IPA) develops both PMMA and
P(MMA/MAA) and offers a very good contrast for high molecular weight
PMMAs.
Aside from PMMA resists, multilayer systems integrating ZEP520 (from
Nippon Zeon Corp.) or polydimethyl glutarimide (PMGI) can be employed
[42, 43] and new resist profiles can be fabricated when using selective developers as will be discussed in detail in chapters 4 and 5.
2.2.3 Mask layout
A typical mask layout (HEMT_layouts) is shown in Fig. 2.8. This layout was
used for the fabrication of single devices for the evaluation of technology developments and of new HEMT layer structures (Hall bars for the measurement of the 2-DEG density). As each chip is processed individually, all mask
layouts must also contain alignment markers for optical and electron-beam
lithography, and test structures for process monitoring. With the new EBL
system from Raith GmbH [44], procedures were developed which allow to
write sequentially and automatically several chips. The EBL level is aligned
on the OHM level with the global and local makers by using an automatic
marker recognition of the metal crosses processed on the OHM level [45].

2.3

Small-signal equivalent circuit of an InP HEMT

Once a device is fabricated, a good model of the InP HEMT is crucial for the
accurate design of MMICs. This model is based on an equivalent circuit
whose parameters are extracted from RF measurements. For small-signal
simulations, measured S-parameters can also be used directly.

High-frequency and power figures of merit
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Fig. 2.8 Mask “HEMT_layouts” for the evaluation of new technologies: 1) EBL
global marker, 2) process monitor, 3) optical alignment marker, 4) Hall structure, 5) capacitor, 6) transistor with gates in series, 7) 6-fingers transistor,
8) 4-fingers transistor, 9) 2-fingers transistor, 10) single-finger transistor,
11) local marker. A blown-up view of devices with two gate fingers is shown.

The small-signal equivalent circuit adopted for the modeling of InP
HEMTs is shown in Fig. 2.9. The chosen scheme is based on the works of
Dambrine et al. [8] and Jansen et al. [46].
Some improvements were made that can also be seen in Fig. 2.9: (i ) the
pad capacitors Cpg and Cpd were split in two parts [47, 48] to account for the
transmission line effects of the gate and drain contact pads at high frequency,
and (ii ) the impact ionization that takes place at high electric field and that
shows up as a plateau in S21 at low frequencies was modeled with an additional network on the drain side of the circuit [49].

2.4

High-frequency and power figures of merit

Many figures of merit have been defined to quantify the high-frequency performance of transistors. A few of these figures of merit are discussed in this
section.
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Fig. 2.9 Small-signal equivalent circuit of an InP HEMT including parasitic and
extrinsic elements, splitting of the gate-source and drain-source capacitors for
better modeling of the transmission line effects appearing at mm-wave frequencies, and elements for modeling the impact ionization [49].

Unilateral power gain U and maximum frequency of oscillation fmax
The Mason’s unilateral power gain is the theoretical gain that would be
achieved if the transistor were unilateralized, i.e., the feedback (S12) were set
to zero:
Z 21 – Z 12 2
U = --------------------------------------------------------------------------------------------------- .
4 [ ℜ ( Z 11 ) ⋅ ℜ ( Z 22 ) – ℜ ( Z 12 ) ⋅ ℜ ( Z 21 ) ]

(2.1)

The frequency for which U = 1 is the maximum frequency of oscillation fmax
and is obtained by extrapolation of U with a −20 dB/decade slope. fmax is a
useful figure of merit for the design of power amplifiers (PA) and a rule of
thumb says that a technology can be employed to design PAs at frequencies
up to fmax/3.
Current gain h21 and transit frequency fT
The current gain with short-circuited output h 21 2 is given by:
2
– 2S 21
h 21 2 = -------------------------------------------------------------------- .
( 1 – S 11 ) ( 1 – S 22 ) + S 12 S 21

(2.2)

The frequency for which h 21 = 1 is the transit frequency fT and is obtained
by extrapolation of h 21 with a −20 dB/decade slope. fT can also be expressed as:

High-frequency and power figures of merit

1
f T = ---------- ,
2πτ
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(2.3)

where τ is the total electron transit—or delay—time. The total delay time
can be separated into intrinsic and extrinsic contributions [50]: (i ) Transit
time of the electrons under the gate τ i = L G ⁄ v sat , where LG is the gate
length (see Fig. 2.6), and vsat is the electrons saturation velocity. (ii ) Drain
delay τ d ∝ V DS . The drain delay is due to the transit time in high electric-field regions on the drain side of the gate (parasitic charging time). (iii )
– 1 . (iv ) Extrinsic gate fringe capaciChannel charging delay τ c ∝ n s– 1 ∝ I D
tance charging time τfringe. (v ) Extrinsic gate pad capacitance charging time
τpad:
τ = ( τ i + τ d + τ c ) + ( τ fringe + τ pad ) ,

(2.4)

where the first group corresponds to the intrinsic transit time and the second
group corresponds to extrinsic delays. Typical values for the delay time contributions in HEMTs with 0.2 µm gate length are [51, 52]: τi = 0.4–0.6 ps,
τd = 0.1–0.2 ps, τc = 0.3–0.4 ps, τfringe = 0.1–0.2 ps, and τpad = 0.2–0.3 ps.
The intrinsic delay times—as opposed to the extrinsic ones—are material-system dependent. Considering the typical delay time values and
Eqs. (2.3) and (2.4), it can be seen that the major contribution to the total
delay stems from the intrinsic transit time under the gate Thus, the device
speed enhancement obtained by reducing the gate length LG is clear.
Table 2.1 gives the relevant RF figures of merit of the existing 0.2 µm
technology for high-frequency and power applications.
Table 2.1 High-frequency extrinsic figures of merit of the existing 0.2 µm
technology
Figure of merit
fmax

Value
200 GHz

fT

130 GHz

Power-added efficiency
The power-added efficiency (PAE) represents the ability of the device to
transform the DC power into high-frequency power and is given by [53]:
P out – P in
PAE = -------------------------- ,
P DC

(2.5)

where Pin, Pout, and PDC are the RF input and output powers and the DC
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power consumption, respectively.

2.5

State-of-the-art of III-V technologies and applications

During the last two decades, new III-V applications based on GaAs and InP
technologies have emerged. Aside from their excellent high-frequency performances already mentioned above, these technologies (i ) make use of
semi-insulating substrates that allow the fabrication of low-loss passive elements, and that are therefore well-suited for MMIC fabrication, and (ii ) offer
a good resistance against radiation.
However, despite the appealing performances of InP heterostructures, severe drawbacks keep the production costs high and prevent InP-based applications from getting any significant share of the semiconductor market: (i )
whereas the Silicon industry is running 12” foundries and the GaAs industry
is moving toward 8”, InP wafers are now available up to only 4”, (ii ) the InP
wafers are very brittle which makes their handling very difficult, and (iii )
the HEMT production typically involves low-throughput technologies such
as, e.g., MBE and electron-beam lithography.
2.5.1 High-frequency and noise performances
The GaAs MESFET industry won a small market niche for applications at
L, S, C, X, and Ku bands (1–17 GHz). The front-end of wireless local area
network systems take the lion share of GaAs MMIC production [54]. This
market slot is however threatened by Silicon-based devices that can now be
implemented into systems up to 5 GHz [55] and by the SiGe technology that
covers the same frequency range as the lattice-matched GaAs technology. At
the other end of the RF frequency spectrum, record transit frequencies have
been achieved by pseudomorphic and metamorphic GaAs-based HEMT technologies [18, 56]. The pseudomorphic GaAs HEMTs now cover the frequency
spectrum up to 95 GHz [57].
In this context, the InP-based technologies have only marginal use. In the
near term, only non-commercial applications can be targeted such as ultra-low noise amplifiers for astronomy due to their excellent noise performances. In the longer term, a broad new range of applications may appear at
D-band (70–140 GHz), and G-band (140–220 GHz) due to the congestion of
the spectrum at lower frequencies [58, 59]. Some envisioned applications are:
large bandwidth wireless local area networks, high-resolution automotive radars or space-to-space communication systems. For wireless applications at
G-band, atmospheric attenuation (4–30 dB/km) is dominated by the line of
water at 183 GHz. Around this frequency, two low-absorption windows are
available: 140–165 GHz and 200–220 GHz with an attenuation varying from
0.3 to 3 dB/km [3]. The atmospheric absorption in the millimeter-wave range
of the electromagnetic spectrum is mainly due to oxygen and water, as is

Atmospheric attenuation (dB/km)
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Fig. 2.10 Millimeter wave atmospheric absorption at sea level due to oxygen and
water.
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shown in Fig. 2.10. In the last years a few InP HEMT-based amplifiers for
the G-band were demonstrated [3, 60].
The state-of-the-art of frequency performances of HEMTs versus gate
length is shown in Fig. 2.11. The best transit frequencies, as high as
470 GHz, were reported for lattice-matched InP HEMTs [62].
InP HEMTs also offer better noise characteristics than any other device
500
GaAs PHEMT
GaAs MMHEMT
InP LMHEMT
InP PHEMT

400
300
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0
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0.1
Gate length L (µm)
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G

Fig. 2.11 State-of-the-art of HEMTs high-frequency performances [61].
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Fig. 2.12 State-of-the-art of noise performance for GaAs and InP HEMTs.

thanks to (i ) the large Γ-L valley separation which reduces intervalley scattering, (ii ) the higher electron mobility which reduces the parasitic source resistance and lowers thermal noise, and (iii ) the high fT. The minimum noise
figure Fmin is shown in Fig. 2.12 for various technologies. With our technology, low-noise amplifiers (LNAs) cooled to cryogenic temperatures with
record Fmin and noise temperature (0.07 dB and 4.8 K, respectively) at
X-band were reported [63]. LNAs were also fabricated at V-band [64] or at
G-band with a small signal gain of 9 dB and a 3 dB bandwidth from 164 to
192 GHz [65]. InP HEMT LNAs for example are suited as a first amplifying
stage of radioastronomy receivers. Such circuits will be installed in the Heterodyne Instrument for the Far Infrared (HIFI) of the Herschel Space Observatory [66], scheduled for launch in 2007. This instrument will cover the
frequency ranges 480–1250 GHz and 1410–1910 GHz and InP HEMT-based
circuits will amplify the signals after their downconversion in the 4–8 GHz
band.
2.5.2 Power performances
InP HEMTs have better transport properties, and higher thermal conductivity than GaAs HEMTs—enabling an operation at higher power density
[67]—and among the highest fmax ever reported1 [71]. The excellent material
1
Some authors reported an fmax in excess of 1 THz for heterojunction bipolar transistors
with transferred substrate technology [68] but this fact was challenged by Rohner et al.
[69, 70] who claim that additional transport physics in submicrometer devices call for a
revision of the −20 dB/decade extrapolation of the unilateral power gain.
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Fig. 2.13 State-of-the-art of power-added efficiency versus output power at
94 GHz for GaAs and InP HEMT-based power amplifiers [73].

properties coupled with their high-frequency gain would theoretically favor
the use of InP HEMTs for power applications. The superiority of InP
HEMTs for high-frequency power applications is illustrated in Fig. 2.13
which shows the power-added efficiency [see Eq. (2.5)] of power amplifiers
versus output power at 94 GHz. For instance, Ingram et al. [72] presented
an amplifier that delivers more than 400 mW at W-band with a PAE of 20%.
However, despite the advantageous physical properties mentioned above,
InP HEMTs do not deliver more output power than GaAs HEMTs [73]. The
deficiencies of InP HEMTs as power devices are mainly due to their low
on-state breakdown voltage (see discussion in section 3.2). At V-band, the
power-added efficiencies of InP and GaAs HEMTs are similar [74, 75] and
only at higher frequencies InP HEMT power amplifiers show better performances [72, 76-78].

3
Two-dimensional physical
simulations of InP HEMTs
3.1

Introduction

Thanks to the gate-length reduction and to high-quality MBE-grown structures, record performances have been achieved by InP HEMTs (see
section 2.5). With the shrinkage of semiconductor device dimensions, complex physical phenomena arise due to short-channel effects, and must be taken into account for the design of new devices. The analysis of these
phenomena requires the use of modeling tools including advanced transport
models. Two-dimensional (2D) physical simulations provide essential insights in the devices physics that are otherwise unattainable with conventional measurement techniques1.
Despite their appealing features, 2D simulations are scarcely used for the
study of InP HEMTs mainly because of the lack of accurate knowledge of the
relevant models and parameters for the InP material system. Indeed, whereas the material parameters for Silicon or, to a lesser extent, for the GaAs system are fairly well documented, the information for InP and related materials
is notoriously deficient. Two interesting works making use of physical modeling tools can be mentioned: Suemitsu et al. [83] applied 2D simulations to
InP HEMTs in order to study the kink effect and Eisenbeiser et al. [84] studied the on-state breakdown voltage theoretically and its dependence on the
gate-drain spacing and the channel composition.
The study of InP HEMTs with 2D simulations presented in this chapter
has several objectives: (i ) the understanding of the breakdown mechanisms
in InP HEMTs, (ii ) the analysis of the device parameters relevant for breakdown and their influence on the DC and high-frequency characteristics of the
HEMTs, and (iii ) the improvement of the breakdown voltage. This work was
1
Many authors also applied Monte Carlo modeling to gain some understanding of the
physical mechanisms involved in HEMTs [79-82].
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divided in two parts. First, the numerical tools were tested and validated on
the existing in-house technology (0.2 µm gates). Thereafter new structures
and technologies were investigated with the simulation tools.
In chapter 2, the strengths (the excellent transport properties) and weaknesses (low breakdown voltage) of InP HEMTs were briefly discussed. It will
be shown in this chapter that the low breakdown voltage in the on-state
(BVon) relates mainly to the high impact-ionization rate in the InGaAs channel.
In section 3.2 the physical mechanisms of breakdown in InP HEMTs are
discussed and possible remedies to the low breakdown voltage are presented.
In section 3.3 the physical models employed in the simulations are described
with a special emphasis on impact-ionization modeling. In section 3.4 a comparison of the simulation of 0.2 µm InP HEMTs with measured characteristics are presented. In section 3.5 the influence of two technological solutions
on the DC and high-frequency properties of the devices are discussed. These
two solutions—gate-recess asymmetry, and alternative channel structures
and materials—are aimed at improving the breakdown characteristics of the
devices. Finally, in order to validate some physical models and parameters
used in this work, the cross-section of an InP/InGaAsP/InP p –i –n laser diode was simulated The properties of the laser structure were investigated
with Kelvin probe Force Microscopy (KFM) and are presented in section 3.6.

3.2

Physics of breakdown

In this section the most widely accepted theories of off-state and on-state
breakdown are discussed.
3.2.1 Off-state breakdown
Definition of BVoff with the drain-current injection technique
The understanding of the physics of breakdown in InP HEMTs was hampered by the difficulty in obtaining reproducible measurements and by the
lack of a standard definition of the breakdown voltage. Off-state breakdown
(BVoff) is no exception to this rule. BVoff is the breakdown voltage when no
current is flowing in the channel. BVoff is a figure of merit used for the design
of passive mixers and class AB or B power amplifiers.
Recently, a new characterization technique was developed. The
drain-current injection technique [85] allows an unambiguous measurement
of BVoff. It consists in injecting a constant current ID at the drain—typically
1 mA/mm—while the gate-source voltage VGS is ramped down from above
threshold to below threshold (see Fig. 3.1, inset). The off-state breakdown
voltage is defined as the maximum drain-source voltage reached BVDS,off
(three-terminal breakdown).
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Fig. 3.1 Measurement of the off-state breakdown voltage in one of our devices
using the drain-current injection technique as in Ref. [85]. The inset shows the
biasing and measurement circuitry for this technique. The injected drain current
ID was 1 mA/mm.

Using the drain-current injection technique, del Alamo et al. [73] obtained BVoff values of 5–6 V for InP HEMTs. Similar values were measured
in our devices (see Fig. 3.1).
Off-state breakdown physics
With a standardized measurement technique of BVoff at hand that yields reproducible results, the origin of the off-state breakdown can be investigated.
Several partly competing theories were put forward. These theories include
various physical mechanisms: (i ) the combination of thermionic-field emission (TFE) and impact ionization for Bahl et al., (ii ) tunneling of carriers
across the Schottky barrier for Somerville et al., or (iii ) TFE alone for Dickman et al.
The first plausible explanation for the off-state breakdown in InP HEMTs
was put forward by Bahl et al. [86, 87]. They attributed it to a two-step
process: (i ) Due to the large electric field in the barrier layer in the off-state,
electrons are emitted in the channel by TFE. (ii ) Due to the large conduction
band discontinuity ∆EC the electrons enter the channel with a large kinetic
energy that they release through impact ionization. It is interesting to note
that TFE is a thermally activated process. Therefore BVoff is expected to decrease for increasing temperatures if the off-state breakdown is a TFE-dominated mechanism. To this end, the dependence of the off-state breakdown
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voltage on temperature was studied by del Alamo et al. [73]. It was found
that BVoff in strained-layer InP HEMTs decreases from 6.7 V to 5 V when
the temperature is ramped up from −60°C to +80°C (see Ref. [73], Fig. 8).
This work therefore tends to support the hypothesis of an off-state breakdown dominated by the TFE mechanism.
On the other hand, Somerville et al. [88] favor a tunneling-related
off-state breakdown mechanism. Their temperature-dependent breakdown
studies showed a zero temperature coefficient which gives credit to the tunneling process of electrons across the barrier (electron tunneling is not a thermally activated process).
Finally, Dickmann et al. [89] explain off-state breakdown at moderate
and high VDS with thermionic-field emission alone. Only at very high VDS
does impact ionization become significant.
Although impact ionization can be part of a two-step process responsible
for off-state breakdown, temperature-dependent measurements show that impact ionization is a priori not the prevailing mechanism. The impact-ionization rate should indeed decrease for increasing temperature through
increased phonon scattering which dissipates energy from the hot electrons.
To summarize, the off-state breakdown voltage in InP HEMTs is mainly
attributed to the emission of electrons across the Schottky barrier by thermionic-field emission or tunneling. Whether TFE or tunneling is the predominant mechanism for the off-state breakdown depends on the HEMT
structure. The Schottky-barrier height and barrier-layer thickness are of
prime importance to control the TFE and/or tunneling process strength of
electrons.
Structural solutions for BVoff enhancement
The key to an improvement of BVoff is the reduction of thermionic-field emission and tunneling of electrons. Therefore, increasing the Schottky-barrier
height should increase BVoff. Su et al. [90] used an InAlAsSb barrier with a
height of 0.73 eV and achieved a three-terminal BVoff of 40 V for a gate
length of 1.5 µm. Such a high BVoff was achieved at the expense of the
transconductance gm and of the high-frequency properties. Chough et al.
proposed the use of an InAsP layer to increase the Schottky barrier height.
BVoff reached 14 V for a 0.5 µm gate length but also with a reduction of gm
and cut-off frequency fT. Further materials were investigated as possible barrier materials: InGaP [91-93] or InAlAs with a high Aluminium content such
as In0.4Al0.6As [94]. As will be seen later, a trade-off must be found between
good high-frequency and high-power performances.
3.2.2 On-state breakdown
The on-state breakdown voltage (BVon) in InP HEMTs is the object of an
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intense interest from several groups. In the introduction, the benefit which
can be obtained from an increase of BVon for power applications was explained, namely the increase of the voltage swing. In this subsection, some
possible physical mechanisms responsible for the on-state breakdown are described, the discussion focusing mainly on the impact-ionization related
mechanisms.
Definition of BVon with the gate-current extraction technique
BVon suffers from the same lack of precise definition as BVoff.
Somerville et al. [95] therefore developed a measurement technique to unambiguously define BVon: the gate-current extraction technique. This technique consists in grounding the source and extracting a constant current IG
from the gate—typically −1 mA/mm—while ramping the drain current ID
from the off-state to the on-state mode of operation and monitoring VDS and
VGS (see Fig. 3.2). The on-state breakdown voltage is defined as the ID –VDS
locus where IG = −1 mA/mm. With this method, only one sweep is necessary
to record the locus of BVon as a function of the drain current. Thus one indirectly obtains the maximum VDS that can be applied to the device given
an optimum VGS for best gain or power. Furthermore, the method is non-destructive because it inherently puts a compliance on the gate current and the
breakdown is defined for voltages much lower than the actual biasing leading

D

Drain current I (mA/mm)

350
300
250
200
150
100
50
0
0

0.5

1
1.5
2
2.5
Drain-source voltage V (V)

3

DS

Fig. 3.2 Measurement of the on-state breakdown voltage locus in one of our
devices using the gate-current extraction technique as in Ref. [95]. The
extracted gate current was IG = −10 µA/mm to avoid device burnout. The
locus of BVon (thick line) is superposed on the ID –VDS characteristics of a
HEMT. The inset shows the circuit schematics for the technique.
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to dramatic current increase and device burnout. This method is also consistent with the drain-current injection technique used to measure BVoff.
Using the gate-current extraction technique, a typical BVon locus located
between 3 and 4 V at IG = −1mA/mm was obtained in InP HEMTs (see
again Ref. [73], Fig. 8).
On-state breakdown physics
Most authors agree that on-state breakdown in InP HEMTs is an impact-ionization related mechanism [94, 96, 97]. Indeed, in the InGaAs channel the
impact-ionization coefficients αii for electrons and βii for holes were shown—
both theoretically and experimentally—to reach high values, larger than
those in InP or InAlAs layers [98-100]. Therefore, electron-hole pairs generation by impact ionization takes place predominantly in the InGaAs channel,
mainly between gate and drain where the electric field is highest. At high
electric field, impact ionization triggers an avalanche process in the channel
giving rise to the onset of breakdown1.
Part of the holes generated by impact ionization accumulate at the source
end of the channel where they give rise to a parasitic bipolar effect which
strengthens the breakdown phenomena [102-104]. The parasitic bipolar effect
can be explained as follows: (i ) Due to the energy barrier at the interface
between the InGaAs and InAlAs layers, the impact-ionization generated
holes traveling back towards the source are confined in the channel layer and
accumulate close to the source contact. (ii ) The accumulated holes lower the
potential barrier of the source-channel junction, resulting in an increase of
the drain current. (iii ) A possible feedback mechanism can result from this
bipolar effect.
Further investigations were performed by del Alamo et al. who found a
negative temperature dependence for BVon in strained-layer InP HEMTs (see
again Ref. [73], Fig. 8). This negative temperature coefficient is actually contradictory to what one would expect for an impact-ionization dominated
breakdown (see subsection 3.2.1). However, sidegate measurements2 unambiguously show the influence of impact ionization by extracting a hole current
[101, 107], and thermionic-field emission or tunneling processes do not give
rise to any significant hole current.
1The impact-ionization generated electrons are also believed to be responsible for the
kink effect in HEMTs at moderate source-drain voltage [83, 101] in conjuction with surface
defects which trap the generated electrons until these defects are filled. At this point the
impact-ionization generated electrons add up to the drain current and give rise to the kink.
2
The sidegate devices have an additional contact—the sidegate—that lays on a mesa
island isolated from the rest of the device. By applying a sufficiently negative bias, a small
portion of the holes generated by impact ionization can be extracted by the sidegate
[105, 106].
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It is worth mentioning that breakdown due to surface conduction is the
major device burnout cause for large applied currents. This is true for the
unpassivated devices with InAlAs barrier studied in this work.
To summarize, it can be seen that BVon can be increased by alleviating
impact ionization. Two possible paths can be followed for its reduction: (i )
modification of the epitaxially grown HEMT structure to incorporate materials less sensitive to impact ionization, and (ii ) use of a different gate geometry to reduce the peak electric field in the device.
On-state breakdown enhancement: structural approach
The straightforward structural solution to increase BVon would be the use of
a single channel with lower impact-ionization rates, i.e., larger bandgap.
However this solution would not offer the superior transport characteristics
of InGaAs/InAlAs/InP HEMTs (large ∆EC, high mobility and saturation
velocity). Various alternative schemes can be examined. The use of an InGaAs/InP double channel was first proposed by Enoki et al. [108]. It offers
the excellent mobility of InGaAs at low field and the higher saturation velocity and lower impact-ionization rates of the InP layer where the electrons are
relocated at high field due to real-space transfer [109] (i.e., the electrons
“jump” from the InGaAs layer to the InP layer). A similar idea was recently
exploited in the so-called triple-channel “Camel” HEMT [110]. A single InGaAs channel is separated from a InGaAs/InP double channel by a
high-bandgap material. This structure results in a slightly increased BVon
but poorer high-frequency performances.
Another possibility already investigated by several groups [111, 112] is
the artificial increase of the bandgap by quantization of the energy levels in
the channel. It consists in inserting a thin InAs layer between two InGaAs
layers in the channel or in reducing the InGaAs channel layer thickness down
to a few nanometers. The electron and hole energy-levels quantization increases the effective bandgap and reduces αii and βii but leads to a decrease
of the carrier density due to reduced confinement.
On-state breakdown enhancement: asymmetric gate technology
The solutions envisioned above call for the use of a different HEMT structure
less sensitive to impact-ionization phenomena. However, impact-ionization
carriers are generated in the high electric-field regions of the device.
Therefore, a technological solution that allows a reduction of the maximum
electric field in these regions would also help improve BVon.
In a HEMT, the gate is usually biased close to 0 V while the drain is positively biased. Furthermore, the InGaAs cap layer is highly doped (2–
5×1018 cm -3). Therefore the voltage drop between gate and drain takes place
over a very short distance—LD, as depicted in Fig. 2.6—between gate and
cap layer on the drain side. For a standard dry-etch or selective wet-etch
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Fig. 3.3 Schematic view of the potential spread and electric-field peak reduction
between gate and drain for increased LD.

gate-recess process, this gap can be as small as 20 nm. The highest electric
fields are therefore located in this region of the device.
Some authors studied an asymmetric gate recess [113-115] that offers an
increased gate-to-cap layer distance LD on the drain side in conjunction with
a narrow gate-to-cap layer gap LS on the source side. This technological solution has the advantage of spreading the voltage drop over a larger distance
and thus of reducing the maximum electric field on the drain side of the gate
while keeping the source resistance low thanks to the small LS. The electric-field spreading is illustrated schematically in Fig. 3.3.
The asymmetric recess technology necessitates a four-layer resist structure in order to shape the gate and the recess in one or two electron-beam
lithography (EBL) steps. Two EBL steps can be used for increased lateral
flexibility in the shape of the fabricated resist profile. The double EBL exposure technique for the fabrication of T-gate resist profiles with asymmetric
undercut will be discussed at length in chapters 4 and 5.

3.3

Physical Models

In the previous section, the physical mechanisms responsible for breakdown
in the off- and on-states were discussed. In this section, the models and physical parameters needed to accurately simulate InP HEMTs are presented.
The commercially available ATLAS/BLAZE package from Silvaco [116] is
used for the 2D physical simulations. The HEMT structures are simulated
using a two-dimensional finite-element grid representation.
Aside from the relevant models presented later in this section, 2D physical
simulations need pertinent parameter sets to describe the physics in the modeled device. Great care was therefore taken in the development of a comprehensive database of the most important material parameters. Some of the
parameters relevant to the simulations are listed in Tables 3.1, 3.2, and 3.3
and were taken from the literature [117-120]. The comprehensive database
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can be found in [121]. The scattering parameters used for the hydrodynamic
transport model were the default simulator parameters.
3.3.1 Hydrodynamic transport model
The simulation tool is based on the hydrodynamic transport equations which
take into account the nonlocal phenomena arising in submicrometer devices.
The equations used in the hydrodynamic transport model are [122]:
−

+

∇ ⋅ ε∇φ = e [ n – p – N D + N A ]
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e

(3.5)

Equation (3.1) is Poisson’s equation and Eq. (3.2) is the charge conservation
equation for electrons. The hydrodynamic transport model is expressed by
Eqs. (3.3)–(3.5). These equations are derived from the second moment of the

Table 3.1 Physical parameters used in the simulations. Band discontinuity
energies are relative to InP. Parameters were obtained from the litterature.
InP
1.35

In0.53Ga0.47As

In0.52Al0.48As

0.77

1.47

∆EC (eV)

—

0.22

0.28

∆EV (eV)

—

0.36

−0.16

m *e

0.0775

0.042

0.0764

m *lh
m *h h

0.118

0.053

0.091

0.568

0.472

0.55

εr

12.49

13.89

12.47

Parameter
EG (eV)
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Boltzmann transport equations [122]. The balance equations for holes are obtained by replacing n by p, −e by e and by the exchange of the indices n, p
in Eqs. (3.2)–(3.5). In these equations, ε is the permittivity, φ is the electrostatic potential, e is the electron charge, n is the electron concentration, p
−
+
is the hole concentration, N D is the ionized donor concentration, N A is the
ionized acceptor concentration, J n is the electron current density, G is the
carriers generation rate, R is the recombination rate, 〈 ξ n 〉 is the average
electron energy, S n is the electron energy flux density, E is the electric field,
kB is the Boltzmann constant, TL is the lattice temperature, Tn is the electron temperature, τE,n is the energy relaxation time, τp,n is the impulse relaxation time for electrons, µn is the electron mobility, Dn is the electron
diffusion coefficient, and Qn is the thermal conductivity for electrons.
The carrier statistics are described by the approximate Boltzmann statistics, relevant in the case of non-degenerate materials. Simulations of the devices at room temperature showed no noticeable impact when these statistics
were used instead of the more accurate Fermi-Dirac statistics which on the
other hand induced convergence problems and increased computation time.
3.3.2 Electric field-dependent mobility model
The electron mobility µn is a function of the average electron energy. For the
InP material system, it is best described by a transferred-electron model
which yields a negative differential mobility for moderate electric-field
strength E. The negative differential mobility appears due to the transfer of
electrons into an energetically higher side valley with larger effective mass
[123]. However, such a model leads to severe convergence problems when implemented into the 2D simulator. Moreover, in most parts of the device the
electron velocity is either in the regime of linear dependence on the electric
field (low field) or in the saturation regime (high field). Thus the dependence
of the mobility on the electric field can be approximated with reasonable accuracy by a Silicon-like saturation-velocity model described by:
βn

1
µ = µ n0 ----------------------------------β
 µ n0 E  n
-------------1+

 v sat, n

,

(3.6)

where µn0 is the low-field mobility for electrons and vsat,n is the saturation
velocity for electrons. The values for µn0, vsat,n, and βn in InP and related
materials are given in Table 3.2.
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Table 3.2 Physical parameters for the saturation velocity model. Parameters
were obtained from the litterature.
electrons

µ n0

vsat,n

(cm2/V.s)

(cm/s)

3600

2.9×107

In0.53Ga0.47As

11400

2.63×107

In0.52Al0.48As

4100

2.1×107

InP

holes

µ p0

vsat,p

(cm2/V.s)

(cm/s)

200

1×107

1

2

300

1×107

1

4

200

1×107

4

βn

2

βp

3.3.3 Electron tunneling through the Schottky barrier
The tunneling of electrons through the barrier at the InAlAs/metal interface
is described by the Tsu-Esaki model [124]. The tunneling current is applied
as a boundary condition at the gate:
 ξ F – ξ 

 
 1 + exp  --------------*
φ
4πeme,tun m e k B T L b, n
 kBTL  

P ( ξ ) ln  ------------------------------------------------------ dξ ,
J tun ,n = -------------------------------------------------3

0
 ξ F – ξ + eV 
h

∫

(3.7)

 1 + exp  ----------------------------- 

 kBTL  

where Jtun,n is the tunneling current density, m *e,tun is the relative electron
mass for electrons in the semiconducting layer at the gate contact, me is the
electron rest mass, h is the Planck constant, φ b, n is the barrier height, P(ξ )
is the transmission probability through a triangular barrier for energy ξ, and
ξF is the Fermi energy level.
3.3.4 Impact ionization
The simulations take impact ionization into account through the generation
rate term G in the current continuity equations. G is proportional to the electron and hole current densities Jn and Jp:
G = α ii J n + β ii J ,
p

(3.8)

where αii and βii are the electric-field dependent ionization coefficients and
are described as a function of the electric-field strength E by the classical
Chynoweth model [125]:
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Table 3.3 Physical parameters for the impact-ionization models. Parameters
were obtained from the litterature.
Parameter
∞
α ii (cm−1)

InP
4.67×107

In0.53Ga0.47As

In0.52Al0.48As

7.18×104

8.45×106

En

3.05×106

7.32×105

3.56×106

4.27×106

2.96×105

2.76×107

2.66×106

9.66×105

4.61×106

crit

(V/cm)

∞
β ii (cm−1)
crit
E p (V/cm)

crit

crit

 En 
∞
α ii = α ii exp  – ----------- ,
 E 

 Ep 
∞
β ii = β ii exp  – ----------- ,
 E 
∞

∞

crit

(3.9)
crit

for electrons and holes, respectively. Values for α ii , β ii , E n and E p can
be found in Table 3.3. The main drawback of the Chynoweth model is that
it does not account for nonlocal effects, i.e., the electric field is considered
constant at each node of the mesh representing the device. Therefore, the distance ∆x = ξ i ⁄ qE over which the electron acquires the energy ξi is underestimated and thus the impact-ionization coefficients are overestimated
resulting in a reduced breakdown voltage and increased gate-leakage current
in FETs. This problem can be circumvented by using an impact-ionization
model in which the ionization coefficients depend on the carrier energy instead of the electric field to take the nonlocal phenomena into account. This
model is known as the effective carrier temperature model [122]. In this case,
αii and βii are given by:
 E crit
∞
n
α ii = α ii exp  – ----------- ,
 eff 
 En 

 E crit
∞
p
β ii = β ii exp  – ----------- ,

eff 
 Ep 
eff

eff

where the effective electric fields E n and E p
eff
3 kBTn
E n = --- -------------- ,
2 qλ n

(3.10)

are calculated according to:

eff
3 kB T p
E p = --- -------------2 qλ p

,

(3.11)

where λn and λp, and Tn and Tp are the energy relaxation lengths (scattering
lengths), and effective temperatures of electrons and holes, respectively.
It is worth mentioning that for the investigation of impact ionization and
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on-state breakdown, the hydrodynamic and effective carrier temperature
equations were solved simultaneously for both electrons and holes.
3.3.5 Simulated device structure
The simulated HEMT structure is lattice-matched to the semi-insulating InP
substrate and its geometry is as follows (see Fig. 2.3): 300-nm thick undoped
InAlAs buffer, 50-nm thick undoped InGaAs channel, 10-nm thick undoped
InAlAs barrier, Si δ-doping simulated by a highly doped, 1-nm thick InAlAs
layer, 15-nm thick undoped InAlAs Schottky layer, and 10-nm thick n-doped
InGaAs cap layer (structure A). Figure 3.4 shows a typical mesh used for the
simulation of this structure. The finite-elements mesh contains 7261 nodes
which offers a good trade-off between accuracy and computational speed.
To study the influence of an asymmetric gate recess, the distance LD between gate and cap layer on the drain side was increased while the distance
LS on the source side was kept small. To examine the influence of the channel
composition, the 50 nm InGaAs channel was replaced either by a composite
channel—a 25-nm thick InP layer followed by a 25-nm thick InGaAs layer
(structure B)—or an inverted composite channel—a 25-nm thick InGaAs layer followed by a 25-nm thick InP layer (structure C).
After evaluating various schemes for the ohmic contacts modeling (contacts on top or at the sides of the structure, with or without highly doped
regions), the representation giving the agreement with the measurements was
chosen. This representation consists in two n+–doped InGaAs “tubes” on the
sides of the structures with the source and drain electrodes placed vertically
on the side of the InGaAs tubes. The channel is thus directly connected.

Fig. 3.4 Typical meshing for an InP HEMT structure. This mesh contains 7261
nodes and is tighter at the semiconductor interfaces. The source and drain electrodes are placed vertically, on the sides of the InGaAs tubes
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Fig. 3.5 Comparison between the hydrodynamic (solid line) and drift-diffusion
(dashed line) models for an ID –VDS characteristic simulation, VGS = 0 V.
Mobility model and meshing are identical, no impact-ionization model.

3.4

Model validation with the 0.2 µm technology

3.4.1 InP HEMT DC characteristics
Figure 3.5 shows a comparison of the hydrodynamic and drift-diffusion mod-
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Fig. 3.6 Comparison between hydrodynamic simulation and measurement of
ID –VDS characteristics. Saturation velocity and impact-ionization models were
used for this simulation.
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els for VGS = 0 V. The simplified drift-diffusion model does not account for
the velocity overshoot effect arising at saturation for submicron gate lengths
and thus underestimates the drain current. Figure 3.6 shows a comparison
between a hydrodynamic simulation and measured ID –VDS characteristics.
The agreement between simulation and measurement is good despite some
convergence problems arising for a few VGS which hindered the computation
of the ID –VDS characteristics at higher VDS.
3.4.2 Evidences of impact ionization
Several important features relating to impact ionization were observed in the
simulations.
As stated before, carrier generation occurs in regions of high electric field
and high electron temperature where carriers multiply by impact ionization.

Fig. 3.7 Simulated electric field (a) and impact-ionization generation rate (b) for
VDS = 3 V and VGS = 0 V. The electron generation rate due to impact ionization is much higher in the high electric-field regions.

38

Two-dimensional physical simulations of InP HEMTs

The carriers generation is observed in the simulations (see Fig. 3.7): the impact-ionization rate is much higher in the channel (large αii and βii) on the
drain side of the gate (large electric field).
A signature of impact ionization is the well-known bell shape1 in the gate
current [104] which arises due to carrier multiplication in the channel on the
drain side of the gate. The bell shape was observed in the measured characteristics (Fig. 3.8). The use of the impact-ionization model described in
subsection 3.3.4 also allowed the simulation of this feature. The less accurate
drift-diffusion model was used for the simulation of the bell-shaped IG -VGS
curves. The drift-diffusion model does not allow an accurate simulation of
the bell shape and is responsible for the shift between measured and simulated curves. Indeed, it was mentioned in subsection 3.3.4 that the drift-diffusion classical Chynoweth model for impact ionization described by Eq. (3.9)
overestimates the electric field. This results in a premature occurrence of generated electron-hole pairs when the channel opens and a shift of the
bell-shaped curves towards negative VGS.
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Fig. 3.8 Measured (dashed lines) and simulated (solid lines) IG –VGS characteristics. VDS was swept from 0 V to 2.5 V with 0.5 V step.
1The bell-shaped I –V
G
GS characteristics is caused by the following mechanism: (i ) For
very negative VGS, (i.e., below the threshold) no electrons flow in the channel and no impact
ionization occurs. (ii ) When VGS is increased, the channel opens, and carrier multiplication
by impact ionization takes place. The carriers multiplication gives rise to a negative gate
current that gets larger when the current flow increases. (iii ) For large gate bias
(VGS > −0.2 V), the transversal component of the electric field becomes predominant. This
causes a reduction of impact ionization, which solely depends on the longitudinal component of the electric field.
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Fig. 3.9 Simulated hole concentration at VDS = 3 V and VGS = 0 V. The white
dot represents the location of the hole concentration extraction for Fig. 3.10.

Finally, it was possible to visualize the hole pile-up at the source (see
Fig. 3.9) which relates to impact-ionization generated holes that travel back
to the source and accumulate there. Figure 3.10 shows the evolution of the
hole concentration with VDS at the gate-barrier interface on the source side
of the device. The hole pile-up concentration increase for larger bias correlates with the onset of breakdown (see Fig. 3.11): both the hole concentration
and the drain current show a pronounced increase above VDS = 2.5 V.

3.5

Results and Discussions

In this section, a new definition of the breakdown voltage of simulated devices will be introduced, and two technological solutions that may help decrease
impact ionization will be investigated with the 2D simulations. It is worth
noting that the off-state breakdown behavior will not be analyzed in this section as BVon is the main limiting factor for the design of power amplifiers
(PA). The suitability of BVon to define the load-line and bias point of a
class A power amplifier will be discussed in detail in subsection 5.3.3.
3.5.1 On-state breakdown voltage in simulated devices
It was shown that impact ionization takes place in the studied devices and
that this phenomenon can be successfully modeled. Using the impact-ionization model, the on-state breakdown can be simulated. It shows up as a sharp
increase in the drain current for drain-source voltages VDS above 2.5–3.0 V
as shown in Fig. 3.11.
A method to define the on-state breakdown voltage was presented in
subsection 3.2.2: BVon is extracted as a function of the gate-source voltage
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Fig. 3.10 Hole pile-up concentration versus VDS in the channel at the channel/
barrier interface, on the source side (white dot in Fig. 3.9) for a symmetric gate
recess. VGS = 0 V. The inset shows the hole concentration along the cutline A –
A’ from Fig. 3.9 for various VDS.

as the locus of the drain-to-source voltages for which the gate current reaches
−1 mA/mm. However, due to the lack of a robust model for thermionic-field
emission in the simulation tool, it was difficult to model the gate current accurately. Therefore, the gate-current extraction technique proved impractical
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Fig. 3.11 Simulated ID –VDS characteristics for three different gate asymmetries:
LD = 0.02, 0.3, and 0.8 µm. LS = 0.02 µm and VGS = 0 V for all simulations.
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for the definition of the simulated breakdown. Therefore, a different definition for the simulated on-state breakdown voltage was adopted: BVon,sim is
given as the drain-to-source voltage for which the drain current ID reaches
200 mA/mm at VGS = 0 V. The output conductance gd,BV at
I D = 2 × I D, sat was also used as a second figure of merit to extract the
on-state breakdown of simulated devices more reliably. It is to be noted that
even though the definitions of the on-state breakdown voltage in measured
and simulated devices differ, the physical mechanisms behind these definitions are identical and the results can nonetheless be used for a meaningful
comparison.
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3.5.2 Influence of gate-recess asymmetry
Devices with asymmetric gate recess were investigated and their breakdown
characteristics as well as the high frequency performance were simulated.
As mentioned in subsection 3.2.2, the voltage drop between gate and
drain occurs over a very short distance between the gate foot and the highly
doped cap layer. The simulations show a peak electric field in the 2–
3×105 V/cm range. Figure 3.12 shows the electric-field distribution in the
channel of the HEMTs under the gate for a symmetric gate recess and two
different asymmetric gate recesses. It can be seen that the asymmetric gate
recess allows a reduction of the peak electric field by more than 30%.
Figure 3.11 shows the simulated ID –VDS characteristics for various LD.
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Fig. 3.12 Electric-field strength along the channel under the gate (along the
x-axis) for three different gate asymmetries: LD = 0.02, 0.3, and 0.8 µm. The
origin corresponds to the middle of the gate, with LG = 0.2 µm. VGS = 0 V and
VDS = 3 V.
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The onset of breakdown is clearly visible for VDS > 3 V as a pronounced increase in the drain current. The figures of merit for breakdown presented in
subsection 3.5.1—BVon,sim and gd,BV—were extracted. Their dependence on
LD is shown in Fig. 3.13 and it can be seen that BVon,sim increases markedly
when LD increases.
To study the influence of the gate recess on the high-frequency performance, simulations of the S-parameters of the transistors were performed. A
simple drift-diffusion model was used for the high-frequency simulations1.
The comparison between measured and simulated S-parameters of a standard 0.2 µm HEMT is shown in Fig. 3.14 (for the bias point VGS = 0 V and
VDS = 1 V). The agreement between simulation and measurement is excellent. From current gain simulations, the intrinsic cut-off frequency fT could
be extracted with a −20 dB/decade extrapolation as shown in Fig. 3.15. The
inset also shows the dependence of the simulated intrinsic cut-off frequency
on the gate-drain distance. fT shows only a slight decrease with increasing
LD. The following explanation for the high fT can be put forward: as already
mentioned, the current gain cut-off frequency depends strongly on the source
resistance, which is kept small by the asymmetric gate recess.
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Fig. 3.13 Simulated on-state breakdown voltage BVon,sim and output conductance g d, BV versus gate-cap layer distance on the drain side LD.
1

Some authors [126] pointed out the necessity to take the shape of the T-gate into
account for high-frequency simulations when a high-ε material such as SiNx is inserted
between the gate metal and the cap layer. Indeed, an additional capacitance must be taken
into account. In the case of unpassivated devices, however, the additional capacitance—
which is not taken into account in this study—has only a negligible influence.
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Fig. 3.14 Measured (solid lines) and simulated (open circles) S-parameters from
0.045 to 60 GHz for symmetric gate recess. The outer radii are 10 and 0.2 for
S21 and S12, respectively. VGS = 0 V and VDS = 1 V.

3.5.3 Influence of channel composition
In subsection 3.2.2, it was mentioned that the high impact-ionization rates in
the InGaAs channel can be reduced when an InGaAs/InP composite channel
is used. To investigate the influence of the channel composition on the breakdown characteristics of the HEMTs, three structures were simulated:
structure A with a conventional 50 nm-thick InGaAs channel, structure B
with a 25 nm-thick InP subchannel followed by a 25 nm-thick InGaAs channel, and structure C with the InP and InGaAs layers swapped.
Figure 3.16 shows the simulated ID –VDS characteristics of structures A,
B, and C. As can be seen in the figure, the composite channel of structure B
is beneficial in terms of breakdown with a minimal impact on the current
drive of the device. This observation can be explained by the real-space
transfer of electrons in the InP layer at high field. At low field, most of the
electrons are localized in the InGaAs layer where they benefit from the superior transport properties of this material. At high field, the electrons are
evenly distributed between the two layers (see Fig. 3.17). The InP layer has
lower impact-ionization coefficients than the InGaAs layer and thus BVon is
increased for composite channels. On the other hand, the saturation velocity
is almost identical for both materials and ID,sat remains unaffected by the
composite channel. The real-space transfer of electrons is shown in Fig. 3.17.
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Fig. 3.15 Simulated current gain from 0.045 to 60 GHz for a symmetric gate
recess. VGS = 0 V and VDS = 1 V. The inset shows the dependence of fT on
LD.

Some seemingly unphysical discontinuities at the interface between semiconducting layers can be seen in the electron concentration. These discontinuities vanish when a model is used that takes into account the quantum
nature of the electrons in the structure. However, further simulations of the
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Fig. 3.16 Simulated ID –VDS characteristics for a conventional InGaAs channel
(structure A), a composite InP/InGaAs channel (structure B), and an inverse
composite InGaAs/InP channel (structure C). VGS = 0 V.
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Fig. 3.17 Simulated electron concentration below the gate versus distance from
the gate along the z axis for several bias points for structure B with symmetric
gate recess. VGS = 0 V.

structures with and without quantum models showed a negligible impact of
the quantum model on the results. On the other hand, this model strongly
slowed down the computation and caused severe convergence problems when
used.
The use of an inverse composite channel (structure C) leads to a noticeable increase of BVon,sim. Indeed, more electrons are located in the InP layer
for the inverse composite channel (the InP layer lays close to the δ-doping
plane in this structure) than for the standard composite structure. On the
other hand the conduction band discontinuity is lower for an InAlAs/InP heterojunction than for an InAlAs/InGaAs heterojunction. Therefore the electron confinement is worse which leads to a loss of current drive capability
with a lower ID,sat as is seen in Fig. 3.16.

3.6

Investigation of a laser diode with 2D simulations and
KFM

In section 3.3, the physical models and parameters which were used to simulate the InP HEMTs were presented. In section 3.4, simulated and measured electrical characteristics of 0.2 µm devices were compared. Despite the
good agreement of the simulated I –V characteristics with the measured ones,
a technique allowing an in-situ measurement of the electric-field distribution
in a device and its comparison with the simulations would be valuable to
check the validity of the models and parameters. Kelvin probe Force Micro-

46

Two-dimensional physical simulations of InP HEMTs

scopy (KFM) can be such a tool.
KFM was developed in the last decade [127-129], based on the well-established atomic-force microscopy. It allows a direct measurement of the local-potential and electric-field distributions based on the capacitance
between a vibrating tip and a sample. Several contributions [130, 131] matured the Kelvin probe force microscopy (KFM) technique. Mizutani et al.
[132] measured the cross-sectional potential distribution of GaAs HEMTs under bias, nevertheless without being able to resolve the channel of the device.
Chavez-Pirson et al. [133] studied the potential distribution of a cleaved
GaAs/AlGaAs n –i –p –i structure with a resolution in the 50 nm range.
The lateral resolution of KFM is presently limited to 50–70 nm and therefore the investigation of the thin active layer structure of the InP HEMTs—
which lays 30–40 nm below the surface—is not possible. Therefore a simpler
and larger structure was studied that is fabricated on a similar material system to that used in InP HEMTs.
In this section, the cross-sectional investigation of a p+–InP/InGaAsP/
+
n –InP p –i –n laser diode using KFM and 2D simulations is reported. The
p –i –n laser diode was grown by metal-organic chemical vapor deposition.
The laser structure consists of an n-doped InP substrate
( N D ≈ 2 × 10 18 cm−3), a non-intentionally doped InGaAsP active layer, and
a p-doped InP layer ( N A ≈ 1 × 10 18 cm−3). A heavily p-doped InGaAs cap
layer was grown last for good ohmic contact formation. Additionally, a special grading structure was grown between the InGaAsP and p-InP layers.
This laser structure was particularly suited for KFM measurements thanks
to its Aluminium-free materials that show low oxidation rates [134].
The KFM measurements of the laser diode are first presented. Then the
2D simulations are discussed, and finally the two techniques are compared.
3.6.1 KFM measurements
The microscope used for the KFM measurements is based on a modified commercial AFM (Digital Instruments, Inc.). Details of the experimental setup
can be found in Refs. [135, 136]. Topography and surface potential are measured sequentially using the lift-mode technique to minimize cross-talk [137]
(see Fig. 3.18). The surface topography is acquired first in tapping mode.
Figure 3.19(a) shows an AFM topography picture of the cleaved surface of
the p –i –n diode. Then the KFM potential is measured with a constant sample-tip distance using the topological information recorded during the first
scan. The potential is defined by the DC voltage applied between sample and
tip by the feedback loop to maintain a constant cantilever deflection.
In KFM the tip geometry defines a transfer function which convolutes the
detected KFM potential maps with the actual surface-potential distribution
[136]. For a given tip geometry the associated transfer function is routinely
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Fig. 3.18 Principle of KFM to detect the local surface potential distribution
Φs(x ). During the first scan the surface topography is acquired using tapping
mode. This topography is then retraced at a preset lift-height (typically
< 20 nm) to detect the KFM potential using the KFM feedback loop. The feedback controller changes ΦDC until Fω becomes zero. Surface-potential maps are
obtained by recording the controlled DC tip potential ΦDC.

calculated by solving the three-dimensional electrostatic-field distribution
around the tip [130]. For the tips used in the experiments [see Fig. 3.20(a)]
the transfer function shown in Fig. 3.20(b) was determined numerically [130]
and was experimentally confirmed.
A KFM scan of a 4 µm ×4 µm area was performed. The measured potential distribution is shown in Fig. 3.19(b). The potential difference between
the n-doped and p-doped regions of the diode due to the Fermi levels align-

Fig. 3.19 (a) AFM picture of the topography of the InP/InGaAsP/InP p –i –n
laser structure. (b) Measured KFM potential, (b.1) potential profile, and
(b.2) electric-field profile along cutline A –A'. The scan area was 4 µm×4 µm.
The location of the surface traps for the 2D simulations is also shown.
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Fig. 3.20 (a) SEM picture of a KFM tip, and (b) transfer function of the KFM
tip.

ment is clearly visible on this figure. Figure 3.19(b.1) also shows the potential profile along the cutline A –A' perpendicular to the structure. The
potential drop between the n-doped and p-doped regions is measured to be
of the order of 600 mV which is substantially lower than the theoretical
built-in voltage of a non-degenerated p –n junction with the same doping levels which can be calculated to reach 1.3 V [124]. The electric-field distribution
along cutline A –A', shown in Fig. 3.19(b.2), was calculated by taking the
first derivative of the potential profile. The spikes in the electric field allow
a precise localization of the interfaces between the various layers. The spacing between the two central spikes yields an intrinsic InGaAsP layer thickness of 220±20 nm. The use of the grading at the interface p –InP/InGaAsP
explains the lower and broader electric-field spike compared to the spike associated with the n-InP/InGaAsP interface.
3.6.2 Physical simulations and discussions
Simulations of the laser structure were also performed. The ATLAS/BLAZE
package and the models presented in section 3.3 were used. For InP, given
electron and hole effective masses of m *e = 0.078m e and m *h = 0.603m e , respectively, the conduction- and valence-band densities of states NC and NV
are calculated to be equal to 5.47× 1017 cm−3 and 1.15×1019 cm−3, respectively. The doping level ND of the n-doped InP layer is thus larger than NC.
Therefore, this layer is degenerated and Fermi-Dirac statistics was used instead of the approximated Boltzmann statistics. Figure 3.21 shows a one-dimensional cross-section of the two-dimensional simulated potential along a
cutline perpendicular to the layers before and after convolution with the
KFM-tip transfer function. The simulated potential difference between nand p-doped regions is 1.31V. Measured [Fig. 3.19(b)] and simulated
(Fig. 3.21) potential profiles are qualitatively similar. The grading at the interface InGaAsP/p –InP also induces a broadening of the simulated elec-
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Fig. 3.21 One-dimensional cross-section of the two-dimensional simulated potential before (dashed line) and after (solid line) convolution with the tip transfer
function. The electric field is also shown (dotted line).

tric-field spike in agreement with the KFM measurements.
Despite good qualitative agreement between measured and simulated potential profiles, the measured potential is approximately 60% lower than the
simulated one. To explain this discrepancy, additional models were used in
the 2D simulations: incomplete ionization and surface and volume traps.
Incomplete ionization of the donor atoms in the n-doped InP layer due to
the high doping levels was implemented first with a corresponding model
[138] given by Eq. (3.12):
ND
+
N D = ----------------------------------------------------- ,
ξ F – ξD
n

1 + g D exp  --------------------kT 

(3.12)

where gD is the degeneracy factor for the conduction band, ξD is the donors
energy level in the bandgap, and ξ F is the quasi-Fermi level for electrons.
n
The introduction of the incomplete ionization model decreases the voltage
difference by less than 0.1 V. Therefore, the contribution of incomplete ionization is insufficient to explain the discrepancy between measured and simulated potentials.
Nevertheless, it is well-known that despite the choice of materials with
low oxidation rates, KFM measurements performed in the air lead to the adsorption of contaminants such as water and the creation of a native oxide or
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hydroxide In(OH)3 which influence the work function of the materials under
study. Such surface defects were accounted for by implementing surface traps
at the interface semiconductor-air as shown in Fig. 3.20(b). The surface
charge was assumed to be uniform and independent of the materials and doping concentration. For comparison purposes, volume traps were also added
in all layers of the structure (with a concentration as in Ref. [139]).
Figure 3.22 shows the simulated potential extracted at various distances
from the surface after convolution with the KFM tip transfer function. The
potential measured far away from the surface (influence of volume traps only) does not deviate significantly from the potential simulated without traps.
However, Fig. 3.22 shows the increasing influence of the surface traps on the
reduction of the built-in potential profile as it is measured inside the structure
at a decreasing distance from the surface. The simulated potential profile was
fitted to the measured KFM potential and using a fixed charges concentration of 3×1012 cm−2 a very good agreement was obtained.
A potential technological solution to the surface oxidation problem could
be the use of an ultra-high vacuum KFM measurement setup with in-situ oxide removal capability.
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Fig. 3.22 Simulated potential after convolution with the tip transfer function: no
traps (full line), and volume traps (triangles). Interface traps and potential
measured 2.0 nm away from the surface (dashed line), 1.0 nm away from the
surface (dashed-dotted line), and 0.7 nm away from the surface (dotted line).
KFM measurement (open circles).
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Conclusions

InGaAs/InAlAs/InP HEMTs were studied by means of two-dimensional
physical simulations with emphasis on the on-state breakdown and high-frequency properties. Despite some convergence problems, the 2D physical simulations showed an excellent agreement with measured devices with 0.2 µm
gate length. It was shown that carrier multiplication by impact ionization
plays a key role in on-state breakdown. The on-state breakdown correlates
with the peak electric field which could be reduced by increasing the gate-cap
layer distance on the drain side. An asymmetric increase of this distance
which keeps the gate-cap layer distance small on the source side allowed an
increased breakdown voltage and the conservation of the excellent high-frequency characteristics. The influence of InGaAs/InP composite channels on
the breakdown characteristics was also examined. It was shown that the
breakdown voltage was improved by real-space transfer of electrons in the
InP layer at high field. KFM allowed an in-situ validation of the simulated
characteristics of an InP-based p –i –n laser diode.

4
Electron-beam lithography
modeling
4.1

Introduction

Electron-beam lithography (EBL) is a versatile tool used for the fabrication
of sub-micron structures such as photonic bandgap structures [140], gratings,
or Fresnel lenses [141]. Due to its relatively low throughput, however, EBL
is rarely employed for integrated circuit fabrication. A major exception is the
gate patterning of HEMTs for monolithic integrated-circuits at microwave
and millimeter-wave frequencies. Several compelling features of EBL systems
can be mentioned: (i ) a superior resolution compared to optical lithography1—structures with a feature size smaller than 10 nm were demonstrated
[144]—(ii ) an affordable cost-of-ownership, (iii ) a large flexibility for many
different applications, (iv ) the patterning of multi-layer resist structures (see
subsection 2.2.2), and (v ) the excellent overlay for multiple exposure applications.
The fabrication of structures with EBL may involve highly complex exposure patterns that are time-consuming to determine experimentally. The
conjunction of forward scattered electrons—i.e., beam broadening in the resist layers—and backscattered electrons from the substrate is responsible for
distributed proximity effects that result in the exposure of areas neighboring
the targeted location.
Many research groups have understood the necessity to own a tool that
takes into account the proximity effects and accurately models the resist development as a function of the electron dose (forward problem). Several approaches have been studied that compute the propagation of a developing
front in the resist as a function of time. These approaches are based: (i ) on
1

It should be mentioned that tremendous progress was achieved by optical lithography
in the last few years. With the development of extreme ultraviolet lithography, the fabrication of structures with 30 nm linewidth should be possible as early as 2005-2007 [142, 143].
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geometric optics rules [145], (ii ) on the dissolution of individual cells [146],
or (iii ) on the string model [147-151], which is easy to implement for the computation of two-dimensional resist profile cross-sections. The string model
does not describe the molecular interactions of the electron beam with the
polymer chains. Instead, it makes use of the macroscopic solubility rate of
the resists.
The fabrication of structures with EBL consists in multiple successive
steps that render the optimization of these structures time-consuming and
makes experimental trial-and-error procedures inefficient. An EBL simulation tool can be useful, because it can significantly reduce the number of incremental process steps necessary to design new structures. The forward
solver—that models the resist development as a function of the electron
dose—can assist the EBL fabrication step. Much more powerful would be the
inverse solver—that finds an electron dose which in turn yields the targeted
structure. The inverse problem is however much more challenging to solve,
and no deterministic solution exists that gives the electron-dose distribution
as a function of a geometrical description of the structure to fabricate.
Therefore, search algorithms must be used. In the case of simple structures
with few independent parameters, linear-search algorithms can be employed.
However, as these structures grow more complicated, so does the number of
independent parameters and the complexity of the search-space topology.
For these complex structures, heuristic methods must be resorted to, that explore the complex search landscape efficiently. Therefore, the modeling of the
EBL step coupled with a powerful search algorithm able to find good global
solutions in very complex search spaces is the right tool envisioned to cut
down the number of process steps. It is important to highlight that this supposes an accurate description of the physical mechanisms involved during the
EBL step.
In this chapter the EBL simulation tool developed in the course of this
work is presented. Its purpose is to facilitate the determination of the exposure pattern for a given desired (target) structure. The most suitable field of
application for this tool is when little a priori knowledge of appropriate exposure patterns is available. The study presented in this chapter was aimed
at devising a simulation software that offers assistance in the technological
work. It does not pretend to be an investigation about optimization algorithms but a novel application of these algorithms in the field of EBL.
Therefore, during the development of the software, the influence of some optimization parameters was investigated that are relevant for the application.
Several optimization schemes based on simplex-downhill, genetic, and hybrid
algorithms were considered. In the light of the comparison of simulated and
fabricated structures, some conclusions could be drawn on the advantages
and the limitations of the method.
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This chapter is organized as follows: in section 4.2 the EBL technology
and the resist-development simulation tool based on the string model will be
presented. In section 4.3 the optimization problem and the critical choices
made in terms of structures quality rating will be described. In the following
sections, several search algorithms will be presented: the simplex-downhill algorithm will be discussed in section 4.4; the genetic algorithm and some evolution operators will be studied in section 4.5; the hybrid use of genetic and
simplex-downhill algorithms will be described in section 4.6. Finally, in
section 4.7 the optimization and fabrication of new resist profiles relevant for
this work will be discussed.

4.2

EBL technology and simulation

4.2.1 Presentation of EBL
In EBL, an electron beam scans the surface of a stack of resist layers sensitive
to electron irradiation. Then the exposed areas are removed with the appropriate developer.
The electron-beam diameter lies in the 5–10 nm range which allows the
definition of very small structures in the resist. It should be noted, however,
that the resolution is limited by the interaction of the electrons with the materials. Indeed, during the electron-beam propagation in the resist and semiconducting layers, the electrons loose energy and change direction during
elastic and inelastic collisions with the atoms. These collisions in the resist
cause a broadening of the incident beam (forward scattering) and an additional exposure of the resist layers from below by the backscattered electrons.
In Fig. 4.1, the EBL exposure of a T-shaped structure is shown schematically: (i ) The resist layers are composed of chains of polymers of a certain
length that are fractured into smaller chains by the irradiation and therefore
made soluble for the subsequent, solvent-based, development step. For this
purpose, polymethylmethacrylate (PMMA) polymers with different molecular masses and sensitivities can be used. Sensitive resists with lower molecular masses are soluble already for low electron-irradiation doses. The electron
beam scans the surface of the resist in the xy plane and the areas to be exposed are defined by the scanned pattern. The exposure time of a single pixel
is called dwell time. (ii ) Thereafter, a development step is performed which
dissolves the exposed regions. The local dissolution rate is a function of the
resist sensitivity and of the electron dose (i.e., of the dwell time). The development shapes the resist into a three-dimensional image of the scanned pattern. The cross-section of this image in the xz plane is called resist profile.
(iii ) Once the resist is developed and the desired profile is obtained, the final
structure is fabricated by evaporating a metal layer, and/or etching the substrate.

56

Electron-beam lithography modeling

Fig. 4.1 Schematic description of the EBL principle: (a) beam scanning of the
surface of an electro-sensitive resist stack (in this case, a low-sensitivity layer
followed by a high-sensitivity layer on top) with a strong central electron dose
(black) and two weaker lateral doses (grey), (b) resist profile after development.

EBL systems are derived from scanning electron microscopes (SEM). The
modifications consist mainly in adding of a fast beam-blanker (switch) and
of a movable stage with accurate positioning. The system used in the course
of this work is a Raith 150 [44]. Its key specifications are given in Table 4.1.
Figure 4.2 shows a schematic cross-section of the Raith 150 system. The
Schottky field emission filament offers a high beam brightness, low beam-energy spread, low noise, and high stability, which makes it particularly suited
for EBL applications.
4.2.2 EBL simulation
For a given scanned pattern, it will be shown in this subsection how to accurately compute the resist profiles by carefully simulating the physics involved
in the EBL process.
For the structures studied in this work, the scanning patterns can be considered as being invariant in the y direction. The full three-dimensional problem can therefore be simplified to a two-dimensional problem in the xz plane.
Indeed, for T-gates the ratio of the width in the y direction to the head trans-
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Fig. 4.2 Schematic cross-section of the electron-beam lithography system.

versal width typically lies between 50 and 150. The simulation starts with
the definition of the scanned pattern in one dimension along the x direction.
This pattern consists in the exposure of a line of M points.
As already mentioned, proximity effects due to beam broadening and
backscattering cause the irradiation of areas neighboring the exposed point.
The proximity function is approximated as the superposition of two gaussian
distributions for incident and backscattered electrons with full-width at half
maximum (FWHM) α = 40 nm and β = 1.78 µm, respectively [152]. The
proximity function is thus given by:
M

x – x i 2
 -----------–
1  α 

1
τ i ----- e
f ( x ) = ------------------------------π ( 1 + η )d s i = 1 α

∑

x – x i 2
 -----------–
η  β 

+ ----- e
β

,

(4.1)

where η is the efficiency of the backscattered electrons, ds is the step size, and
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Table 4.1 Raith 150 key parameters
Parameter
Filament type

Value
ZrO/W Schottky-field emission

Acceleration voltage

200 eV–30 keV

Probe current

4 pA–10 nA
1 µm–800 µm

Writing field size

Writefield/216 (16 bit pattern generator)

Exposure step size
Writing speed

max. 10 MHz

Working distance

2–12 mm

Theoretical resolution

2 nm @ 20 keV; 4 nm @ 1 keV

Sample handling

6”

Laser interferometer resolution
Current stability

2 nm
< 0.5% / hr.
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τi is the dwell time of the i-th point. With Eq. (4.1), the electron dose for a
given one-dimensional exposure pattern can be computed. An example of
electron dose computation is shown in Fig. 4.3 for a 0.2 µm T-gate.
Although β and η can be determined with Monte-Carlo simulations of
scattering events [153, 154], this method does not account for additional
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Fig. 4.3 Example of one-dimensional exposure pattern (circles) and associated
electron dose distribution (solid line) for 0.2 µm T-gate.
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Fig. 4.4 Minimum electron dose to fully develop the middle point of doughnutshaped structures versus doughnut inner radius R 12 . Experimental determination (symbols), and exponential fit (solid line). A 120 nm-thick PMMA 950K
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physical processes such as resist heating or charging. Therefore an experimental approach is favored. It is based on the exposure of doughnut-shaped
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Fig. 4.5 Evolution of the propagating resist front with time for a T-gate with
0.2 µm footprint. The total development time is 60 s and the intermediate
curves are drawn with 5 s intervals.
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structures of varying inner radii and electron doses [155, 156]. The minimum
dose necessary to fully develop the unexposed center of the doughnut (i.e.,
with the proximity electrons only) is plotted versus the square of their inner
radius in Fig. 4.4. β and η are then determined from the fit of the data with
an exponential function [157].
Once the electron dose is computed, the resist development in the xz plane
is calculated by first initializing a chain of points representing the development front at the surface of the resist stack for the time t = 0. The development front then propagates as a function of time as shown in Fig. 4.5.
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Fig. 4.6 Solubility vs. electron dose curves for the PMMA 950K, PMMA 50K,
P(MMA/MAA), and PMGI resists in (a) methyl isobutyl ketone:isopropylic
alcohol 1:3 (MIBK:IPA) and (b) tetraethylammonium hydroxide (TEAH).

EBL technology and simulation

Fig. 4.7 Schematic illustration of the loops removal routine.
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Each point of the development front propagates perpendicularly to the
front with a speed proportional to the local solubility of each resist. In
Fig. 4.6, the solubility curves versus electron dose for various resists and developers are shown. These curves are determined experimentally and then
analytically fitted with a 5th-order polynomial. The PMMA and PMGI resist
families were characterized. Each group of resist is developed by an associated solvent—MIBK:IPA and tetraethylammonium hydroxide (TEAH) for
PMMA and PMGI, respectively—and has a very low solubility in the other
one: the resist selectivity obtained with both developers is better than 100:1.
Thus, the use of a stack containing resists from both families necessitates
several development steps but offers an additional level of flexibility in the
vertical design of resist profiles.
The resist development tool also includes a routine to avoid loops in the
resist profile (see Fig. 4.7). Such unphysical loops appear when, e.g., a lowsensitivity layer is sandwiched between two high-sensitivity layers and is developed from above and below. After a certain time, the development fronts
traveling upwards and downwards cross. The routine checks for such crossing zones in the development front and the portion of the chain involved in
the crossing is deleted.

4.3

Optimization problem

In the previous section, EBL simulation was discussed. The developed tool
takes into account proximity effects for solving the forward problem, i.e.,
computing the resist profile for a given scanned pattern.
As already mentioned, the inverse problem is much more challenging to
solve. It consists in determining the adequate scanned pattern to fabricate a
given target profile. As no deterministic solution is available, heuristic optimization tools must be used. In this section, the optimization problem and
the quality assessment of the proposed solutions will be discussed.
For the inverse problem, the parameter set to optimize is given by the
one-dimensional scanned pattern description and the cost (or fitness) function is defined by the comparison of the computed resist profile with the target one. The optimization goal consists in finding scanned patterns for which
the associated cost function is minimized.
The search algorithms used in the next sections have several common features. (i ) The search starts with an initial set of scanned patterns, (ii ) new
scanned patterns are generated by means of transformations/combinations
specific to each algorithm, and (iii ) for each new scanned pattern, the associated resist profile is computed with the core simulator presented in
subsection 4.2.2, and is compared to the target profile.
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4.3.1 Scanned pattern coding
The coding of the scanned patterns strongly influences the optimization algorithm and should therefore be considered with care. It should include as
much physical information as possible related to the pattern generator of the
EBL system and the device fabrication process, such as dwell time range and
distance between two consecutively exposed points. For the two-dimensional
resist development computation presented in subsection 4.2.2, points are exposed along the x direction, with a constant pitch (step size) between points,
as shown in Fig. 4.3. The choice of the parameters is therefore unequivocal
and the scanned pattern coding consists in a real string τ of dwell times,
τ = ( τ 1, τ 2, …, τ M ) , where M is the number of positions exposed along the
x-axis. The dwell times can be varied stepwise from τmin to τmax with 0.1 µs
steps. The number of parameters M depends on the step size and the width
of the structure and can be as large as 100 for a 1.5 µm wide structure.
Regarding the step size, it should be noticed that: (i ) it must be smaller
than α to allow some overlap of the gaussian functions of the incident electrons, and (ii ) technology-related constraints impose that the step size be a
multiple of 8 nm. To fulfil these two conditions, a constant step size of 16 nm
was adopted for all the simulations.
4.3.2 Fitness function
To compute the fitness of each scanned pattern—i.e., of each dwell time distribution τ —a target resist profile representing the profile to be ideally obtained is first input by means of a graphical user interface. Then, the target
profile is compared to the calculated profile associated with τ . Therefore, a
natural definition for the fitness should be related to the area
enclosed between the two chains, a smaller area denoting a better profile
quality. However, the evaluation of this area is quite computationally intensive. It was thus decided to resort to the computation of the square of the
2 ( τ ) between both profiles to evaluate the quality of
euclidian distance E D
each scanned pattern with dwell time vector τ :
2 (τ ) =
ED

N



∑ w ( k ) ⋅  [ xcomp ( k ) – x t ( k ) ]

k=1

2

2
+ [ z comp ( k ) – z t ( k ) ]  ,


(4.2)

where (xcomp, zcomp) are the coordinates of the nodes along the computed
profile chain of the scanned pattern τ , (xt, zt) are the coordinates of the
nodes along the target profile chain, w(k) is the weighting factor of node k,
and N is the number of nodes along both chains.
As the target and computed profiles generally have a different number of
2 (τ ) .
nodes, both chains are resampled to N nodes before the evaluation of E D
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Care is taken in the choice of N to ensure that the distance between two
nodes along the resampled chain is smaller than the physical length of the
problem. The physical length is related to the accuracy of the simulation of
resist development and is estimated to be 10 nm for PMMA and PMGI. Thus
the spacing between two consecutive nodes along the chain for the computation of the euclidian distance should be smaller than 10 nm. In case this condition were not fulfilled, the evaluation of the euclidian distance would lead
to unacceptable approximations.
As given by Eq. (4.2), a weighting factor w(k) is assigned to each point
along the resist profile string. This weighting is necessary because of the resist profile chain resampling: without weighting factor, short chain sections
that might be of prime importance for the final resist profile (e.g., the foot of
T-gates) would contribute only little to the euclidian distance value.
2 ( τ ) as in Eq. (4.2) has a drawFurthermore, the strict evaluation of E D
back: scanned patterns with computed resist profiles which show only a shift
in the x direction with respect to the target profile but are otherwise similar
to it, are associated with a high euclidian distance. Thus, according to
Eq. (4.2), these scanned patterns would be of poor quality. Therefore, to
broaden the solution space, the target profile is shifted stepwise towards negative and positive x during the resist-profiles comparison, and the euclidian
distance is computed for each shift. For the example shown in Fig. 4.8, it can
be seen that the target is initially centered on the origin (thick solid line) and
then shifted, the euclidian distance being evaluated for each shift. The final
0.7
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Fig. 4.8 Example of optimized profile for T-gate with 0.2 µm footprint (grey
patch) and target profile, initially (thick solid line) and for minimized euclidian
distance (thick dashed line).
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shift is the one for which the euclidian distance is minimized (thick dashed
line). In the set of scanned patterns, several winning schemes with different
shifts can therefore co-exist and evolve in parallel, thus increasing the likelihood of finding a scanned pattern with a low euclidian distance.
To reduce the dependence of the resist development step on process tolerances, it is important to “stabilize” the profile towards the end of the development. This ensures that the profile remains more or less unchanged in
case the development time varies slightly or the resists are not well characterized in terms of solubility or layer thickness. This profile stabilization was
2 ( τ ) twice at t
achieved by computing E D
final and tfinal − 5 s using the same
target profile and then defining the final euclidian distance as the geometrical
average of the two values. Profiles that change abruptly towards tfinal there2 ( τ ) for at least one of the two evaluations. Figure 4.9
fore yield a large E D
shows the profile width versus time calculated at three different heights for
the resist profile of Fig. 4.5. From Fig. 4.9, it can be seen that the width of
the gate footprint (critical design width, which is assigned a large weighting
factor) is well stabilized at after 60 s of development (the lateral development
rate of the gate footprint is then lower than 2 nm/s). Regarding the gate
head, a change of its width is still noticeable with a rate of ca. 5 nm/s, consistent with the lower weighting factor assigned to this part of the profile.
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Fig. 4.9 Profile width versus time measured at three different z positions for the
profile of Fig. 4.5. Gate footprint width (z = 0.01 µm, dashed line), gate head
width (z = 0.14 µm, dashed-dotted line), and overhang width in PMMA 50K
layer (z = 0.58 µm, solid line).
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The simplex-downhill algorithm

It was seen in the previous sections that a parameter set (the dwell times vector τ ) is to be optimized. The fitness function for this optimization is defined
by the euclidian distance between the computed resist profile associated to a
scanned pattern and a target resist profile (see subsection 4.3.2). To solve
the optimization problem, a simplex-downhill (SD) search algorithm was implemented [158, 159]. Because no a priori information on the topology of the
search landscape was known, the simplex-downhill algorithm was chosen because of the high dimensionality of the search space. Indeed contrary to, e.g.,
Powell algorithms [159], the SD algorithm requires no gradient computation
and should therefore be well-suited for this kind of problems.
The SD algorithm is based on successive transformations of a simplex,
i.e., a polyhedron with M+1 vertices in the M dimensions of the search
space. These transformations (shown in Fig. 4.10) induce the simplex to
make its own way downhill until it encounters a local minimum. Each vertex

Fig. 4.10 Possible transformations of the starting simplex in a three-dimensional
space. τ low and τ high refer here to the best and worst individuals, respectively. The lowest vertex remains fixed during all transformations.
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of the simplex is a scanned pattern and a fitness characteristic of its quality
is computed (see subsection 4.3.2). The fitness must decrease for increasingly
low
good resist profiles and thus the vertex τ
of the simplex in Fig. 4.10 is
associated to the scanned pattern with the lowest euclidian distance among
all vertices, i.e., for this problem, the best resist profile.
0
The initialization of the simplex is performed as follows: one vertex τ is
i
first randomly chosen. Then an orthogonal basis of M unit vectors e is crei
ated and M new vertices τ are generated by adding the start vertex to the
base:
i

0

i

τ = τ + λe ,

i = 1,...,M ,

(4.3)

where λ is a scaling constant characteristic of the problem. It is chosen in the
range [(τmax – τmin)/20, (τmax – τmin)/2] and allows a variation of the search
radius.
After initializing the simplex, the associated euclidian distance for each
vertex is calculated and a series of transformations shown in Fig. 4.10 is
performed. These transformations should allow the simplex to converge to a
local minimum. The first transformation consists in a reflection of the vertex
high
with the highest associated euclidian distance ( τ
) through the opposite
face. In case the euclidian distance associated to the new vertex is lower than
high
that of τ
, a further expansion in the same direction is performed.
Otherwise, a contraction towards the opposite face is done. In case this last

Fig. 4.11 Approach to solve the crossing of a boundary during a simplex-downhill transformation.
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step does not decrease the associated euclidian distance, a multiple
low
contraction of all vertices towards τ
is performed.
Physical constraints define strict boundaries in the search space and remedial actions must be taken in case these boundaries are crossed during the
generation of the start simplex or the transformations. The approach chosen
here is shown in Fig. 4.11: when a boundary is crossed, the transformed vertex is stepped back towards its original position with little increments along
the median joining that vertex and the opposite face until it lays inside the
allowed searchable space. It is important to notice that the technique adopted to solve boundary crossings retains the general search direction defined
by the transformations.
In order to evaluate the ability of the simplex-downhill algorithm to find
0
a good solution, optimizations were performed using a randomly defined τ .
To allow for a judicious comparison with computations performed in later
sections, an inverse scaling law (see subsection 4.5.2) is applied to the recorded euclidian distances after the termination of the simplex-downhill optimization. Fig. 4.12 shows the maximum fitness evolution versus number of
transformations for the SD optimization. The simplex-downhill algorithm
brings only a small improvement of the fitness and saturates very quickly.
From Fig. 4.12, the internal working of the SD is made clear: the simplex
low
converges by successively shrinking its size towards τ
with multiple contraction. The fact that the multiple contraction is the predominant transfor-
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Fig. 4.12 Maximum fitness evolution as a function of the number of transformations for the simplex-downhill algorithm. τ 0 was chosen randomly. The fitness
was scaled with an inverse scaling law after the optimization for a judicious
comparison with fitnesses computed in later sections. The evolution was let running up to 50000 transformations, no further improvement was observed.
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Fig. 4.13 Optimized resist profile with the simplex-downhill algorithm (grey
patch, 50000 transformations). The evolution saturates already after 1000
transformations. The dashed line represents the target resist profile used for the
fitness computation.

mation was confirmed under closer examination of the fitness evolution: each
group of the packet-like fitness distribution in Fig. 4.12 was counted to contain M points (M vertices are moved during a multiple contraction). In the
complex search space, the multiple contraction helps one vertex of the simplex to jump into a better local minimum. However, during this process, the
simplex shrinks and after a few iterations, its size is too small for one vertex
to jump out of the local minimum and the simplex being trapped, the evolution stops. In Fig. 4.13 the result of the optimization of a resist profile with
the SD algorithm (grey patch) is shown. The poor quality of the SD-optimized solution and the quick saturation of the evolution demonstrate the inability of the simplex-downhill method to yield profiles with improved fitness
and to satisfactorily optimize the scanned pattern.

4.5

The genetic algorithm

In the previous section, a simplex-downhill algorithm was used, unsuccessfully, to solve the optimization problem. As already stressed, this may be due,
in this particular case, to the high dimensionality and the complex topology
of the search space. In this section, the use of a steady-state breeder type
genetic algorithm (GA) is presented. This type of algorithm is known to be
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able to find good solutions to very complex problems of high dimensionality.
The algorithm is symbolically sketched in Fig. 4.14. The GA consists in randomly generating a population of individuals and then applying a set of
transformations: for each cycle of the genetic algorithm two individuals are
selected from the population and placed in the mating pool. The crossover
and mutation operators are then applied and the fitness of the generated offsprings is computed. Finally, the offsprings are reinserted in the population.
After introducing a modification to the fitness function, the evolution operators are discussed and the influence of several parameters on the quality
of the solutions is investigated.
4.5.1 Initial population generation
The initial population of individuals for the GA optimization is created by
generating vectors of random dwell times in the [τmin,τmax] range. The unphysical large dwell-time scattering is then reduced by subsequently having
several consecutive points randomly forced at the same value. The resist profile and the associated fitness are computed for each individual.
The genetic algorithm has a constant population size of 100 individuals.
This population size offers a good compromise between a smaller
population which limits the number of initial competing schemes and a larger population (with more initial competing schemes) in which the initial winning schemes fade away in the surrounding noise.
4.5.2 Fitness function scaling laws
The evaluation of the quality of the individuals by the genetic algorithm is
now described. The minimum euclidian distance for a given scanned pattern
and associated resist profile is first computed as in subsection 4.3.2.
However, the genetic-algorithm operators for selection and reinsertion make

Fig. 4.14 Symbolic representation of the genetic algorithm.
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use of a fitness landscape for which better individuals should have a higher
2 (τ )
fitness (see e.g., roulette-wheel selection in subsection 4.5.3). Because E D
is a decreasing function of the quality of the individuals, two scaling laws
were investigated that yield the desired fitness dependence. First, an inverse
scaling law was used:
1
Φ i ( τ ) = ---------------2
ED ( τ )

(4.4)

and then an exponential law was studied:
2

Φe ( τ ) = e

–ED ( τ )

.

(4.5)

Figure 4.15 shows a comparison of the fitness evolution for the optimization
of a 100 nm T-gate with both laws. In order to judiciously compare the scaling laws, one single initial population of 100 individuals was first generated,
which was then used for both evolutions. The starting population individuals’ fitness was computed with the appropriate law prior to the evolutions
which were then let running in parallel. After the computations were
stopped, the fitness of all offsprings generated during the exponential evolu10%
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Fig. 4.15 Maximum fitness evolution as a function of the number of generated
offsprings for the exponential (dashed line) and inverse (solid line) scaling laws.
For comparison purposes, the exponential-law scaled fitness was computed back
to an inverse law after the evolution was stopped. The starting population is
the same for both evolutions. The fitness of each generated individual (dots) for
the inverse law evolution is also shown.

72

Electron-beam lithography modeling

tion was scaled back to an inverse law for comparison purposes. It can be
seen that the best fitness reached after 100000 cycles (2 offsprings/cycle) was
roughly 30% higher for the inverse-law evolution than for the exponential-law
evolution. Moreover, the population kept improving longer when the inverse
law was used. This is shown by the fact that the number of
generated offsprings after which the maximum fitness reached 90% of its final value was 80000 generations for the inverse law, whereas this saturation
was already reached after 60000 generations for the exponential law.
This difference can be explained in terms of the derivative of the exponential scaling law which converges asymptotically towards −1 for small euclidian distances. On the other hand, the gradient tends towards – ∞ for the
inverse scaling law. Thus, better individuals are separated more efficiently
in the second case. It should also be noted that the population
heterogeneity for the inverse scaling law is still large after 100000 cycles as
shown by the large fitness scattering of the newly generated
individuals [160].
4.5.3 Individuals selection
Several selection operators were studied [161, 162]:
1. Roulette-wheel (fitness-proportional) selection. It associates the selection probability p s ( τ ) proportionally to the fitness of each individual.
No duplicates are allowed in the population to avoid the artificial
higher selection probability of some individuals. The roulette-wheel
selection operator was originally proposed by Holland for its similarity
to natural selection processes [163].
2. Rank-based selection. For the rank-based selection, p s ( τ ) is proportional to the rank of the individual in the population and is given by:
r ( τ ) – 1
1
p s ( τ ) = ---  E max – ( E max – E
) ⋅ --------------------
min
µ–1 
µ

(4.6)

E min = 2 – E max ,

(4.7)

and

where µ is the size of the population, E min ⁄ µ and E max ⁄ µ are the
selection probabilities for the worst and best individuals, respectively,
and r ( τ ) is the rank of individual τ in the fitness-sorted population.
E max = 1.1 is chosen, which allows a good selectivity gradient: higher
selection probability for better individuals, and not too low probability
for individuals of lesser quality. The rank-based operator was derived
from the roulette-wheel operator but allowed for some additional tun-
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ing in the selection probability of better and worse individuals.
3. Tournament selection. For the tournament selection, ntourn individuals
are selected randomly from the population and the best one is placed
in the mating pool. The second individual placed in the mating pool is
chosen in a similar way. With the tournament selection operator, a
population sorting is unnecessary, which helps improve the computational efficiency of the algorithm.
A population of scanning patterns was optimized three times with the use
of the three selection methods using the same starting population. No marked
difference was noted in the evolution performance of the population and the
quality of the final (best) individual. For further studies, the roulette-wheel
selection operator was employed.
4.5.4 Crossover
The individuals placed in the mating pool are combined using a crossover operator which interchanges parts of the dwell-time vectors. A standard 2points crossover as well as N-points and shuffle crossover were tested. The
2- and N-points crossover operators consist in cutting the real string of dwell
times at 2 and ncrossover locations, respectively (with n crossover <<M ) and interchanging the string pieces between the two individuals. As the population
evolution is based on the selection and combination of “winning” schemes
(consisting of several consecutive dwell times) in the dwell time distribution,
these two operators maintain the spatial coherence of the combined individuals, i.e., the winning schemes will be statistically transmitted unmodified to
the offsprings. This feature of the crossover operator is essential because—
due to proximity effects—the local dose for a given x value is the result of the
superposition of a set of consecutive dwell times.
The shuffle crossover consists in randomly permuting the elements of the
vectors of dwell times τ prior to crossover (the permutations are recorded
for subsequent unshuffle), combining the two individuals and finally
permuting back the generated offsprings using the recorded permutations.
Contrary to the previous two crossover operators, the shuffle crossover
breaks apart the winning schemes and should thus hinder the evolution. This
fact is in complete agreement with the observations: when the shuffle crossover is used, the algorithm is unable to make the population evolve significantly. The implementation of the shuffle crossover provides thus an indirect
demonstration of the existence of the winning schemes.
4.5.5 Mutation, population rejuvenation
Two techniques are used to introduce new genetic information into the evolving population:
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1. A standard mutation operator is employed that gives a low probability
of randomly changing the value of each bit of the real string τ . After
crossover and mutation, an exclusion principle is applied by testing
whether the generated offspring already exists in the population. If this
is the case, another mutation is performed. The exclusion principle
improves the population heterogeneity and makes the roulette-wheel
selection operator more robust.
2. Additionally to the mutation operator, a population rejuvenation
operator was developed that replaces the 75% worst individuals of the
population every 5000 cycles by new randomly generated individuals.
The rejuvenation operator thus acts similarly to an artificial, timeconstrained strong radiation that induces a large mutation rate in the
population. This technique is somewhat freely derived from the concept of adaptive mutation rate for which the mutation probability is
increased when the evolution slows down but is much easier to implement. Figure 4.16 shows a clear enhancement in the evolution when the
rejuvenation operator is used (solid line versus dashed line), thanks to
the contribution of the newly added schemes stemming from the 75%
new random individuals.
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4.5.6 Reinsertion
For the reinsertion of the computed offsprings in the population, several
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Fig. 4.16 Maximum fitness evolution as a function of the number of generated
offsprings with elite reinsertion operator (solid line), with rejuvenation operator
deactivated (dashed line), with parents crowding reinsertion operator (dasheddotted line) and with population crowding reinsertion operator (dotted line).
Starting population is identical for all evolutions.
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schemes were also tested [162]:
1. Elite reinsertion: the two offsprings are reinserted in the population
and the worst two individuals are then removed.
2. Deterministic parents-crowding method.
3. Deterministic population-crowding method.
The two deterministic crowding methods consist in removing from the
population the individual which is most similar to the offspring being reinserted. The similarity is defined in terms of genotype, i.e., of dwell-time coding. For all pairs of individuals  τ i, τ j being compared, the dissimilarity


value D is calculated as:
M

D  τ i, τ j =

∑

τ ik – τ jk .

(4.8)

k=1

The crowding methods are used to prevent that a large number of almost
identical individuals are inserted in the population and thus to keep a higher
schemes heterogeneity. The replacement is performed only when the fitness
of the offspring is larger than that of the most similar individual. For the parents-crowding operator, the offspring is compared to its two parents. For the
population-crowding method the entire population is scanned for similarity
schemes
which
makes
this
reinsertion
operator
more
computationally intensive than the parents-crowding operator. From the results of Fig. 4.16 showing a comparison between the various reinsertion operators, it can be inferred that the elite reinsertion method is more effective
at keeping the “winning” schemes from which the best fitness arises in the
population. From a comparison between the parents-crowding and the population-crowding methods, it can seen that the fitness increase is at first
slower for the second method. It is therefore believed that the population
crowding method keeps the “loosing” schemes longer in the population, that
were initially randomly generated. On the other hand, the population heterogeneity remains higher in the population crowding case as can be seen from
the saturation level of the fitness. For the rest of this work, the elite reinsertion operator was used as it is easy to implement and less
computationally intensive than the two deterministic crowding methods.

4.6

A hybrid approach

In section 4.4, it was unsuccessfully tried to solve the optimization problem
with a simplex-downhill algorithm (the failure is related to the complexity of
the search space). In section 4.5, a genetic algorithm was employed. This algorithm yielded very good optimized scanned patterns that were used to fabricate structures, as will be shown in section 4.7. From the results of
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Fig. 4.17 Maximum fitness evolution for the hybrid approach versus number of
offsprings for the genetic algorithm (solid line) and number of transformations
for the simplex-downhill algorithm (dashed lines) with τ 0 = τ 10000, best,
τ 15000, best, τ 20000, best . The SD fitness was scaled with the inverse law after
the evolution for comparison purposes.

section 4.5, however, it can be seen that the genetic evolution first proceeds
quickly but slows down when the number of competing schemes decreases. It
might therefore be expected that the simplex-downhill algorithm, as local optimization method with a small search radius starting from a pre-optimized
solution, could boost the evolution in its last steps and therefore speed up the
convergence towards the local minimum. See also [164] for the hybrid use of
genetic and simplex-downhill algorithms to optimize Bragg gratings or [165]
for its application to the modeling of metabolic systems.
With the hybrid approach, a population of scanned patterns is first optimized with the genetic algorithm. After n generations, the genetic algorithm
is stopped and the optimization proceeds further with the simplex-downhill
n, best
algorithm. The best individual of the optimized GA-population τ
is
0
chosen as τ to initialize the simplex. In order to evaluate the ability of the
simplex-downhill algorithm to converge faster to the local minimum, optimin, best
zations were performed with various τ
. Figure 4.17 shows the maximum fitness versus number of offsprings for a GA evolution and three SD
optimizations, the best individual of the GA population after 20000, 30000
0
and 40000 generations being used as τ .
It can be seen in Fig. 4.17 that the SD brings only a minor improvement
to the fitness and saturates very quickly in all cases. It is certainly trapped
in a local optimum of the very complex fitness landscape. Two deductions
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can be made from these observations: (i ) the genetic algorithm is able to
reach a local minimum efficiently by itself, and (ii ) once the local optimum
is reached, the genetic algorithm has the ability to jump to another local optimum.
The major conclusion of these studies is therefore the following: the key
to an efficient optimization in the very complex search space should not be
so much the ability of the algorithm to converge rapidly to the local optimum
as its ability to jump to a better one. In this context, the hybrid approach is
not needed. It is interesting to note that similar observations were made in
[164] whereas the hybrid approach was successful in [165].

4.7

Optimization results

In the previous sections, the detailed principles of the genetic and simplexdownhill algorithms were shown. Using the presented concepts, a FORTRAN 95-based software was developed. Additionally, a user-friendly graphical interface for structure and parameters input, and data visualization and
analysis was built. The graphical user interface (GUI) was developed with
Matlab, from Mathworks, Inc. The complete software (core and GUI) is fully
compatible for use on Windows and UNIX platforms. The computation time
of one generation (2 individuals) is largely dominated by the resist-profile calculation and depends strongly on the number M of parameters and developers (single or multiple developments). This computation time can range from
800 ms up to 2 s on a machine with a 500 MHz CPU and thus the computation of 100000 generations lasts 20 to 60 hours. The optimized dwell-time
best
distributions τ
were used to fabricate resist profiles to test the validity
of the method.

Fig. 4.18 Graphical user interface window for the input of target resist profiles.
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Table 4.2 Physical parameters used for the computation of the resist profiles.
Parameter
I

Physical meaning
electron-beam current

Typical value
120 pA

distance between two adjacent exposed points

16 nm

τmin

minimum allowed dwell time

100 ns

τmax

maximum allowed dwell time

15 µs

α

FWHM of forward-scattered electrons gaussian

40 nm

β

FWHM of backscattered electrons gaussian

1.78 µm

η

backscattered electrons efficiency

1.33

sampling step for the calculated resist profile

10 nm

development time

60 s

developer type

MIBK:IPA 1:3

ds

dprofile
tdevelopment
DT

Figure 4.18 shows the GUI window for the input of the target resist profile. The user can very effectively define complicated profiles with this module. Windows for physical and GA-related parameters input are also
available. A list of these parameters can be found in Tables 4.2 and 4.3, respectively.

Table 4.3 Genetic algorithm-related parameters.
Parameter
µ

Meaning
size of the population

Typical value
100

ncycles

number of generations

100000

nmutations

number of mutations per individual (probability)

3

ncrossover

number of crossover points

3

fitness scaling law

inverse

selection method

roulette-wheel

best individual selection probability for rank-based

1.1%

number of individuals in a tournament

2

reinsertion method

elite

Flaw
Mselection
Emax/µ
ntourn
Mreinsertion
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Fig. 4.19 (a) Simulated T-gate resist profile with 100 nm footprint after 100000
cycles, inset: dwell time distribution (circles) and calculated electron dose (solid
line). (b) Developed resist profile. (c) T-gate after metallization and lift-off. The
resist stack was (from top to bottom): 70 nm PMMA 50K, 290 nm P(MMA/
MAA), 90 nm PMMA 950K.
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4.7.1 T-gates with 100 nm footprint
Figure 4.19(a) shows the computed resist profile of the best individual of the
population after the optimization of 100 nm-footprint T-gates. The fabricated resist profile (60 s development in MIBK:IPA) and the metallized T-gate
after lift-off are also shown. From a closer inspection of Fig. 4.19, it can be
seen that the fabrication of the 100 nm T-gates using the optimized scanning
pattern yields very well defined structures. Of interest is the verticality of the
footprint flanks which ensures a good definition of the gate length. Whereas
the simulation yields a gate head with vertical flanks, the resist fabricated
profile shows somewhat overhanging edges [see Fig. 4.19(b)]. This is due to
the depth-dependent electron beam forward scattering.
Such overhanging walls actually facilitate the lift-off procedure. The simulated ripples on top of the PMMA 950K layer are very well reproduced, indicating a good characterization of the different resists for low to medium
electron doses.
To judge the quality of the optimized resist profiles and the efficiency of
the algorithm at finding good exposure patterns with little a priori knowledge, an exposure pattern was also defined manually. A high central electron
dose for the gate-footprint definition and two lateral weaker doses for the
gate-head definition were assigned. Using this pattern, T-gates were also fabricated that are presented in Fig. 4.20.
The examination of the T-gates shows that the gate footprint is well defined but that the flanks of the gate head are much rougher due to the lack
of undercut that facilitates the lift-off process. Better profiles can assuredly
be defined manually than the one shown in Fig. 4.20 but they necessitate ad-

Fig. 4.20 Metallized 100 nm-footprint T-gate with manually defined exposure
pattern.
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Table 4.4 Resist-profile fabrication details for samples A, B and C.
Parameter

Sample A

70 nm PMMA 50K
resist stack (top 270 nm P(MMA/MAA)
to bottom)
120 nm PMMA 950K
100 nm P(MMA/MAA)
exposure and
development
sequence

exposure
60 s in MIBK:IPA 1:3

scanning pattern
definition

GA optimized

Sample B

Sample C

70 nm PMMA 50K
430 nm P(MMA/MAA)
130 nm PMGI
130 nm PMMA 950K

70 nm PMMA 50K
430 nm P(MMA/MAA)
130 nm PMGI
130 nm P(MMA/MAA)

first exposure (central dose)
exposure
30 s in MIBK:IPA 1:3
30 s in MIBK:IPA 1:3
30 s in TEAH
30 s in TEAH
second exposure (lateral doses)
30 s in MIBK:IPA 1:3
30 s in MIBK:IPA 1:3
manual

GA optimized

ditional experimental trial-and-error steps that can be avoided when the optimization tool is used.
4.7.2 T-gates with asymmetric recess
Aside from 100 nm T-gates for high-frequency applications, the goal is also
to fabricate T-gates with an asymmetric recess for increased breakdown voltage (see chapter 3). The objective is to establish a one-step electron-beam
lithography process, i.e., a process which requires a single exposure as is the
case for the fabrication of 100 nm T-gates. The resist profile should have a
large undercut on the drain side and a minimum undercut on the source side.
Three trials using various resist stack combinations and optimized or
manually defined scanning patterns were undertaken. The experimental parameters for these trials are summarized in Table 4.4.
The use of a resist stack with layers exclusively from the PMMA family
and with a single development step was investigated first. An optimized scanning pattern was used (sample A). Figure 4.21 shows the developed resist
profile in a PMMA resist stack. It demonstrates the fabrication feasibility of
such profiles.
Nevertheless, the asymmetry, i.e., the undercut on the drain side, that
was reached was rather small: 100–150 nm. However, to improve the breakdown characteristics significantly, undercuts up to 500 nm are required (see
Fig. 3.13).
It was thus decided to use both resist families, PMMA and PMGI (samples B and C), which can increase the resist-profile design flexibility due to
the high development selectivity. To confirm the feasibility of T-gates fabrication with asymmetric recess using mixed resist families, the process was
first modified by using two-step EBL (sample B). It consisted in applying in
a first step the central electron dose to define the gate footprint, developing
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Fig. 4.21 Developed resist profile for sample A with PMMA resist family. Inset:
contrast-enhanced view of the gate asymmetry and footprint. Sputtered metal
(necessary for SEM observation to avoid charging effects) caps the gate foot.

the PMMA 50K and P(MMA/MAA) layers with MIBK:IPA and then the
PMGI layer selectively with TEAH. In a second step, asymmetric lateral
doses were applied and the gate undercut and head were defined with a
MIBK:IPA development step. Both scanning patterns were manually defined. As this procedure necessitated two exposure steps, it was much more
time-consuming and, as already mentioned, not suitable for standard fabrication. Figure 4.22 shows the fabricated profiles. A very large undercut of
over 400 nm can be achieved with this technique while keeping a 0.2 µm gate
footprint, (the deposition is anisotropic which keeps the evaporated metal
from flowing in the undercut.)
After the suitability of two-step lithography was demonstrated for the
fabrication of T-gates with asymmetric recess using the PMMA and PMGI
resist families, the optimization tool was used in conjunction with one-step
EBL. The optimized resist profile can be seen in Fig. 4.23(a) and the
fabricated structure is shown in Fig. 4.23(b). There is a remarkable discrepancy (holes in PMGI) between calculated and fabricated structures which
can be explained in the following terms: the profile is calculated as a development front propagating inside the resist stack, with a velocity depending
on the local solubility. The software, however, does not take resist heterogeneity into account. When one resist family is used, the heterogeneities are
not relevant as all layers are developed by the same solvent. In the case of
multiple resist families and solvents, however, these heterogeneities can cause
regions to get dissolved faster or slower than expected.
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Fig. 4.22 Fabrication of T-gates with asymmetric recess and manually defined
scanning pattern (sample B). (a) Simulated resist profile. Inset: dwell time distribution and electron dose for the first exposure step (open circles and dashed
line) and for the second exposure step (filled circles and solid line).
(b) Developed resist profile. Inset: contrast-enhanced view of the gate asymmetry. (c) Metallized resist profile.
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For sample C, the first step (MIBK:IPA) develops the PMMA 50K and
P(MMA/MAA) layers and stops at the PMGI layer. In case the development
front proceeds too quickly in the first two layers, the PMGI resist is uncovered in areas where it should normally be protected by the P(MMA/MAA)
layer. Therefore, the second development step (in TEAH) can remove these
unprotected regions [holes in Fig. 4.23(b)]. This hypothesis is confirmed by
the observation that the simulated resist-development front stops very
close—10 nm—to the PMGI layer after the first 30 s MIBK:IPA development step (circles).
The approaches envisioned to solve this problem are: (i ) To compute the
fitness not only after the last development step but also to define
several target profiles, i.e., one target for each development step, compute
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Fig. 4.23 Simulation and fabrication of T-gates with asymmetric recess and onestep EBL. (a) Simulated resist profile for sample C (100000 generations evolution), after 30 s development in MIBK:IPA 1:3 (circles), after 30 s additional
development in TEAH (thick line) and after 30 s final development in
MIBK:IPA 1:3 (grey patch). Inset: dwell time distribution (circles) and calculated electron dose (solid line). (b) Developed resist profile. Inset: contrastenhanced view of the gate asymmetry and footprint.
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the associated intermediate euclidian distances and define the individual’s
fitness as the geometrical average of all intermediate values. (ii ) To define a
minimum resist residual thickness. If the distance between a node and the
directly underlying resist layer is smaller than the minimum residual, the
node is moved down to the top of the underlying resist layer.

4.8

Conclusions

A genetic algorithm-based simulation and optimization tool of electron-beam
lithography was developed. It is particularly attractive for its adaptability to
new fabrication processes and materials. It necessitates only an accurate extraction of the parameters for the used physical models (solubility-dose
curves, proximity effects) instead of tedious experimental trial-and-error
procedures. This, in turn, can help shorten the response time to alterations
of the electron-beam lithography process.
The optimization and simulation tool was first developed with a simplexdownhill algorithm. It turned out that the search space was too complex for
the simplex-downhill algorithm. Then, a breeder-type genetic algorithm with
real string encoding was implemented, with success. Several variations of the
selection, crossover, mutation, reinsertion, and fitness evaluation operators
were investigated. From these investigations, it turns out that several features are critical to improve the prediction capability of the algorithm: (i ) A
careful characterization and modeling of the physical phenomena involved is
primordial. (ii ) A cautiously studied fitness function is essential in order to
cope with the process tolerances associated with the fabrication of T-gates.
This was achieved with a two-step evaluation of the fitness at the end of the
development and 5 s before. (iii ) The choice of a fitness scaling law that allows a large gradient for the better individuals assists the evolution. Of benefit is also the use of operators that introduce new schemes in the population
while not rejecting the winning schemes. A simplex-downhill/genetic algorithm hybrid approach was implemented as evolution booster on pre-optimized solutions. The hybrid approach was not able to significantly improve
the GA pre-optimized solutions.
Using the genetic algorithm, a software with a user-friendly graphical interface was developed that allows the input of the structures under investigation, and the visualization and analysis of the evolving population and of
the best individuals. Using optimized scanning patterns, 100 nm footprint Tgates were successfully fabricated. As for the fabrication of an asymmetric
gate recess with combined resist types, a two EBL steps process was demonstrated that yields large undercuts over 300 nm. A single-step EBL process
was investigated and some difficulties arose due to the arduous task of taking
into account process tolerances in heterogeneous resist systems.

5
HEMTs with asymmetric
recess: fabrication and
characterization
5.1

Introduction

The low breakdown voltage of InP HEMTs limits the maximum voltage
swing that can be applied to these devices. This results in a rather low maximum output power. In chapter 3, impact ionization was identified as a major
factor of breakdown in the on-state. Several solutions were discussed that can
help reduce impact ionization. A particular solution—an asymmetric gate recess—was studied in detail by means of two-dimensional physical simulations in sections 3.4 and 3.5. It was explained that the gate recess should be
asymmetric (i.e., L D > L S , see Fig. 2.6) so that the potential spread on the
drain side (and the corresponding reduction of the peak electric field which
results in lower impact-ionization rates) is not accompanied by a significant
reduction of the high-frequency performance. Indeed, if LS were very large,
the source resistance would increase dramatically and the cut-off frequency
fT would drop accordingly.
An EBL and resist development simulator was devised and was presented
in chapter 4. It facilitates the design of resist structures with complex
cross-sectional profiles. With the assistance of the EBL simulator, the feasibility of fabricating resist profiles with asymmetric undercut was demonstrated (see e.g., Fig. 4.22). These resist profiles should have well-defined
characteristics (see Fig. 5.1): (i ) a large undercut dD on the drain side,
(ii ) an undercut dS as small as possible on the source side, (iii ) a narrow
opening dG for T-gate foot definition.
The study presented in this chapter focuses first on technological issues
related to the fabrication of an asymmetric gate recess. Technological solutions for improving the resist profiles characteristics are discussed. In a sec-
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Fig. 5.1 Principle description of a chemically wet-etched recess for an asymmetric gate.

ond part, devices with and without asymmetric recess are fabricated on two
different InP HEMT structures. These devices are characterized electrically
in terms of DC, breakdown, and high-frequency performance and the obtained results are discussed in detail.
This chapter is organized as follows: in section 5.2 the fabrication of
asymmetric resist profiles and the gate-recess etch are discussed. The DC
characteristics of the fabricated devices are presented in section 5.3 with a
particular emphasis on breakdown-voltage characterization. The high-frequency performance of the devices is discussed in section 5.4.

5.2

Device fabrication

In this section, the fabrication of an asymmetric recess is reported.
Complementary to the discussion of subsection 4.7.2, some resist and EBL
issues are presented first. As already mentioned, the fabricated resist profiles
should have well-defined dimensions that are given in Table 5.1. At the end
of this section, the critical wet-chemical etching of the gate recess is discussed.
Several points are worth mentioning at this point regarding the fabrication of T-gates with asymmetric recess: (i ) The gate-recess wet-etching process is isotropic. Therefore, it is possible to etch the cap layer inside the
undercut on the drain side as is schematically illustrated in Fig. 5.1. (ii ) The
gate metallization is evaporated through the opening in the second resist layer (LO2). As the evaporation process is anisotropic, the metal spread inside
the undercut is minimal and the gate length LG is defined by the opening dG
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Table 5.1 Target resist profile dimensions for the fabrication of T-gates with
asymmetric recess. The parameters are defined in Fig. 5.1.
Parameter
dG

Value
200 nm

dD

> 300 nm

dS

< 10 nm

dH

> 800 nm

in LO2. (iii ) The dimensions LD and LS are larger than dS and dD. This is
due to the isotropic character of the wet-etching process which allows some
lateral etching of the cap layer, as is shown in Fig. 5.1.
5.2.1 Asymmetric gate patterning with EBL
In subsection 4.7.2, a gate profile with asymmetric undercut was obtained by
means of a two-step electron-beam exposure. A combination of PMMA and
PMGI resists was used. Large undercuts can be obtained when these two resists are developed selectively in MIBK:IPA and in tetraethylammonium hydroxide (TEAH), respectively. The resist stack consists in (from top to
bottom):
• 70 nm PMMA 50K layer for easy lift-off (HI1)1.
• 430 nm P(MMA/MAA) layer for gate-head definition (HI2);
• 130 nm PMGI layer for gate-foot definition (LO1);
• 130 nm PMMA 950K layer for asymmetric recess definition (LO2);
In a first experiment, the following two-steps exposure and development
process was used:
1. first exposure of the T-gate footprint with a central, narrow, dose of
450 µC/cm2;
2. PMMA development (layers HI1, and HI2), 30 s in MIBK:IPA 1:3;
3. PMGI development, 30 s in TEAH (see Fig. 5.2 for an SEM view of the
resist profile after the first two development steps);
4. second exposure of the T-gate head and of the asymmetric undercut
(500 µC/cm2 on the drain side, 250 µC/cm 2 on the source side);
5. PMMA development (layers HI1, HI2, and LO1), 30 s in
MIBK:IPA 1:3 (see Fig. 5.3 for an SEM view of the resist profile after
the last development step).
With this process, one can fabricate very large undercuts on the drain
1

HI (resp. LO) denotes a resist with high (resp. low) sensitivity.
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Fig. 5.2 SEM view of resist profile after the first exposure and development in
MIBK:IPA 1:3, and TEAH. The white curve represents a schematic dose distribution.

side —up to 350–400 nm. However, the high central dose used for the definition of the gate footprint in the PMGI layer is responsible for a pronounced
development of the underlaying PMMA 950K layer on the source side. This

Fig. 5.3 SEM view of resist profile after the second exposure and development in
MIBK:IPA 1:3. The white curve represents a schematic dose distribution. Inset:
contrast-enhanced view of the asymmetric undercut.
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undercut can be as large as 80 nm, as is shown in Fig. 5.3. The undercut is
due to proximity effects and to the higher sensitivity at high dose (above
280 µC/cm2) of the PMMA 950K layer developed in MIBK:IPA 1:3 than of
the PMGI layer developed in TEAH. This higher sensitivity of PMMA 950K
at high dose is illustrated in Fig. 5.4: the solubility curves for PMMA 950K
in MIBK:IPA 1:3 and PMGI in TEAH intersect at 280 µC/cm2. For higher
doses the development rate of PMMA 950K in MIBK:IPA 1:3 is higher than
that of PMGI in TEAH. Therefore, the large central dose—compulsory to develop the low-sensitivity PMGI layer—results in a large undercut in the
PMMA 950K layer on the source side. To solve this problem, the sensitivity
of the PMMA 950K in MIBK:IPA solvents must be reduced. This can be
achieved with a 1:5 dilution instead of a 1:3 dilution. Figure 5.4 illustrates
the reduced solubility of PMMA 950K in MIBK:IPA 1:5 which then remains
below the solubility of PMGI for doses as high as 400–450 µC/cm2. It should
be mentioned that the P(MMA/MAA) and PMMA 50K resists still have a
high sensitivity when associated with the MIBK:IPA 1:5 developer.
In conjunction with the 1:5 dilution, six samples were fabricated with various manually-defined scanned patterns. The scanned patterns are fully described by a set of 8 parameters that are shown in Fig. 5.5. The parameters
for samples #1 to #6 are summarized in Table 5.2. Prior to fabrication, the
resist profile associated with each scanned pattern was computed (see
subsection 4.2.2) to assess its quality. For each fabricated profile, the opening dG, and the undercuts dD, and dS were then measured.
The exposure pattern of sample #1 is identical to the one used for the
30
Development rate (nm/s)
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Fig. 5.4 Fifth-degree polynomial fit of solubility curves for PMMA 950K in
MIBK:IPA 1:3 (solid line), PMMA 950K in MIBK:IPA 1:5 (dotted line), and
PMGI in TEAH (dashed line).
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Fig. 5.5 Schematic description of the parameters used to fully characterize a
manual scanned pattern used for the two-steps fabrication of a T-gate with
asymmetric recess. The light-gray box represents the first exposure pattern,
while the dark-gray boxes represent the second exposure patterns on the source
and drain sides.

fabrication of the resist profile presented in Fig. 5.3. Sample #1 therefore
serves as reference sample for this study. A small undercut dS of 20 nm is
still present on the source side. If the electron dose τD is decreased on the
Table 5.2 Scanned pattern parameters (see Fig. 5.5) and measured dimensions
(see Fig. 5.1) on fabricated T-gate resist profiles with asymmetric undercut for
samples #1 through #6. For all scanned patterns: sDG = 64 nm, and
τS = 190 µC/cm2. Third development step performed with MIBK:IPA 1:5.
Asterisk: resist residuals on top of the cap layer after the third development.
Scanned pattern parameters
Electron dose
(µC/cm2)

Dimensions
(nm)

Sample
(scanned pattern)

Measured
lengths (nm)

wG

wD

wS

sSG

τG

τD

dG

dD

dS

#1 (reference)

96

288

240

112

470

420

200

350

20

#2 (decreased τD)

96

336

208

208

470

380

200

320

0

#3 (further decr. τD)

96

336

208

208

470

320

200*

280

0

#4 (increased τG)

96

288

240

112

520

420

250

300

40

#5 (decreased wG)

80

336

208

224

470

420

170

350

0

#6 (decreased wG)

64

336

208

240

470

420

150

350

0
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drain side (sample #2), dS can be reduced thanks to the less pronounced
proximity effects. However, a large reduction of τD (sample #3) hampers a
thorough development of the PMMA 950K layer—as shown by the resist residuals—and the subsequent wet-etch step becomes unreliable. The
source-side undercut is quite logically increased by a stronger central dose
(sample #4). Finally, a narrower central dose applied to achieve a reduction
of dS (samples #5 and #6) also causes a reduction of dG. The narrow opening in the PMGI layer prevents an easy wetting of the cap layer surface by
the succinic acid solution. The surface wetting problem will be thoroughly
discussed in chapter 6.
The scanned pattern of sample #2 yields the resist profile that is closest
to the specifications given in Table 5.1. A SEM photograph of such a profile
is shown in Fig. 5.6. No undercut is seen on the source side.
5.2.2 Wet chemical gate-recess etch
After the two-steps T-gate patterning process, the highly doped cap layer is
etched prior to gate metallization. The cap layer should be etched (i ) at the
location where the gate foot is subsequently placed, and (ii ) inside the
drain-side undercut. This precludes the use of a dry-etch process which is a
strongly anisotropic process and therefore cannot etch the cap layer inside
the undercut.
The wet-etch process (GAD1) was described in subsection 2.2.1. A solution consisting of hydrogen peroxide (for InGaAs layer oxidation) and suc-

Fig. 5.6 SEM view of resist profile after the second exposure and development in
MIBK:IPA 1:5 solution. Inset: contrast-enhanced view of the asymmetric undercut.
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cinic acid (for oxide removal) was used. The etch and metallization process
is the following:
1. 1 min. oxygen plasma cleaning;
2. 10 s wet etch with ultrasonic agitation;
3. 25–30 s wet etch without ultrasonic agitation;
4. 2 min. hydrogen plasma passivation;
5. 5 s immersion in hydrofluoric-acid solution immediately prior to sample load in evaporation chamber;
6. evaporation of 20 nm Ti;
7. evaporation of 350 nm Au. It is worth noting that a thicker Au layer
must be deposited with this technology (0.2 µm symmetric technology:
250 nm Au). Indeed, the gate foot is higher—as defined by the total
thickness of the PMMA 950K and PMGI layers. A further drawback
of a narrow opening dG (e.g., as in samples #5 and #6) is clear: the
opening in the PMGI layer may be sealed by the laterally growing metallization before the gate footprint connects the gate head.
A fabricated T-gate with asymmetric recess is shown in Fig. 5.7. The cap
layer is etched over a distance LD = 400 nm on the drain side and LS = 40–
50 nm on the source side. With the lateral etch of the cap layer under the
resist (see Fig. 5.1) the contacting of the gate with the cap layer on the source
side can be avoided.

Fig. 5.7 SEM view of a fabricated 0.2 µm gate with asymmetric recess. The contours of the recess were digitally enhanced.
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Fig. 5.8 Double-delta doping HEMT structure for power applications.

5.3

DC and breakdown characterization

Two HEMT structures were investigated: a “standard” structure shown in
Fig. 2.3 and a “power” structure shown in Fig. 5.8. This second HEMT structure was grown with two delta-doping planes above and below the channel.
The power structure was designed to obtain a larger 2-DEG density in the
channel. However, Hall measurements showed that only a minor improvement of the 2-DEG density of only 5% was achieved. Two possible explanations can be put forward: (i ) the thinner channel layer may lead to stronger
energy levels quantization that artificially reduces the electrons confinement,
and (ii ) bad growth conditions interfere with a complete donor-atoms ionization.
Four devices of different type with 0.2 µm gate length LG were investigated. The HEMT structure as well as the gate-recess technology used for
this study are summarized in Table 5.3.
Table 5.3 HEMT structure and gate-recess technology of the studied devices.
The standard and power HEMTs refer to the structures shown in Fig. 2.3 and
Fig. 5.8, respectively.
Device
Std_S

HEMT structure
standard

Gate recess
symmetric

Std_A

standard

asymmetric

Pwr_S

power

symmetric

Pwr_A

power

asymmetric
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Fig. 5.9 Measured ID –VDS characteristics of (a) devices Std_S (dashed lines)
and Std_A (solid lines) with standard HEMT structure, and (b) devices Pwr_S
(dashed lines) and Pwr_A (solid lines) with power HEMT structure. VGS was
swept from −0.5 V to 0.5 V with 0.1 V steps for all devices.

5.3.1 I –V characteristics
The I –V characteristics were measured for all devices and are shown in
Fig. 5.9. Several observations can be made: (i ) A good pinchoff is obtained
in all devices. (ii ) The output conductance gD is reduced in device Pwr_S
(power structure) compared to device Std_S (standard structure). (iii ) The
asymmetric recess results in a significant reduction of the saturation current
ID,sat in the standard structure. However, the saturation current reduction is
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less pronounced in the power structure. (iv ) A much more pronounced kink
effect is visible in devices with asymmetric gate recess (Std_A and Pwr_A).
(v ) The maximum transconductance gm,max for all devices is 580 mS/mm except for the Std_A device. In this last one, gm,max lays close to 500 mS/mm,
in agreement with the reduction of ID,sat observed in the I –V characteristics.
(vi ) The threshold voltage is −0.45 V for all devices.
Proposed explanations to the observed I –V characteristics behavior are
now discussed: The lower output conductance in devices fabricated on the
power structure [point (ii )] can be related to a lower contact resistance in
this structure thanks to the overall larger doping. The reduction of ID,sat in
device Std_A [point (iii )] was also observed theoretically (see
subsection 3.5.2). This decrease can theoretically be ascribed to the larger effective gate length caused by the spread of the depletion zone under the uncapped region on the drain side of the gate. It is however not completely clear
why the ID,sat degradation is much weaker for the power structure. One possible explanation can be that the smaller 2-DEG-to-gate distance in the power structure results in a reduction of the short-channel effects, which favors
a better lateral confinement of the depletion region. In turn, the lateral confinement would ensure a smaller effective gate length. Finally, the kink effect
[point (iv )] in devices with asymmetric gate recess can be attributed to a
large density of surface traps in the uncapped vicinity of the gate, on the
drain side, in agreement to what was concluded by Suemitsu et al. [83] from
their theoretical observations. These authors believe that the kink effect is
caused by the trapping of impact-ionization generated electrons by surface
defectd. Therefore, the trapped electrons cannot participate to the drain current. Once the traps are filled, however, further generated electrons add up
to the drain current and a kink can be seen in the I –V characteristics.
Table 5.4 DC and breakdown performances of devices with symmetric and
asymmetric gate recess on standard and power HEMT structures. Vt is the
threshold voltage. Vk is the knee voltage, Vbreak,−10 and Vbreak,−20 denote the
breakdown voltage extracted at IG = −10 µA/mm and IG = −20 µA/mm,
respectively.
DC
Device
Std_S

ID,sat
gm,max
(mA/mm) (mS/mm)
380
580

Breakdown
Vt
(V)
−0.45

Vk
(V)
0.6

Vbreak,−10
(V)
1.55

Vbreak,−20
(V)
—

Std_A

280

500

−0.45

0.4

2.3

—

Pwr_S

370

580

−0.45

0.75

1.55

2.0

Pwr_A

350

580

−0.45

0.7

2.0

2.9
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Fig. 5.10 Measured IG –VGS characteristics of (a) devices Std_S (dashed lines)
and Std_A (solid lines) with standard HEMT structure, and (b) devices Pwr_S
(dashed lines) and Pwr_A (solid lines) with power HEMT structure. VDS was
swept from 0.5 V to 2.4 V with 0.1 V steps in all devices.

The IG –VGS curves were also measured in all devices and are shown in
Fig. 5.10. It was mentioned in subsection 3.4.2 that the bell shape observed
in the gate current is a clear sign of impact ionization in the device. The effectiveness of the asymmetric recess at reducing impact ionization is clearly
visible: in devices with asymmetric recess, the maximum impact-ionization
current is only 20–50% of the levels reached in devices with symmetric recess.
Several extracted DC figures of merit are summarized in Table 5.4.

DC and breakdown characterization
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Fig. 5.11 Measured BVon locus of (a) devices Std_S (dashed line) and Std_A
(solid line) with standard HEMT structure at IG = −10 µA/mm, and (b)
devices Pwr_S (dashed line) and Pwr_A (solid line) with power HEMT structure
at IG = −10 µA/mm and IG = −20 µA/mm. The ID –VDS characteristics of
devices Std_A and Pwr_A with asymmetric gate recess are also shown (VGS
sweep from −0.5 V to 0.5 V with 0.1 V steps).

5.3.2 On-state breakdown voltage
The IG –VGS characteristics showed that a large reduction of impact ionization is achieved in devices with asymmetric recess. The gate-current extraction technique presented in subsection 3.2.2 was applied to all devices to
determine the locus of the on-state breakdown voltage BVon. However, it
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should be mentioned that the devices studied in this work have a very low
gate-leakage current and the extraction of BVon at IG = −1 mA/mm would
stress the devices unnecessarily. The gate-current extraction technique was
therefore used with a gate current of −10 µA/mm and −20 µA/mm to measure the on-state breakdown voltage locus for all devices.
The results of the BVon measurements are shown in Fig. 5.11. The devices with asymmetric gate recess show a marked BVon improvement of 0.7 V
and 0.5–0.9 V for the standard and power structures, respectively. This increase qualitatively correlates with the simulated improvement of BVon,sim
and gd,BV that was presented in subsection 3.5.2. It should be noted that the
burnout voltage of the devices lays close to 3.5–4.0 V, i.e., the gate-current
extraction technique yields a BVon locus with a rather large security margin,
to avoid device damage.
As can be seen in Fig. 5.11, the locus of BVon shows a more vertical behavior at high VGS in the power structure than in the standard structure.
This behavior correlates with the observed bell shape widening towards positive VGS for devices Pwr_S and Pwr_A. A possible explanation may be a
kind of directional guiding effect of the double δ-doping. This effect may lower the transversal component of the electric field that is usually responsible
for the reduction at high VGS of the impact-ionization current.
5.3.3 Breakdown voltage extraction for PA design
The BVon locus is an adequate figure of merit for the characterization of new
technologies. However, once a technology that alleviates impact ionization is
mature, a single-valued definition of the breakdown voltage (Vbreak) should
be adopted for the design of power amplifiers. This definition should be conservative enough to account for both BVoff and BVon. With the breakdown
voltage definition at hand and the knee voltage Vk (see Fig. 5.12), the optimum load-line and the bias point can be determined.
It was already mentioned in subsection 3.2.2 that the drain-current injection and gate-current extraction techniques for the measurement of BVoff and
BVon, respectively, yield converging values for the breakdown voltage at
pinch-off. However, the mechanisms responsible for off-state and on-state
breakdown are different and a non-linearity in the locus of BVon appears at
low drain-current densities (bowed shape of the BVon locus). This non-linearity marks the transition from thermionic-field emission assisted to impact-ionization assisted breakdown. Therefore, if one uses Vbreak = BVoff,
the transistor load-line crosses the BVon locus (see Fig. 5.12, dashed line). A
more conservative determination of Vbreak is the maximum VDS such that
the load-line is tangent to the BVon locus (at a given gate-current density,
e.g., −20 µA/mm). This definition makes it obvious that the main limiting
factor of Vbreak is the on-state breakdown promoted by impact ionization.
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Fig. 5.12 New method to determine the breakdown voltage Vbreak for power
amplifier design based on the measurement of the BVon locus (thick line) with
the gate-current extraction technique. The extracted gate current was
IG = -10 µA/mm. The dashed line is a possible load-line for power amplifier
design using BVoff as breakdown voltage. The solid line is a more conservative
load-line where Vk is the knee voltage. Vbreak is given by the drain-source voltage for which the load-line is tangent to the BVon locus.

This breakdown-voltage definition yields a value for Vbreak that is generally
smaller than the VDS for which a drain-current increase due to carrier multiplication can be noticed. However, because of its precise character, this definition has the virtue of being applicable for the design of power amplifiers
with different technologies and of allowing a judicious comparison between
the amplifiers in terms of power performance.
Using the definition presented above, Vbreak was extracted for all devices
and the results are summarized in Table 5.4. The superior breakdown characteristics of the devices with asymmetric recess (Std_A and Pwr_A) are
clearly visible. For instance, the devices fabricated on the standard HEMT
structure show a 50% improvement when an asymmetric recess is used.

5.4

High-frequency characterization

The influence of the asymmetric recess on the high-frequency performance
was also studied. The results of this study are presented in this section.
The S-parameters of the devices were measured on-wafer in the 350 MHz–
120 GHz frequency range with an HP 8510 network analyzer. The transistors
cut-off frequency fT was then extracted from the current gain h21. The cur-
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Fig. 5.13 Current gain h21 for devices on standard HEMT structure with symmetric (Std_S, open circles) and asymmetric (Std_A, full circles) gate recess.
The solid lines show the extrapolation of h21 for both devices.

rent gain is shown in Fig. 5.13 for devices Std_S and Std_A and the results
of the fT extraction are summarized in Table 5.5 for all devices. The reduction of fT in devices with asymmetric gate recess is consistent with the effective gate length Leff increase in these devices due to the spreading of the
depletion region. Indeed, the electron transit time under the gate is given by
τi = Leff/vsat and considering Eqs. (2.3) and (2.4), fT is reduced when Leff is
increased. Shinohara et al. [166] also demonstrated that a large recess on the
drain side results in a reduction of the peak electric field which in turn is responsible for decreased velocity overshoot effects and an fT reduction.
Mason’s unilateral power gain U was also calculated with Eq. (2.1) and
the maximum frequency of oscillation fmax was extracted from U with a
Table 5.5
high-frequency performance of devices with symmetric and
asymmetric gate recess on standard and power HEMT structures. The bias point
for the fmax extraction lays in the middle of the load-line for all devices.
Device
Std_S

S21 @ 64 GHz (dB)

fT (GHz)

fmax (GHz)

7.6

130

210

Std_A

2.4

80

190

Pwr_S

7.0

130

210

Pwr_A

4.7

90

210

Mason’s unilateral power gain (dB)
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Fig. 5.14 Mason’s unilateral power gain U for devices on power HEMT structure
with symmetric (Pwr_S, open circles) and asymmetric (Pwr_A, full circles) gate
recess. The solid lines show the extrapolation of U for both devices.

−20dB/decade slope. Figure 5.14 shows the Mason’s unilateral power gain of
two devices with standard HEMT structure and symmetric and asymmetric
gate recess. The extracted fmax values for all devices are summarized in
Table 5.5. fmax remains at a high level in devices with asymmetric recess.
In devices with asymmetric recess, an increase of fmax would in fact be
expected, due to the reduction of the gate-to-drain capacitor Cgd when an
asymmetric gate recess is used. The Cgd reduction was observed in our devices, and the capacitance dependence on the drain current ID and on the
gate-recess geometry is shown in Fig. 5.15. Despite the reduced Cgd, an increase of fmax was not obtained. The use of an Aluminium-rich barrier layer
could possibly explain this behavior. Indeed, under atmospheric conditions,
an oxide layer forms rapidly at the surface of the etched gate recess and is
responsible for trapping-detrapping phenomena. The trapping-detrapping
processes are increased when a large recess is fabricated. This effect counterbalances the capacitance reduction and results in a slight fmax decrease in
devices with standard HEMT structure. In devices with power HEMT structure, fmax remains constant at 210 GHz.
fmax is a relevant figure of merit for the design of high-frequency amplifiers because it is defined as the frequency for which the unilateral power gain
reaches unity. The high fmax, together with the higher breakdown voltage
should therefore make the asymmetric recess technology appropriate for power amplifiers. A power amplifier was designed at 32 GHz that served to in-
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Fig. 5.15 Gate-to-drain capacitance of devices with standard 0.2 µm T-gate
(open circles) and asymmetric gate recess (filled circles) using the small-signal
model extraction (see section 2.3). Gate width: 2×75 µm.

vestigate the suitability of the new asymmetric gate recess. The design and
the results will be presented in chapter 7.

5.5

Conclusions

Devices with an asymmetric gate recess were fabricated with a two-steps
electron-beam lithography process and characterized. With the use of
MIBK:IPA 1:5 instead of MIBK:IPA 1:3 as last developer resist profiles with
very small undercuts on the source side can be achieved. Two different
HEMT structures were investigated: a “standard” structure with one δ-doping layer and a “power” structure with two δ-doping layers above and below
the channel. The use of an asymmetric recess with the power structure does
not cause a degradation of the I –V performance. On the other hand, the devices fabricated on the standard structure loose 25% current drivability when
the asymmetric gate recess is used. Impact ionization is reduced and the
on-state breakdown voltage is improved by as much as 50%. A new breakdown-voltage extraction method for the design of power amplifiers was developed that takes into account the locus of BVon. The behavior of the
high-frequency performance is less clear. On the one hand, fT shows a pronounced degradation of more than 30% related to velocity-overshoot reduction and effective gate-length increase. On the other hand, fmax—a
well-suited figure of merit for the design of power amplifiers—remains almost
constant at 200 GHz in all devices.

6
100 nm technology: fabrication and characterization
6.1

Introduction

The high-frequency performance of InP HEMTs is largely determined by
their gate length LG. Very large cut-off frequencies fT over 150 GHz were obtained when LG was reduced to 100 nm and below [23, 50, 62, 167-171], as
was discussed in subsection 2.5.1. With a 100 nm process newly allocated frequency bands above 90 GHz are accessible for a new realm of potential applications for the astronomy, automobile radars and earth-to-space or spaceto-space communications [3].
Aside from excellent high-frequency characteristics, InP HEMTs show ultra-low noise levels. The low noise characteristics of InP HEMTs make them
very attractive as first amplifying stage for detector arrays for the astronomy. It was mentioned in subsection 2.5.1, that noise in InP HEMTs is low
thanks to the excellent properties of the InGaAs channel. Among other characteristics, the high fT contributes to the low minimum noise figure Fmin as
expressed by Fukui’s equation [172, 173]:
f
F min = 1 + K f ⋅ ----- g m ( R g + R s ) ,
fT

(6.1)

where Kf is a constant related to intervalley scattering, gm is the device
transconductance, and Rg and Rs are the gate and source resistances. From
Eq. (6.1), it can be seen that a lower Fmin is expected when the gate length
is reduced thanks to a higher fT.
The objective of this chapter is to present the development of a 100 nm
technology. Scaling the standard 200 nm technology down to 100 nm proved
to be more difficult than expected at first. The technological problems that
needed to be solved were the definition of a resist profile suited for T-gates
fabrication and the development of a reliable gate-recess etch process. The
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EBL simulator presented in chapter 4 was of great help for the fabrication of
the resist profile. Various gate-recess etch processes were investigated—with
unequal success—that use wet or dry-etch techniques and surfactant technology.
This chapter is organized as follows: in section 6.2 the fabrication of the
resist profile is presented and the adequacy of the standard recess-etch technology presented in subsection 2.2.1 is discussed. In section 6.3 techniques to
improve the surface wettability for a reliable gate-recess etch are described.
dry-etching trials are also presented. In section 6.4 the DC and high-frequency characteristics of the fabricated devices are presented and the results are
discussed.

6.2

Resist profile and standard etching process

6.2.1 Resist profile fabrication
The electron-beam forward scattering is still rather large for 30 kV acceleration voltages1, as already was discussed in subsection 2.2.2. The total resist
thickness for the fabrication of 200 nm T-gates was 630 nm and thus the
beam broadening—at the bottom of this stack, in the PMMA 950K layer that
serves to define the gate footprint—is as large as 40 nm.2 Therefore, the fabrication of resist profiles suitable for T-gates with 100 nm length requires
thinner resist stacks.
The following resist stack with a total thickness of 430 nm was adopted
(from top to bottom):
• 70 nm PMMA 50K layer for better lift-off.
• 290 nm P(MMA/MAA) layer for gate head definition. A thicker layer
increases the forward-scattering, while a thinner layer makes the liftoff more difficult;
• 90 nm PMMA 950K layer for gate footprint definition. With a thicker
layer, the height of the gate foot is increased and the gate is mechanically less stable. With a thinner layer, the resist may be locally pierced
through, and the gate head may side-contact the structure.
A scanned pattern for a 100 nm T-gate resist profile was optimized with
1
With the definition of dense periodic structures (e.g., photonic crystals) in a resist
layer, it is possible to obtain a quite accurate value for the beam broadening. It was evaluated to be 7 ± 2 % (i.e., 0.7 nm lateral broadening for a 10 nm penetration in the resist
layer)
2

This value was confirmed by a separate experiment: a scanned pattern for a 200 nm
T-gate resist profile was optimized with the EBL simulation tool presented in chapter 4 with
several forward-scattering parameter values (α) in the [5 nm, 50 nm] range. The optimized
structures were fabricated and the best agreement between simulated and fabricated profiles was obtained for α = 40 nm.
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Fig. 6.1 SEM view of a fabricated resist profile for 100 nm T-gate definition
after optimization with the EBL simulation tool. Areas 1 and 2 denote the locations where the scanned pattern was subsequently manually corrected.

the EBL simulation tool. The associated resist profile is shown in Fig. 6.1.
Two changes were made to this optimized scanned pattern to improve the
resulting profile: (i ) The roughness visible on top of the PMMA 50K layer
(left) was suppressed. It was due to a low unnecessary lateral electron dose
that was not eliminated by the simulations because of the low weighting factor assigned to this region (see subsection 4.3.2). This waviness has no impact on the quality of the structures and its suppression speeds up the
exposure process. (ii ) The central foot dose was increased by 10% to remove
all resist residuals prior to the gate-recess etch. The development time is 70 s.
Figure 6.2 shows the resist profile after the two manual modifications of the
scanned pattern. It can be seen that the resist residuals are fully removed
and that the waviness on top of the PMMA 50K layer is gone.
6.2.2 Gate-recess wet etching
The resist profile presented above was used for the gate-recess etch. The
HEMT structure used for this study is the standard structure shown in
Fig. 2.3. The wet etching of the cap layer is performed in a succinic acid:hydrogen peroxide solution. The process was described in subsection 2.2.1. It
consists in immersing the chip 35–40 s in the etch solution, 10 s thereof with
ultrasonic agitation to improve surface wetting.
In spite of the assistance of the ultrasonic agitation, the wetting was not
satisfactory with this process, as is illustrated by the spotwise etch of the cap
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Fig. 6.2 SEM view of resist profile for 100 nm T-gates fabrication after manual
correction of the electron dose.

layer in Fig. 6.3. The discontinuously etched groove is due to a too high surface potential which prevents an homogeneous diffusion of the etchant in the
100 nm-wide resist gap defining the gate footprint. However, once a spot is
wetted, the cap layer can be etched at this location and the etchant propagates radially by means of very strong capillary forces. The predominant role

Fig. 6.3 SEM view of the gate recess after cap layer wet etching in a succinic
acid:hydrogen peroxide solution for 40 s, 10 s thereof with ultrasonic agitation.
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of capillary forces is illustrated by the spots’ circular shape and by a thorough cap-layer etch near the contact pads, where surface wetting is not an
issue.
6.2.3 Device characterization
Devices were fabricated on the standard structure with the etch process presented above. The ID –VDS characteristics are shown in Fig. 6.4. No pinchoff
is achieved in these devices. Additionally, the devices show a very large gateleakage current that can be as high as 5 mA/mm. These characteristics are
explained by the incomplete etch of the cap layer which short-circuits the
source and drain contacts. Furthermore, the maximum transconductance
gm,max is only 60% of its value in devices with 200 nm T-gates. This is due
to the incomplete gate-recess etch, which results in a parallel conduction path
in the lower mobility, highly doped, cap layer. It should be noticed however
that: (i ) the saturation current remains unchanged at 380 mA/mm, and (ii )
an analysis of measured S-parameters shows a degradation at low frequency
(up to 10 GHz) but good performance at high frequency. This high-frequency
behavior could be attributed to the fact that the fast modulated signal does
not “see” the second, slower, conduction path through the cap layer.

6.3

Cap layer wettability enhancement

In the previous section, the fabrication of a resist profile for 100 nm T-gates
was described, the gate-recess etch was presented, and devices were proc-
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Fig. 6.4 Measured ID –VDS characteristics of devices with 100 nm (solid line)
and 200 nm (dashed line) T-gates. For both devices, the standard wet-etch
process was used (40 s in succinic acid:hydrogen peroxide solution, 10 s thereof
with ultrasonic agitation). VGS was swept from −1 V to 0.5 V with 0.1 V steps.
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essed and measured. A close scrutiny of the obtained results reveals that the
cap-layer etch was ineffective, due to the inhomogeneity of the adopted process.
In this section, several solutions are discussed that use either heating,
wettability enhancement with surfactants, a dry-etching technique, or a twosteps process. The different techniques are first explained and are then compared. Finally, the best technology will be thoroughly described and the devices characterized in section 6.4.
6.3.1 Gate-recess etch techniques
Etchant viscosity reduction by temperature increase
The difficulty in homogeneously wetting the bottom of the very narrow
groove relates to the viscosity of the etchant. The viscosity can be reduced
by heating the solution to a higher temperature (currently 35°C). The higher
temperature, however, may change the etchant properties, such as selectivity
and etching kinetics.
High-power ultrasonic agitation
High-power ultrasonic waves in the etchant may also favor the wettability
by breaking the thin air film formed at the bottom of the resist profile foot.
This film is thought to contribute to the discontinuous etching process.
However, a too large ultrasonic power may deform the resist profile.
Surface-tension reduction with surfactants
Surfactants can help reduce the surface tension at the bottom of the resist
groove and improve the wettability. A wide number of surfactants are available from the chemicals industry. The choice was made to use Triton X-100
(octoxynol-9) which is already in use at other labs, or simply isopropylic alcohol (IPA). Triton was used at very high dilution (typically 1:30000) to prevent foam formation in the etching solution. The high dilution should also
reduce the coating of the recess groove by the surfactant molecules that passivate the surface and in effect hinder the etching process. IPA was used either pure or diluted in water. The IPA:water solution should be used with
care as it is also a developer of PMMA resists.
Dry etching
To suppress entirely the surface wetting problems, a dry-etching process can
be used. The work of H. Duran [26] was used as a starting point for the dryetching trials. Reactive ion etching (RIE) is attractive for it can potentially
etch very narrow grooves in dielectric or semiconducting materials. For the
HEMT process, however, this technique has some drawbacks: (i ) the too vertical recess flanks may cause a side contacting of the gate foot with the cap
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layer on the source and drain sides, (ii ) the surface after RIE may not always
be free of polymer residuals, and (iii ) the surface and the channel can be
damaged by the high-energy ionized plasma.
Two-steps process (pre-etch)
The gate recess is wider than the metallized gate foot. A wider recess prevents the side contacting of the gate foot with the cap layer. It is naturally
obtained with a wet-chemical process which provides some underetching below the resist (see, e.g., Fig. 5.1). A two EBL-steps process is proposed here
that dissociates the gate foot metallization step from the gate-recess formation. The cap layer is first etched through a window wide enough to avoid
wettability issues. After stripping and new resist coating, the T-gate profile
with 100 nm footprint is patterned and the gate metallization is evaporated.
This process has thus the advantage of allowing the fabrication of an arbitrarily small gate foot in so far the resist profile and gate-metallization
techniques are well mastered. On the other hand, it was demonstrated that
a too large recess results in degraded high-frequency performances due to reduced peak electric field and velocity overshoot [166].
The process is schematically described in Fig. 6.5. It consists in:
1. chip coating with a single PMMA 950K resist layer;
2. first EBL exposure: definition of a wide opening (typically 250–
300 nm);
3. first resist development: 60 s in MIBK:IPA 1:3;
4. succinic acid:hydrogen peroxide gate-recess etch: 40 s, 10 s thereof with
ultrasonic agitation;
5. resist stripping and new coating with trilayer resist system (see
subsection 6.2.1);
6. second EBL exposure: 100 nm T-gate patterning;
7. second resist development: 70 s in MIBK:IPA 1:3;
8. gate metallization: 20 nm Ti and 250 nm Au;
9. lift-off.
6.3.2 Etch techniques comparison
Chips were systematically fabricated1 and the gate recess was etched with
the techniques proposed in the previous subsection. To evaluate the quality
1It is important to note that the etch trials must be performed with fabricated drain
and source ohmic contacts, and mesa. Indeed, the ohmic contacts change the local potential
distribution in the solution and the etch kinetics [174]. The chip history has also a strong
impact on the surface cleanness and therefore on the etch rates. This was confirmed by performing etch trials with and without ohmic contacts. It turned out that the quality of the
gate recess worsened dramatically, when the ohmic contacts were present.
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Fig. 6.5 Schematic description of a two EBL steps process for 100 nm gates fabrication.

of the obtained gate recess, SEM inspection of the chips was performed, and
the DC and high-frequency characteristics of the devices were measured. The
quality criteria for the SEM inspection were a continuous recess groove and
a minimal deformation of the resist profile induced by the etch process (resist
layer thinning, gate length increase). The criteria for the DC and high-frequency characteristics were the pinchoff quality, the gate-leakage current
IG,max at the bias point (VDS ,VGS ) = (2.5 V, −1.0 V), the saturation current
ID,sat at the bias point (VDS,VGS ) = (2.0 V, 0.5 V), the maximum transconductance gm,max, and fT. The uniformity of the characteristics over the whole
chip was also controlled with care. The results of the investigations are summarized in Table 6.1.
Several conclusions can be drawn from these results: (i ) The temperature
increase of the etching solution from 35°C to 45°C does not help improve the
etch quality. (ii ) Likewise, the increase of the ultrasonic power does not help
the etch process and causes a degradation of the resist profile. (iii ) Surfactants have an unequal influence of the etching process: whereas IPA, and
to a lesser extent, IPA:H2O help improve the surface wetting, Triton has a
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Table 6.1 Comparison of various gate-recess etch technologies in terms of groove
quality (SEM visual inspection), DC and high-frequency characteristics. The
performances are those of 2 ×75 µm devices. The technology that gives the best
results is grayed out. D: discontinuous recess groove, alt.: resist profile was
altered during the etch process, polymer: residuals can be observed at the bottom
of the recess groove after the dry-etching process.
SEM
inspection
Technology

HF
perf.

DC characteristics

groove profile pinchoff |IG,max| ID,sat gm,max

uniformity

fT

(µA)

(mA)

(mS)

(GHz)

temp. increase

D

OK

—

—

—

—

—

—

ultrasonic power
increase

D

alt.

good

150

60

80

200

good

wetting in
IPA:H2O solution

D

OK

good

120

60

65

170

good

wetting in IPA
solution

good

OK

good

15

60

85

185

good

wetting with Triton

D

OK

bad

>1000

—

—

—

—

dry etch 22 W

no etch

OK

bad

>1000

—

—

—

—

dry etch 30 W

polymer

alt.

bad

>1000

70

70

150

good

dry etch 30 W
+ wet etch

polymer

alt.

good

200

70

90

140

good

pre-etch

good

OK

poor

10

50

50

120

good

detrimental effect. This is likely due to a surface passivation-like effect already mentioned in subsection 6.3.1, that creates a protective layer on top of
the cap layer. A further dilution of the surfactant might help solve this difficulty. (iv ) With a RF power of 22 W for the dry-etching process given in
Ref. [26], the plasma is not energetic enough to etch the InGaAs layer.
(v ) With higher RF power (30 W), the resist profile is altered and a polymer
layer appears at the bottom of the groove (cracking of the etching species and
of the PMMA at the surface). (vi ) The pre-etch technique yields ambivalent
results. A very low gate-leakage current is obtained, indicating a thorough
cap layer etch. On the other hand, no pinchoff is achieved and the high-frequency performance is poor. This behavior may be related to the presence of
surface charges below the gate, as illustrated by a pronounced kink effect ob-
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served in the ID –VDS characteristics. This represents the major drawback of
the promising pre-etch technique. This problem could be circumvented by
performing a better cleaning of the gate recess prior to metallization with either an additional wet-etch step or an oxygen-plasma cleaning step. An Aluminium-free barrier layer (e.g., InP) could also help reduce the surface-traps
concentration.
To summarize, the adopted technology was as follows:
1. resist exposure and development, 70 s in MIBK:IPA 1:3;
2. oxygen plasma cleaning, 1 min., 18 W;
3. 15 s wetting in IPA solution;
4. 60 s etching in succinic acid:hydrogen peroxide solution with ultrasonic
agitation;
5. hydrogen plasma passivation, 2 min., 18 W;
6. 5 s dip in diluted hydrofluoric acid solution for native oxide removal;
7. T-gate metallization.
A very good pinchoff and a low leakage current were achieved, with a
good etching uniformity over the whole chip. An SEM view of a fabricated
T-gate with recess is shown in Fig. 6.6.

6.4

DC and high-frequency performances

In this section, the devices’ characteristics are analyzed, both in terms of DC
and high-frequency performances. These devices were fabricated with the

Fig. 6.6 SEM view of a fabricated T-gate with gate recess. 15 s wetting in IPA,
60 s etch with ultrasonic agitation in succinic acid: hydrogen peroxide solution.
The contours of the recess were digitally enhanced.
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Fig. 6.7 Measured ID –VDS characteristics of devices with 100 nm and 200 nm
T-gates. VGS was swept from −0.5 V to 0.5 V with 0.1 V steps for both devices.

process described in the previous section. The performances described in this
section are those of 2-fingers devices with a total gate width of 150 µm.
6.4.1 DC characteristics
The ID –VDS characteristics of devices with 100 nm and 200 nm T-gates are
shown in Fig. 6.7. The characteristics of both devices are very similar, in
terms of saturation current (380 mA/mm) and threshold voltage (−0.45 V).
The maximum transconductance gm,max is 580 mS/mm for both devices.
The bell shape in the IG –VGS characteristics caused by impact ionization
was also studied. A more pronounced bell shape was observed in devices with
100 nm T-gates (20% higher impact-ionization current). This observation is
consistent with the fact that the generation of electrons by impact ionization
is larger in high electric-field regions (see subsection 3.2.2), and for shorter
gate lengths, the peak electric field under the gate is increased.
Several DC figures of merit of devices with 100 nm and 200 nm T-gates
are summarized in Table 6.2.
Table 6.2 DC performance of devices with 100 nm and 200 nm T-gates.
ID,sat

gm,max

Vt

IG,bell

200 nm

(mA/mm)
380

(mS/mm)
580

(V)
−0.45

(µA/mm)
−58

100 nm

380

580

−0.45

−72

Gate length
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Fig. 6.8 Transistor transducer power gain |S21| of 2 ×75 µm devices with 200 nm
T-gate (dashed line) and 100 nm T-gate (solid line). VGS = 0.1 V and
VDS = 1.6 V.

6.4.2 High-frequency characteristics
The high-frequency characteristics of the devices were studied by measuring
their S-parameters on-wafer in the 350 MHz–120 GHz range with an
HP 8510 network analyzer. The transistor transducer power gain is shown in
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Fig. 6.9 Extrinsic cut-off frequency fT as a function of VDS and VGS for a device
with 100 nm T-gate.
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Fig. 6.10 Comparison of the cut-off frequency fT obtained with the new 100 nm
T-gate technology with state-of-the-art performance of lattice-matched InP
HEMTs.

Fig. 6.8 for a high-gain bias point. The transducer power gain of devices with
100 nm T-gates is 2.1 dB at 110 GHz and the maximum available gain is
8.3 dB at this frequency.
The extrinsic cut-off frequency fT was extracted from the current gain h21
with a −20 dB/decade slope. The dependence of fT on VDS and VGS is shown
in Fig. 6.9 for a device with a 100 nm T-gate. The fT peak value is 185 GHz.
This value is reached for VDS = 0.8 V and VGS = 0.1 V and represents an
improvement of 40% against the former 200 nm technology. A comparison of
the measured fT in our devices with published values for lattice-matched InP
HEMTs with various gate lengths is shown in Fig. 6.10. It can be seen that
the new 100 nm T-gate process compares favorably with state-of-the-art
high-frequency performances.
The Mason’s unilateral power gain U was also calculated with Eq. (2.1)
and the maximum frequency of oscillation fmax was extracted from U with a
−20 dB/decade slope. Figure 6.11 shows the Mason’s unilateral power gain
for two devices with 100 nm and 200 nm T-gates. fmax reaches a peak value
of 300 GHz with the 100 nm T-gate technology. This represents a 50% improvement over the 200 nm T-gate technology.
Finally, the noise characteristics of the devices were measured on-wafer
from 2 GHz to 26 GHz with a HP9870B noise figure meter and Cascade
NPT26 tuner heads. The noise-figure dependence on frequency is shown in
Fig. 6.12. A second-order polynomial fit was applied to the measured noise.
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Fig. 6.11 Mason’s unilateral power gain U for devices with 100 nm and 200 nm
T-gates.

A small reduction of the noise in devices with 100 nm T-gate is visible,
especially at higher frequency. The minimum noise figure Fmin for devices
with 100 nm T-gates is 0.37 dB and 0.73 dB at 10 GHz and 20 GHz, respectively, whereas for devices with 200 nm gates it is 0.42 dB and 0.80 dB.
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Fig. 6.12 Minimum noise figure Fmin measured on-wafer from 2 GHz to 20 GHz
for 100 nm and 200 nm T-gate technologies. The measured data was fitted with
a second-order polynomial function.
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Table 6.3 High-frequency and noise performances of devices with 100 nm and
200 nm T-gates. S21,110 and MAG110 are the transistor power gain and the
maximum available gain at 110 GHz. Fmin,10 and Fmin,20 are the noise figures at
10 GHz and 20 GHz.
High-frequency
Gate
length

Noise

fT

fmax

S21, 110

MAG110

Fmin,10

Fmin,20

(GHz)

(GHz)

(dB)

(dB)

(dB)

(dB)

200 nm

130

200

−0.2

5.0

0.42

0.80

100 nm

185

300

2.2

8.3

0.37

0.73

The high-frequency and noise performances of devices with 100 nm and
200 nm T-gates are summarized and compared in Table 6.4. A major improvement of the high-frequency performance is clearly visible when a
100 nm T-gate technology is used.
To investigate further the impact of the gate-length reduction on the highfrequency performance, a small-signal model extraction was performed (see
section 2.3) on devices with 100 nm and 200 nm T-gates. It can be shown
that fT can be expressed as a function of the equivalent-circuit elements [61]:
g m, RF
f T = ----------------------------------------------------- ,
2π ( C gs + C gd + C pg )

(6.2)

where gm,RF is the high-frequency transconductance, Cgs and Cgd are the intrinsic gate-to-source and gate-to-drain capacitances, and Cpg is the parasitic
gate-pad capacitor. The extracted values for these parameters are gathered
in Table 6.4. It can be seen that the high-frequency transconductance gm decreases slightly when the 100 nm technology is used. The gm degradation can
be attributed to short-channel effects that arise because the gate-to-channel
Table 6.4 Extracted extrinsic and intrinsic elements for the fT computation [after
Eq. (6.2)] of devices with 100 nm and 200 nm T-gates. The bias point was
(VDS,VGS ) = (1.5 V, 25 mA) and was chosen for maximum transducer power
gain. Total gate width: 2×75 µm.
High-frequency
Gate length

gm

Cgs

Cgd

Cpg

calculated
fT

(mS)

(fF)

(fF)

(fF)

(GHz)

200 nm

150

245

8

11

90

100 nm

130

138

6

10
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Fig. 6.13 Gate-to-source capacitance of devices with standard 200 nm T-gate
(open circles) and 100 nm T-gate (filled circles) using the small-signal model
extraction (see section 2.3). Gate width: 2×75 µm.

distance was kept constant while the gate length was reduced [174]. On the
other hand, Cgs is almost halved thanks to the reduction of the footprint area.
In Fig. 6.13, Cgs is also plotted versus drain current for devices with 100 nm
and 200 nm gates. In turn, the Cgs reduction results in an increased fT.

6.5

Conclusions

In this chapter, the fabrication and characterization of devices with 100 nm
T-gates was presented. A resist profile was fabricated using an acceleration
voltage of 30 kV. The 100 nm footprint is however close to the lowest size at
30 kV with this technology due to forward-scattering in the thick resist structure. The formation of a high-quality and reliable gate recess turned out to
be challenging because of wettability issues that hinder a uniform wet etch.
Several paths were explored to improve the gate-recess etch: dry etching, surface tension reduction with surfactants, and two-steps technique. The combination of surface wetting with IPA and etching with ultrasonic agitation
gave the best results and was adopted for the fabrication of devices. The DC
performance of the InP HEMT with 100 nm T-gates was similar to that of
devices with 200 nm T-gates. On the other hand, the high-frequency performance was improved by more than 40% thanks to the reduction of the gate-todrain capacitance. fT and fmax reached 185 GHz and 300 GHz, respectively.
The maximum available gain at 110 GHz was 8.3 dB. These results make
the 100 nm T-gate technology suited for the design of amplifiers at W band.

7
Millimeter-wave circuits
7.1

Introduction

In chapters 5 and 6, the fabrication and characterization of devices with
asymmetric gate recess and 100 nm T-gates, respectively, were presented.
Based on these two technologies, several amplifiers operating in the millimeter-wave range were developed. The performances of the circuits were evaluated, and the capabilities of the new technologies assessed. The suitability
of the 0.2 µm standard technology (i.e., with symmetric recess) and of the
0.2 µm asymmetric gate-recess technology for power applications was studied by fabricating 32 GHz power amplifiers. W-band small-signal amplifiers
were designed at 94 GHz and 110 GHz using the new 100 nm T-gate technology.
This chapter is organized as follows: in section 7.2, some details are given
on the design and fabrication of passive elements such as transmission lines,
T-junctions, and MIM (metal-insulator-metal) capacitors. In section 7.3, the
design and characterization of a 32 GHz power amplifier are discussed. In
section 7.4, the design and characterization of W-band small-signal amplifiers are presented.

7.2

Passive elements

The simulation of MMICs in the mm-wave range requires accurate models of
the passive building blocks composing the input and output networks. To improve the quality of the modeling, the S-parameters of all passive elements
were computed with the electromagnetic simulation package Em from Sonnet, Inc. [175]. The accuracy of the Em package for the modeling of the passive elements in our coplanar waveguide (CPW) technology was validated by
M. Schefer [27] by the comparison of simulated and measured S-parameters
of a T-junction fabricated in airbridge technology.
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Transmission lines
The transmission lines were devised for 50 Ω wave impedance. The conductor-line width is 30 µm, whereas the conductor to ground-plane distance is
21 µm. To reduce losses in the transmission lines, Gold was electroplated on
top of the first metallization layer during airbridge fabrication, and the total
metallization thickness was thus increased from 0.25 µm to 0.5 µm. A library
of Em-computed S-parameters was created for 50 Ω transmission lines with
a length within the 10 µm–600 µm range with 10 µm steps.
T-junctions
T-junctions for 50 Ω lines were used and their S-parameters were computed
with the Em simulator. The ground-to-ground distance of the 50 Ω transmission lines is 72 µm, whereas the airbridges span of our technology does not
exceed 50–60 µm. It was therefore decided to include the airbridges on the
conductor lines, while the ground planes—fabricated with the second interconnect metallization—were connected with 10 µm-wide lines—fabricated
with the first interconnect metallization—as shown in Fig. 7.1. Isolation was
included on top of these lines to prevent short-circuits in case of an airbridge
collapse.
MIM capacitors
The MIM capacitors were fabricated using the first interconnect as bottom
metal layer, a 120 nm-thick SiNx layer as dielectric material, and the second
interconnect as top metal layer. The capacitance per unit area was 0.5 fF/
µm2. A 20× 30 µm2, 0.3 pF, MIM capacitor is shown in Fig. 7.1.

Fig. 7.1 Micrograph of a T-junction with airbridges on the conductor line and of
an MIM capacitor.
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In this section, the results of the design and characterization of power amplifiers at 32 GHz are reported. These power amplifiers are based on devices
with 0.2 µm T-gates, and symmetric or asymmetric gate recess. For compactness purposes, the two technologies will be referred in this section as
0.2 µm T-gate and asymmetric recess technologies, respectively.
A CPW technology was used because it does not require any wafer thinning or via-hole etching. On-wafer testing of the amplifiers can also be carried out using ground-signal-ground (GSG) probes.
7.3.1 Power amplifiers design
In chapter 5, an asymmetric gate-recess technology was discussed. It was
shown that the asymmetric recess results in a breakdown-voltage improvement of 50% compared to the measured value in devices with 0.2 µm T-gates.
In this subsection, the potential of devices with asymmetric gate recess at
delivering more output power is being assessed. To perform a judicious comparison between the 0.2 µm (device Pwr_S, see chapter 5) and asymmetric
recess (device Pwr_A) technologies, the transistors load-line and optimum
bias point were determined using the technique presented in subsection 5.3.3.
This technique accounts for the on-state breakdown voltage locus BVon for
the extraction of Vk and Vbreak. The technique is conservative because it
yields a rather low breakdown voltage Vbreak, much lower than the effective
VDS for which an increase of the drain current—due to the onset of an avalanche process—is observed. However, it allows a quantitative comparison
between different technologies, in which impact ionization is the major factor
responsible for breakdown.
A class A power amplifier [53] was chosen to compare both technologies.
This choice was motivated by the ease of design of class A amplifiers. For
this kind of amplifiers, the quiescent bias point lays in the middle of the loadline and the compression can arise both for VGS < Vt (in the subthreshold
region) or VGS > Vfwd (for forward bias, in the gate-diode opening region).
These two regions are shown in Fig. 7.2. The values for the knee and breakdown voltages of devices with 0.2 µm T-gates and asymmetric gate recess are
summarized in Table 7.1.
The device load resistance RL can be calculated with:
V break – V k
R L = ------------------------------ .
I DS, max

(7.1)

Thanks to their higher breakdown voltage, devices with asymmetric recess
show a smaller load-line slope, i.e., a lower RL.
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Fig. 7.2 Measured ID –VDS characteristics of a device with asymmetric gate
recess and 2×125 µm total gate width with a 17 Ω load-line.

Once the bias point was determined, and the optimum load resistance was
computed, the second step of the development of a power amplifier consists
in the design of the power output matching. It can be shown that the maximum output power is delivered by the amplifier when the output of the device
Table 7.1 Devices parameters for the design of power amplifiers with the 0.2 µm
T-gate and asymmetric recess technologies: knee and breakdown voltages, bias
point, and load-line resistance.
Vk

Vbreak

(VDS,VGS )

RL

0.2 µm

(V)
0.75

(V)
2.0

(V)
(1.4 V; 0.1 V)

(Ω)
28

asymmetric

0.7

2.9

(1.9 V; −0.1 V)

17

Technology

Fig. 7.3 HEMT output equivalent circuit for power matching.
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Table 7.2 Extracted small-signal equivalent-circuit parameters for the design of
a power amplifier with the 0.2 µm T-gate and asymmetric recess technologies.
Gate width: 2×125 µm.
Ld

Cds

Cpd

0.2 µm

(pH)
25.6

(fF)
4.4

(fF)
50.5

asymmetric

27.1

1.4

50.0

Technology

Fig. 7.4 Circuit schematic of the power amplifiers at 32 GHz with stubs for the
input and power output matching and stability.

is presented with a load resistance equal to the real part of the device output
impedance, assuming that the reactive components were resonated out [53].
The device output equivalent circuit is shown in Fig. 7.3. The conjugate
matching method therefore requires the determination of the intrinsic elements Ld, Cds and of the drain extrinsic pad capacitor Cpd (see Fig. 2.9). The
values for these elements for the standard and asymmetric gate-recess technologies are summarized in Table 7.2. These values are in good agreement

Fig. 7.5 Micrograph of a single-stage power amplifier at 32 GHz. The overall
chip size is 1.5×0.9 mm2.

126

Millimeter-wave circuits

with those presented by Schefer [27]. In a last step, a standard gain matching
is performed at the input of the device.
The circuit schematic of the power amplifiers at 32 GHz is shown in
Fig. 7.4. A single-stage design was adopted for the power amplifiers. The circuit was biased using external bias-tees at the input and output RF ports of
the circuit. A single-stub topology was sufficient for the input and output
matching and to ensure the stability of the circuit. The amplifiers RF smallsignal performances were simulated with the ADS package from Agilent
20
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Fig. 7.6 Measured (symbols) and simulated (lines) S-parameters S21, S11, and
S22 of power amplifiers with (a) standard 0.2 µm T-gates, and (b) asymmetric
gate recess. The bias point (VDS,VGS ) was (1.4 V, 0.1 V), and (1.9 V, −0.1 V)
for the 0.2 µm and asymmetric gate-recess amplifiers, respectively.
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Technologies [176]. As already mentioned in section 7.2, 50 Ω transmission
lines and T-junctions were used. However, at 32 GHz, the CPW model of the
RF simulator is quite accurate and it was therefore unnecessary to use the
Em-simulated transmission-line library.
7.3.2 Power amplifiers results
The photograph of a fabricated power amplifier at 32 GHz with 200 nm Tgates is shown in Fig. 7.5. The total gate width was 2×125 µm.
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Fig. 7.7 Output power and power-added efficiency versus input power at 32 GHz
of power amplifiers with (a) standard 0.2 µm T-gates, and (b) asymmetric gate
recess. The quiescent bias point (VDS,VGS ) was (1.4 V, 0.1 V), and (1.9 V,
−0.1 V) for the 0.2 µm and asymmetric gate-recess amplifiers, respectively.

128

Millimeter-wave circuits

The small-signal characteristics of the amplifiers were first studied by
measuring their S-parameters on-wafer in the 350 MHz–80 GHz range with
an HP 8510 network analyzer. The amplifiers gain and return losses are
shown in Fig. 7.6. The 0.2 µm T-gate amplifier showed a maximum gain of
12.5 dB at 32 GHz. For the asymmetric recess amplifier, a maximum gain of
13 dB was achieved at 30 GHz while the gain at 32 GHz was 11.7 dB. The
input return loss was better than 15 dB for both amplifiers.
Non-linear measurements of the amplifiers were then performed. The
measurement setup consisted of an HP 83650 power source that can deliver
up to 7 dBm at the input of the circuit at 32 GHz, K-band bias-tees at the
input and output, an HP 8481A power sensor and an HP 437B power-meter.
The output power and power-added efficiency [PAE, see Eq. (2.5)] versus input power are shown in Fig. 7.7 for both power amplifiers for the quiescent
bias points given in Table 7.1. Figures of merit for the power performances
of both amplifiers are summarized in Table 7.3. The power amplifier with
0.2 µm T-gates showed a maximum output power of 11.2 dBm with a PAE
of 11.3%. The measured maximum output power Pout,max agrees well with
the value calculated from:
I DS, max ⋅ ( V break – V k )
P out, max = ------------------------------------------------------------- ,
8

(7.2)

which yields a value of 10.9 dBm for IDS,max = 79 mA.
On the other hand, despite a larger breakdown voltage, the power amplifier with asymmetric gate recess showed much worse performances, with a
maximum output power of only 4.0 dBm and an associated PAE of 2.2%.
7.3.3 PA results analysis
The explanation to the observed power performances is twofold: (i ) The
transition from the linear region to the saturation region is very smooth in
HEMTs (contrary to MESFETs which show an abrupt transition and a welldefined knee voltage). Consequently, the output 1 dB compression point lays
much lower than Pout,max. This behavior is observed in the circuits based on
both technologies. Moreover, for devices with asymmetric recess, a strong
Table 7.3 Non-linear performance of 32 GHz power amplifiers fabricated with
the 0.2 µm T-gate and asymmetric recess technologies. Gate width: 2×125 µm.
Technology
0.2 µm
asymmetric

Pin, −1dB

Pout, −1dB

Pout, max

PAEmax

(dBm)
-6.5

(dBm)
4.8

(dBm)
11.2

(%)
11.3

-12.4

-1.8

4.0

2.2

Max. freq. of oscillation f

max

(GHz)
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Fig. 7.8 Maximum frequency of oscillation fmax versus drain-source voltage VDS
along the load-line.

non-linearity (kink) is visible in the ID –VDS curves close to the knee voltage
Vk (see, e.g., Fig. 7.2). This kink results in strong output-power compression
and a lower Pout,−1dB. However, the non-linearity is not sufficient to fully explain the Pout, max differences between both technologies. Indeed IDS,max is
only 25% lower in devices with asymmetric recess. Therefore, (ii ) to further
study the performance degradation, the maximum frequency of oscillation
fmax was extracted at several bias points along the transistors load-line and
is shown in Fig. 7.8. It can be seen that for devices with asymmetric recess
fmax is as low as 15 GHz in the knee region, whereas it reaches 200 GHz at
the bias point. On the other hand, fmax is much more uniform over the whole
swing region along the load-line for devices with 0.2 µm T-gates and remains
above 90 GHz in the knee region. The observed RF non-uniformity in devices
with asymmetric gate recess has a direct impact on the amplifier gain that
can even be smaller than one close to the knee voltage. Consequently, for
large voltage swings, the device is driven in a region where no gain is available, which results in no amplification of the input power and a degradation
of the output power.
Physically, the non-linearities and high-frequency performance degradation in circuits fabricated with the asymmetric recess technology arise from
the wide recess etched on the drain side of the gate. Indeed, the cap layer
acts as a shield for the Aluminium-rich Schottky layer. However, after the
gate-recess etch the Schottky layer is left unprotected and is free to oxidate
rapidly. The oxidation layer thus formed introduces many defects associated
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with surface states created by dangling bonds and ions absorbed from the
environment. The defects interfere with the electrons transport in the device
via slow trapping-detrapping processes. The trapped electrons create a
charge close to the surface that depletes the channel in the high field region
between gate and drain. Since the time constants of the trapping states are
very large (typically, in the microsecond range), the electrons contained in
the surface layer cannot fully modulate the channel charge during large signal RF operation. This results in reduced RF current swing and output power. This mechanism and the associated reduction of the output power was
also observed by Green et al. in unpassivated AlGaN/GaN HEMTs [177].
These authors used device passivation with SiNx to restore the expected output power as given by Eq. (7.2). Prior to device passivation the native oxide
layer must be thoroughly removed with an HF-based etch process.
It should be mentioned, however, that Nitride-based materials are much
more stable—and therefore less prone to oxidation—than InP-based materials. The oxide-layer removal is therefore more time-critical in InP HEMTs.
If the non-linearities and the RF voltage-swing reduction could be eliminated, the expected output power—using Eq. (7.2)—of the amplifiers with asymmetric gate recess could be as high as 13.4 dBm.

7.4

Design and characterization of W-band amplifiers

In this section, the design and characterization of single- and multi-stage amplifiers at 94 GHz and 110 GHz based on the newly developed 100 nm technology are presented. Similarly to the design of the power amplifiers at
32 GHz presented in the previous section, a CPW technology was adopted.
7.4.1 Amplifiers design
For the amplifiers design, 2× 50 µm HEMTs were used. The S-parameters of
a typical device are shown in Fig. 7.9. For these devices, the transducer power gain S21 at 94 GHz was 3.4 dB and the maximum available gain (MAG)
was 8.9 dB. At 110 GHz, S21 and MAG were 2.5 dB and 10.1 dB, respectively.
The small-signal performances of the circuits were simulated with ADS
up to 120 GHz. The measured transistor S-parameters were used directly in
ADS for increased accuracy. As already mentioned in section 7.2, a S-parameters library of 50 Ω transmission lines was employed for the simulation of
the input and output networks.
The circuit schematic of a single-stage amplifier is shown in Fig. 7.10. A
double-stub topology was chosen for the 50 Ω input and output matching.
With the double stubs configuration, unconditional stability was achieved
over the whole simulated frequency range. The devices were biased externally
with PGPPGP (power-ground-power-power-ground-power) DC probes.
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Fig. 7.9 S-parameters of a 2 ×50 µm device with 100 nm gate length. The measurements were performed on-wafer from 0.35 to 120 GHz at the bias point:
(VDS,VGS ) = (1.6 V, 0.1 V).

Based on the design of a single-stage amplifier, two and three stages were
cascaded to increase the overall gain. The DC de-coupling between stages
was performed with 0.6 pF capacitors.

Fig. 7.10 Circuit schematic of a single-stage amplifier with double stubs for the
input and output matching, stability and biasing.
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7.4.2 94 GHz amplifier results
The photograph of a fabricated two-stage amplifier is shown in Fig. 7.11.
The yield of the 100 nm T-gates fabrication step was excellent (i.e., approaching 100%). However, the yield of the dielectric deposition and etching
step was significantly lower due to the low adhesive strength of the photoresist on the SiNx layer. Therefore, during the fabrication of the circuits presented in this section, the capacitors yield was only 50%. Given the large
number of grounded capacitors in the two- and three-stage amplifiers (8 and
12, respectively), no multi-stage amplifier could be characterized although
approximately 30% of the single-stage amplifiers could be measured.
A comparison between simulated and measured S-parameters of a singlestage amplifier at 94 GHz is shown in Fig. 7.12. The S-parameters were
measured on-wafer in the 350 MHz–120 GHz range with an HP 8510 network
analyzer. The maximum gain was 9.2 dB at 92 GHz with a 3 dB bandwidth
of 7.5 GHz. The input return loss was better than 10 dB. The output return
loss, however, was only 5 dB. For a higher bias point—e.g.,
(VDS,VGS ) = (2.0 V, 0.1 V)—a gain higher than 10 dB was obtained for a
single-stage amplifier, however at the cost of a further degraded output
matching.
From the excellent gain performance of the single-stage amplifier at
94 GHz, over 25 dB gain can be expected with the new 100 nm T-gate technology by cascading three stages. This was be confirmed by the simulations
which showed up to 22 dB gain at this frequency.
7.4.3 110 GHz amplifier results
A single-stage amplifier at 110 GHz was also fabricated to study the limits
of the new technology. The circuits at 110 GHz also suffered from the low
yield of the capacitors fabrication step already mentioned in the previous
subsection. Therefore, only single-stage amplifiers could be measured.

Fig. 7.11 Micrograph of a two-stage amplifier with double-stub matching. The
overall chip size was 2.8×1.4 mm2.
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Fig. 7.12 Measured (symbols) and simulated (lines) S-parameters: (a) S21, and
(b) S11 and S22 of a 94 GHz single-stage amplifier at the bias point
(VDS,VGS ) = (1.6 V, 0.1 V).

A comparison between simulated and measured S-parameters of the
110 GHz amplifier is shown in Fig. 7.13. The maximum gain was 5 dB and
occurred at 102 GHz, although the simulations predicted up to 8 dB gain at
110 GHz. Again, the input return loss was better than 10 dB, and the output
return was only 5 dB. The observed discrepancy between measurements and
simulations can be attributed to the difficulty to measure the S-parameters
of the single devices and to model the passive elements reliably up to
110 GHz. The performance of the 110 GHz amplifier could therefore be im-
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Fig. 7.13 Measured (symbols) and simulated (lines) S-parameters: (a) S21, and
(b) S11 and S22 of a 110 GHz single-stage amplifier at the bias point
(VDS,VGS ) = (1.6 V, 0.1 V).

proved by performing a more accurate modeling of the active and passive elements used in the circuit. The Em-computed S-parameters for the Tjunctions, capacitors, and transmission lines should be substituted with an
equivalent circuit extracted from measured data.

7.5

Conclusions

Asymmetric gate recess and 100 nm T-gate technologies were developed for
power and high-frequency applications, respectively. To assess the perform-
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ance of these two technologies, microwave monolithically integrated circuits
were designed and fabricated. The results of their characterization were presented in this chapter.
Due to their higher breakdown voltage, devices with asymmetric gate recess can potentially deliver more output power than standard devices.
However, the design and characterization of single-stage power amplifiers at
32 GHz showed that such an enhancement was not obtained with the technology presented in chapter 5. It was shown that the non-linearities observed
in the ID –VDS characteristics are responsible for a strong output power compression. Surface oxidation of the uncapped Al-rich Schottky layer plays a
key role in the rise of the non-linearities. As a result, power amplifiers fabricated with the asymmetric recess technology and devices with 2×125 µm
gate width showed a maximum output power limited to 4.0 dBm. Possible
improvements to the asymmetric recess technology will be discussed in
section 8.3. On the other hand, power amplifiers fabricated with a standard
0.2 µm T-gate technology and 2×125 µm gate width have a maximum output power of 11.2 dBm with a PAE of 11.3%.
For applications at frequency bands around and above 100 GHz, e.g.,
passive imaging arrays at 94 GHz for automotive appliances, a 100 nm Tgate technology was developed and presented in the previous chapter. The
feasibility study of a 94 GHz amplifier was reported in this chapter. It was
shown that a single-stage amplifier delivers up to 9.2 dB gain at 92 GHz. The
cascading of three stages can potentially deliver over 25 dB gain at this frequency. A 110 GHz single-stage amplifier was demonstrated with a peak
5 dB gain occurring at 102 GHz.

8
Summary, conclusions, and
outlook
In this chapter, a recapitulation of the main results obtained in the course of
this Ph.D work is presented, important conclusions are highlighted, and future research paths for further improvement of our InP HEMT process are
proposed.
Optical-fiber digital communication and radio-frequency integrated circuits for wireless systems require devices that can reach high power levels,
with ultra-short switching times and operate at very high frequency. InP
HEMTs show excellent RF characteristics but quite poor power characteristics. In the course of this work, solutions for improving both power and RF
performances of our in-house process were investigated. The T-gate structure
of the devices was the major focus of this work and new fabrication processes
of the gate were developed.

8.1

Two-dimensional physical simulations of InP HEMTs

In chapter 3, the DC and RF performances of InAlAs/InGaAs/InP HEMTs
were studied by means of two-dimensional physical simulations, with a particular emphasis on the breakdown mechanisms occurring in the on-state. It
was shown that carrier multiplication by impact ionization plays a major role
as triggering factor of the on-state breakdown. Carrier multiplication correlates with the peak electric field, which could be reduced by increasing the
gate-cap layer distance on the drain side. An asymmetric increase of this distance—which keeps the gate-cap layer distance small on the source side—
allows an increased breakdown voltage and the conservation of the excellent
high-frequency characteristics.
In its present state, the commercial two-dimensional physical simulator
used in this work allows one to simulate fairly general structures. However,
the path towards the efficient use of the simulation tool in a technology op-
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timization feedback loop is still strewn with many convergence issues. The
access to the source code of an established commercial software package in
the frame of a scientific collaboration with a TCAD (technology computerassisted design) software provider—e.g., Integrated Systems Engineering
[178]—would be highly profitable. More accurate InP HEMTs-specific physical models for, e.g., thermionic-field emission, tunneling and mobility could
be implemented while improving the tools robustness.
Apart from the physical models, the two-dimensional simulations of InP
HEMTs are further limited by a incomplete knowledge of the necessary physical parameters. It is therefore proposed that a similar approach be employed
that was used by Rohner for the simulation of HBTs [179]. For this approach, a one-dimensional simplified structure is modeled with a Monte-Carlo simulator for the extraction of the parameters required by the physical
simulator. In a second step, the commercial simulator is used to model I –V
and RF performances of the devices. With accurate simulations available, it
may then be possible to extract small- and large-signal equivalent circuits
that can, in turn, be implemented in a circuit simulator.

8.2

Electron-beam lithography simulations

In chapter 4, the development of a genetic algorithm-based simulation and
optimization tool of electron-beam lithography (EBL) was presented. This
tool was conceived for the prediction of the exposure pattern to be applied
by an EBL tool to fabricate a targeted resist profile in a multi-layers resist
stack. This tool is particularly attractive to help reduce the number of tedious trial-and-error steps involved during the design of new resist profiles and
is highly adaptable to new processes and materials. It is indeed only necessary to extract the substrate and acceleration voltage-dependent proximity
parameters and to determine the resists solubility curves. The successful implementation of a breeder-type genetic algorithm as optimization algorithm
in the simulation tool was possible thanks to the use of a carefully studied
fitness function that accounts for process tolerances.
The simulation tool was applied to the prediction of exposure patterns for
T-gates with 100 nm footprint or asymmetric recess. For this second type of
T-gate, it was shown that a fabrication process involving two exposure steps
and three development steps is better suited than a single exposure and single
development process. Indeed, it can yield a resist profile with a deep undercut
on the drain side suited for the fabrication of a wide gate-recess groove.
To obtain a more generic EBL simulation and optimization product, two
major features could be implemented in the future: (i ) Full support of multisteps exposure and development processes with the definition of intermediate
target profiles. In this framework, it may be of interest to modify the individuals coding in order to introduce thickness and type of the resist layers as
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parameters in the optimization space. (ii ) In its present form, the EBL simulation tool is quite restricted to long structures such as T-gates. A threedimensional (3D) resist simulation tool would give access to a new realm of
applications such as optical integrated devices or micro-electro-mechanical
systems (MEMS). With a 3D simulator, the string model presented in
subsection 4.2.2 can obviously not be used as such. A possible solution is the
definition of a 3D square grid, the use of a time-propagating development
front, and of logical conditions to determine whether a unit cell of the grid
must be removed (“dissolved”) depending on the number of its facets exposed
to the solvent, and the local solubility or the propagation direction.

8.3

Power performances of InP HEMTs

In chapter 5, the fabrication and characterization of devices with an asymmetric gate recess were reported. With a two-step EBL process combined
with MIBK:IPA 1:5 as last developer, resist profiles with a large undercut on
the drain side and a very small undercut on the source side could be produced. The asymmetric gate recess induced a pronounced kink visible in the
device DC characteristics. On the other hand, impact ionization was shown
to be reduced and the on-state breakdown voltage was improved by up to
50%. With regard to the high-frequency performance dependence on the recess technology, two trends were observed. The cut-off frequency fT was reduced by 30% when an asymmetric recess was fabricated. On the other hand,
the maximum frequency of oscillation fmax remained constant at 200 GHz,
independently of the technology used.
Based on the asymmetric recess and the standard 0.2 µm technologies,
32 GHz power amplifiers were designed and characterized, whose performances were reported in section 7.3. Thanks to the breakdown voltage improvement in devices with asymmetric recess compared to devices with
standard 0.2 µm gates, a higher output power was expected. However, such
an improvement was not observed due to non-linearities and high-frequency
performance degradation in the knee region of the devices. The output power
of circuits with 2×125 µm devices was 4.0 dBm and 11.2 dBm, when the
asymmetric recess and 0.2 µm technologies were used, respectively.
The non-linearities in devices with asymmetric recess arise due to surface
oxidation of the uncapped Aluminium-rich Schottky layer. Therefore, an insitu removal of the oxidation layer prior to device passivation with SiNx
might help control the power performance degradation. The use of an Al-free
Schottky layer—e.g., InP or InGaP—can also be envisioned to solve the oxidation problem.
To improve the power performance of InP HEMTs, the focus of this work
was mainly on the increase of the breakdown voltage by reduction of the peak
electric field on the drain side of the gate. However, other directions may also
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be worth being investigated: (i ) Impact ionization may be curbed by using a
composite channel as exposed in chapter 3. (ii ) Devices may be fabricated
with a more negative threshold voltage Vt to increase the voltage swing by,
e.g., increasing the gate-to-channel distance (a trade-off must be found with
decreased transconductance and high-frequency performance). (iii ) Make
use of higher doping levels to increase the two-dimensional electron gas concentration and the saturation current.

8.4

High-frequency performances of InP HEMTs

In chapter 6, the fabrication and characterization of devices with 100 nm Tgates were discussed. The EBL simulator was relied upon to fabricate a suitable resist profile. T-gates with 100 nm footprint hit the lower limit attainable with a single-exposure patterning at 30 kV due to important forward
scattering. The gate-recess formation proved to be a challenge due to wettability issues that are an impediment to a uniform wet-etch process. A combination of surface wetting with isopropylic alcohol and etching with
ultrasonic agitation gave the best results in terms of performance, reliability,
and uniformity. The high-frequency characteristics were improved by as
much as 40%. fT and fmax reached 185 GHz and 300 GHz, respectively.
W-band single-stage amplifiers based on the new technology were designed and fabricated whose performances were reported in section 7.4.
Accurate simulation of the circuits’ performances turned out to be demanding due to the difficulty of measuring the devices at W-band and of modeling
the passive elements. A 94 GHz single-stage amplifier delivered up to 9.2 dB
gain. A 110 GHz single-stage amplifier was demonstrated with a gain in excess of 5 dB.
The down-scaling of the gate length below 100 nm is attractive to further
improve the performance of the devices beyond 100 GHz. To this end, two
major issues will be raised: (i ) fabrication of a T-shaped resist profile, and
(ii ) development of a reliable and uniform gate-recess etch.
The use of a two-steps EBL exposure process is the key to a further reduction of the gate length. In a first step, a low molecular-weight resist is
patterned by opening a wide window for gate-head definition. In a second
step, a high molecular-weight, high resolution resist is patterned through the
opened window for gate-foot definition. With this technique, gate foot lengths
down to 30 nm were demonstrated [62].
To obtain a uniform gate recess, the pre-etch technique presented in
subsection 6.3.1 may be used. The Schottky-layer oxidation may be prevented by substituting InAlAs with InP and etching with citric acid.
Alternatively, an InP layer can be inserted between the Schottky and cap
layers and can subsequently be removed by dry etching.
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