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Abstract 
Dry etching is an important technique for pattern transfer in fabrication of 

most opto-electronic devices, since it can provide good control of both structure size 
and shape even on a sub-micron scale. Unfortunately, this process step may cause 
damage to the material which is detrimental to device performance. It is therefore an 
objective of this thesis to develop and investigate low damage etching processes for 
InP based devices.  

An ion beam system in combination with hydrocarbon (CH4) based 
chemistries is used for etching. At various ion energies and gas flows the etching is 
performed in two modes, reactive ion beam etching (RIBE) and chemical assisted ion 
beam etching (CAIBE). How these conditions affect both etch characteristics (e.g. 
etch rates and profiles, surface morphology and polymer formation) and etch induced 
damage (on optical and electrical properties) is evaluated and discussed. Attention is 
also paid to the effects of typical post etching treatments such as annealing on the 
optical and electrical properties. An important finding is the correlation between as-
etched surface morphology and recovery/degradation in photoluminescence upon 
annealing in PH3. Since this type of atmosphere is typical for crystal regrowth (an 
important process step in III/V processing) a positive result is imperative. A low ion 
energy N2/CH4/H2 CAIBE process is developed which not only satisfies this criteria 
but also exhibits good etch characteristics. This process is used successfully in the 
fabrication of laser gratings. In addition to this, the ability of the ion beam system to 
modify the surface morphology in a controllable manner is exploited. By exposing 
such modified surfaces to AsH3/PH3, a new way to vary size and density of InAs(P) 
islands formed on the InP surfaces by the As/P exchange reaction is presented. 

This thesis also proposes a new etch chemistry, namely trimethylamine 
((CH3)3N or TMA), which is a more efficient methyl source compared to CH4 because 
of the low energy required to break the H3C-N bond. Since methyl radicals are needed 
for the etching it is presumably a better etching chemistry. A similar investigation as 
for the CH4 chemistry is performed, and it is found that both in terms of etch 
characteristics and etch induced damage this new chemistry is superior. Extremely 
smooth morphologies, low etch induced damage and an almost complete recovery 
upon annealing can be obtained with this process. Significantly, this is also so at 
relatively high ion energies which allows higher etch rates. 
 
Descriptors: InP, dry etching, ion beam etching, RIBE, CAIBE, hydrocarbon 
chemistry, trimethylamine, As/P exchange reaction, morpholoy, low damage, AFM, 
SCM, annealing 
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1 Introduction 
 
It is difficult to imagine how our daily life would be without all the today’s 

electronic integrated circuits (IC), opto-electron devices and opto-electronic 
integrated circuits (OEIC). ICs are found not only in computers, but also in almost all 
other electronic equipment such as televisions, washing machines, phones etc. Opto-
electron devices include semiconductor lasers, light emitting diodes or photo 
detectors, and are denoted OEIC if they are integrated monolithically with electronic 
devices. Examples of applications are signal handling in fibre communication 
systems, CD-ROMs, laser printers, IR-detectors, gas-sensors, night vision goggles etc. 

In fabrication of many of these integrated circuits, techniques to isolate certain 
regions of the semiconductor sample in a controllable manner are essential. One way 
to do this is to remove the surrounding parts, and possibly also replace them with 
another material. The removal step can be accomplished by protecting desired regions 
of the sample and then expose the sample to an aggressive environment, which attacks 
and removes the unprotected regions. This last step is called etching and is a key 
technology in the pattern transfer process. Usually a predefined mask pattern is 
formed on top of the substrate surface, and subsequently the unpatterned regions are 
removed by etching. 

Two main etching techniques can be distinguished: wet etching and dry 
etching. In wet etching liquid chemicals are used, usually acids, and thereby the name 
“wet etching”. On the other hand, dry etching employs a gas plasma, and it is due to 
the lack of liquid chemicals it has earned its name. Here, both ions from the plasma 
and neutral gas species can react with the substrate. The etching can be (1) physical - 
energetic ions bombarding the sample and (2) chemical - both ions and gas species 
reacting spontaneously with the substrate material, forming volatile etch products. 
Both etching techniques have their pros and cons. Wet etching generates little damage 
to the material and both equipment and maintenance costs are much lower. On the 
other hand, dry etching provides good process control and compatibility with an all-
vacuum process, and the consumption of materials is also low. Further, the etching 
can be anisotropic i.e. directional etching. 

For many devices anisotropic etching is essential, especially for narrow 
structures which require a high etch depth. Unfortunately, wet etching is isotropic, 
(etching occurs in all directions) and crystallographic (etch rates depend on crystal 
direction), and therefore, adequate dimensional control is difficult to obtain. 
Exceptions are electrochemical and photo-enhanced wet etching which in special 
cases can be anisotropic,1 but they do not provide the overall applicability of dry 
etching. Another advantage of dry-etching is the low process temperature. This is 
because the plasma provides ions and free radicals, which would otherwise only occur 
at very high temperatures. In addition, ion bombardment can enhance desorption of 
otherwise non-volatile species. An excellent example is etching of GaN for which 
there is yet no existing conventional wet etching process. Due to the strong bond the 
material is chemically inert to standard acids and bases.1 Using reversed liquid phase 
epitaxy (LPE) with a Ga melt the semiconductor can be etched with reasonable etch 
rates, but at very high temperatures (>800 oC).2, 3 Photo-enhanced wet etching is 
possible but is restricted to n-type GaN.1, 4 Here, dry etching has emerged as the 
saviour, several processes being developed and established with great success.5-8  

The typical regime of interest of the plasma is the low pressure discharge. The 
pressure ranges from 10-4 - 10 Torr, electron densities from 109 to 1012 cm-3, and 
electron energies from 1 to 10 eV. A major drawback of dry etching, however, is the 



 2

etch induced damage, which can degrade device performance. Although, since the 
start of dry etching, significant improvements in reactor design and development of 
new etch chemistries have been carried out to achieve low damage processes. 

The first dry etching process was ashing of photo-resist masks, and it was 
introduced as early as 1968.9 For the semiconductor industry it was in 1972- 1973 that 
plasma etching was recognised. The emerging of NMOS technology required etching 
of silicon nitride and poly silicon, and dry-etching provided the process reliability and 
control needed for large scale production. Since then dry etching has been employed 
for etching many different semiconductor materials, metals and insulators. 

The main topic of this thesis is on dry etching of InP and related materials. InP 
is a III-V semiconductor i.e. it consists of indium and phosphorus, which are elements 
from group III and V in the periodic table, respectively. The advantageous optical and 
electrical properties of InP, high electron mobility and direct band gap, make it a good 
candidate for high frequency electronic applications, fiberoptic communication 
applications, and their integration. Using InP substrates, compounds such as GaInAs, 
GaInAsP etc can be grown. These materials are used for making light sources and 
detectors operating in the infrared region, and covers a wave length (λ) range of 920 - 
1670 nm.10 Especially the wavelengths 1300 nm and 1550 nm are important for 
fiberoptic communication. At  1300 nm the standard monomode fibre has zero optical 
dispersion, and at 1500 nm the loss is at minimum (0.2 dB/cm). Among the devices 
needed for fiberoptic communication are laser arrays, λ-tuneable lasers, high speed 
lasers, photo receivers, optical amplifiers, modulators, λ-(de)multiplexers, λ-
converters, optical waveguides and incoupling waveguide holograms. GaInAs/InP is 
also used for heterojunction bipolar transistors and high electron mobility transistors, 
and find use in high efficiency mobile cellular, wireless broadband millimetre wave 
point-to-point links, high speed fiberoptics, and satellite telecommunication. 
Monolithic fabrication on InP is indeed an enabling technology. Not only does it 
allow integration of optical and high speed electronic devices on the same chip, but 
also makes integration of sub-micrometer structures such as photonic bandgap 
structures, micro-cavity lasers etc possible. Such structures are still under 
development and could lead to new  applications. 11-13 

Clearly, this vast amount of applications warrant investigations of suitable dry 
etching processes. Unfortunately, as mentioned, dry etching can induce damage to the 
material, and therefore, depending on the application, efforts have to be devoted to 
minimise it, but preferably not at the expense of etch rates and profiles. There are 
several considerations regarding etch induced damage. In general, a strong physical 
etch component tends to be disastrous. Highly energetic ions can damage the crystal 
structure by transferring enough momentum to create vacancies or interstitial defects, 
and through channelling they can also penetrate deep into the substrate. On the other 
hand there may be a trade off between high ion energy and high etch rate. Despite the 
high ion energy, with a high etch rate the sample is exposed to the plasma only for a 
short time, and taking in to account that the damaged material is also removed during 
the etching, the net effect may be less harmful than for a lower ion energy process 
with a very low etch rate. Presence of hydrogen in the etch chemistry may result in 
incorporation of atomic hydrogen, which can passivate both dopants and non-
radiative defects.14, 15 In-situ optical radiation (above-bandgap) has been shown to 
enhance diffusion of defects caused during the etching.16 The defects created during 
the etching may reduce photoluminescence lifetimes and change carrier 
concentrations. 
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There are several methods for characterising etch-induced damage. 
Determination of depth and extent of the crystallographic damage usually involves 
methods such as Rutherford back scattering (RBS), Auger electron spectroscopy 
(AES), X-ray photoelectron spectroscopy (XPS), transmission electron spectroscopy 
(TEM) and secondary ion mass spectroscopy (SIMS). The impact of damage on the 
electrical and optical properties can be studied using the Schottky contact current-
voltage (I-V) measurements, electrochemical capacitance-voltage (C-V) profiling, and  
photoluminescence (PL) measurements. Structures such as quantum wires and near 
surface quantum wells may be specially designed to evaluate dry etch damage.17-20 
Furthermore, post-etching treatments such as contact annealing, epitaxial regrowth etc 
may either improve or degrade material quality. Residual etch damage may be 
removed by such processes, the surface being passivated and its stoichiometry 
restored. However, near-surface defects might migrate deeper into the sample during 
the post-etching step, which can be detrimental to device performance. In the end, it is 
the successful device that accredits the etch process for that particular application. 

From an etch damage point of view, binary semiconductors such as InP and 
GaAs and related compounds are in no way easier to etch with damage free result 
than elemental semiconductors such as Si. This is so due to the unequal etch rate of 
the different elements, and in particular InP is sensitive to this preferential etching. 
The result of this is a phosphorus-depleted surface.21-24 This defective surface 
stoichiometry causes several problems: (1) the dry etched P-deficit near surface 
region acts as a n-type doped layer, 25, 26 and this can result in leakage currents, (2) 
enrichment of In can act as etch masks (micro masking) resulting in a rough surface, 
(3) upon annealing migration of surface defects into the bulk can occur, which can 
affect layers in the bulk.23 To prevent P depletion a balance in etch rate between In an 
P is desired. This can be accomplished by using a chemically reactive gas in the 
plasma which enhances etching of In. One such gas is methane (CH4) 27 which, in 
contrast to the halogen etch chemistries also suitable for this purpose, has the 
advantages of being non-corrosive and non-toxic. Reactive ion etching (RIE) based on 
this chemistry is standard,21, 54, 84, 87, 94, 97 however, also other types of etch systems 
such as inductively coupled plasma (ICP) etching84 and reactive ion beam etching82 
(RIBE) have also been demonstrated.  

However, regarding RIBE reports are scarce,82 and there are no available 
reports on chemical assisted ion beam etching (CAIBE) with the hydrocarbon 
chemistry. It is therefore a target of this thesis to investigate and compare different 
modes of ion beam etching using CH4. Important issues such as etch characteristics 
(etch rate, surface morphologies and etch profiles and polymer formation) and the 
effect of etch induced damage (on optical and electrical properties) are investigated. 
Another important subject of this thesis, which is not addressed explicitly in the 
literature, is the effect of typical post-etching process steps such as regrowth by metal 
organic vapour phase epitaxy (MOVPE) on etch induced damage. Initially, this 
investigation was limited to PL measurements of etched samples after annealing in 
PH3, so as to assess etch processes useful for fabrication of laser gratings. A 
demonstration of a successfully fabricated complex coupled distributed feedback laser 
is also given and serves as a proof of feasibility of the etch process. Subsequently, the 
work is extended to cover both morphology and electrical properties of both as-etched 
and annealed samples. In addition, a new etching gas is proposed and investigated, 
namely trimethylamine (N(CH3)3). While this gas retains all the good properties of 
CH4, i.e. non-corrosiveness and low toxicity, it is presumably a better CH3 radical 
source, which is the radical needed for etching In. 





 5

2 Dry etching 
 

In the beginning of this chapter a brief introduction of the typical plasma 
environment in plasma processing and the mechanisms involved in dry etching is 
given. In the second section the most common etching systems used today are 
described. The last section treats the different chemistries used in dry etching of InP 
and related materials, and a summary of references to papers on various chemistry and 
system combinations is given.   
 
2.1 Plasma properties and dry etching mechanisms 
 

A plasma (or glow discharge) can be considered as a sea of neutrals, with a 
small fraction (∼10-4) of positive ions and negative electrons in charge equilibrium. 
The charges in the gas are accelerated by the applied electric field. In contrast to the 
ions and neutrals, the light electrons do not lose very much of their kinetic energy in 
the collisions with atoms and molecules, and can therefore achieve a high energy in 
the field. These highly energetic electrons can through collisions with neutrals ionise 
them by removing an electron: 
 
  e- + Ar  2 e- + Ar+ 
 
Hence, two electrons can now be accelerated by the field. This process is called 
impact ionisation, and it is the most important process in both creating the charges 
and sustaining the glow discharge. There are also many other processes in the plasma. 
One common reaction is where an electron collides with a neutral and excites one of 
its electrons to a higher state: 
 
  e- + Ar    e- + Ar* 
 
This excited state can then relax to the ground state by one or more transitions by 
emitting photons, thereby the name glow discharge: 
 
  Ar*    Ar + hυ 
 
Here, the ion-electron pairs are continuously created by ionisation, and destroyed by 
recombination. Since these reactions are pair-wise the total plasma space is charge 
neutral. 
 Although the electron and ion densities are equal (on average), the electron 
speed is much higher. Therefore, the current density of the electrons is much higher 
than that of the ions. Subsequently, an isolated surface (substrate) present in the 
plasma will get negatively charged by the higher current of incident electrons. This 
charging will eventually stop, and this occurs when the bias is negative enough to 
repel a sufficient number of electrons so that a balance between the ion and electron 
currents is obtained. Thus the plasma is at a positive potential (plasma potential) with 
respect to its substrate. The region (sheath) close to the isolated substrate is depleted 
of electrons and appears darker since the glow discharge process described above is 
less likely to occur. The ions are accelerated towards the substrate because of the 
potential difference, and incident on the substrate they can etch. An external electric 
field can also be applied to further increase the ion energy. 
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 There are two major etching mechanisms: physical and chemical etching. In 
physical etching, also called sputtering, incident ions impact on the target. This results 
in a series of collisions and atoms from the target may be ejected. There are two 
advantages of this etching mechanism: (1) any material can be etched, though the etch 
rate can be low and the selectivity with respect to the mask poor, and (2) the etching is 
directional (anisotropic) along the electric field (fig. 2.1 (a)). In chemical etching, 
species generated in the plasma react with the target and form volatile products, which 
are desorbed. This etching mechanism is similar to wet etching. Actually, some 
halogen gases can react spontaneously with InP and form volatile etch products which 
desorb.42 If the chemical etching is diffusion limited the etching is isotropic, i.e. 
etching occurs in all directions and at the same etch rate (fig. 2.1 (b)). Otherwise, the 
etch rate can differ in different crystal directions depending on the number of 
neighbours for an atom and the respective bond energies. In contrast to physical 
etching, chemical etching can be highly material selective. This can be used to create 
etch processes which stop to etch at a certain layer (etch-stop layer). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: (a) Anisotropic etching, and (b) isotropic etching. 
 
 

Often both mechanisms occur in the etch process, and often in synergy with 
each other. For instance, sputtering activates the target surface by creating dangling 
bonds and reducing its binding energy.28, 29 This can facilitate the reaction between 
chemically reactive species and the target, with higher etch rates as a consequence. 
Further, sputtering can enhance desorption of non-volatile compounds, which are 
products from the reaction between the reactive species and the target.47 In the latter 
case a non-volatile film is formed on the surface, which inhibits spontaneous etching. 
30, 31, 42, 44, 46, 47 Thus only surfaces exposed to incident ions are etched, and hence, the 
etching can be highly anisotropic with little etching of the sidewalls. 

 
The final result strongly depends on the etch parameters, e.g. chemical 

reactivity, ion energy and flux, mask durability etc. Some common situations are 
illustrated in fig. 2.2. Often the intention is to have a vertical sidewall, however, 
overcut or undercut etch profiles such as in fig. 2.2(a-b) may appear. The overcut 
profiles can be obtained by mask edge erosion as shown in fig. 2.2(c). Such profiles 
may in turn result in a phenomenon called trenching (fig. 2.2(d)) where ions hit the 
sidewall and scatter to the bottom surface. Undercut profiles are often symptomatic of 
a strong chemical etch component. The surface roughness (fig. 2.2(e)) may also affect 

Mask 
 

Substrate

(a) (b)
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the etch profile. Incident ions can scatter from the surface and bombard the sidewalls 
resulting in roughened walls. Even if the surface is smooth sputtered etch products 
can re-deposit on the sidewall. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Schematic cross sections of etched structures with the mask retained on 
top, illustrating different etch characteristics. (a) Overcut etch profile. (b) Undercut 
etch profile. (c) Mask erosion. (d) Trenching. (e) Surface roughness. 
 
 
2.2 Dry etching systems, reactors and plasma sources 
 

There are several reactor types and plasma sources available for dry etching, 
all with their respective advantages and disadvantages depending on application. Here 
the most common ones are briefly described. The ion beam system is given more 
attention since it has been used in the major part of this work. 

 
One common reactor is the barrel reactor (fig. 2.3), sometimes also called 

tunnel reactor if the sample is surrounded with an etch tunnel. Here the sample is 
placed on an isolating sample holder (e.g. quartz) situated inside the plasma, and 
therefore, the potential difference between target and plasma is low and consequently 
the ion energy is also low. Thus severe sputter damage can be avoided. The radicals 
are either formed between two concentric electrodes by capacitively coupled RF 
power and then diffuse through holes in the electrode towards the sample, or the 
plasma is supported by RF power from a surrounding coil (inductively). If an etching 
tunnel is used the ion flux can be further reduced. The operating pressure is very high 
(0.1-10 Torr), which reduces the ion energy since the ions lose much of their energy 
in collisions. This reactor type is usually used for resist stripping by applying an 
oxygen plasma (ashing). 
 
 
 

(a) 

(e) (d) 

(b) 

(c) 
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Figure 2.3: Barrel reactor. 
 
 
To completely eliminate ion bombardment and photon radiation in the barrel reactor a 
downstream reactor can be employed. The substrate is kept separate from the plasma, 
however free radicals created in the plasma can diffuse to the substrate and etch it. 
This avoids ion-induced damage and wafer charging. 

 
The most frequently used etching system is the parallel plate design (or planar 

diode) shown in fig. 2.4. This type of source is capacitively coupled with one 
electrode grounded and the other RF powered. If the wafer is placed on the RF 
powered electrode as in fig. 2.4 the etching process is called reactive ion etching 
(RIE). The bias of the system is self-induced i.e. it cannot be controlled 
independently, but depends on process parameters such as RF power, gas type and 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Reactive ion etching system. 

RF power

SamplePlasma

 ~
 ~

RF power

Plasma

Substrate

 ~
 ~
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pressure. An increase in RF power leads to a high charge density and thereby high self 
bias. So if the etch rate is to be increased by raising RF power the result will be more 
physical etching. Since high ion energies promote sputtering, phosphorous depletion 
of InP can occur, 32, 72 and further, the etching selectivity to the mask may be reduced.  
Moreover, the optical and electrical properties of the etched materials can be 
significantly affected. This is a major disadvantage since it imposes a limit on the RF 
power and thereby the etch rate. A typical etch rate for InP using Ar/CH4/H2 RIE is 
30-40 nm/min.21 Pressure also affects the bias, the bias is higher at lower pressures. 
Usually, the etching system is operated at low pressures (1-100 mTorr), and the bias is 
typically a few hundred volts. RIE uses kinetically assisted chemical etching and can 
produce high directionality. Using appropriate chemistries, RIE is used in various 
applications, including etching of semiconductors, SiO2, Si3N4, and resist. 

 
The limitation of the RIE system to independently control the bias has lead to 

the development of triode systems.33 Here, the sample is placed on an electrode which 
is powered separately from the plasma, thus allowing independent control of the bias. 
The plasma in turn can be produced by any means of excitation. One such reactor 
type, which nowadays constitutes the state of art equipment, is the inductively 
coupled plasma (ICP) etching system illustrated in fig. 2.5. Here, the plasma and the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: ICP Etching System. 
 
substrate electrode are powered with separate RF generators. The RF power is 
inductively coupled to the plasma, usually via a dielectric window from a flat coil 
situated outside of the reactor. Since the substrate bias is controlled separately the 
plasma power can be high (1000 W) and so also the charge density (1011-1012 cm-3).34, 

35 Thus, this system can combine high charge densities with low ion energies. Charge 
densities 10 times higher than in RIE are typical and the ion energy is usually lower 
than 100 eV. 

 

 ~
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Ion beams are also frequently used for etching semiconductor materials. 
Kaufmann initially introduced the ion beam technique, but for space propulsion 
purpose.36 In ion beam processes ions are accelerated from the ion beam source 
towards the target to either physically bombard it or chemically react with it. There 
are two types of ion beams used in etching: focused ion beam etching (FIBE) and ion 
beam etching (IBE). In FIBE high energetic ions (10-20 keV) are used to etch the 
sample, and no mask material is needed since the beam directly etches (writes) at the 
desired regions. A drawback of this technique is the low throughput. In contrast to 
FIBE, ion beam etching employs a broad area beam, to which the pre-patterned 
surface is exposed. Here, ion energies are much lower, usually below 1 KeV. The 
etching mechanism is either physical, or chemical, or a combination of both 
depending on the species used. Three different types of broad area beam etching 
processes are distinguished: ion beam etching (IBE or sometimes called ion milling or 
sputtering), reactive ion beam etching (RIBE) and chemical assisted ion beam etching 
(CAIBE). Fig. 2.6 illustrates the different etching modes. In IBE (fig. 2.6 (a)) only 
non-chemically reactive ions are used, e.g. Ar+. Since the etching mechanism is 
entirely physical, the etching is non-selective, however, etch rates tend to be poor 
compared to chemical etching. Further, the energetic ions may both cause 
stoichiometric damage to the material and introduce defects, which can lead to poor 
device performance. However, for some materials, which are difficult to etch by 
chemical means, IBE remains as the only alternative. A great advantage is that the 
etching is highly anisotropic, and does not etch under the mask as the isotropic 
chemical etching. In addition, the substrate can be positioned at various angles to the 
incident beam, and a wide variety of etch profiles can be obtained. Further, a shutter 
can be used allowing precise control of the process time, avoiding any exposure of the 
sample to the plasma during the ignition phase, which is a problem encountered in 
RIE systems. In addition to the etch induced damage, there are also problems with 
mask erosion, trenching and re-deposition of etch products on the sidewall. In the 
RIBE mode either only chemically reactive ions or a mixture of inert and reactive ions 
are used in the beam (fig. 2.6 (b)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: (a) Ion beam etching (IBE), (b) reactive ion beam etching (RIBE), and (c) 
chemically assisted ion beam etching (CAIBE) principles. 
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RIBE can be viewed as an intermediate to RIE and IBE. It is similar to RIE because it 
combines chemical etching with physical etching, and similar to IBE because of the 
ion beam characteristic. In chemical assisted ion beam etching (CAIBE) usually the 
ion beam is inert, while a chemically reactive gas is introduced near the target (fig. 2.6 
(c)). The etching is similar to RIBE but it is possible to separate the reactive gas flux 
from the ion current density and ion energy. 
 

In ion beam systems, the ions are accelerated from the plasma towards the 
target through one or more biased grids. There exist several grid designs, based either 
on one, two or even three grids, which can have different transparencies, grid 
thickness and spacings.37 In this thesis the etching was performed using a Nordiko 
3000 ion beam etching system, equipped with a two-grid ion gun. A principal drawing 
of the system, shown in fig. 2.7, illustrates the grid set-up and how the electric 
potential varies from source to target. The grid close to the plasma is positively biased 
(screen grid) and in electric contact with the plasma chamber walls. The negative grid 
(extraction or acceleration grid) is concentric with the positive and separated from the 
positive grid by only about 1 mm. The grid diameter is 15 cm. The ions pass through 
the positive grid (V+) and are accelerated towards the negative grid (V-). After passing 
through the negative grid they are decelerated towards the target. Since the target is 
grounded the net ion energy at the target is eV+, assuming singly charged incident 
ions. Here, the slight difference in potential between the plasma and the positive grid 
has been neglected. Due to space charge limitations there is an upper limit of the ion 
flux through the grids,37, 38 which depends on the grid biases as J ∼ (V+ - V-)3/2 under 
the assumption that the plasma charge density is high enough to support the flux.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: Principle of the ion beam system. The graph shows the electric potential 
of the ions along the route to the sample. 
 
There are several ways to sustain the plasma. Examples are inductively coupled RF 
power, electron-cyclotron resonance (ECR) microwave power and filament ignition. 
Here, the ion gun contains an ICP source (fig. 2.7). A RF generator is connected to a 
flat coil antenna (situated in atmosphere) via an impedance matching network. The 
applied RF power (up to 250 W) creates a magnetic field, which extends through the 
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Al2O3 dielectric window into the gun (vacuum side). The field induces a current of 
charged species in the gun, and through electron impact ionisation and other processes 
the plasma is obtained. 

A photograph of the system is shown in fig. 2.8. The sample is situated 18-20 
cm from the gun and the low operating pressure (2-5x10-4 Torr) assures a long enough 
mean free path to preserve a beam like character. The main chamber is pumped by a 
1600 l/s turbo molecular pump, which provides a low background pressure (5x10-8 
Torr). A filament-less neutraliser which emits electrons, allows charge neutralisation 
of the ion beam. This screens the positive ions and a collimated beam can be obtained. 
A loadlock system enables fast sample loading and prevents introduction of air into 
the chamber. The sample is kept close to room temperature by water cooling the 
stage. There is also a heat shield installed in front of the substrate holder with a small 
aperture (5 cm) in front of the substrate. This significantly reduces heating of the 
substrate holder by the ion beam. The substrate holder is surrounded by a perforated 
gas ring, through which the reactive gas is injected (CAIBE mode). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: The ion beam etching system. 
 
 
2.3 Chemistry for etching of InP/InGaAsP 
 

This part describes the different chemistries for InP etching. Since many of the 
InP based devices also contain InGaAsP, InGaAs etc, etching of GaAs is also 
commented upon, wherever relevant. 
 

The simplest form of dry etching is sputter etching, which involves ions from 
noble gases, and usually an Ar+ ion beam is employed. As mentioned earlier, for InP 
this results in a very rough morphology due to depletion of phosphorus.23, 24 In 
comparison, preferential etching is less pronounced for GaAs. By replacing Ar with 
N2, or using N2, O2 and Ar mixtures, the etched surface morphology of InP can be 
improved significantly.39-41 The exact mechanism behind this is not known, but it is 
speculated that nitridation/oxidation of In and/or P forms a partly nitrided /oxidised 
surface layer with nearly equal sputter rates of the constituents.39 However, for N2 
bombardment a recent work indicates that the dependence in sputtering yield on the 
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ion (predominant ions are N2
+) impact angle may contribute to the smoothness.40 Still, 

due to the possibility of a reactive nature in the etching mechanism for the N2 and O2 
based processes it may be more appropriate to denote them RIBE rather than just 
sputtering. 
 

To increase the etch rate of InP, while at the same time retaining a reasonably 
smooth morphology, enhanced removal of In is crucial. This can be achieved by 
adding a gas which reacts with In and forms more volatile etch products. Two main 
groups of chemistries suitable for this purpose can be distinguished: halogen based 
and hydrocarbon based. 
 
2.3.1 Halogen chemistry 

The halogen-based chemistry has the advantage of high chemical reactivity 
and InP can even be etched chemically at high enough temperatures.42, 43 The high 
chemical activity allows InP etch rates higher than 1 µm/min. The gas mixtures for 
etching InP are based on chlorine, bromine, and iodine. The low volatility of InFx 
prevents use of fluorine. Similar conditions also apply to GaAs. Unfortunately, these 
gases have two major disadvantages: they are both corrosive and toxic. The chlorine 
based chemistry has another major disadvantage, namely the very low vapour 
pressure (∼10-8 Torr at 100 oC) of the InClx etch products at lower temperatures. A 
consequence of this is low desorption rate of InClx at lower temperatures, which leads 
to non-uniform coverage of the InP surface with reaction products.44 It has been 
shown that InClx clusters are formed under these conditions.45 This non-homogeneous 
surface layer can in turn cause a non-uniform etch rate and consequently a rough 
surface.44, 46 On the other hand, the GaClx products have much higher vapour 
pressure, and GaAs can therefore be readily etched using Cl2 at room temperature. To 
obtain a high enough desorption rate of InClx for smooth etching, the substrate 
temperature must be at least 150 oC.44 For Ar/Cl2-based CAIBE the etching is usually 
carried out at 250 oC to obtain optimal results, i.e. high etch rate, smooth morphology 
and vertical walls.44 Such high temperatures put constraints on the mask material, 
especially resist masks. However, it is the desorption rate under ion bombardment 
which is important, and if very high ion current densities are used the otherwise non-
volatile InClx can be desorbed, enhanced by sputtering.47 The etch products (InBrx, 
InIx) of bromine and iodine based gases are more volatile, making etching at lower 
temperature easier. Room temperature etching has been performed with both these 
chemistries.48-50  

Although dry etching using halogens can provide very high etch rates and 
result in little damage, it has to be emphasised that these gases are not only toxic but 
also corrosive. The latter is a very serious issue from both maintenance and 
reproducibility point of view. Therefore, unless an extremely high etch rate is 
necessary like for applications such as via-hole formation in substrates, the 
hydrocarbon etch chemistry is preferable. 
  
 
2.3.2 Hydrocarbon chemistry  

The hydrocarbon based chemistry was introduced by Niggebrugge,27 and is 
usually based on methane (CH4) or ethane (C2H6). These gases have the great 
advantage of being non-corrosive and are of low toxicity. The major etch products for 
the group III and V species are organic-indium compounds, i.e. (CH3)xIn,51, 52 and 
PH3,52-54 respectively. Similarly, for GaAs the etch products are (CH3)xGa and AsH3.51 
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The CH3 radicals are provided by dissociation of CH4, while hydrogen comes from 
both CH4 and H2. As mentioned earlier there are many different reactions in the 
plasma, and there are several reports on CH4 plasmas under different conditions of RF 
and ECR discharges.55-62 The most abundant radical in the CH4 plasma is the methyl 
radical (CH3),55 even though both CH2 and CH radicals are also formed in the primary 
dissociation processes of CH4, caused by electron impact: 

 
e- + CH4  CH3

• + H• + e- 
 
e- + CH4  CH2

• + H2 + e- 
 

e- + CH4  CH• + H2 + H• + e- 
 
This is so because of the extraction reaction of H atoms, H + CH4  H2 + CH3, as 
well as the rapid loss of CH2 and CH by their reactions with CH4 to form higher 
alkanes,63-65 contributing to the higher abundance of CH3 over CH2 and CH. Another 
important reaction pathway for creation of CH3 is:62 
 

e- + CH4  CH4
+ + 2e- 

 
CH4

+ + CH4  CH3
• + CH5

+ 
 

The vapour pressures of (CH3)3In and (CH3)3Ga are 7.2 Torr at 30 oC and 65 Torr at 
0oC, respectively, which is high enough for room temperature etching in most dry 
etching systems. AsH3 and PH3 are in gaseous form at 0oC. Despite the high vapour 
pressure of the etch products, etch rates are lower compared to the halogen based 
processes when the latter are employed at temperatures at which the volatility of 
indium-halogen compounds is reasonably high. The etch rate for spontaneous etching 
of InP by CH4 is extremely low (if any) since its sticking coefficient is very low,69 and 
the formation of  volatile etch products is insignificant. Spontaneous etching of InP at 
85 oC by CH3 radicals, using a CH4 plasma in a downstream reactor, has been 
demonstrated, though it is low.66 According to simulations fitted to experimental data 
the sticking coefficient of CH3 to InP is reasonably high,67 however, the low rate of 
formation of the volatile In(CH3)x limits the etch rate.67, 68 Adding inert gases to the 
plasma, e.g. Ar, has been found to significantly enhance the etch rate.69 This indicates 
that under these circumstances ion bombardment is needed to activate the surface and 
stimulate the formation and/or enhance desorbtion of volatile etch products.69 
Moreover, it can be beneficial to operate in this regime to avoid severe polymer build-
up since increased sputtering removes the formed polymers. 

Although etch rates are lower than for the halogen based processes, when the 
latter is used at temperatures for which etch products are volatile, standard 
Ar/CH4/H2-based RIE etch rates are still sufficiently high (∼40 nm/min) for many 
applications, and the etching is also anisotropic.21, 69 Surprisingly, in spite of the 
higher vapour pressure of (CH3)3Ga over (CH3)3In, etch rates for GaAs are lower.27,  70 
It seems that the etching of GaAs favours a higher sputtering component to desorb the 
etch products.69, 71 Smooth morphology in etching of III-V materials relies on a 
balance between the etch rates of group III and group V species.69, 72 In the case of 
etching InP, a strong physical etch component, e.g. in ion milling, depletes the surface 
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of phosphorus.21-24 This results in enrichment of In on the surface, and in some cases 
even indium droplets are present.23, 73 A way to suppress this is to use a liquid 
nitrogen cooled sample holder.74  

Using the hydrocarbon chemistry, methyl radicals (CH3) are provided to 
enhance the In etch rate and smooth surface morphologies can be obtained.21, 32, 72 
However, increasing the CH4 flow to compensate with more indium-methyl formation 
also leads to severe polymer formation.69, 72 Polymers can be formed both on the etch 
mask and on the etched surface. Some polymer formation on the mask is favourable 
because it is then protected from being etched. However, severe polymer build-up can 
alter the pattern transfer, especially if polymers are present on the sidewalls and on 
the mask. If polymers are formed on the etched surface they can cause micro masking, 
or in extreme cases even produce an etch-inhibiting film. There are several reports 
describing deposition of polymers (amorphous C:H) using CH4 based plasmas.75-79 
The deposition of polymers from monomer gases has two requirements: free radicals 
have to be present at the surface for the nucleation and unsaturated hydrocarbons have 
to be supplied for the growth.83 The unsaturated hydrocarbons, having double or triple 
bonds, can only be generated by reaction with the higher order radicals CH2 and CH. 
Further, there is no favoured reaction channel for CH2 with metals.80 Therefore, the 
plasma should preferably produce CH3 and not CH2 or CH radicals. Diluting CH4 
with H2 has a positive effect in suppressing the polymer formation, since through the 
reaction with hydrogen the CH2 concentration is reduced.87  
 
 CH2

• + H2  CH3
• + H• 

 
It has to be mentioned that CH3 radicals also can take part in the polymer formation 
process,75, 81 either directly, especially in the presence of atomic hydrogen,75 or 
indirectly due to recombination into higher order radicals.77 Due to the large 
abundance of CH3 this might be of importance, however, this has to be accepted since 
they are imperative for etching. Polymers can be suppressed by adding O2 or N2 to the 
plasma. 82-84 Addition of O2 to the process provides in-situ ashing of the polymers, 
however, caution must be taken regarding the mask material. Especially resist masks 
are particularly sensitive to O2 since they also are based on polymers. Suppression of 
polymer formation by adding N2 was first observed by Sendra et. al. in ECR-RIBE of 
InP.82 They attributed it to preferential formation of C-N bonds over the weaker C-H 
bonds in the plasma.82 Also Keller et. al. have investigated the effect of addition of 
N2, but to Ar/CH4/H2 ECR-plasma etching of Hg1-xCdxTe.83 They observed a 
reduction in polymer formation and proposed several thermodynamically favourable 
reaction pathways in which atomic nitrogen reacts with and binds the polymer 
precursors in the plasma.83 They also presented experimental evidence for reduced 
levels of polymer precursors with addition of nitrogen.83  In paper A etch 
characteristics such as etch rate, anisotropy, surface morphology and polymer 
formation are investigated for N2/CH4/H2 based RIBE and CAIBE using an ICP-
source, and are also compared with their Ar/CH4/H2 counterparts. 

Methane (CH4) is not the only hydrocarbon gas used. Experiments have also 
been performed using C2H6 in RIE with similar results to what is obtained for CH4.85-

87 Other alternative methyl sources to the hydrocarbons are the methylamines, e.g. 
trimethylamine (TMA). TMA has been reported to be a low energy source for 
production of free CH3 radicals due to the low energy required to break the H3C-N 
bond.88 The bonding energy of H3C-N in amines is only about 74 kcal/mol, while the 
H3C-H bond in methane is 98 kcal/mol and H3C-CH3 in ethane is 85 kcal/mol, 
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respectively.89 Therefore, TMA should presumably be a more efficient methyl source 
in the plasma. Both paper D and paper E describe RIBE using this new methyl 
source. TMA is provided in liquid form and has a reasonable vapour pressure (1.83 
bar at 20 oC). This simplifies connection to the gas system since no bubblers or 
heaters etc are needed. 

 
This chapter has described the most common etch systems and etch 

chemistries available today. Obviously, there are many possible combinations and it 
may be difficult to choose a proper one. Table 1 lists references (including papers in 
this thesis) treating different etch chemistries and system combinations. The table is 
not exhaustive, but the listed references can serve as an introduction for a person 
unaccustomed to the art of dry etching of InP. Today the more common processes are 
Ar/CH4/H2-RIE, Ar/CH4/H2-ECR, Ar/Cl2-CAIBE. However, these are increasingly 
being replaced by ICP processes, since high etch rates, low ion energies and 
reasonably low substrate temperatures are possible with ICP processes.  
 

 
Etch process 

 

 
Ref. 

 
Etch process 
 

 
Ref. 

Ar milling 23, 90 HI ECR 49 
N2 milling 39 N2/Br2 RIBE 50 
Ar/O2 RIBE 41 Ar/Br2 CAIBE 91 
N2/O2 RIBE 39, 92 CH4/H2 RIE 54, 87 
Cl2 RIE 93 Ar/CH4/H2 RIE 21, 94 
Cl2 RIBE 95 O2/CH4/H2 RIE 84, 96 
Cl2 and BCl3 ECR 97 C2H6 RIE 85-87 
N2/Cl2 ECR 98, 99 CH4/H2 ECR 30 
Ar/Cl2 ECR 47, 99 Ar/CH4/H2 ECR 22, 96, 94 
N2/Cl2 ICP 99 Ar/CH4/H2 ICP 100 
Ar/Cl2 ICP 99 O2/CH4/H2 ICP 84 
N2/BCl3 ICP 99 Ar/CH4/H2 RIBE 82, Paper A 
Ar/BCl3 ICP 99 N2/CH4/H2 RIBE 82, Paper A 
SiCl4 ICP 101 Ar/CH4/H2 CAIBE Paper A 
Ar/I2 RIE 102 N2/CH4/H2 CAIBE Paper A 
Ar/I2 CAIBE 48 (CH3) 3N RIBE Paper D, E 
 
Table 2.1: A list of references treating different etching chemistries and system 
combinations for etching InP and related materials. 
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3 Etch properties and characterisation techniques 
 

This chapter describes the different etch properties and the techniques used in 
this thesis to characterise these properties. 
 
3.1 Etch properties: Geometrical aspects 
 

Characterisation of the geometrical etch properties usually involves inspection 
of the etched structures by scanning electron microscopy (SEM), thickness 
measurements using either profilometer or atomic force microscopy (AFM). The 
etched morphology can be qualitatively characterised by SEM, however, for 
quantification of the surface roughness AFM is used. Typical parameters to assess are 
etch depth, mask thickness, anisotropy, polymer layer thickness, under etching, mask 
edge erosion, and surface roughness. 

 
Scanning electron microscope (SEM) is a versatile instrument for characterisation of 
etched features, and it provides high resolution, allowing submicrometer structures to 
be investigated. An electron gun is used to emit electrons with relatively high energy 
(5-30 keV), which are focused on a target. These electrons are incident on the target 
surface, and cause electrons to be emitted. The secondary electrons i.e. loosely bound 
electrons have the highest yield and are the ones usually measured. Since the electron 
wavelength is much smaller than the photon wavelength of visible light a much larger 
magnification is possible (100000x) than for an optical microscope. Fig. 3.1 
demonstrates the usefulness of SEM as a characterisation tool showing mesas etched 
with two different processes. The overcut mesa was etched with Ar/CH4/H2-RIBE 
(fig. 3.1(a)), and the undercut mesa with Ar/CH4/H2-RIE (fig. 3.1(b)). Features such 
as surface roughness, etch depth, sidewall angle and polymer formation can easily be 
observed. 
 
 

 
 
Figure 3.1: SEM micrographs of InP mesas etched with (a) Ar/CH4/H2-RIBE, and (b) 
Ar/CH4/H2-RIE, respectively. 
 
 

Although the SEM gives information on both etch depth and morphology, for 
accurate depth measurements (of etch depths < 200 nm) and quantification of the 
morphology, atomic force microscopy (AFM) is used. For extremely shallow etch 
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depths, because of limitation in contrast, measurement by SEM is difficult. Further, in 
a SEM top scan the surface morphology information is only given for the x-y 
directions, while the depth information only appears as brightness and contrast 
variations. In AFM the piezo-element controlled scanning probe in combination with 
sample stage allows direct depth measurements. The resolution is extremely high; 
0.01 nm in z-direction and <3.0 nm in lateral direction. Thus with AFM it is possible 
not only to measure shallow etch depths accurately, but a high resolution 3D surface 
topography can also be obtained. For measurements of higher etch depths (>500 nm) 
a standard profilometer was used. Fig. 3.2 shows the principle of AFM. A probe tip, 
mounted on a cantilever, is engaged with the sample surface. The top of the cantilever 
is exposed to a laser beam, which is reflected towards a photo detector. The detected 
laser light will depend on how the laser light is reflected from the cantilever, that is 
the cantilever movement due to the tip-sample force is detected. The probe tip is 
either dragged along the surface (contact mode), or oscillated close to the surface 
(tapping mode). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Schematic showing the principle of AFM. 

 
In this work, a Nanoscope III Dimension 3000 SPM system manufactured by 

Digital Instruments was used and operated in tapping mode. In this mode, when the 
tip is close to the surface, the tip-sample force reduces the cantilever oscillation 
amplitude (Fig. 3.3). This reduction in oscillation amplitude reflects the surface 
features. Similarly, if the tip reaches a deeper spot the oscillation will increase, 
ultimately to free air oscillation. The distance between tip and surface is then adjusted 
by a feedback loop by applying appropriate voltage to the z-piezo so that a constant 
amplitude that is constant force gradient is maintained. Thus the surface topography is 
obtained as the tip scans the surface. Tapping mode compared to contact mode has a 
lower risk of the tip picking up debris from the sample and/or modifying its surface, 
due to the lower effective force (the tip is in contact only intermittently). 

 
 
 
 
 
 

Laser

Photo detector 

Cantilever with tip

Sample

Amplitude detector System control 

Oscillation piezo 



 19

 
 
Figure 3.3: Tapping mode principle. 

 
Tip size and shape close to the apex has to be taken into consideration while 

measuring feature dimensions and profiles. Since the tip has a finite size and a non-
zero angle; it may not always accurately measure narrow trenches or very sharp 
features. Thus depths can be underestimated and a sharp structure may appear 
rounded and broader (tip induced widening) as illustrated in fig 3.4. There exist tips 
which counter these problems by having a super sharp profile or a high aspect ratio. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Effects of a too large AFM tip on the surface scan. 
 
 
3.2 Etch induced damage: impact on optical properties 
 

In the context of this thesis, characterisation of etch induced damage on the 
optical properties, essentially means photoluminescence (PL) measurements. In PL 
measurements the light emitted from the semiconductor material is measured, usually 
by measuring PL intensity (PLI) at different wavelengths. The material can be made 
to emit light by either optical excitation of carriers or injection of carriers (Electro-
luminescence), which then, by one or more transitions, recombine emitting photons 
with energies characteristic for the material. A standard method for characterising the 
etch-induced damage is to measure the PLI of bulk InP after etching, and then 
compare it with the unprocessed sample.90 Any reduction in the PLI reflects the 
damage. By performing progressive controlled wet etching until the PLI has 
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recovered, the extent of the damaged layer can be determined. Another popular 
method relies on buried quantum wells.103, 104 The wells are brought close to the 
surface by etching the cap layer. Subsequently, the sample is made to emit light by 
optical pumping. The recorded PL spectra will then reflect the quality of both the 
QWs and the surrounding material. However, the proximity of the wells to the surface 
can also affect the measurement. For thin cap layer, tunnelling of carriers from the 
wells to the surface105 and coupling of surface states106 can be important, causing a 
drop in PLI. To help distinguish this, and also for comparison reasons, a wet etch 
control sample can be made. This method was used in the thesis and a schematic 
sketch of the quantum well structure is shown on Fig. 3.5. It consists of the same type 
of QW-structure, which was used for the complex coupled lasers in paper G, i.e. a 
stack of 8 periods of GaInAsP wells emitting at 1.55 µm, each surrounded by 
GaInAsP barriers. For excitation, a GaAs laser was used and the PL (300 K) was 
measured by an Ando spectrum-analyser. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Schematic sketch of the MQW sample for damage evaluation. 
 

The ability of this structure to function as a damage probe is illustrated in Fig. 
3.6, which shows the PLI as a function of the cap layer thickness for two samples 
etched by wet etching and N2/CH4/H2 75V CAIBE, respectively. For the wet etching 
process, based on HBr:H2O2:H2O, no etch induced damage is expected and only a 
slight drop in the PLI is observed for decreasing cap layer thickness until about 20 
nm. For thinner cap layers the proximity of the surface to the wells is significant and 
the drop is more drastic. When the whole cap layer has been completely removed the 
PLI is at about 25 %. For the dry etched samples, the drop in PLI is dramatic, 
reflecting residual etch damage in the cap layer and possibly also in the wells. Since 
regrowth is a common post-etching step, and also to elucidate the impact of such a 
treatment on the PL, etched samples were also annealed in a PH3 atmosphere. The PL 
was then measured and compared with the PL of the sample as-etched. As references 
wet etched samples were used. 
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Figure 3.6: PLI versus cap layer thickness. 
 
This method can be improved by using several QWs of different thickness or material 
compositions so that they emit light at different wavelengths.103 By performing PL-
measurements at low temperature, the peaks at the wavelengths of the different wells 
are sharp enough to be separated, and a depth profile of the PL intensity can be 
obtained.  
 
 
3.3 Etch-induced damage: impact on electrical properties 
 
 Two different methods have been used to analyse the electrical properties of 
the etched materials: current-voltage (I-V) measurements of metal-semiconductor 
(MS) contacts and scanning capacitance microscopy (SCM). 
 
3.3.1 I-V characteristics of metal-semiconductor contacts 

When a metal is in contact with a semiconductor, a barrier will be formed at 
the interface. Depending on the barrier height and depletion width, the I-V behaviour 
will be either ohmic or rectifying (Schottky diode). For a n-type semiconductor, 
ohmic contact behaviour is obtained, either because the fermilevel is pinned in the 
conduction band, or the barrier is high but depletion width is small so that carriers can 
tunnel through. The I-V characteristics of a Schottky contact in the forward direction 
is given by: 
 
 J ≈ A** T2 exp( -qΦB/kT ) exp ( qV/nkT ) for V > 3kT/q 
 
The ideality factor n is close to unity for low doping and high temperatures, but can 
depart significantly at high doping or low temperature when tunnelling becomes 
significant. A** is the Richardson constant and for InP the theoretical value is 9.24 
Acm-2K-2. From the extrapolated current density at zero voltage JS=J(V=0) the barrier 
height ΦB (Schottky barrier) can be calculated: 
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ΦB = kT/q ln ( A** T2/JS ) 
 
In this work, Au contacts (∅ = 0,55 mm) were evaporated on a 1 µm undoped InP 
epitaxially grown on n+ InP substrate. The barrier height depends on the workfunction 
of the metal and presence of surface interface states. The depletion width depends on 
the barrier height and the doping level of the sample. Schottky diodes, fabricated on 
the dry etched surface, can reveal how much the etching has degraded the near surface 
region. Further, the damage can be progressively removed by additional wet etching 
or annealing. The appropriate post-etching processing conditions necessary to fully 
recover the I-V characteristics serves as an estimate of the damage. This can be used 
to compare different processes, and low-damage processes can be identified.  
 
3.3.2 Scanning Capacitance Microscopy (SCM) 

Although I-V measurements of metal-semiconductor contacts can give 
information on both the electrical nature and extent of etch induced damage, only the 
overall electrical properties for a contact are obtained and barrier inhomogenities only 
being indicated by the ideality factor. Further, the experimental procedure demands 
contact evaporation, which can be difficult to perform on particular surfaces such as 
cleaved edges and may also need lithography. Contact evaporation also limits its 
usefulness as an in-line evaluation method. A rather new technique which can 
simultaneously reveal surface morphology and doping distribution is the scanning 
capacitance microscopy (SCM).107 SCM is basically operated in contact-AFM, using 
a conducting probe tip in combination with a capacitance sensor. When the tip (in this 
case a metal coated tip) is in contact with the semiconductor surface, it forms a MIS 
capacitor because of the intermediate native oxide and the depletion region at the 
semiconductor surface. The capacitance is detected by UHF resonant capacitance 
sensor operated at 915 MHz. As illustrated in fig. 3.7, by applying a kilohertz AC bias 
voltage the electric field will induce capacitance variations since the free carriers 
below the tip are alternately attracted and repulsed. This movement of carriers can be 
seen as a moving capacitor plate. The change of capacitance, for fixed amplitude of 
the applied field, will then correspond to the degree of depletion. In a low doped 
region the capacitance change dC/dV will be large. Similarly, in a heavily doped 
region the field will not 
 

Figure 3.7: Change from accumulation to depletion in n-type semiconductor due to 
an alternating electric field (Courtesy Digital Instruments, Veeco Metrology Group, 
Santa Barbara, CA, USA 108). 
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move the carriers much, and the change in capacitance is low. This relation is also 
illustrated in the C-V curve for a n-doped sample in fig. 3.8. For a p-doped sample the 
C-V curve is the symmetry curve. To choose the working point a DC bias can also be 
applied. There are two ways to image the carrier concentration (a) feed-back mode, 
where the depletion is maintained constant and the feedback bias is recorded, and (b) 
dC/dV mode where the capacitance variation is measured for a given AC voltage. In 
our case the applied AC bias frequency was in the range 55-100 kHz. 

 

 
Figure 3.8: Change in capacitance versus applied AC voltage for high- and low-
concentration, N-type CV curves (Courtesy Digital Instruments, Veeco Metrology 
Group, Santa Barbara, CA, USA 108). 
 

Here SCM was used to study both the cross section and top surface of samples 
consisting of etched gratings after regrowth (Paper F), as well as direct 
measurements of process surfaces (Paper I). 
 
 
3.4 Etch-induced damage: material properties 
 

As mentioned earlier, dry etching of InP often suffers from preferential 
etching of phosphorus due to the higher sputtering yield of P compared to In. This 
may result in leakage currents,25, 26 or upon annealing defects may migrate deeper into 
the substrate,23 causing damage to sensitive parts of the device. Unfortunately, this is 
not the only concern. Species in the plasma may also be incorporated into the 
material. Using nitrogen based chemistries, such as N2/CH4/H2 or TMA, and in 
retrospect of reports on incorporation of nitrogen into InP and how it may affect the 
electrical an optical properties,109-111 samples were sent for secondary ion mass 
spectroscopy (SIMS) analysis to investigate the nitrogen incorporation after etching. 
In addition, consistent with the electrical and optical experiments, the effect of 
annealing was also studied.  

The basic concept of secondary ion mass spectroscopy is to bombard the 
sample with ions using an ion beam. Ionised sputter products (secondary ions) may be 
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collected into a mass spectrometer and calculated. With the etch rate of the material 
known, a depth profile of the nitrogen content can be obtained. An example of SIMS 
measurements is shown in Fig. 3.9. The picture shows depth profiles of the nitrogen 
content in TMA-RIBE etched InP, as-etched and after annealing. For comparison the 
reference level of an unprocessed sample is also included. As can be seen from the 
profiles, TMA-RIBE result in nitrogen incorporation indicating that nitrogen 
containing radicals are involved in the etch process. After annealing the level is 
comparable to the background. 
 
 

 
Figure 3.9: Depth profile of nitrogen in TMA-RIBE etched InP before and after 
annealing in PH3 at 650 oC. 
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4 Guide to the publications 
 

The purpose of this work was to develop and characterise ion beam etching 
processes feasible for the fabrication of InP based devices and nano-structures. The 
investigation involves both characterisation of etch characteristics and etch induced 
damage. The etching processes are based on hydrocarbon etch chemistries mainly to 
avoid problems with corrosiveness, but also due to its relatively low toxicity. 
However, for this chemistry polymer formation is a serious issue and attention is 
devoted to control and suppress it. The work in this thesis can be divided into two 
parts, based on their content. The first part treats different types of ion beam etching 
processes using the standard hydrocarbon source CH4. The applications are made 
using this chemistry. In the second part trimethylamine is for the first time proposed 
as an alternative hydrocarbon source in dry etching. The advantages over CH4 in both 
etch characteristics and lower etch induced damage are described. 

In addition, two types of applications are demonstrated. The first is a 
distributed feedback laser, here implemented with complex coupling. The second 
application employs the ability to modify the surface morphology in a controlled 
manner, and thereby providing a method of varying size and density of InAs(P) island 
formation on InP by the As/P exchange reaction. 

A comparison of the etch characteristics for RIBE and CAIBE processes, 
based on Ar/CH4/H2 and N2/CH4/H2 chemistries is presented in paper A.  A major 
finding is the distinct difference in surface morphology between the Ar and N2 based 
processes; the Ar processes always leading to rough surfaces, while low ion energy N2 
processes can produce extremely smooth morphologies. This difference can be seen in 
Fig. 4.1, showing mesas etched by Ar and N2 based CAIBE at 75 eV, respectively. 
From AFM scans (Fig. 4.2) the difference in morphology appears even more striking. 
Among these processes, due to the smooth surface morphologies and negligible 
polymer formation, the low energy N2/CH4/H2 CAIBE process is found to be the most 
suitable candidate for fabrication of nano-structures such as the gratings used in the 
complex-coupled distributed feedback (CCDFB) laser described in paper G. 
 

 
 
 
 
 
 
 
 
 
 
 

(a)            (b) 
 
Figure 4.1: SEM micrographs of InP mesas etched with (a) Ar/CH4/H2 CAIBE and 
(b) N2/CH4/H2 CAIBE, both with an ion energy of 75 eV. 
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(a)            (b) 
 
Figure 4.2: AFM topographies of InP etched with (a) Ar/CH4/H2 CAIBE and (b) 
N2/CH4/H2 CAIBE, both with ion energy of 75 eV. Note the difference in scale. 
 
 
The etch induced damage for the CAIBE processes is quantified by PL in paper B. In 
addition, the effect of annealing in a PH3 atmosphere on the PL-intensity for the 
etched samples is investigated. This annealing step resembles the environment of a 
typical post-etch regrowth step in laser fabrication. A correlation between the as-
etched surface and the post-annealed PL is observed: rough as-etched samples show 
severe degradation in PL, whereas the smooth as-etched samples the PL recovers 
significantly. Table 4.1 summarises the PL and AFM results for various etching 
processes. Also here the low energy N2/CH4/H2 CAIBE process is identified as the 
most promising candidate. 

 
Table 4.1: PLI and AFM results obtained for various etching processes. 

 
 
Process 

 
PLI (as etched) * 

 
As-etched surface 
roughness 
(rms : nm) 
 

 
PLI (post-anneal) # 

75eV   N2/H2/CH4 CAIBE 1 Smooth (<1nm) Enhanced 

75eV N2-milling < 0.1 Smooth (<1nm) Enhanced 

75eV N2/CH4 CAIBE 0.25 Smooth (<1nm) Enhanced 

300eV  N2/H2/CH4  CAIBE 0.77 Rough ( - ) Degraded 

500eV N2/H2/CH4 CAIBE 0.6 Rough (4 nm) Degraded 

75eV   Ar/H2/CH4 CAIBE < 0.1 Rough (11 nm) Degraded 

500eV Ar/H2/CH4 RIE 1 - 1.2 Rough ( - ) Degraded 

 
 
* PLI normalised with respect to 75 eV N2/CH4/H2 CAIBE. 
# Post-annealed PLI relative to the pre-annealed PLI. 
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Paper F contains a scanning capacitance microscopy (SCM) investigation of 
buried gratings etched with this process. One of the examined structures is similar to 
the CCDFB laser structure described in paper G.  It is found that the etch induced 
defects after the regrowth step show little influence on the width of the depletion 
region, i.e. the undoped region is preserved. A second structure consists of gratings in 
n-InP which are overgrown by semi-insulating InP. It is shown that from SCM scans 
on the top surface it is also possible to detect the buried gratings. In paper G the 
feasibility of the low energy N2/CH4/H2 CAIBE process in laser fabrication is finally 
proven, the process being successfully used in etching CCDFB laser gratings. 
Paper B also suggests an application of the CH4 based processes by exploiting their 
ability to modify the surface morphology in a controlled manner. A correlation 
between the as-etched surface morphology and the island formation by the As/P 
exchange reaction carried out by annealing the modified surface in AsH3 and PH3, is 
observed. This relation is investigated more thoroughly in paper C. It is found that 
the total island volume scales with the RMS roughness, which reflects the total area 
available for the exchange reaction. These results suggest the use of these dry etching 
processes as an alternative route to vary island size distribution. The impact of surface 
modification on the island formation is demonstrated in Fig. 4.3, which shows islands 
formed on a wet etched (Fig. 4.3 a) and dry etched surface (Fig. 4.3 b), respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 

     (a)                       (b) 
 
Figure 4.3: (3x3 µm2) AFM scans of processed InP surfaces annealed in PH3 + AsH3 
flow. (a) wet etched. (b) 75 eV N2/CH4/H2.CAIBE etched. 
 
The use of TMA as an etching gas in dry etching is proposed for the first time. Paper 
D describes typical etch characteristics for TMA based RIBE. An important finding is 
the extremely smooth morphology obtained, even at high ion energies and with 
addition of Ar, which seems to be typical for this chemistry. Paper E relates to the 
polymer formation, and suggests ways to control and suppress it. An optical 
evaluation of TMA etched samples is also carried out in paper D. It indicates 
significantly low damage for all the TMA based processes and almost a complete 
recovery after PH3 annealing even for high ion energies (see for example Fig. 4.4).  
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Figure 4.4: PL intensity of near surface quantum wells as a function of the ion energy 
for TMA RIBE. The PL intensity is normalised with respect to wet etching for the 
same remnant cap layer thickness (25 nm). 

 
 
In paper H, characterisation of etch induced damage for nitrogen containing 

processes, such as N2 milling, TMA based RIBE and N2/CH4/H2 CAIBE, is presented. 
In addition to the PL evaluation method described in paper B, I-V measurements of 
Au/InP metal semiconductors contacts, fabricated on low doped n-InP, and SIMS 
measurements to monitor possible nitrogen incorporation is investigated. Further, the 
impact of annealing in PH3 ambient at 650 oC on these characteristics are studied. It is 
found from the I-V curves that the contacts made on as-etched samples are all ohmic, 
in contrast to the Schottky diode behaviour of the unprocessed samples. However, 
contacts made on annealed samples exhibit Schottky behaviour. Similarly, the PL 
experiments show recovery in the intensity after annealing. The SIMS data of the as-
etched samples show incorporation of nitrogen for both N2 and TMA based processes, 
however, after annealing the nitrogen levels drop to background levels. By comparing 
the degree of recovery in both PL and I-V characteristics, it is found that a near 
complete damage removal is possible with TMA based processes. 

In the last paper I, the I-V investigation on the etch-induced damage is 
complemented by SCM and topography studies. The very low SCM signals on n-InP 
samples after dry etching indicate a highly doped layer, while after annealing the 
SCM signal becomes appreciably high comparable to the unprocessed sample. For the 
nitrogen containing processes this behaviour is consistent with the I-V data in paper 
H. In addition, the morphology improved upon annealing: the high frequency spiky 
as-etched surface was transformed into a roughened step/terrace like structure. The 
results in paper H and paper I reveal significant reduction in the etch-induced 
damage upon annealing, which is attributed to stoichiometric recovery in the near 
surface region and possibly also to the removal of nitrogen. 
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5 Conclusions 
 
In summary the thesis has addressed the following issues: 
(i)   Ion beam etching of InP using CH4 and TMA based chemistry 
(ii)   Characterisation of etch induced damage 
(iii)  Damage reduction by annealing under phosphine 
(iv)  Development of a low damage process suitable for fabrication of laser gratings  
(v)       Island formation by the As/P exchange reaction on surfaces modified by ion  

beam etching. 
 
The major conclusions drawn are the following: 
(i)   In ion beam etching using Ar/CH4/H2 and N2/CH4/H2 the N2 based processes  

result in very smooth surfaces and lower polymer formation. Further, in 
general for these chemistries CAIBE processes produce less polymers than 
their RIBE counterparts. 

(ii)  The as-etched surface morphology correlates with the recovery/degradation of  
PLI of quantum wells near the surface after annealing in PH3: smooth and 
rough surfaces resulting in recovery and degradation of PLI, respectively. 
Since a hot PH3 atmosphere is typical in regrowth, these results are important 
for identification of etch processes suitable for application that involve etching 
and epitaxial regrowth. 

(iii)  Ion beam etching using TMA has the advantage over CH4 based processes in 
producing smoother surface morphology and less etch-induced damage (PLI-
wise). Further, after annealing the PLI is even comparable with wet etched 
samples. Significantly, this is also the case at reasonably high ion energies 
(500 eV) and together with Ar. This allows low damage etching at higher etch 
rates. Polymer formation is observed for this chemistry, but it can be 
suppressed by addition of N2, as was also the case with the CH4 based 
chemistry. 

(iv)   I-V measurements of Au contacts made on dry-etched low n-doped InP show  
ohmic behaviour. However, after annealing in PH3 a Schottky behaviour 
similar to unprocessed samples is observed, suggesting damage removal. This 
is attributed to stoichiometric recovery in the near surface region. Topographic 
data, obtained by AFM, show a transformation in surface morphology from 
high frequency roughness to roughened step/terrace like features upon 
annealing. Further, for nitrogen containing processes (i.e. based on N2 or 
TMA), SIMS analysis show that incorporation of nitrogen occurs during the 
etch process, however, after the annealing the nitrogen level falls to 
background levels. SCM was also used for evaluating the etch process, but the 
measured regions were in the nanometer scale. These results agree with the I-
V measurement. A highly doped near surface layer is observed for as-etched 
samples, while annealed samples show low doping. SCM is also found to be a 
useful tool for characterisation of regrown laser gratings. Investigation of 
cross sections indicates that the influence of etch induced defects on the 
depletion width of the p-i-n junction is small for the process used in the laser 
fabrication. 

 (v) Island formation by the As/P exchange reaction upon annealing in AsH3/PH3  
is  found to be extremely sensitive to the physical nature of the as-etched 
surface. The island formation relates to the as-etched morphology, the total 
island volume scaling with the RMS roughness of the as-etched surface. 
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Suggestions for future work: 
(1)  Establish the TMA etch chemistry in other etching methods like RIE and ICP- 

RIE. Such a process development can be foreseen to be of great significance  
for the optoelectronic industry. 

(2)  Further, etching of III-V compounds other than InP and possibly II-VI  
materials, using TMA needs to be investigated. Such studies will promote 
increased understanding and possibly result in an increased application  
range of the TMA chemistry. 

(3)  In-situ SIMS, rest gas analysis and optical emission experiments can be used 
to estimate the levels of different species in the plasma for TMA based 
processes. Further, by using faraday cup and pyrometer the current density of 
the ion beam and the substrate temperature can be measured, respectively. 
These parameters, together with the other process parameters, can be used to 
model the etch process.  

(4)  Extended investigation on nitridation and how it affects the electrical and 
 optical properties, using different nitrogen containing chemistries. This could 
 include SIMS, RBS, XPS and TEM measurements as well as annealing   

experiments. 
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6 Summary of the papers 
 

Paper A 
Low energy ion beam etching of InP using methane chemistry 

 
In this paper the etch characteristics of RIBE and CAIBE using Ar/CH4/H2 and 
N2/CH4/H2 are investigated for different etch parameters. Major findings are the lower 
polymer formation and smoother surface morphology obtained for the N2 based 
chemistry over the Ar based chemistry, under similar conditions and in both etch 
modes. Further, the CAIBE processes are found to produce less polymers than their 
RIBE counterparts for both chemistries. Both the low energy N2 based processes 
show good etch characteristics, however, from a maintenance point of view the 
CAIBE process is superior due to the lower polymer formation in the ion-gun part.  
 
 

Paper B 
Extremely smooth surface morphologies in N2/H2/CH4 based low  
energy chemically assisted ion beam etching of InP/GaInAsP 

 
The application of N2/CH4/H2 CAIBE is investigated and the etch-induced damage is 
characterised by measuring the PL of near surface quantum wells and by AFM. The 
low energy N2/CH4/H2 CAIBE process is shown to be promising with respect to both 
surface morphology and PL-yield. In addition, annealing in PH3 at 650 oC (typical 
regrowth environment) is found to significantly enhance the PLI for this process. 
Further, a correlation between the as-etched surface morphology and the post-
annealed PLI is observed. Drastic degradation of PLI for samples with rough surface 
morphology is seen and is attributed to migration of the lattice disorder deeper into 
the sample upon annealing. Finally, island formation on etched InP surfaces after 
annealing in a PH3/AsH3 mixture is found to relate to the as-etched surface 
morphology. 
 
 

Paper C 
Impact of surface morphology on InAs(P) island formation on InP 

 
This paper focus on the relation between InAs(P) island formation on InP surfaces by 
As/P exchange reaction and the substrate surface morphology. The substrate 
morphology was modified by etching in a controlled way. The island formation is 
found to be extremely sensitive to the physical nature of the pre-annealed surface. The 
determined total island volume scales with the RMS roughness of the as-etched 
surface morphology. This reflects the increased surface area available for the As/P 
exchange reaction. 
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Paper D 
Trimethylamine: Novel source for low damage reactive ion beam  
etching of InP 

 
In this work, TMA is presented as a new methyl source for dry etching of InP. 
Extremely smooth etched morphologies are characteristic for the TMA processes. 
Furthermore, from PL evaluation of the etch induced damage, the optical quality of 
the etched near surface regions is found to be comparatively good for the different 
processes, and, upon annealing in PH3 it becomes comparable to wet etching. 
Significantly, these good properties are retained even at reasonably high ion energies 
(500 eV) and with addition of Ar. This suggests use of this chemistry in applications 
such as standard RIE, which has a high self-induced bias (∼500 eV). 
 
 

Paper E 
Polymer free reactive ion beam etching of InP using N2/(CH3)3N 

 
This work studies the influence of TMA flow and rf power on polymer formation in 
the TMA RIBE process developed in paper D. Polymer formation is significantly 
affected by TMA flow, while the rf power affects it only moderately. By optimising 
these two parameters the polymer formation can be minimised but not completely 
avoided. However, as for the CH4 based chemistry (Paper A), addition of N2 in the 
process is found to retard the polymer formation and the process can be made polymer 
free while still retaining all the good etch characteristics of the TMA process. 
 
 

Paper F 
Doping landscapes in the nano-meter range by scanning  
capacitance microscopy 

 
SCM is used to image doping variations in the nano-meter length scale. Two types of 
structures are investigated. The first structure consists of periodically corrugated p-i-n 
junctions, similar to that found in a buried heterostructure CCDFB laser, with 
N2/CH4/H2 CAIBE etched gratings. The second is an embedded grating structure, also 
formed by N2/CH4/H2 CAIBE. The gratings consist of n-doped InP, and are 
overgrown with semi-insulating InP. In the first case, cross section scans show that 
the assumed doping profile is preserved, which indicates that the doping incorporation 
during regrowth is not affected by the presence of gratings. Further, the depletion 
region is comparable with the estimated value, which suggests that the influence of 
etch induced defects on the depletion width is smaller than the present resolution. 
Examination from the top surface of the second structure reveals the buried gratings, 
thus demonstrating capacitive detection of subsurface nano-structures.  
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Paper G 
Buried heterostructure complex-coupled distributed feedback  
1.55 µ m lasers fabricated using dry etching processes and  
quaternary layer overgrowth 

 
A buried heterostructure complex coupled DFB laser emitting at 1.55 µm is fabricated 
by using the N2/CH4/H2 CAIBE process to etch the gratings, which are situated in the 
active region. The fabrication process also comprises GaInAsP overgrowth by 
MOVPE over the gratings to reduce the index coupling and promote gain coupling, as 
well as semi-insulating regrowth by HVPE to facilitate lateral mode confinement and 
thermal dissipation. The successful laser results proves that the N2/CH4/H2 CAIBE 
process is suitable for these kind of applications; threshold currents around 20 mA, 
stable single mode operation with large side mode suppression ratio (55 dB), -3 dB 
bandwidth of 10 GHz, and high single-mode yield for as-cleaved devices (87 %). 
 
 

Paper H 
Characterisation of damage in InP dry-etched using nitrogen 
containing chemistries 

 
Different nitrogen containing processes, such as nitrogen milling, TMA based RIBE 
and N2/CH4/H2 CAIBE, are investigated with respect to the etch induced damage. I-V 
characteristics of Au/InP metal semiconductor contacts and the PL evaluation method 
described in Paper B are used to quantify the residual surface damage. From the I-V 
measurements of the contacts on as-etch samples it is found that they all exhibit 
ohmic behaviour. On the other hand, while the PL yield is lower than the wet etched 
control sample there are also intensity variations among the different processes and 
these variations are attributed to hydrogen passivation of defects. SIMS measurements 
reveal nitrogen incorporation in the near surface region for all these processes. 
Annealing in a PH3 atmosphere at 650 oC has a major impact on these properties; the 
nitrogen levels drop to the background levels, while both significant recovery in PL 
and recovery to Schottky diode behaviour is observed. These trends in I-V and PL 
characteristics are attributed to recovery in the near surface stoichiometry and 
possibly due to reduction in nitrogen related defects. Finally, it is shown that a near-
complete damage removal can be obtained with TMA based processes. 

 
 
Paper I 
Scanning Capacitance Microscopy as an in-line evaluation tool for  
dry etching of semiconductors: A case study with InP 

 
This work contains a SCM investigation of processed low doped n-InP samples. Dry 
etched samples are found to yield low SCM signals (dC/dV), which is indicative of a 
highly doped near surface region. After PH3 annealing high SCM signals are obtained 
suggesting damage removal. This observed recovery seems to correlate with the 
morphological improvements seen in the topographic data. The SCM results are also 
found to agree with I-V characteristics of (macroscopic) Au contacts made on these 
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samples.  Thus, this work demonstrates the feasibility of using SCM as rapid in-line 
evaluation tool for dry etching of semiconductors. 
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