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Summary

The engineering feasibility of Transferred Electron Devices (TEDs), configured as modulators,
was explored. Vertical and planar implementations of the same device were pursued concurrently, An
existing "side-wall bonding pad" vertical device was replaced by a revised structure, incorporating dual
anode contacts and dielectric isolation. Natural self-resonant frequency inhibition with device
capacitance was assessed for both of these vertical devices. The reappraisal was shown to provide
benefits of reduced capacitance, reduced current capacity and greater symmetry of the electric field
distribution in the active region.

Modelling of the optical confinement attributes of rib waveguides for device designs was
performed using the FWAVE IIT and LWAVE application programs. Confinement afforded by the rib-
substrate interface and 33 % AlGaAs layers, in vertical and planar devices respectively, was determined
for multi-moded propagation. Efficiently confined propagation at infrared wavelengths was observed.

Theoretical predictions for modulation depths were calculated for rib waveguide devices. The
modulation potential of mechanisms such as Pockels effect, Franz-Keldysh electro-absorption and free
carrier influences were analysed. These evaluations were made employing very idealised conditions,
leading to consistent over-estimates of modulation indices. The requirements for deep modulation were
identified in the context of the engineering designs of real devices.

The prospect for voltage-controlled frequency modulation in planar devices, required the
development of analytical theory for tapered (graded area) devices. The functional variation of the pre-
threshold electric field distribution was obtained. This permitted the derivation of a predictive current-
voltage function for a general transferred electron device with defined semiconductor and physical
parameters. The time constant governing growth / decay of nucleated disturbances in tapered devices
was sought, verifying the possibility of transit mode operation. A fully calculable function,
encapsulating the influences of inter-valley transfer and dipole formation, was developed and quoted.

Both vertical and planar devices were fabricated and assessed experimentally. The theoretical
current voltage function was used as a fulcrum for the analysis of the influence of the cathode boundary
conditions in planar devices. The behaviour of graded and non-graded elements was modified by varying
the annealing conditions in a standard contact metal recipe. A mechanism was conjectured to explain

these variations in the context of the Kroemer hypothesis. The resulting empirical functions were used

vi



to assess the inhibition of injected electrons at the cathode. Endfire analysis was performed on
waveguide devices, with electrical biassing applied in-situ.

In response to theoretical thermal modelling, in conjunction with practical observations of real
devices, a circular mesa form of waveguide device was proposed and fabricated. Estimates of maximum
permissible pulse width were made, assisted by Laplace transform analysis of a thermal - electrical
analogue circuit. A simple formula for rib-substrate thermal resistance was derived for this analysis.
Permissible pulse widths were demonstrated to be incompatible with the notion of a viable modulator

operating near to CW.



Chapter 1
Introduction

1.1 Th lium Arsenide - Alumini Ilium nide Material m

The merits of gallium arsenide (GaAs) as a material in the electronics industry are now well
catalogued [1] [2] [3]. It's physical-crystalline and particle transport properties provide GaAs with an
aptitude for particular applications. When compared with its major technological competitor, silicon
(Si), GaAs is seen to produce faster transit-time devices [2] due to its superior low-field electron
mobility (i.e. pg,,, = 8500 cm?*V-'s* as compared to pg, = 1300 cm?V-'s*).

However, the applicability of a material is determined by a combination of properties of the
material. Silicon has advantages over GaAs in that it produces high-quality material interfaces with its
natural oxide (SiO;), which is readily grown and acts as an adaptible isolation layer. These high quality
interfaces are normally a consequence of the large, high lattice purity and low defect densities
achievable with silicon substrates. Equivalent physical attributes were less routinely acquired in GaAs
substrate technology until recently. Gallium arsenide devices have become increasingly economically
viable and performance justified.

A further vital property of GaAs is its ability to participate in epitaxially-grown
heterostructures [4], (ternary and quarternary) which leads to "band-gap" engineering. The
semiconductor phenomena exhibited by hetero- and homojunction devices in GaAs has initiated
research and development of devices using fast electron transport e.g. High Electron Mobility
Transistors (HEMTs) [5], Heterojunction Bipolar Transistors (HBTs), and other forms of unique
transistor devices. Recent experimental devices have operating speeds in excess of 40 GHz, and offer
low-noise, longevity and reliable operation at these elevated frequencies. These device characteristics
are a requirement for economic and commercial viability.

The most important feature of modern GaAs technology is the growth of a high-quality
interface GaAs / Al; Ga;.x As heterojunction, upon which most semiconductor lasers in the modern
age are based. The inclusion of these layers in series with GaAs induces an abrupt increase in the
effective low-field bandgap (e.g. 1.425 eV in GaAs and 1.76 eV in Aly3Gag;As). The gallium atom

could be substitutionally displaced by other atoms of valency III (e.g. In) to generate ternary



derivatives and provide a reduction in bandgap. The scope for bandgap engineering has been
significantly widened by such innovations. It should be noted that until the first GaAs / AlGaAs
junction in 1969 [6] [7], CW laser operation at temperatures approaching room temperature was not
sustainable in exclusively direct bandgap materials. The heterojunction may be viewed as invaluable
and influential in quantum physics and semiconductor technology. In addition to the heterostructures
ability to modify electron transport, the refractive index dependence upon the effective band-gap [3]
also leads to properties of optical confinement.

A majority of the research efforts in discrete electronics components has been directed
towards semiconductor lasers, due to their importance as the radiation source for any optically-based

network, Figure 1.1(a & b)

source

guided reproduction
of squrce
converter /( AN converter
f transmiss on\ | ]
. media
\ / N
transducer transmitter\ “ receiver transducer
free space
Figure 1.1(a) :- general communication system
.. optical optical L.
s | optet Tl (e [ opical | S
. analogue
source
data receiver data
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To capitalise upon improvements in quality and performance of such sources, other system
components €.g. photodetectors / light transducers and control elements have had to be developed to a
similar standard. These elements are assessed through signal / noise ratio and maximum bandwidth of
operation. Significant advances in both of these parameters have been achieved in recent times.

Optical systems are fundamentally characterised by the application of optical radiation for the
transmission of information, as opposed to electron transfer as in electrical signals. The advantages of
OEICs {Optoelectronic Integrated Circuits} [8] are those afforded by optical fibres :- i.e. electromag-
netic compatability, compaction, enhanced signal / noise ratios, low losses etc.

Information content can be placed on a beam of radiation through the adjustment of its
amplitude, wavelength or phase, with the general process being denoted as modulation. This can be

achieved by exploiting the sensitivity of material parameters to electric / magnetic fields. Control of the
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radiation beam parameters through the application of external logic signals (electrical / optical)

becomes possible.
Band Diagram at 300 K Band Diagram at 300 K
conduction conduction
band band

0.54 eV

InP 1352 eV GaAs || 1425ev

valence band valence band

L r X L I X
Figure 1.2 :- Band structures of GaAs and InP

To this effect, ferroelectric materials such as lithium niobate (LiNbO3) have been extensively
used in novel interactive devices in the past decade [8]. They have a considerable advantage over their
III-V equivalents, in that they possess much larger electro-optic coefficients. In essence, the maximum
attainable perturbation of the optical characteristics in LiNbO3 is greater than that available in GaAs
(e.g. 133 = 30.0 x 1012 mV-1 in LiNbO3, @ 633 nm, and 1, = 1.2 x 10-12 mV-1 in GaAs @ 900 nm).
However, it is not possible to produce source, detector and control components on one substrate using
lithium niobate - it is optically active and electrically passive. This is in contrast to GaAs, which has
increasingly excelled as a multipurpose material for monolithic integration. Its popularity was based on
a combination of appropriate physical, electrical and optical characteristics.

Monovalent semiconductor elements (silicon and germanium) differ from bi-valent III-V
materials in the nature of electron transport. GaAs and InP possess complex band structures with
higher and lower valleys in different crystallographic orientations (Figure 1.2). Secondary transport
phenomena (e.g. Transferred Electron Effect) are possible in GaAs as result of an inter-valley mobility

disparity. Silicon and germanium lattices provide isotropic electron transport environments. Internal
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nature of the modulation depths claimed, and the time elapsed between them. For realisation and
justification of a practically viable device, the modulation depths would need to be dramatically
improved.

Work performed in the sixties concentrated on the analysis of the propagation of radiation in
optical waveguides and the blossoming area of optical fibres [4], using techniques reserved for
microwave waveguides. The papers of Cohen et al [11] and Ohta et al [12] were examples of attempts
to produce microwave control circuitry for high-speed optical elements.

Similarly, Lau et al [13] [14] [15], in published work, and D. Moreland in a Ph.D thesis,
{University of Glasgow, 1989}, reported observations of modulation by a domain type disturbance in
an n-type GaAs diode at 24 GHz. Modulation depths in excess of 20 % in a device with an integrated
rib-waveguide and surface Schottky bonding pad were cited. The vertical diode structure of Moreland
is illustrated in Figure 1.3.

In view of this previous work, intended research included fabrication and testing of a
Transferred Electron modulator in a rib-waveguide integrated form with an additional feature of an
experimental Hot Electron Injector (HEI) [16] [17]. This HEI was a linearly-graded AlGaAs layer
inserted between the real cathode and virtual cathode of the diode device. For planar geometry devices,
the cathode contact had implications in addition to those of an "ohmic" contact.

In 1968, Kroemer [18] [19] [20] introduced the concept of the control characteristic to assess
the injection environment for carriers at the cathode of Transferred Electron Devices [TEDs]. Kroemer
demonstrated that the nature of the control characteristic, and its position relative to the current-
density-field characteristic of the neutral interior crystal, could be used to explain many forms of
anomalous behaviour in n-type GaAs samples. The appearance of oscillations at fields in excess of that
predicted, non-oscillation and persistent stationary states and voltage-dependent oscillation frequencies
at low efficiencies, were all common anomalies familiar to those experimentally active in the field of
TEDs. Kroemer was able to reconcile these empirical observations with existing theory by examining
the role of the region of perturbed crystal at the metal-semiconductor interface, i.e. the control region.

More recently, Bonilla and Higuera [21] [22] in 1992 examined in detail the behaviour of n-
GaAs elements and the influence of the cathode boundary conditions through Non-Linear Dynamic

systems [NLD] simulations. Their primary conclusions incorporated the following :- (1) lower



resistivity cathode contacts (injecting plane) lead to stationary states and / or monopoles while (2)
higher resistivity contacts initiated dipole type disturbances. Fully-matured dipoles resulted with active
regions of sufficient length. Some critical resistivity value was demonstrated to signify the transition
between monopolar and bipolar space-charge waves, and hence lead to hybrid behaviour. In response
to the potential for device-control, and the persistent low yields of TEDs in commercial production, the
influence of the cathode metallisation was to be investigated such that natural yields could be
improved.

Devices operating up to 50 GHz were proposed in the research schedule. This 50 GHz was
inconsistent with the existence of "domains". As stated by previous groups [23] [24] [25], fully-
matured domains were thought not to exist in GaAs devices above 10 GHz operation. The rate of
disturbance maturation was shown to be material dependent. This had serious implications conceming
the potential operation and prospects for measurable modulation in devices significantly above 10
GHz.

In view of previous research and its practical limitations, the schedule of research included :-
(A) Development of new forms of the device, incorporating an integrated waveguide. The nucleation
of a self-organised spatio-temporal structure within the active region must not be disrupted by the
inclusion of a waveguiding element.

For the device to be viable it must possess :-

(i) The ability to support a fully-matured high-field electric disturbance, which is reliably nucleated ;
(ii) High optical confinement i.e. low-loss single-moded waveguiding ;

(iii) A stable natural (Transit mode) operating frequency which is pre-determinable at the design stage ;
(B) Verification of the possibility of oscillation and modulation in any of the resultant devices ;

(C) Theoretical developments required to analyse or propose new device profiles, and to assess the
implications of the cathode boundary in the context of the Kroemer hypothesis.

Hence the research conducted was separated into two identifiable sections, namely (i) the
pursuit of modulation in TEDs and (ii) the determination of the influence of the cathode boundary

conditions through annealed contact metallisation.



Chapter 2
The Transferred Electron Effect

2.1 The Intervalley Transfer Mechanism

In 1961, Ridley and Watkins [26] first recognised the potential of GaAs, and other materials
with similar conduction band structures, for the formation of dynamic negative differential resistance
elements. They proposed a mechanism based on the coherent transfer of electrons between valleys in
the conduction band of these materials. Hilsum [27], in 1962, made similar proposals independently of
Ridley and Watkins, who were the proponents of self-organised spatio-temporal pattern formation in
these elements.

It was not until two years after these hypotheses were presented that J.B. Gunn [28] [29] [30]
(1963), while exploring the short high-power pulse response of n type gallium arsenide and indium
phosphide samples, first observed coherent microwave output from n-GaAs. Through the application
of a DC electric field in excess of an apparent threshold value (approximately 3.2 kVcm), to a
randomly oriented specimen, current oscillations were observed. At the time of these experimental
observations, Gunn was not aware of the mechanism of their origin. However, in 1964 [18] Herbert
Kroemer offered a reconciliation of the hypotheses of Ridley & Watkins and Hilsum, and the
experimentation of Gunn, to confirm that periodic high-field domains resulted from the transferred
electron principle. This mechanism demonstrated how a fundamentally homogeneous background
crystal could sustain a heterogeneous entity (domain). It was observed to nucleate at the cathode, grow
and mature, stabilise, and propagate towards the anode, where it collapsed and was absorbed into the
anode. This process was then repeated periodically, with the appearance and disappearance of the high-
field entity accompanied by a decrease and increase of the device current respectively. The domain
propagated at a standardised velocity of 107 cm s in GaAs.

In addition to GaAs, other bi-valent compound semiconductors were seen to support the
transferred electron effect. Indium phosphide (InP) (III-V), zinc selenide (ZnSe) (II-VI) and cadmium
telluride (CdTe) (II-VI) have all been used to create oscillators, due to their appropriate band

structures.



Evidence to support the inter-valley transfer hypothesis was provided by the pressure
experiments of Hutson et al [31], and the solid solution temary compound experiments of Allen et al
[32]. They confirmed the validity of the transfer mechanism by analysing the dependency of the
threshold field for the onset of oscillation. The effective intervalley energy separation, AE, was
modified by pressure and phosphorus fraction respectively.

Hutson et al [31] discovered that AE had a sensitivity of the order of 9.0 X 103 eVkbar! with
the application of hydrostatic pressure. The threshold field decreased with increasing pressure as the
inter-valley separation between the central I' - valley and the satellite L. valley minima decreased. At 26
kbar no oscillations were observed in the sample. Allen et al achieved modifications of the valley
separation, and hence the threshold field, by growing GaAs,P,_, samples with different x values (i.e.

1.0 - 0.52). AE was observed to vary from 0.31 eV to zero.

‘velocity /cms -1

2X 107

1x107

B
3.2 6.9 Electric Field / kVem -1
Figure 2.1 :- Velocity-field variations for InP and GaAs
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Figure 2.2 :- Simple schematic of intervalley transfer mechanism
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2,2 The Development of Inhomogeneities - Linear Analysis
2.2.1 Nucleation of Disturbances

Consider a sample of some semiconductor material in which the intervalley transfer
mechanism previously described is in effect [33] [34] [35] [36] [37]. At low field values the element is
essentially ohmic (or pseudo-ohmic). As the electric field is increased, the upper valleys begin to
populate (Figure 2.4), and a region of net dynamic negative differential mobility emerges. At higher
fields, virtually all of the carriers reside in the upper valleys, and the dynamic differential phenomena
vanishes. Electrons continuously back-scatter to the lower valley, leading to a state of dynamic
equilibrium. If the field is increased into the NDM range, the field could remain at this value
indefinitely, if no perturbation was present. However, suppose that a notional spatial perturbation was
introduced to the field distribution through noise or other transient processes. Carriers in this disturbed
locality could then transfer to a higher valley if the field disturbance surpassed the necessary threshold
value. At this spatial point, an exponentially growing disturbance is nucleated. As increasing numbers
of carriers begin to transfer, the instantaneous reduction in velocity causes initial accumulation at the
cathode side of the nucleation point, and depletion on the anode side. The charge density distribution in
this locality causes an increase in the field, further promotion of electrons, and reinforces the status of
the disturbance. Once nucleated [34] [38], this disturbance grows and propagates towards the anode at
a saturated velocity. As the disturbance progresses spatially, its voltage content increases also, causing
the electric field exterior to the disturbance to fall to accomodate the constant voltage stipulation.
Where the disturbance matures, it may be termed a high-field domain in samples with propagation
zones greater than 10 pm. It is also possible to nucleate a low-field domain, by instantaneously
jumping to a high field value, and gradually reducing it such that the region of dynamic negative
differential mobility was approached from above the threshold. With voltages increased naturally from
lower to higher values, high-field disturbances predominate.

Negative differential mobility (NDM) elements such as Transferred Electron Devices [39]
[40] operate (1) by controlled large signal instabilities and (2) as negative conductance elements cha-
racterised by small signal instability. A perturbation at a displacement x, will be communicated down-
stream from the cathode and contribute to the change in field at the point x, (>x,). The field change at

X, hence receives two separate contributions ; a non-local contribution from x, and a local contribution
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equivalent multi-valley conduction band (Figure 2.2), with a mobility disparity between the lower and
upper valleys. The upper effective mass (mp* = 1.2 me) must be greater than that in the lower valley
(m1* = 0.068 me), leading to a mobility disparity. Mobilities in the lower and upper valleys in GaAs
are 8500 cm?V-!s! and 200 cm?V-!s™! respectively.

(b) An oscillatory or resonant circuit / cavity in which it operates, or in a basic resistive circuit with no
appended resonances.

(c) The necessary cathode and anode boundary conditions for charge injection and collection

respectively within the device so-defined.
2.3 Transit ("Gunn')m

Transit mode is the most orthodox mode, and is achieved by simply applying a DC bias in
excess of the threshold voltage value. A fully-matured dipole disturbance exists with this mode in
samples of sufficient active region length [33] [34] [35] [36] [37]. The disturbance propagates from the
virtual cathode to the virtual anode, and traverses the whole of the potential propagation zone. Since
the biassing is DC, no circuit resonances are applicable and the environment is purely resistive. The
disturbance when it arrives at the anode, initiates a current pulse and subsequent rearrangement of the
internal field distribution. Transit mode operation leads to a non-tunable fixed fundamental frequency
in uniform orthodox devices. For a disturbance propagation velocity of 107 cm s! in GaAs, then the

fundamental frequency is approximated by :-

L mfon, = 100

The ngL > 1012 ¢m-2 (nL product) criteria must be met for all [33] of these modes to exist in
the designed element. A disimilarity may be drawn between constant voltage and constant current
operation. At an arbitrary displacement, x, in the propagation zone, the electric field will be perturbed
on two occasions in the constant voltage case; once when the disturbance is nucleated, and once when
the dipole passes by the point x in the active region. In contrast, the field is only perturbed on one
isolated occasion per time of flight in the constant current alternative, i.e when the disturbance passes
through x.

This dissimilarity had implications for the aptitude of modes in coherent modulators.

Modulation results from localised modification of the optical characteristics of the material. In the

11



constant current situation, only one modification of these optical characteristics occurs per disturbance
transit, which is a desirable feature for a modulator. In addition, multiple disturbances may be
supported in this device. This has proven difficult to harness due to the uncontrollable and

unpredictable nucleation of spurious patterns in low quality crystals.

2.4 Th h Boundar ndition

The Transferred Electron Oscillator {TEO} supports coherent oscillations in only a basic
dc environment. Unlike other devices IMPATTSs, BARITTs or RTDs), it has a physical manifestation
of its oscillations, i.e. a propagating domain. A TEO exhibits four fundamental types of signal
behaviour, occurring in discrete electric field ranges [39] [40] [41] [42] [43]. In order of increasing
bias, they are {a} Unequivocal stability ; {b} Microwave amplification ; {c} Large-signal oscillations

; {d} Conventional Transit mode Gunn oscillations,

Control region

Main NDR region

|
| »

L
Figure 2.7 :- Control region and Main section principle
Carrier
Concentration

Displacement, x

Figure 2.8 :- Spatial variation of carrier concentration

In the original mathematical analysis of the macroscopic space-charge dynamics of domain

propagation [18] [33] [34] (circa early 1960s) perfect cathode conditions were assumed.

12



Subsequently, it emerged that this simplified representation of the dynamics did not predict all of the

experimentally observed device behaviour.
2,411 fect Cathode B i Conditi

In 1963 Gunn made the original experimental observations of what is now termed the “Gunn”
effect. However, even at this rudimentary stage, these observations of current-time and voltage-
displacement properties of a super-threshold GaAs sample suggested the formation of a static
depletion layer. This was contrary to the domain formation hypotheses proposed by Hilsum and
Ridley & Watkins in 1961 and 1962 [26] [27] respectively. It was not until H. Kroemer’s publication
in 1968 that an explanation for this phenomena was offered. A reconciliation of theory and experiment

was provided in terms of a control characteristic.
Current Density, J

) Crystal Interior
Characteristic

........

Control jc = n'ce V(F)
.~ Characteristic

|
: N J — NCV(F)
: Main Section

|
|
1 .

F, Electric Field, F

Figure 2.9 :- Control characteristic concept

Consider initially the GaAs region, physically confined between the cathode and anode of a
simple oscillator, to be constituted of a main region and a control region.{Figure 2.7} The main
region supports a familiar velocity-field characteristic, with saturation at higher fields corresponding to
the onset of electron transfer {Figure 2.9}. The control region has a control characteristic which is
unique to the cathode-semiconductor interface.

This characteristic may be arbitrary, but will commonly resemble that shown in Figure 2.9
due to the presence of an annealed "ohmic" contact. The width of region over which this profile applies

may be narrow, but sufficient to limit the operation of the device.
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jo(F) —erl, v, (F)

en v(F)=en' Vi (F) =n -N=- v® ... 2.3)

where n¢ and n¢' are the electron densities in the sections immediately adjacent to the control plane.
Equation (2.3) demonstrated that electrical neutrality could only be achieved on both of sides of the
control plane if the field at the control plane was Fx. Hence, if the field F¢ at the control plane was less
than Fx then this could only be satisfied by either accumulation in the control section or depletion in
the main section. A combination of both may result. These space-charge layers are regarded as the
primary nucleation layers. By similar reasoning, if the field at the control plane is in excess of Fy,
then an initial accumulation layer would form inside the upstream main section.

The extent of the depletion/accumulation, in the immediate vicinity of the control plane on the
main-section side, was functionally dependent upon the difference between the neutral characteristic

and the quantity :-
Jo(F=eneViF) . 24

In accordance with equation (2.3) it could be stated that :-

jn(Fr) _jc(Fc)
n -N=-2-°% - ¢
ev(F) ceee(25)

where jc(F¢) was regarded as the control characteristic. In general terms, the control characteristic
can reside anywhere relative to the two neutral characteristics, but its most probable displacement
would be between them as shown. The exact profile is determined by crystalline conditions before and
after annealing processes, and hence may be highly sensitive to sample quality. In certain circum-
stances space-charge formation in the control section is limited or negligible, in which case the control
characteristic coincides with the neutral equivalent. The crossover field would remain unperturbed.

A consequence of this depletion is a field enhancement at the control plane. This field
increase may be insufficient to surpass the crossover field and hence fail to initiate a secondary
accumulation layer. It is most probable that this will result in a static depletion layer and cathode fall
similar to that originally observed by Gunn.

Kroemer demonstrated [19] [20] that crystal behaviour was governed by the magnitude of the
NL product, with the following inequalities, where ox was the control region conductivity at Fx, ¢

the conductivity of the control characteristic, and o. the negative conductance of the main section :-
2 EF X o X o [ .
NL <<—FU:—_:—G-_—:GX=T {Saml'atlon }____(2.6)
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NL>>2£Fx S =G, = e 2EF"<<
€ 0, -0- *"L©,-0-)eNL L @7

For lower NL products, the conductance mimics the shape of the control characteristic. For
much larger NL product values, the conductance is demonstrated to saturate, and confirmed that NL >
1012 ¢m-2 for "Gunn" oscillations to be supported. The position of, and gradient at, the intersection
exclusively determines device activity, irrespective of the physical phenomena by which a control
characteristic originates. For natural functional control characteristics, there are three general properties
attributable to it :- (1) the presence or absence of a portion of negative conductivity in the control
characteristic itself, This is incidental in determining the possibility of static negative conductance ; (2)
the intersection point (crossover field) between the control characteristic and the neutral crystal interior
characteristic, if one exists. The further the crossover field is away from the inter-valley transfer
threshold, the greater the departure of device behaviour from orthodox "Gunn" oscillations ; (3) the
gradient of the control characteristic at the intersection point, which is incidental in determining the
internal status of the crystal.

Two "physically distinct” parameter contributions were [45] identified for field (F), carrier
concentration (n) and crystal impedance (Z) i.e. (i) a space-charge plasma wave element and (ii) a
time-independent uniform element. The space charge contribution was seen to be proportional to :-

.[C%c o_| . d j
%m8 = TZ‘TJ”@‘(‘“H]

F=F_ ___.
Expression (2.8) indicated that in the imposed limit, F; — Fy, it is proportional to the difference in
gradients at the crossover field (intersection point). This expression vanishes in the condition that the
control characteristic is a scaled version of the main neutral interior characteristic, i.e. :-
B =1i.®)____ 40

In the case of near parallel control characteristics, no crossover point occured, where the neutral
interior characteristic had a flat-valley portion. Two limiting cases could then be isolated i.e. :-

(1) the parallel control characteristic case, quantified by expression (2.9), and the absence of space

charge waves ; (2) the steep control characteristic case, quantified by the following criteria :-

0, >>lo-| ad o > e ___41g

and the dominance of space-charge waves.

16



Chapter 3
Theory of Modulation in Transferred Electron Devices

In previous publications [13] [14] [15], observations of modulation have been attributed to the
passage of a disturbance in an n-GaAs sample. The elevated electric field and carrier accumulation
associated with the disturbance were cited as the sources of these modulation events. The following
combination of mechanisms were suggested (Figure 3.1) :-

[A] Franz-Keldysh Electroabsorption ;

[B] Pockels effect (Linear electro-optic effect) ;

[C] Free carrier absorption ;

[D] Depression of the refractive index due to a high-density charged plasma.

Mechanisms [A] and [B] lead naturally to amplitude modulation (AM), while [C] and [D]
modify the refractive index leading to frequency / phase modulation (FM / PM). Phase modulation may
be converted to amplitude modulation with cross polarizers in a fixed experimental arrangement

(Figure 3.2). A brief discussion of the principles governing each mechanism follows.

ranz-Keldysh Electr rption

GaAs exhibits the electro-absorption effect, which leads to coherent electro-optic behaviour.
The absorption characteristic (absorption coefficient versus e.g. incident photon wavelength) shown in
Figure 3.3 defines a natural statistical limit for absorption, or an absorption edge. This limit is
functionally related to the effective band-gap separation at any point in space, or value of electric field.
The presence of intense electric fields modifies the band-gap, and hence perturbs the level of
absorption by shifting the absorption edge. At a particular wavelength of incident optical radiation, the
level of absorption increases with increasing electric field. Hence, a propagating dipole significantly
perturbs the absorption characteristics in the locality of the disturbance only. For photons with energy
close to that of the band-gap, the absorption coefficient, o, depends significantly on the difference
between the photon energy and the band-gap, E,. This sensitivity results from the high gradient of the
absorption curve at the band-edge. This is characteristic of direct band-gap materials such as gallium

arsenide and indium phosphide.
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differential equation governing the motion of an electron residing in the conduction band could be
derived with mass x acceleration and damping factor contributions to the general force vector function.

Hence, for an arbitrary displacement x, and damping factor g, it could be stated that :-
2

m‘d ’; + m'g% =-¢E (,ejmt
dt ---(3.2)
The general solution to this ordinary differential equation could be given as follows :-
b
E [ m* jot
X=———¢
o - jog ---(33)
The general expression for the dielectric constant in an arbitrary material was such that :-
P
P Po 1
k=-S5 =1+ =1+ +
T, EOE EOE €0E___(3‘4)

where P = polarisation in the media = P + P, in which Py, is the polarisation in the absence of free
carriers. P, is the modification to the overall polarisation due to electron shift when subjected to an

arbitrary electric field and where N is the carrier concentration. Expressions (3.3) and (3.4) could be

combined and simplified to yield :-
[ ; ]
p e m*
Pl=—M£‘ = k=n02+ ! =n02——2—°—.—
& € oE o - jog __._ (35)

The real and imaginary parts of the dielectric constant could be separated as in the following :-

Ne? Ne 2

(02+g2 ’ i~ (02+g2 ---(3,6)

kl‘=n0

The steady state distribution implies that d2x / dt2 = 0, thus the differential equation becomes :-

o & _e E e
mgd( —eE = g—m.liJ_ m-ue
a ---(3.7

Substituting standard values for the constants i.e. € = 1.6021892 x 10719 C, e = 8000 cm?V-
15”1 and m * in GaAs =~ 0.0632 me, generated a value of g = 3.45 x 1012 57! for the damping constant.
For material operation at optical frequencies of the order of @ = 1015 51, the real and imaginary parts
of the dielectric constant could be approximated as :-
gNe ”

k,=n-—€ _ ; k= =
° g, m'e’ i g m® @

Ne?
. 2
(m%) el ___(38)

In addition, the free carrier absorption coefficient, o, by definition is related to the imaginary

[8] part of the dielectric constant k;, such that :-
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Ak,
Cpe="m ...39)

where A = magnitude of the wavevector = ® / ¢ ; n = refractive index, c = f A ; A = free space

wavelength ; ® = 2xf ; f = frequency of photonic oscillation where E = hf. Hence :-

2
_A__Ne? Ne? Ne’d,
Cpc=m

2 - 2 2
(m)ep, (mdeaonc 4nim)epc’ (3.10)
Equation (3.8) could be rewritten :-
NeZ

k,=n - Mn? where An’=2nAn=-———
me,® ___@3.11)

The change in refractive index due to a charge carrier plasma in which An? = 2ngAn, is given
by analogy [8] :- \
Ne 2 Ne 2 A o
2n m'e @  8w’nme,cl 3.12)

An=-—

The negative sign indicates that the presence of free carriers depresses the refractive index,
assisted by intraband absorption. Hence, limited confinement is offered by charge plasma and doping
disparities. Expression in (3.12) could be employed to calculate the relative index depressions due to
doping disparities. The An refractive index modification was relative to the index value in the bulk
with no deliberate Si dopants. Each donor atom liberates an electron that acts as a free carrier, and
participates in intraband absorption and index depression. Since doping appears in both the active
region and the substrate of a wafer structure, index depression occurs on both sides of their mutual
interface. The greater doping in substrates leads to a relatively greater index depression in this region,
hence generating limited total internal reflection and optical field confinement. An expression for the
refractive index disparity incurred at the active region (n°) - substrate (n*+) interface in devices of

interest could be given from the following :-

2 2
2 2
. N_ e*A, . L N_.eA,
active region 81':2!] omte © 2 substrate 87tzll . III'GOC2 .(13)
2
N —-N_EZA
= An=4n substrate Anactive region =" [ sub2 ac:} 2 -
8n n m-e..c ---(3.149)

The doping requirements of transferred electron devices suggests that Ny « Ngyp, implying

that an approximate expression for the net refractive index depression could be stated as :-
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2
2
Ns“be A, 2% _s

Anzmsubstratez_snznumseoc2 where Nsub=10 m

---(3.15)

The doping level of the substrate was standardised at 1018 cm'3, while other parameters such
as g, (n,) m* and . could be considered as constants in GaAs samples. For operation at A, = 1.15 pm,
m* = 0.0632 me, where me = 9.109534 x 10-31 kg, the overall expression could be reduced to that
dependent upon either A, Ng, - N, or both such that :-

An[A1=2.06 x10° g 02 for A, in pm___(3 16

3.3 The Linear Electro-optic Effect

The Linear Electro-optic Effect, or Pockels effect, can only be observed in crystals without a
centre of symmetry. To characterise or quantify this effect, the optical refractive index ellipsoid

equality is introduced as follows :-

x y z ---(3.17)
where nx, ny and n; are the indices in the three principle directions. These correspond to the
crystallographic axes of zinc blende crystal types, such as GaAs, InP etc. The unity condition is met

with zero electric field applied. In GaAs, nx = ny = nz = n,, hence leading to :-

x2+y?+2?
—z !
Gl ---(3.18)
The application of an electric field, with components in any of the principle axes, E(nx,,ny

,n), induces modifications to 1/nx2, llny2 and 1/n;2. Extra terms could be introduced as follows :-
a2 () e () ol e )= ()
— +| = +|—=|z°+2|—=|yz +2| =[xz +2|— | xy =1
(nz] (an y n? n’ y n? n’ y
1 2 3 4 5 6
In the absence of an electric field (E = 0) :-

()2 )2 ()2 ) -

x 2 y 3 z 4 5 6 ---(3.20)
Modifications to these coefficients (1/n2)i, fori=1,2, ......, 6 due to E is given by :-

---(3.19)

3
A(-1—2)=ZrijEj where x=1, y=2, z=3
ny st ---(321)

Expression (3.21) is a compressed version of the Electro-optic tensor, giving a 6 X 3 matrix of

r;; matrix elements, which can be derived from symmetry considerations [46]. For GaAs, and other zinc
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sulphide lattice materials, this matrix can be reduced to three non-equivalent non-zero terms. Hence 143

=I5 =1y).
-A—-L] 5
..ll2
1
AL
) T T T3 (0 0 0 ]
A_l_2 Ty Tn Tyl [E 0 0O E
1 Tl | Ta Ta Ty l 000 '
—-] Bh = ° E2 = r 00 [ E2
112i A= Ta T Tal |g 4 E
:n:4 T Tso Ts3 3 0 1,0 3
AL [Te1 Te2 Tl 0 0 r
L n GaAs
5
4]
L " el ---(322)
Recalling equation (3.19), and employing :-
)44 3 -2
n2 n? n? 0 2
1 2 3 ° ..-(323)
the index ellipsoid is deformed with an applied electric field leading to :-
x2+y?%+22
——+2r 4J:Exyz+nyz +szy:|=l
n, ---3.29)

A new co-ordinate system x', y', z' could then be introduced, in which the directions of the

new system may be determined through rotation of the original x, y, z system to coincide with those in

(3.24) -
2 y'2 ,2 X a Bon Y
X Z ’
a2ttt ,2=1 ad |y|=|2, B, 72)”
v, 0, 1 2l |a, B, 7,z .- (3.25)

= principle indices under electric field tension

where ny',ny', ng

oy, Bb T

direction cosines relating x, y,zto x', y', z'

Roots could be found to the discriminant [43] of the following, hence generating ny', ny', nz":-

1
— N rEx r,Ey
nO

E 1 E
Ttz 7N [,Ex[=0

nO

E E L _

r41 y r41 x 7~ M
o, ---(3.26)

Field directions normal to the <100>, <011> and <111> crystallographic planes in zinc

sulphide lattice crystals are employed in material characterisation. Modifications to the refractive
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Ngo = IIE" = sin Z[%r] = sin ﬂ%]“ oT W g L] where E,  =peak dipole field
----(3.27)
Experimental assessments of modulation depth could be made by employing the general
principle of cross and parallel polarisers as shown in Figure 3.2. Calculations could also be performed
with the assistance of Yariv's methods [8] for estimating the refractive index, ng, of an unperturbed
crystal. An expression for ng in terms of incident wavelength and aluminium fraction was defined as

follows (Figure 3.10) :-

no(x,x)=\/10.9-2.92x+%—2;
W -a)-p’ a2
o =0.30386 —0.105x for x >0.36; A in pm
0=0.52886 —0.735x for x <0.36; B=2.437x 10 "[1+ 1.413x] ___(39)

Combining expressions (3.27) and (3.28), the modulation depth due to the linear electro-optic

effect was calculated at an assortment of peak dipole fields, wavelengths and ribs lengths, with ry; =

1.2 x 1012 mV-1, x = 0 (i.e. GaAs). These variations were shown in Figures 3.6, 3.7, 3.8 and 3.9.

Pockel's effect Modulation Pockel's effect Modulation
‘ depth versus peak dipole field ‘ v ide len
T1130 n
0.4 0.4p EO Eg=75kVem']
0t [N=10'%m? 03
0.2 L=2mm 0.2 Eg=50kVem’!

0-1 L=1mm 0.1 Eg=20kVem™]
P —
30 40 50 60 70 1.5 2 2.5 3
Peak dipole field / kVem! Waveguide length / mm
Figure 3.6 Figure 3.7

The projected modulation depth for the Linear electro-optic effect was shown to increase
sharply with peak domain field in particular, with a similar sensitivity to waveguide length. The
decrease in depth with increasing wavelength of incident radiation was determined through the base
refractive index. Maximum modulation depths were demonstrated to be of the order of 40 % with the
parameter ranges used.

In a similar manner, the modulation depths due to Franz-Keldysh and free carrier absorption,

and high density charged plasma contributions were calculated, with the assistance of expressions
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(3.1), (3.10) and (3.12). The absorption coefficients generated by calculations were used to imply

modulation depths by noting that :-
n =ﬁ=l—e_m"L' n =1—e_m"°L' n =sin2|:—Ne—2l°—L-—-———}
EA I, L L 16ndn m'e c* | - (330)
Pockel' Modulati Pockel's effect Modulation
‘ ‘ depth versus wavelength
Ueo N=10%m>
L=3mm

L=2mm
L=1 mm
-
1.5 2 2.5 3 1.1 1.2 1.3 1.4 1.5
Waveguide length / mm Incident wavelength, A /pum
Figure 3.8 Figure 3.9

Variations of the estimated modulation depth due to free carrier plasma index depression were
given in Figures 3.11, 3.12 and 3.13. The depth was observed to decrease with increasing waveguide
length and increase with increasing rib height and incident wavelength, Maximum modulation depths

of the order of 4 % were suggested by the calculations.

3.5
3.45\

3.4 Xm0
3.35 X201 —
3.3 x=02—_

3.25 x=03—_
1.1 1.2 1.3 1.4 1.5 1.1 1.2 1.3 1.4 1.5
Incident wavelength, A /pm Incident wavelength, A /pm
Figure 3.10 Figure 3.11

Further to this, the influence of absorption processes were evaluated with similar parameter
values. Modulation depths resulting from free carrier absorption were given in Figures 3.14 and 3.15,
and were observed to increase with both wavelength and background doping. The general depth, no
more than 0.3 %, was three orders of magnitude below that afforded by Pockels effect (Linear electro-

optic effect) in the same circumstances.

25



Free carrier (index depression) rrier md X

modulation depth versus r ion) modulation h
| ™ waveguide length | rib heigh
0.025f Mpc 0.025 Mgc _—

0.02 0.02 L=1 mm
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rib height =4 um 0.015
rib height =3 pm

0.01 0.01
0.005 0.005 L=2mm™
=3mm—
— -
1.5 2 2.5 3 3.5 4 4.5 5
Waveguide length / mm Rib height / um
Figure 3.12 Figure 3.13

Fr mr

1.1 1.2 1.3 1.4 1.5 2 4 6 8 10
Incident wavelength, A /um Background doping X 10'%cm’
Figure 3.14 Figure 3.15
Franz-Keldysh el - rption
Modulation depth versus waveguide length
‘ (near band-gap 905 nm)
n Waveguide length / mm
EA 0.15 0.2 0.25 0.3 0.35 0.4
S

Eg=30kVem']
Eq=20kVem
Eg=10kVem']

0.75

Figure 3.16

Equivalent calculations for the modulation depth due to Franz-Keldysh electro-absorption

were limited to near band-gap wavelengths, (i.e. 905 nm) since the absorption coefficient in GaAs was
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negligible at wavelengths of 1.15 pm and above. With radiation approaching the 890 nm GaAs band-
edge, virtually complete (100 %) extinction was observed even with very short waveguide sections
(Figure 3.16). The functional variation of absorption coefficient in GaAs at 905 nm with applied
electric field was as given at the base of Figure 3.16.

Theoretical calculations of the projected modulation depths due to the four optoelectronic

phenomena cited by E. 1. Gordon [44] were performed for standard vertical rib waveguide devices.
Throughout these calculations, several idealised assumptions were made :-
(i) the whole volume of bulk crystal was at the peak dipole field, leading to overestimates of all the
modulation indices ; (ii) the level of optoelectronic interaction remained constant along the whole
length of the rib waveguide ; (iii) base refractive index values in bulk GaAs were generated by Yariv's
function [8].

The deepest modulation at longer wavelengths resulted from Pockel's effect (40 %max.),
while free carrier contributions were minimal in comparison (4 % phase retardation, 0.3 % absorption).
Accounting for the fact that the peak domain field is only achieved over a very restricted spatial region
in the interaction site, the modulation depths expected in real devices were significantly below those
predicted. The predicted total extinction ratio of >50 % was reduced by the limited average electric
field value within the whole critical region of interaction. In particular, the requirement of modern
optical fibre communication systems to operate at wavelengths as distant from the natural GaAs band-
edge as 1.3 um, meant that Franz-Keldysh electro-absorption could not be exploited efficiently. All of
the other phenomena were also seen to produce lower depths at longer wavelengths. The experimental
observations of Cohen et al [11], Ohta et al [12] and Moreland et al [13] all confirmed that practical
modulation indices were no more than 20 % in high speed TEDs. In addition, to achieve these depths,
very long waveguide sections were required (e.g. 3 mm). As is demonstrated in Chapters 4 and 7,

waveguide lengths are inhibited by the necessity to heatsink the device.
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Total Capacitance of Revised vertical
Structure, varying with lower contact width

for various values of dielectric thickness

Total

350 | Capacitance 200 nm
/ fF
300
250
200
150 500 nm
100 750 nm
1
> / Hm
-
5 10 15 20 25 30
Lower contact width / um
Figure 4.9

Total Capacitance of Revised vertical

Structure, varying with dielectric thickness
for various values of lower contact width

A Total
Capacitance
500 /¥
400
300
200
100
>
0.2 0.4 0.6 0.8 1 1.2 1.4
dielectric thickness / pm
Figure 4.10

The revised device generated dynamic capacitances from bonding pad digit and ohmic
contacts overlaps with the silica insulating layer. The same voltage was dropped across both metal-
dioxide-metal combinations, leading to a simple parallel configuration (Figure 4.8). The total device

capacitance (neglecting interdigital coupling effects at high frequency) could be stated as :-
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sio LW wg Es0 LWy €50 L

CWB:(j_; Clc=_d_=>ctotal= d {Wwe T W}

Si0 . $i0 N Si0 2 ---(49)

Figures 4.9 and 4.10 described the variation of the total capacitance with the width of the
lower contact and dielectric thickness respectively. An increase in the dielectric thickness had the

desired effect of reducing the total capacitance.

Natural resonant frequency variation with
capacitance (for values of inductance) of

series LC network for a vertical device
'\

frequency / GHz

40

30

0.5nH
1 nH
20 2nH
10
>
200 400 600 800 1000
Total capacitance / fF

Figure 4.11

The natural resonant frequency was evaluated through the assumption that 1 nH inductance
was present from external contributions, and plotted in Figure 4.11. For 40 GHz oscillatory operation,
the product of inductance and capacitance was such that LC < 1.583 x 10-2 HF which for 1 nH
inductance implies a maximum capacitance of 0.158 pF. Transferred electron oscillations required that
the active region n-type doping, and the active region effective length should be such that [19] [20]
noL > 1012 cm2 for genuine Transit mode operation. Certain groups [23] [24] have determined that
fully-matured and saturated disturbances do not form in samples with propagation zones of less than 10
pm. Attention was directed towards the physical dimensions of devices. Consider a waveguide of
length, L, and width, wy,. A simple expression for the current drawn at threshold could be given as :-

Tp=nehlouWuwEw_ ___as)
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e+Cle - 2¢e+ Cl+_--(4,10)

Virtually any impact-event generated species could exist directly, or as intermediates, in high
RF power plasma environments. However, when the electronegativity of chlorine, and silicon's affinity
for it are considered, it significantly reduces the populations and probabilities of existence of certain
species. The mono- and dichlorides of silicon (SiCl and SiCl,), in either neutral or ionised form, do
exist in limited populations. They are generally removed by further recombination with free chlorine
radicals to yield the volatile and stable SiCl,. Existing neutrals or ions could be involved in impact

events such that :-

SiCl, ® + & — 2e + SiCl, + Cl
SiCl,"+ e — 2e + SiCl* + Cl o

---4.11)

It is also possible for the residual species SiCl,* and SiCl* to act as reactive ions if incident
upon the the substrate surface (target wafer). The exact products of reaction at the surface of the GaAs /
AlGaAs sample cannot be determined definitely. It is known from optical emission spectroscopy
experimentation (OES) [56] [57] that SiCL* and CI* are the predominate etching species in the GaAs
/AlGaAs in SiCl, system. Once incident upon the surface, they encounter gallium, arsenic, and/or
aluminium atoms bound in a crystal lattice. The most probable intermediates are the mono and
trichlorides of gallium (GaCl, GaCl,) and arsenic (AsCl, AsCL,). The volatility of the intermediate by-
product allows them to depart from their lattice sites and be drawn into the plasma. It is almost certain
that the GaCl, AsCl and AsCl, intermediates, whilst in the plasma, combine with free chlorine radicals
or ions to yield stable and volatile GaCl, and AsCl, molecules in the plasma. They will mostly remain
as neutrals in the effluent and be removed when the plasma gases are refreshed. Further ionisations of
these etched reaction products will occur, however, leading to the appending of these molecules to the
walls of the fixtures in the chamber.

4,4 h r Contaminati

The preceeding discussion concentrated on the basic chemistry of reactions and impact events
of pure silicon tetrachloride plasmas. No attention was paid to the possibility of stray gases or
molecules being present in the chamber in addition to SiCl,. These could be regarded as contaminants

with respect to the main processes. The reality is, through breeching of seals and closures, practical
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forms of reactor suffer from leaks and venting inadequacies. It is therefore expected that once the
chamber has been lowered and sealed, and evacuated to very low pressures, traces of atmospheric
gases (e.g. nitrogen, oxygen, water vapour etc.) remain in addition to the intended etchant gas. In a
similar manner to that incurred by the SiCl,, impact ionisation and dissociation of these spurious gases
occurs in the plasma. These generate a variety of free radicals, ions and molecular derivatives. It is also
possible that traces of oxygen could be present due to its use as a clean-up or purging gas during the
venting procedures of the chamber.

Oxygen and hydrogen, as separate and highly reactive free radicals, could result from impact

dissociation (and additional ionisation) of contaminating water molecules :-

H20+e——>e+OH0+Ho

---4.12)

OHe+e —>e+0Oe+ He.

The electronegativity of oxygen, combined with the relative stability of many oxides and
oxygenated species, lead to the formation of molecular combinations with Ga, As, Si etc. The
probability and populations of some molecular derivatives are below the recognition thresholds of
optical emission spectroscopy detection experiments [56]. The main implication of oxygen radicals and
ions is the formation of very stable aluminium oxide (Al,O;). These occur at lattice sites in AlGaAs
layers where aluminium atoms are accumulated. The stability of Al,O, at the surface renders the site
inert to any further reactions. Hence, it remains as a resistant isolated region at the surface. Reactive

ion etching is prevented at these points on the AlGaAs layer surface.

2A1+ 30 ¢ — ALO

3..-@4.14)

443 R ive Ion etchin

Reactive ion etching exploits the bombardment of the substrate with positively charged ions
to etch through it via surface chemical reactivity. The instantaneous chemical by-products of the
reaction are then swept away into the plasma as volatile free molecules. The waste molecules are
extracted from the chamber, and the chamber gases replenished through the systems cyclic pumping
and venting system. Many forms of reactor have been used for ion bombardment processes [58] [59].

The most favoured version for reactive ion etching is the diode format (Figure 4.19). Reactive ion
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