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Abstract
Semiconductor lasers are widely used in e.g. optical communication networks or data

storage and retrieval in CDs or DVDs. As the applications of this type of lasers grow, the
demands on low power consumption, high operating speed, or small device size are becoming
more important. These requirements can be met in certain cases by improved fabrication and
processing techniques. In turn, to be able to improve these techniques, a good understanding
is necessary. This thesis emerged from the need to gain such an understanding with the view
to improve device performance.

A Hydride Vapour Phase Epitaxy (HVPE) reactor is used in this thesis to carry out
selective epitaxy and in-situ mesa etching on III-V semiconductor surfaces. Morphological
evolution during selective epitaxy on non-planar substrates as a function of crystallographic
orientation, growth temperature and V/III ratio is analysed and modelled semi-quantitatively.
The analysis is based on the net change of dangling bonds due to indium addition in a
phosphine-rich ambient. The evolution of growth is explained and the repercussion on dopant
incorporation is discussed. Knowledge gained from such an analysis is successfully
implemented in the fabrication of buried heterostructure vertical cavity surface emitting lasers
(VCSEL’s). The gained knowledge is also applied to the formation of InP templates on FIB
(focussed ion beam) patterned GaAs substrates. These templates can be used for fabricating
microstructures and nanostructues or to integrate InP based devices with GaAs based ones.

In-situ mesa etching is also studied as a function of the partial pressure of the active
gases, (HCl, PH3 and InCl), stripe orientation and etching temperature. Four major etching
mechanisms are proposed which qualitatively explain the resulting mesa shapes as well as
vertical and lateral etching rates. The experimental results show that the depth and the
undercut of the mesas can be etched independently. Technological importance of combining
in-situ mesa etching and immediate selective epitaxy of semi-insulating materials is
demonstrated through the realisation of buried heterostructure in-plane lasers (BH-IPL).

Descriptors: InP, selective epitaxy, regrowth, in-situ mesa etching, buried
heterostructures
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1. Introduction
Our daily life is getting more and more influenced by electronic devices and their

applications. The impact of these is especially clear in the field of telecommunications, where
the continuous evolution of mobile phones, computer performance or internet applications,
just to mention some of them, seems to be never ending. The evolution of electronic and
optoelectronic components follows the same pace as their applications, and semiconductor
lasers are no exception to this. Semiconductor lasers are widely used in e.g., optical
telecommunications, data networks, data storage and retrieval in CD (compact disc) or DVD
(digital video display) systems, gas sensing systems, and distance measurements. As the
applications grow, the demands such as low power consumption, high operating speed and
small device size on these components are becoming increasingly important. In certain cases,
it is possible to meet these demands by the improved fabrication and processing techniques.
This necessitates in turn a good understanding of these two. This thesis emerged from the
need to gain such an understanding with the view of improving also the device performance.
The devices taken as reference are semiconductor lasers.

Semiconductor lasers can be of two types, namely, edge emitting lasers and surface
emitting lasers, see Figure 1. The former and the latter are also known as in-plane lasers
(IPL), and vertical cavity surface emitting lasers (VCSEL), respectively.

Figure 1 (a) Edge emitting lasers (or in-plane lasers) and (b) Vertical cavity
surface emitting lasers.

The simplest structure of the edge emitting laser consists of essentially three layers: an
active layer and two cladding layers, see Figure 2. The active layer is sandwiched between the
two cladding layers, which confine the injected carriers (electrons and holes) within the active
layer so as to allow radiative recombination (generation of photons) to occur. The generated
photons are also held within the active layer by the confinement layers so as to stimulate
further emission. Thus the cladding layers have higher bandgap and lower refractive index
with respect to the active layer. More on lasers can be found in [1].
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Figure 2 Simplest structure of an edge-emitting laser. The active layer from which
light emerges is sandwiched between two cladding layers. These two
layers confine the injected carriers and the generated photons inside the
active layer.

The laser structure shown in Figure 2 is not useful as such. The area of this laser
structure is so broad that it is called as a broad area (BA) structure. The BA structure has a
large threshold current and generates huge amount of heat under continuous operation. In
addition, the beam of the light emitted from this wide edge is too wide to be fed into the
minute fibre and to allow single lateral mode. Retaining the same basic structure as shown in
Figure 2, one can design other variations by modifying it laterally in order to remove the
above mentioned impediments, see e.g. [2][3]. One such modified structure is the so-called
buried heterostructure (BH). A BH structure is fabricated in two steps as shown in Figure 3.
Essentially, in the first step, the active layer is limited to a width of 1-1.5 µm by etching away

Figure 3 Two essential steps in the fabrication of a BH laser: (a) mesa etching and
(b) regrowth leading to a BH structure.

some of the material as shown in Figure 3a. The remaining laser part is called mesa and hence
this step is called mesa etching. In fact a chip consists of one such mesa of suitable length
(normally 200 - 1000 µm) and hence it is difficult to process further (e.g. for making contacts)
and to handle afterwards. To facilitate further processing and handling, the etched holes in
Figure 3a are filled with e.g. a resistive material. When this material is grown epitaxially, the
process is called epitaxial regrowth. The filled or epitaxially regrown structure is called a BH
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structure, shown in Figure 3b. Similarly BH-VCSEL’s can be designed, see Figure 4. The BH
structures have among other advantages low threshold current and continuous operation
feasibility.

Figure 4 Steps in the fabrication of BH-VCSEL’s: (a) mesa etching and (b)
regrowth leading to a BH-VCSEL.

There are several ways of achieving mesa etching and epitaxial regrowth. Both are
conducted on patterned substrates, meaning that part of the area is masked by a dielectric
material, e.g. silicon dioxide or silicon nitride. In this study we show that these steps can be
conducted in an epitaxial reactor called Hydride Vapour Phase Epitaxy (HVPE). The
advantage is that one can do mesa etching inside the reactor and do immediate regrowth; by
this way, the etched surface is kept clean. Besides, pure chemical etching minimises defects
on the etched surface thereby minimising unwanted non-radiative recombination. This
method is called in-situ mesa etching.

In the case of in-situ mesa etching, the patterned substrates are initially planar but
become non-planar after etching. In the case of epitaxial regrowth, the patterned substrates
are initially non-planar (like in Figure 3a) but become planar after regrowth (like in Figure
3b). These steps involving the transitions between planar and non-planar stages are
complicated to realise. The main objective of this thesis is to address these transitions.

There are several investigations on regrowth mainly by the widely used MOVPE
(metal organic vapour phase epitaxy) technique [4]. Although the first regrowth studies were
conducted in HVPE [5], later studies were oriented only towards the fabrication of buried
heterostructure devices, see e.g., [6][7]. Inspired by the temporally resolved regrowth in a
chloride VPE system by Hoshino et al. [8], similar studies became very popular in MOVPE,
e.g. [4], [9]. However a few of the following questions remained unanswered. What are the
differences between the growth or etching of planar substrates and non-planar substrates?
Why do these differences occur? What is the role of the growth parameters? How and why
does the change in pattern configuration affect the regrowth or etching? What is the
qualitative picture of the above mentioned transitions? This thesis attempts to answer to these
questions. Information obtained on the regrowth around etched stripes (Publication A,
Publication B and Publication E) is used to conduct successful regrowth around parallelepiped
mesas (Publication C) and a functioning BH-VCSEL is demonstrated (Publication D). This
thesis also exploits the results obtained on the microstructures to grow nanostructures
(Publication H and Publication I). A buried heterostructure laser is demonstrated by
combining in-situ mesa etching and immediate regrowth (Publication J).

The outline of the thesis is as follows. In Chapter 2, a general description on the
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semiconductor materials used here is given. In Chapter 3, their crystallographic structure is
treated in order to facilitate the elaboration of our results on epitaxial regrowth and in-situ
mesa etching. In Chapter 4, HVPE, the epitaxial technique that is used in this work, is
explained with a particular emphasis on its suitability to conduct in-situ mesa etching and
selective regrowth. In Chapter 5, the final chapter, a summary of the articles appended in this
thesis is presented.



2. III-V compound semiconductor materials
The materials used in this thesis are called, in general terms, III-V compounds,

because they are made out of elements of the groups III and V of the periodic table of
elements. So far Al, In and Ga from group III and P, As and Sb from group V have been
widely used [10]. Nowadays even Tl (from group III) [11] and N (from group V) [12] are
considered or exploited for novel applications. The discussion in this thesis is restricted to III-
V compounds. For device fabrication, binary, ternary, quaternary and pentenary alloys are
used.

The first very important difference between these materials and silicon is the higher
mobility of the carriers. This means that these devices are suitable for switching at higher
speeds than similar silicon based devices. The second difference is that a majority of these
materials have a so-called direct bandgap. This means that the conduction band minima has
the same value of the wave vector k as the valence band maximum. Thus electron-hole
recombination occurs with the creation of photons with ∆k=0. These materials can then be
used for devices in which optical energy can be efficiently transformed into electrical energy
and vice versa, like in laser diodes, light emitting diodes, detectors, or solar cells. Depending
upon the used materials, lasers and LED’s of different wavelength can be manufactured. In
Figure 5 are shown the possible III-V compounds, their emission wavelengths, and whether
these materials have direct or indirect bandgap. For example, the pump laser (λ = 0.980 µm)
is based on GaAs/AlGaAs systems and the 1.3 or 1.55 µm lasers are based on InP/InGaAsP
systems. Currently there is an intense research on GaInAsN materials that are lattice matched
to GaAs but can emit even at wavelengths >1.3 µm. [13].

Figure 5 Bandgap of different III-V alloys.
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3. Zinc-blende structure - crystal structure of
several III-V compounds

To gain a good understanding on the several features observed in this work, e.g.,
dependence of regrowth or etching on stripe orientation or partial pressure of active gases, it
is necessary to understand the structure of the zinc-blende lattice, since InP and GaAs
crystallise to this form. The zinc-blende lattice consists of two interpenetrating face centred
cubic lattices, one consisting of only group III atoms (e.g. In or Ga) and the other one
consisting only of group V atoms (e.g. P or As). One of these lattices is displaced one quarter
of the body diagonal length, along the body diagonal direction with respect to the other lattice
[14]. Such a structure is shown in Figure 6. A direct consequence of this arrangement of
atoms is that each indium atom is bonded tetrahedrally to four phosphorus atoms, and each
phosphorus atom is bonded tetrahedrally to four indium atoms as can be observed in Figure 6.

Figure 6 Zinc-blende crystal structure.

3.1 Characteristic planes in the zinc-blende lattice [[[[15]]]]
In the above crystal structure, three principal planes can be identified, and are {111},

{110} and {100} planes. All other planes can be expressed as a combination of these planes.
Each of these planes has different growth or etching rates (except under thermodynamically –
or diffusion controlled conditions). When regrowth or in-situ mesa etching is done on
patterned substrates, certain preferential planes emerge. Knowing how these planes are
composed of the above three principal planes, makes it possible to understand the reason for
the preferential formation of these planes during regrowth or etching. After describing the
atomic constitution of the {111}, {110} and {100} planes, the formation of higher index
planes will be discussed.
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3.1.1 {111} planes and their polarity
This plane is the most significant one in the zinc-blende lattice. The two main reasons

are (i) that this plane creates a polar axis in the lattice, and (ii) that this planes is, from
energetic point of view, the most stable among the three listed basic planes ({111}, {110} and
{100}) [16]. This means that in the case of growth on patterned substrates, this plane is the
most likely to be formed. Figure 7 shows the atomic arrangement in these planes.

Figure 7 Atomic arrangement in {111} planes of the zinc-blende crystal structure,
exemplified for the case of InP.

The {111} plane is a double layer consisting of only In or P atoms in each layer [17].
The convention is that the (111) plane containing only In atoms is denoted as (111)In or
(111)A plane, whereas the plane consisting of solely P atoms as (111)P or (111)B plane. Thus
if one proceeds along the [111] direction the sequence of this arrangement is P-In-(P-In-)nP-
In, whereas if one proceeds along the opposite [111] direction, the sequence is just the
opposite: In-P-(In-P-)nIn-P. Including the information on the number of bonds between each
of these layers, see Figure 7, the representation of the above sequences is as follows:
-P≡In (P≡In )nP≡In- (along [111]) and -In≡P (In≡P)nIn≡P- along [111]; here ‘-’,
‘≡’ and ‘ ’ are the dangling, triple and single bonds, respectively. Thus, from energetic
point of view, the surface layers (the top most and the bottom most) should necessarily be of
opposite kinds with one dangling bond on each atom. If both the surface layers have to be of
the same kind, it would involve three dangling bonds at all the atoms on one of the surfaces,
which is not energetically favourable. From the electron configuration of In and P one can
easily visualise that the dangling bond of In is an empty sp3 orbital and that of P a filled one.
Thus one can visualise (111)B as negatively charged and (111)A as positively charged.
Because of the different polarities arising in the [111]A and [111]B directions [111] axis is
also called as polar axis.

3.1.2 {110} planes
The structure of the {110} planes is given in Figure 8. As can be observed, these

planes consist of zigzag chains containing equal number of indium and phosphorus atoms.
Among the four bonds of each atom, two are bonded within the plane, one to an atom inside
the crystal and the fourth one is a dangling bond directed along <111>. The surface should
therefore be perfectly planar, containing both types of atoms in equal amount. The first atom
that would deposit on this plane would bond with only one bond to the lattice, creating
thereby two more dangling bonds on the {110} surface. This forms an energy barrier for
nucleation on a new plane. Subsequent growth would proceed as deposition of alternating
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atoms of opposite type at the ends of the chain, without a net change in dangling bonds.

Figure 8 Atomic arrangement in {110} planes of the zinc-blende crystal structure,
exemplified for the case of InP.

3.1.3 {100} planes
The {100} planes are shown in Figure 9 and consist of alternating planes of either

only phosphorus or only indium atoms. Even if the sequence is the same as in the {111}
planes, in this case, among the four bonds of each atom, two are bonded to the upper layer

Figure 9 Atomic arrangement in {100} planes of the zinc-blende crystal structure,
exemplified for the case of InP.

and two to the lower layer. Both planes, the one containing only In atoms and the one
containing only P atoms, are from an energy point of view equivalent. This means, that there
is no obvious strong natural force to cause a particular type of atoms to be revealed
preferentially at the surface. The cleaved {100} surface should therefore have a significant
amount of roughness, with basically equal number of each type of atoms. Growth on this type
of planes would therefore proceed in deposition of In and P atoms in equal rates over a
substantial area at a given time. Since deposition of In or P atoms occurs with no net change
in dangling bonds at the surface, growth would be favoured on this type of planes, as
compared to {110} or {111} planes.

3.1.4 Higher index planes
So far only the basic planes have been described. All other higher index planes are a

combination of these three planes. E.g. the {113} planes can be imagined from the
morphological point of view, like a staircase, in which the steps are {100} planes and the
raisers are {111} planes. More examples on how high index planes can be built up from the
basic planes can be found in [15], where an analysis is made from a strictly morphological
point of view. In this work, it is assumed that during growth on non-planar substrates, high
index planes emerge due to a combined growth on one or more of the three basic planes.

A special case among the higher index planes is the {113} surface, which also appears
very frequently in our studies. According to the discussion made by Sangster [15], growth
should be very rapid on surfaces consisting entirely of {111} double layers propagating in the
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easy direction on {100} steps. The greater the density of these steps, the more favourable the
surface, leading to an optimum surface which are the {113} planes.

Among the higher index planes, the ones like {113}, {115}, or {117}, and the ones
like {122}, {133} or {144} consist of only P or only In atoms, whereas planes like {112},
{114} or {116} contain both types of atoms.



4. Epitaxial techniques
Today, several epitaxial growth techniques are used in research, development and

production, and are constantly becoming more and more versatile. The continuous
improvement of electronic devices in terms of device properties and miniaturisation is also a
result of the progress of the epitaxial techniques. The demands on the epitaxial techniques are
high quality material (with foreign impurity levels of a few parts per billion), sharp interface
abruptness between two layers, high uniformity (i.e. large areas should be able to be
processed to be economically beneficial), flexibility for growing a wide range of materials
(including alloys of four or more elements), and environmental aspects. In this work HVPE
has been used, which is described in the following section, followed by a brief description of
other commonly used epitaxial techniques. At the end of this chapter, the specialities of
HVPE will be discussed. The HVPE reactor used in this work is described in [18].

4.1 Hydride Vapour Phase Epitaxy (HVPE)
Vapour Phase Epitaxy (VPE) is a general term for epitaxial techniques, in which the

source materials are transported in vapour phase to the substrate. The reactive constituents are
diluted in the carrier gas, which typically is either hydrogen or nitrogen. The factors which
influence the growth rate and material composition are the vapour flows, pressure and
temperature, all of which can be rather precisely controlled. Depending upon the sources and
the reactor type, one can distinguish between two special cases of VPE, namely
hydride/chloride vapour phase epitaxy (HVPE or Cl-VPE, respectively) and metalorganic
vapour phase epitaxy (MOVPE). The former one uses inorganic sources and the reactor is a
hot wall reactor; the latter one uses fully or partly organic sources and is a cold wall reactor.

HVPE and Cl-VPE operate in a very similar manner and can be described by
considering InP formation. The final reaction in both the techniques is:

)(4)(4)(2)()(4 24 gHClcInPgHgPgInCl +↔++ , Equation 1

However, the precursor for P and the method of generating InCl are different in both
the techniques.

In HVPE, InCl is generated in-situ by the reaction between HCl and molten In. The
precursor for P is PH3 gas, which on pyrolysis yields P4. Thus the predecessors to Equation 1
in HVPE are:

)()(2)(2)(2 2 gHgInClgHCllIn +↔+ Equation 2

)(6)()(4 243 gHgPgPH +↔ Equation 3

In Cl-VPE, PCl3 is both the precursor for P and the reactant for generating InCl. Here
PCl3 is passed through molten In (saturated with P) or polycrystalline InP. The predecessors to
Equation 1 in Cl-VPE are:

)(12)()(6)(4 423 gHClgPgHgPCl +↔+ Equation 4

)(2)()(4)(4)(4).,( 24 gHgPgInClgHClsInPorPsatlIn ++↔+ Equation 5
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Thus it is evident that there are no fundamental differences between HVPE and Cl-
VPE. The use of PH3 (trihydride of phosphorus) or PCl3 (trichloride of phosphorus) is the
main difference between Hydride VPE and Chloride VPE, respectively.

4.2 Other epitaxial techniques
Metalorganic Vapour Phase Epitaxy (MOVPE), often also referred as Organometallic

Vapour Phase Epitaxy (OMVPE) or Metalorganic Chemical Vapour Deposition (MOCVD),
is currently the most spread and most widely used epitaxial technique [19]. In this technique,
the precursors for group III elements are relevant metalorganic compounds, such as
trimethylindium (TMIn), or trimethylgallium (TMGa). The precursors for group V elements
are normally their hydrides, such as PH3 or AsH3, but today even organic precursors such as
tertiarybutylphosphine (TBP) or tertiarybutylarsine (TBA) are becoming more and more
common [20]. The MOVPE reactor is a cold wall reactor. The gases are fed into a chamber in
which only the substrate is heated. Deposition occurs on the substrate due to the reaction
between the precursors cracked on the substrate. The major attractions are the possibility to
grow almost all III-V and II-VI compounds and alloys with abrupt interfaces. This technique
is highly suitable for large-scale production. The drawbacks lie in the expensive reactants,
high gas consumption, and large number of parameters that need to be adjusted to obtain high
uniformity.

Liquid Phase Epitaxy (LPE) is one of the oldest techniques, which is still in use
because of the simplicity of the reactor to fabricate materials of sufficiently good quality to
make simple devices. In this case, the III-V layer to be grown is made into a proper III-V
solution that is saturated in group III elements. The liquidus-solidus equilibrium is exploited
for growth. The drawback of this technique lies in the difficulty to grow multilayers with
abrupt interfaces, and in the poor thickness uniformity obtained. This is a problem for
sensitive devices in large-scale production. However LED’s are still produced in large scale
by this technique.

In Molecular Beam Epitaxy (MBE), the elemental sources are evaporated at a
controlled rate to the heated substrate under ultra high vacuum (UHV) conditions. Perfectly
abrupt interfaces can therefore be obtained. It is also possible by this technique to monitor the
grown layer during crystal growth. The drawback lies in the use of the UHV equipment,
which makes this technique expensive (in terms of initial capital and processing costs), and it
is difficult to obtain high throughput with this technique.

Certain other techniques that are not mentioned exist, but they can be seen as special
cases of one of the listed ones, or a combination of them. A good description of all techniques
can be found in [21].

From the above descriptions of the epitaxial growth techniques, it is not possible to
judge which of the given techniques is better or worse than the others. It depends very much
on the specific application and the needs to be fulfilled. This is basically the reason why all
these techniques are still in use, either for production purposes or as research tools in
university laboratories.

4.3 Strength of HVPE
It is important to analyse how HVPE (or Cl-VPE) differs from the other techniques.

Shaw has exemplified that a solid-gas heterogeneous reaction as that of Equation 1 can be
limited basically by one among the following three steps: (a) input mass transport, (b) mass
transport due to diffusion and (c) surface kinetics [22]. All the epitaxial techniques differ from
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each other depending upon which of these three steps is the rate-determining step. In LPE and
HVPE step a, in MOVPE step b, and in MBE step c are the rate-determining steps. Step a is
characteristic of any equilibrium process. The other epitaxial techniques are operating far
from the equilibrium conditions, as has been elucidated by Stringfellow [23]. The near-
equilibrium nature of HVPE arises because of the reversible processes occurring at the
interface due to the volatility of chlorides of group III (e.g., InCl) at the operating
temperatures; shift from its equilibrium is caused by the kinetic factors mainly due to e.g.,
phosphine and arsine decomposition [24]. Certain detailed kinetic investigations are also
available especially for the deposition of binaries and to some extent ternaries [25] - [40]. In-
situ analyses of the ongoing processes inside the reactor have also been done by a few authors
[41] - [43].

With the above description it is easy to enumerate the strength of HVPE: 1) In HVPE
being a near equilibrium process, the growth rates are in principle uniquely determined by the
mass input rate of the reactants; hence unlike in the non-equilibrium processes (MOVPE and
MBE), very high growth rates (> 20 µm/hour) can be easily achieved in HVPE; 2) The
volatility of group III chlorides renders their adsorption on the dielectric mask with respect to
the semiconductor surface extremely difficult. Hence selective growth is an inherent property
in HVPE at the normal operating temperatures. 3) The growth rates on different
crystallographic planes are different under kinetically controlled regime (low growth
temperature) but coincide under thermodynamically controlled regime (higher growth
temperature) [22]. Higher growth temperatures are not always desirable. Local kinetic
variations can always occur. Hence under normal conditions of growth on non-planar
substrates (exposing different crystallographic planes simultaneously for growth) there is an
inherent driving force to reach towards stable crystallographic directions. E.g., with non-
planar (001) substrates, <hhl> directions are reached easily. High index {hhl} planes and
(001) planes are alike and this leads to planarisation.

A simple thermodynamic analysis [44] of InP deposition is given to appreciate the
growth and etching feasibility of HVPE. In equilibrium, Equation 1 can be described in terms
of the chemical potential µ of the species specified as subscripts,

24)( 2
1

4
1

HPInClHClcInP µµµµµ +++−= , Equation 6

and using the ideal gas approximation it gives

))(ln(
2
1

4
1 0

2
0

4
00

)( TKRTHPInClHClcInP −+++−= µµµµµ Equation 7

where K(T) is the equilibrium constant of Equation 1 at a temperature T. Under non-
equilibrium conditions the chemical potential of hypothetical InP vapour, µInP(g) can be
expressed as







++++−=

HCl

HPInCl
HPInClHClgInP P

PPPRT
5.0
2

25.0
40

2
0

4
00

)( ln
2
1

4
1 µµµµµ Equation 8

The following three cases can be distinguished, looking at the chemical potentials in
the vapour phase and in the solid phase:

(i) in equilibrium )()( gInPcInP µµ =  is valid,
(ii) if )()( gInPcInP µµ <  crystal growth occurs, and
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(iii) if )()( gInPcInP µµ >  etching of the crystal occurs.
The driving force for crystal growth is the difference between the chemical potentials of the
vapour and solid phases, µ∆

)()( cInPgInP µµµ −=∆ Equation 9

and inserting Equations 7 and 8, it leads to







=∆ )(ln

5.0
2

25.0
4 TK

P
PPP

RT
HCl

HPInClµ Equation 10

Thus, as indicated above, if µ∆  is positive, growth occurs, and if µ∆  is negative, etching
occurs.

By a proper choice of the parameters, mesa etching can be conducted. As mentioned
earlier, mesa etching is commonly used in device fabrication to obtain a desired geometry of a
device. Among the different types of etching techniques, the most commonly used are wet
chemical etching techniques, in which liquid chemical reagents are used, and dry etching
techniques in which activated gases (plasma) are used. In the latter case the etching can be
due to chemical reaction and/or mechanical effects (sputtering). The advantage of the former
is that it offers clean (i.e. damage free) surfaces, whereas the drawback lies mainly in the poor
control of the process and hence the poor reproducibility that is obtained. Dry etching
techniques are associated with high voltages, plasma, reactive ions, etc. With this method it is
possible to obtain a good control and hence high reproducibility of the process, but the etched
surface has appreciable damage and is sometimes contaminated by the non-volatile products
formed. In certain devices, this results in reduced performance. If mesa etching is carried out
in the same reactor prior to regrowth it is called in-situ mesa etching. This combines the
advantages of both of the described etching methods, resulting in near-damage-free surface
and good reproducibility. The other advantages are the controlled shape of the mesa and the
virgin etched surface prior to regrowth. Our group demonstrated for the first time this
feasibility [45] by HVPE followed by Bertone et al. [46] by MOVPE. In HVPE, in-situ mesa
etching and immediate regrowth considerably reduces the overall processing time. Buried
heterostructure lasers were fabricated with in-situ etching in the HVPE reactor, and the results
are included in this thesis (Publication J).



5. Publications

5.1 List of appended publications (and my contribution)
Publication A
S. Lourdudoss, E. Rodríguez Messmer, O. Kjebon and G. Landgren, “Temporally resolved
regrowth of InP,” Journal of Crystal Growth 152, 105-114 (1995).
My contribution: experiments and analysis

Publication B
S. Lourdudoss, E. Rodríguez Messmer, O. Kjebon and G. Landgren, “Temporally resolved
selective regrowth of InP around [110] and [110] mesas,” Journal of Electronic Materials, 25
(3), 389-394 (1996).
My contribution: experiments and analysis

Publication C
S. Lourdudoss, E. Rodríguez Messmer, K. Streubel, J. André, O. Kjebon and J. Wallin,
“Morphological modifications during selective growth of InP: Fe around cylindrical and
parallellepiped mesas,” Materials Science and Engineering, B28, 179-182 (1994).
My contribution: growth optimisation and analysis

Publication D
S. Rapp, K. Streubel, C. Dholland, J. André, E. Rodríguez Messmer and S. Lourdudoss,
“InP:Fe semi-insulating regrown 1.55 µm vertical cavity lasers based on an integrated InP
Bragg reflector,” Optical Society of America, Trends in Optics and Photonics Series (OSA
TOPS), Vol. 15 (Advances in VCSELs), 99-103 (1997).
My contribution: BH-structure fabrication and part of the analysis

Publication E
E. Rodríguez Messmer and S. Lourdudoss, “Analysis of regrowth evolution around VCSEL
type mesas with Hydride vapour phase epitaxy,” submitted to Journal of Crystal Growth.
My contribution: part of the experiments and complete analysis and writing

Publication F
M. Hammar, E. Rodríguez Messmer, M. Luzuy, S. Anand, S. Lourdudoss and G. Landgren,
“Topography dependent doping distribution in selectively regrown InP studied by scanning
capacitance microscopy,” Applied Physics Letters 72 (7), 815-817 (1998).
My contribution: structure design and fabrication

Publication G
N. Gopalakrishnan, E. Rodríguez Messmer and S. Lourdudoss, “Self consistent model for InP
selective regrowth by hydride vapour phase epitaxy,” Japanese Journal of Applied Physics
part I, no. 2B, vol. 38, 1037-1039 (1999).
My contribution: structure design and fabrication, and part of analysis and writing



Selective epitaxy and in-situ etching studies on III-V semiconductor surfaces16

Publication H
E. Rodríguez Messmer, S. Lourdudoss, J. Ahopelto, H. Lipsanen, J-O. Wesström, K. Hieke,
J.P. Reithmaier, K. Kerkel, A. Forchel, W. Seifert, N. Carlsson and L. Samuelson, “Hydride
Vapour Phase Epitaxy for Nanostructures,” Materials, Science and Engineering B51, 238-241
(1998).
My contribution: growth experiments, part of analysis and writing

Publication I
J. Ahopelto, M. Sopanen, H. Lipsanen, S. Lourdudoss, E. Rodríguez Messmer, E. Höfling,
J.P. Reithmaier, A. Forchel, A. Petersson and L. Samuelson, “Maskless selective growth of
InGaAs/InP quantum wires on (100)GaAs,” Applied Physics Letters 70 (21), 2828-2830
(1997).
My contribution: optimisation of growth and part of analysis

Publication J
E. Rodríguez Messmer, T. Lindström and S. Lourdudoss, “In-situ mesa etching and
immediate regrowth in a HVPE reactor for buried heterostructure device fabrication,” Journal
of Crystal Growth 210 (4), 600-612 (2000).
My contribution: design of experiments, part of analysis and writing



Guide to the publications 17

5.2 List of publications and contributions not included in
this thesis

The results of the thesis resulted also in the following publications, which are not
included in this thesis.

E. Rodríguez Messmer, T. Lindström and S. Lourdudoss, In-situ mesa etching and immediate
regrowth in a hydride vapour phase epitaxy reactor, Institute of Physics Conference Series
No 162: chapter 10, IOP Publishing Ltd, Eds. H. Sakaki, J-C. Woo, N. Yokoyama and Y.
Hirayama, 499-504 (1999).

S. Lourdudoss, E. Rodríguez Messmer, D. Söderström and O. Kjebon, Uniqueness of Hydride
Vapour Phase Epitaxy in optoelectronic device fabrication, 10th International Conference on
Indium Phosphide and Related Materials, May 1998, Tsukuba, Japan

E. Rodríguez Messmer, D. Söderström, P. Hult, S. Marcinkevicius and S. Lourdudoss and
D.C. Look, Properties of semi-insulating GaAs:Fe grown by hydride vapour phase epitaxy,
Electrochemical Society Proceedings Volume 99-17, Editors D.N. Buckley, S.N.G. Chu and
F. Ren, 15-19, (1999).
S. Anand, C.F. Carlström, E. Rodríguez Messmer, S. Lourdudoss and G. Landgren, Doping
landscapes in the nano-meter range by scanning capacitance microscopy, Applied Surface
Science, Volume 144-145, 525 (1999).

M. Hammar, M. Luzuy, E. Rodríguez Messmer and S. Lourdudoss, Lateral doping profiling
in compound semiconductor materials and device structures using scanning capacitance
microscopy, MOVPE VII workshop on Metal-Organic Vapor Phase Epitaxy and Related
Growth Techniques, June 1997, Berlin, Germany.

N. Gopalakrishnan, E. Rodríguez Messmer and S. Lourdudoss, Anisotropy behaviour in InP
selective regrowth by Hydride Vapour Phase Epitaxy, 18th Nordic Semiconductor Meeting,
Linköping, Sweden, 1998.

S. Rapp, J. Piprek, K. Streubel, J. André, E. Rodríguez Messmer and J. Wallin, Temperature
performance of 1.55µm Vertical Cavity Lasers with integrated InP/GaInAsP Bragg reflector,
9th International Conference on Indium Phosphide and Related Materials (IPRM'97), Hyannis,
Massachusetts, U.S.A., 11-15 May 1997, p.36

N. Carlsson, S. Lourdudoss, I. Maximov, P. Omling, P. Ramvall, E. Rodríguez Messmer, L.
Samuelsson, W. Seifert and Q. Wang, Heterostructurally defined electron waveguides for
quantum-based switching applications, Proceedings GigaHerz 97, Stockholm, Sweden (1997)

S. Lourdudoss, D. Söderström, E. Rodríguez Messmer, O. Kjebon, N. Gopalakrishnan, S.
Karlsson and R. Holz, Epitaxial semi-insulating III-V compounds, 18th Nordic Semiconductor
Meeting, Linköping, Sweden, 1998.

S. Anand, C. F. Carlström, E. Rodríguez Messmer, S. Lourdudoss, and G. Landgren, Doping
landscapes in the nano-meter range by scanning capacitance microscopy, 14th International
Vacuum Congress, Burmingham, Aug.-Sept. 1998.

I. Maximov, N. Carlsson, P. Omling, P. Ramvall, L. Samuelson, W. Seifert, Q. Wang, S.
Lourdudoss, E. Rodríguez Messmer, A. Forchel and K. Kerkel, Conductance oscillations in
overgrown sub 100 nm InP/Ga(0.25)In(0.75)As quantum wires, Semiconductor Science and
Technology 13, A67 (1998).



Selective epitaxy and in-situ etching studies on III-V semiconductor surfaces18

I. Maximov, Q. Wang, M. Graczyk, P. Omling, L. Samuelson, W. Seifert, I. Shorubalko, K.
Hieke, S. Lourdudoss and E. Rodríguez Messmer, Fabrication and characterization of 0.2 to
6 µm GaInAs/InP electron waveguides, 11th International Conference on Indium Phosphide
and Related Materials 1999, Davos, Switzerland.

Y. Sun, E. Rodríguez Messmer, D. Söderström, D. Jahan and S. Lourdudoss, Temporally
resolved growth of InP in the openings off-oriented from [110] direction, accepted for
presentation at 12th International Conference on Indium Phosphide and Related Materials,
May 2000, Williamsburg, Virginia, USA

A. Gaarder, C. Angulo Barrios, E. Rodríguez Messmer, S. Lourdudoss, and S.
Marcinkevicius, Dopant distribution in selectively regrown InP:Fe and InGaP:Fe studied by
time-resolved photoluminescence, proceedings of the 12th International Conference on Indium
Phosphide and Related Materials, May 2000, Williamsburg, Virginia, USA

C. Angulo Barrios, E. Rodríguez Messmer, M. Holmgren and S. Lourdudoss, Semi-insulating
GaInP:Fe and GaAs:Fe regrowth around GaAs/AlGaAs laser mesas, submitted to 3rd

International Conference on Materials for Microelectronics, 16-17 October 2000, Dublin,
Ireland



Guide to the publications 19

5.3 Guide to the publications
The appended publications can be divided into three groups, based on their content.
The first group, containing the first seven listed publications, deals with the

morphology of InP growth around stripes or parallelepiped mesas, like for the case of e.g. IPL
or VCSEL mesas, respectively. Publication A to Publication E deal with morphological
aspects and growth behaviour and their dependence on the V/III ratio, i.e. the amount of P or
In atoms available. Publication F deals with the electrical characterisation of the regrown
region near the mesa. It addresses the impact of the growth morphology on the electric
properties, which in turn will determine the resistivity or leakage of the material around the
mesa. The last publication of this group, Publication G, models InP growth taking into
account diffusion phenomena.

The second group is devoted to applications of HVPE to nanostructures. Applications
are reviewed in Publication H and can be either InP growth on InP/InGaAsP based structures,
to e.g. passivate the surface, or heteroepitaxy, e.g. InP growth on GaAs. This latter
application, which is discussed more in detail in Publication I, can be used for the creation of
InP templates on GaAs substrates for any kind of InP based electrical or optical structures.

The third group, which consists of only Publication J, deals with mesa etching inside
the HVPE reactor. Buried heterostructure Fabry-Perot lasers were fabricated by this
technique, which has a lower process time and can yield better performance than traditionally
made devices.

5.3.1 Regrowth studies around etched stripes and pillars
In Publication A and Publication B a detailed analysis of evolution of regrowth around

mesas was made and a qualitative explanation is given. In these studies, mesas were aligned
along [110] and [110] directions, and were regrown at four different temperatures, between
600ºC and 700ºC, with seven layers (alternating doped and undoped layers). After cleaving
the samples and stain etching it was possible to identify each of the layers, and make thereby
a time-resolved analysis of the regrowth. In Publication A, the mesas did not have any mask
on top, whereas in Publication B a SiNx mask was present on the top of the mesas. In both
cases, the obtained results are basically the same (with small difference in growth rates),

Figure 10 SEM views of (a) [110] and (b) [110] directional mesas after regrowth
of alternating layers of InP and InP:S at 650ºC.

a

b
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which means that the top mask has almost no influence on the growth morphology. A
comparison of the results of regrowth around mesas with and without mask was made in
Publication B. In these studies, three main results were discussed, (i) the regrowth profiles,
(ii) the temperature dependent initial growth and (iii) the identification and evolution of
certain crystallographic planes. Examples of regrown mesas are given in Figure 10, at 650ºC,
and with mesas oriented along both crystallographic directions (i.e. along [110] and [110]).
To analyse the growth rate, we measured the growth away from the mesa at half of its height,
for the first grown layer. The results are plotted in Figure 11 for masked and unmasked mesas.
The main feature, which is valid for all analysed temperatures, is that the growth around

Figure 11 Arrhenius plot of the initial lateral growth rate as a function of the
temperature. The initial growth rate is defined as the growth away from
the mesa at half the height of the mesa after the first minute of growth.

[110] mesas is more abundant than the one along [110] mesas. These characteristics have
been explained qualitatively by the difference in bonding configurations between [110] and
[110] oriented mesas.

Such a difference in bonding configuration has been invoked by Asai [47] to interpret
the results on anisotropic lateral growth of GaAs by MOVPE at different temperatures and
V/III ratios. This work was done around circular mesas with step height of only 0.12 µm.
Later Nordell et al. [48] performed MOVPE regrowth around mesas up to 5 µm high. These

                                                            a

                                                            P
                                                            In

                                                           b

                                                           P
                                                           In

Figure 12 Schematic description of (a) [110] oriented mesas, where P-In bonds are
projecting upwards and In-P bond is projecting downwards with respect to
(001) and (b) [110] oriented mesas, where In-P bond is projecting
upwards and P-In bond is projecting downwards with respect to (001).



Guide to the publications 21

authors indicate that the difference in bonding configuration is playing a dominant role during
regrowth, leading to the different growth behaviour.

Even though the {110} walls (i.e. sidewalls of [110] oriented mesas) and the {110}
walls (i.e. sidewalls of [110] oriented mesas) are identical if considered in isolated form, the
difference in the orientation of dangling bonds with respect to the (001) surface plane creates
this unequal growth behaviour. This is represented in Figure 12. Further it is assumed that in a
phosphorus-rich environment, like in the case of these studies, growth will be dependent upon
the net change of dangling bonds due to incorporation of In atoms to the lattice, and growth
will proceed as shown schematically in Figure 13. It is then possible to make a statement
about the facility of the growth in all crystallographic orientations of interest, based on the net
change of dangling bonds in these directions. As a result, growth is more favourable in the
[110] oriented mesas, in all directions, whereas it is the less favourable in the [110] oriented
mesas in the directions away from the mesa and along the vertical [001] direction. This
explains the more abundant growth around [110] oriented mesas.

   [001]
                                                                          P
             [110]                                                   In
[110]

  [001]
                                                                      P
              [110]                                                In
[110]

Figure 13 Schematic view of the very initial regrowth stage in (a) [110] and (b)
[110] mesa case. Filled circles represent P atoms and open circles In
atoms.

The practical application of the results obtained from Publication A and Publication B
are described in Publication C and Publication D. In the former one, the regrowth around
cylindrical and parallelepiped mesas, as in the case of vertical cavity surface emitting lasers
(VCSEL’s), has been studied, whereas in the latter one improvement in the performance of a
VCSEL due to SI regrowth is described. In Publication C, it has been confirmed that the
growth around even the vertical mesas is more predominant along [110] direction than along
the [110] direction, i.e., the deductions of the experiments with the stripes are found to be
applicable even to the experiments with the pillars. Another analysed factor is the extent of
planarisation, which is the area close to the mesa at its height. This is an important parameter
for device processing, since after regrowth, it is desirable to have a totally planar surface all
around the mesa. Thereby, further device processing is facilitated and the electrical
characteristics of the regrown layer would be more homogeneous all around the mesa. This
planarisation is directly related to the growth rate. Total planarisation is quicker along [110]
direction, than along its orthogonal [110] direction. Hence if the total growth time is too
long, creeping of InP over the mask can occur along [110]. This is undesirable for device
realisation.

The discussion of Publication D will only be limited to the comparison between the
polyimide embedded and the regrown lasers. In this paper, “half mesa” structures were
analysed; this means structures, in which the etched mesas contain only the top mirror. Two
different sets of samples were prepared, one in which the etched mesas were embedded in
polyimide and the second one, in which the mesas were regrown with semi-insulating, iron
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Figure 14 VCL structure with integrated bottom mirror, strain-compensated multi-
quantum-well active layer, and Si/SiO2 top mirror, regrown with SI-
InP:Fe.

doped InP (InP:Fe). A cross-section of this latter structure is shown in Figure 14. The results
of the VCSEL’s are summarised in Table 1. In the regrown VCSEL’s the operating
temperature range for cw operation is higher. This means, that a major problem in VCSEL
operation, namely heat dissipation, can be effectively improved by regrowing the structures.
Because of proper regrown interface the leakage currents are low as indicated by the quantum
efficiency, higher by an order of magnitude, as shown in Figure 15 [49]. Since only the top
mirror has been etched and regrown, this structure does not fully utilise the potential of the
InP regrowth for improved thermal, electrical and optical properties. Significant improvement
of laser performance is expected for a full mesa device, i.e. if the mesa is etched through the
active layer and bottom mirror until the substrate.

Polyimide embedded
VCSEL’s

SI-InP:Fe regrown
VCSEL’s

Max. cw operation
temperature -23ºC -9ºC

Pulsed operation
temperature range -160ºC - +45ºC -160ºC - +45ºC

Min. Ith @ RT 30mA 23mA

Min. Ith
(@ -60ºC) 6mA 5.4mA

Table 1 Comparison between polyimide embedded and InP:Fe regrown VCSEL’s.
The regrowth around VCSEL type mesas can be optimised (from morphological point

of view) in several ways. One way would be to change the distance between two mesas,
according to the orientation dependent growth rate around the mesas. Another possibility is to
change the partial pressures of the active gases during growth. The second solution is the
preferred one, since it can be applied to any kind of devices, independent of structure or
distance between them. The reason why the change in partial pressures changes the growth
rate along different orientations can be explained as follows. For the studies in Publication A
and Publication B we assumed that in an ambient with excess P atoms, the growth is limited
by the incorporation of In atoms. These incorporate easier in the [110] mesa case than in the
[110] mesa case, creating the described profiles. According to this model, if the experiments
were carried out with an excess of In atoms in the growth ambient, the results would be the
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Figure 15 Differential optical efficiency as a function of temperature for VCLs with
and without SI-InP regrowth.

opposite. The growth would be limited by the incorporation of the P atoms, and growth would
be more favourable around [110] mesas than around [110] mesas. The obtained growth
profiles would be similar to the ones described above, if the directions are exchanged.

Without going to the extreme of inverting the V/III ratio, the influence of the partial
pressures of the input gases has been analysed in Publication E. In this paper, time-resolved
regrowth (consisting of five alternating layers of undoped and n-doped InP) around
parallelepiped mesas has been studied by varying the partial pressure of InCl (and thereby
also the V/III ratio). In the first part of this publication, the planes emerging along [110] and
[110] directions were identified and discussed. It was observed that {11l} planes with l > 3
were observed along [110] direction and mostly {hhl} planes with h > 1 were formed along
[110] direction. This behaviour can also be explained with the incorporation of In and P
atoms to the lattice. Since, also in this paper the V/III ratio is > 1 (i.e. excess P atoms in the
growth ambient), the growth is limited by the incorporation of In atoms, and it is therefore
necessary to analyse only the incorporation of In atoms into the lattice. Another assumption is
that the first created planes are of {111} type, since these are the most stable ones due to the
least number of bonds per unit area as compared to the other basic planes, {001} and {110}
[16]. Further growth is then assumed to be a combination of growth on {111} and (001)
planes, according to Sangster [15].

Regarding the growth along [110] direction, the situation, after formation of the
(111)B plane can be described from the point of view of the atomic arrangement as shown in
Figure 16. In general, in a phosphorus-rich environment, the {111} planes can be imagined as
a staircase, in which (001) planes are treads and {110} planes are raisers. The raisers of the
(111)B planes are (110) planes, whereas the ones of the (111)A planes are (110) planes. For
growth along [110] direction, the first incoming In atom can bond only to the (001) tread and
not to any of the site on the (110) raiser, except if the site in the step below is already
occupied by an In atom (see Figure 16). This means that in this case, the growth is more
predominant along [001] direction than along [110], and the angles between the emerging
planes and the (001) surface decrease rapidly, already in the initial stage of growth. On the
contrary, when growing along [110] direction, the {111} walls are of (111)A type. In this
case, an incoming In atom can bond to any of the kink sites all over the wall. The result is that
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Figure 16 Lateral atomic configuration of the (111)P plane covered completely
with P atoms due to the PH3 overpressure.

the initially formed growth profile will be repeated as growth proceeds. The emerging planes
(i.e. their angles with the (001) surface) do not change much with increasing growth time. In
the second part of the publication, polar growth rate diagrams are given, which show clearly
that the angles decrease rapidly in the initial stage of growth only for growth along [110]. It
was also observed that the growth rate is higher for growth along [110] for almost all InCl
partial pressures. With decreasing InCl partial pressure, the difference in growth rate between
both orthogonal directions decreases, because of the reduced influence of the orientation
dependent effects, since less In atoms are available. This indicates that equal growth rates can
only be obtained at low InCl partial pressures almost.

So far we have discussed the morphology of the regrowth of mesas, and mentioned
how to make this regrowth more uniform and less dependent on crystallographic orientations.
We argued before, that a homogeneous regrowth (i.e. equal growth rate along all
crystallographic directions) is desired to facilitate further processing of the mesas. This is just
one reason; another one (and maybe more important one) is that the dopant incorporation,
which can determine the electrical properties of the device, depends on the growth rate (and
crystallographic orientation of the planes). The dopant incorporation can therefore be non-
uniform if various crystallographic planes are formed during regrowth.

In Publication F an analysis around regrown mesas of two structures grown with n-
type InP:S and one with semi-insulating InP:Fe are given. The electrical characteristics of the
material close to the mesa were analysed with scanning capacitance microscopy (SCM), since
this technique has a strong sensitivity to doping variations and has a high lateral resolution
[50]. It is observed that both S and Fe show strong doping gradients close to the mesa,
although they behave in fundamentally different ways. The different regions are shown in
Figure 17. In this figure, the boundary of the triangular near-mesa region (region 1 in Figure
17) corresponds to (111)B type planes. For the sulphur doped sample, it is observed that the
doping concentration peaks at the (111)B planes and decreases towards regions 1 and 3. The
doping in region 3 is a factor of 10 higher than the target value, which is obtained far away
from the mesa (region 5), where the growth proceeds vertically along the [001] direction. This
is in agreement with the analysis made regarding Figure 16, where the bonding of P atoms
(and thereby also sulphur atoms) on the {111}P plane is facilitated. R. Bhat et al. [51]
examined in detail the doping incorporation in InP grown by MOVPE for a number of
surfaces. They reported that the sulphur incorporation was found to be significantly higher for
the (111)B, (112)B and (113) B surfaces, than the (001) surfaces, what is consistent with our



Guide to the publications 25

Figure 17 Representation of different regions around regrown mesas. (1) Near-
mesa region with a (110) growth front; (2) (111)B planes; (3) Far-mesa
lateral growth region; (4) lateral growth front; (5) Vertical growth front
region.

results. On the contrary, regarding Fe incorporation, it is observed that Fe incorporation in
region 3 is lower than in region 5. Besides, the outer boundaries of the triangle (region 2)
appear as bright lines, indicating a transition from a regime of higher carrier concentration
(region 1) to a regime of lower carrier concentration (region 3). This means, in a rough
distinction, that region 3 is more semi-insulating than region 1. Additional measurements
which were done with time-resolved photoluminescence (TR-PL) confirm that Fe
incorporation is more uniform if the mesa is aligned along [110] direction. It is possible with
this technique to detect the decay time, which is related to the Fe concentration, very close to
the mesa. These results, partly published recently [52], are shown in Figure 18 and Figure 19.
An increase in decay time corresponds to a decrease of the active Fe concentration, which can

Figure 18 Dependence of the PL decay times on the distance from a [110] oriented
mesa in the InP:Fe structure. Indicated values of Fe concentration are
obtained from comparison with measurements on SIMS-calibrated
samples.
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only be observed at mesas aligned along [110] direction (see Figure 18). On the contrary,
when the mesa is oriented along [110] direction, as shown in Figure 19, the active Fe
concentration close to the mesa is more uniform.

Figure 19 Dependence of the PL decay times on the distance from a [110]
oriented mesa in the InP:Fe structure. Indicated values of Fe
concentration are obtained from comparison with measurements on SIMS-
calibrated samples.

The last publication of this group dealing with regrowth studies around mesas is
Publication G. Here a theoretical model is presented to describe the excess area growth close
to the mesa. It was observed that the near mesa region has a higher growth rate than planar
substrate (see e.g. Publication A and Publication B). In the presented model it is assumed that
this excess area is a result of the growth of the diffusion of unreacted InP molecules which
migrate from the masked region to the mask-InP boundary [53]. This means, that first an InP
molecule is created and migrates further to an appropriate site, where it incorporates into the
lattice. The treatment is based on a model made by Silvestri et al. [54]. If n(x) is the number
of InP molecules (x refers to the direction parallel to the wafer), it obeys the mass balance
equation,

D
d n
dx

n
s

2

2 0− + =
τ

φ , Equation 11

where Ds is the surface diffusion coefficient, τ the residence time of adsorbed molecules and φ
the incident flux. Physically these three terms can be seen as follows. The incident flux
molecules from the vapour get adsorbed on the mask and migrate to the mask-InP boundary.
The reverse process, desorption of the species from the mask, is described by n/τ (τ is the
mean lifetime of an adsorbed molecule on the mask), and has to be subtracted from the
incident flux φ. Finally the first term of the equation is the divergence of the surface flux
which must accommodate the net flux from the vapour, where Ds is the surface diffusion
coefficient. The boundary condition to solve Equation 11 is given for x=± l (l is half of the
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width of the mesa) by

nk
dx
dnDJ sss =−= , Equation 12

where Js is the flux at the mask-InP boundary and ks the rate constant for deposition reaction
at the kink sites. The mean diffusion distance xs is given by

τss Dx = . Equation 13

Finally, the following solution is obtained for n(x)
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This last equation should be equation (3) of Publication G, but has been printed wrongly. The
following equations were obtained for the surface diffusion length xs, diffusion coefficient Ds
and the excess growth area A :
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respectively, where Ed is the desorption energy of InP, Em the activation energy of surface
migration, ν the vibrational frequency of the crystal, c the jump distance, Vm the molecular
volume of InP and t the growth time. From an Arrhenius plot of the growth area A (of [110]
and [110] directional mesas) versus the temperature T, the value for (Ed-Em) was obtained,
and assuming Ed equal to the In-P bond energy (2.04 eV), Em was derived. From Equations 15
and 16 the diffusion constant and diffusion length were obtained as a function of the
temperature, and are shown in Figure 20. Lower (higher) surface diffusion lengths and
constants imply that growth occurs closer (farther) to the mesa, which is in agreement with
the experimental results which were described and analysed in Publication A and Publication
B.
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Figure 20 Surface diffusion length and surface diffusion constant for [110] and
[110] mesas as a function of temperature.

5.3.2 HVPE applications for nanostructures
So far only regrowth around structures with dimensions in the micrometer range has

been discussed. In Publication H three examples are given in which HVPE has been used
successfully for low dimensional devices.

In the first of the three examples, wet etched quantum wires (widths between 500 and

Figure 21 PL intensity at 2K of lattice matched GaInAs/InP quantum wires of
various widths before and after regrowth of InP:Fe. Dashed line belongs
to the 2D structure.
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18 nm) were overgrown with 50 nm thick semi-insulating InP. The results of the low
temperature PL are shown in Figure 21. This figure shows that when going from 200 to
30nmwide etched wires, a decay of the PL intensity can be observed, whereas after
overgrowth, the samples emit at the same intensity as the two-dimensional reference sample.
From a diffusion model it was shown that the residual interface recombination velocity was
reduced by two orders of magnitude in the regrown wires. The quantum efficiency decrease
when going from 500 nm wide to 20 nm wide wires is by a factor of 20 in the as etched wires,
whereas only 2 in the regrown samples.

In the second of the examples, an electron waveguide was fabricated. It consisted of a
source and a drain contact at the beginning and end of the waveguide and two gate contacts at
each side of the waveguide. Through the gate contacts it is possible to control the ballistic
electron motion in the waveguide. The trench between the gate contact and the electron
waveguide were filled with InP:Fe, grown by HVPE. The result is that the change in Fermi
energy per 1V gate voltage is by a factor of five larger in the regrown samples (ratio of 0.015
in regrown samples and 0.003 in as-etched samples). This means that the switching response
is steeper after regrowth of the waveguide.

In the third of the examples InP templates were grown on GaAs substrate. This has
been studied in Publication H and Publication I. The idea behind is the following. If InP is
grown on plain GaAs substrate, the result is scattered islands in the form of a frustum of a
pyramid. Because of the chosen experimental conditions, the islands were elongated along

Figure 22 Cross-section of InP islands on plain GaAs substrate, (a) cleaved along
[110] direction and (b) cleaved along [110] direction.

[110] direction, but no continuous line was achieved. The cross-sections of these islands look
like trapeziums of different size, as shown in Figure 22. The second step is that if the GaAs
substrate is provided with focused ion beam (FIB) lines, the islands are aligned only along
these lines, as shown in Figure 23. It is observed that the FIB lines must be oriented along
[110] direction in order to form continuous InP “lines”. On the other hand, if the lines are
aligned along [110] direction, the island do not coalesce. The explanation to this behaviour is

a

b
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Figure 23 Topview SEM micrograph showing the difference in growth of InP on
lines implanted in the [110] and [110] directions. In the [110] direction
continuous lines were formed but in the [110] direction InP formed rows
of detached islands. The average dose was 1015 cm-2. Courtesy J.
Ahopelto.

that in an [110] oriented FIB line, the sidewalls are of {111}B, whereas the front and the back
walls are presumed to be of {111}A. Since the growth rate on these latter planes is much
larger than on the {111}B planes [55], the formation of continuous FIB lines can only be
achieved along [110] direction and not along the [110] one. The arguments explaining the
slow growth rate are the same as described earlier in this thesis, since the given growth

Figure 24 Low-temperature PL spectra from (a) InP:Fe wires before the deposition
of the InGaAs and InP layers by MOVPE and (b) from with polarizer
parallel and perpendicular to the wires.
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conditions (excess P atoms in the growth ambient) are the same. By a judicious choice of the
growth parameters, the width of the top (001) plane can be adjusted. If further growth (lattice
matched to InP) is carried out with e.g. MOVPE, the grown material will only grow on the top
(001) plane of the template, but neither on the {111}B sidewalls (due to lethargic kinetics) nor
on the GaAs substrate (due to large lattice mismatch). These InP islands can therefore serve as
templates for optical or electronic devices. In Publication I a lattice matched InGaAs layer and
an InP cladding layer were grown on InP stripes with a width of the top (001) plane of
120nm. Low-temperature PL studies were carried out on this sample with a polariser parallel
and perpendicular to the wires. A broad emission appeared at around 0.9 eV, together with a
weaker InP related emission at around 1.4 eV. The spectra are given in Figure 24. Due to the
polarisation effect a polarisation degree of 23% was obtained, suggesting a one-dimensional
nature of the structure [56].

The only drawback in the above experiments is that the templates can only be
achieved along [110] directions, which would limit drastically possible applications. But, as
shown in [57] these drawbacks can be narrowed when changing the composition of the active
gases in the growth ambient. As described in Publication I the wires are formed along [110]
direction because the front and back walls of the formed islands are fast growing {111}A
planes in an ambient with excess phosphorus. The sidewalls of these islands are of {111}B
type and are slow growing planes in the same ambient. This means that if it is possible to
create a growth environment with excess indium atoms, it would be possible to create wires
that are aligned only along [110] direction. Somewhere in between, with a balance of In and
P atoms in the ambient, the stripes would then grow along all crystallographic directions. The
result of growth in such an ambient is shown in Figure 25. It is shown that it is possible to
grow InP templates without any restriction on FIB patterned GaAs. This can be useful for
electronic or optoelectronic devices of any kind of design if the electrical and optical quality
are acceptable.

Figure 25 Top view of an array of InP wires grown on GaAs
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5.3.3 Mesa etching with HVPE
In Publication J, in-situ etching of a mesa prior to regrowth has been investigated. This

is a very attractive choice, since it avoids the damage and contamination of the active layer of
the device, and at the same time it speeds up the device fabrication process time. Previous
mesa etching studies (for in-situ applications) have been carried out by Tsang et al. [58] in a
CBE reactor and by Bertone et al. [59] in an MOVPE reactor. In both cases, etching has been
achieved by introducing a suitable gas for etching, which is not otherwise used for growth. In
the article by Bertone et al. [59], a more thorough study has been made, comparing also the
effect of the addition of four different gases on the shape and etching rate. A result was that,
depending on the used gas, different etching rate and different shapes of mesas were obtained,
which was also dependent upon the material that is etched. In HVPE, being a near equilibrium
process, the gases involved in the growth can also be used during etching. The shape of the
mesas can be controlled by the partial pressure of the active gases. This makes the proposed
method suitable for applications on a wide range of semiconductor devices. In Publication J
in-situ mesa etching in a HVPE reactor has been analysed as a function of partial pressures of
active gases (HCl, PH3 and InCl), stripe orientation and etching temperature. Etched depth,
underetching and shape of the mesas were examined. Along [110] direction the shape of the
mesa always looks like the one shown in Figure 26, irrespective of the etching parameters,
whereas along [110] direction the shapes of the mesas vary depending upon the etching

Figure 26 Profile of an etched mesa along [110] with pHCl=8.9 x 10-4atm and
pPH3=2.7x10-3atm at 620ºC.

Figure 27 Profile of an etched mesa along [110] at 620ºC with pHCl=2.7 x 10-4atm
and pPH3=2.7 x 10-3atm.

parameters. One example of an etched mesa along [110]direction is given in Figure 27. The
underetching of the mesas is always larger if these are aligned along [110] mesas. The only
exception to this is when only InCl is used as an active etching gas, in the absence of PH3.
The profile looks then as shown in Figure 28. In the two cases ([110] oriented stripe etched
with PH3 and [110] oriented stripe etched with InCl) the profiles of the mesas look alike, and
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in both cases {111} planes as sidewalls are identified. The walls are (111)P if the stripe is
aligned along [110] and (111)In if the stripe is aligned along [110] direction. It is therefore

Figure 28 Profile of an etched mesa along [110] at 620ºC with pHCl=8.9 x 10-4atm
and pInCl=6.7 x 10-3atm.

possible to obtain the same mesa profile in both directions, by changing the type of active
gases involved during etching, which can be interesting from technological point of view.
Regarding the vertical etching rate it is observed that it is very sensitive to the HCl partial
pressure, whereas it is relatively insensitive to the PH3 partial pressure and stripe orientation.
This means that the mesa height and width are etched independently which is one of the
assumptions in our proposed etching mechanisms. On the other hand the underetching rate is
very sensitive to the partial pressures of HCl and PH3, and to the crystallographic orientation
of the stripe. Summarising the influence of HCl and PH3 on [110] oriented stripes, it can be
said that PH3 decreases the vertical etching rate, but increases the underetching rate, whereas
HCl increases both. This means that with an appropriate choice of parameters, any ratio
between vertical etching depth and underetching can be achieved, which might be interesting
from technological point of view. Etching studies were also made at 3 different temperatures,

Figure 29 Etching rate for (001) surfaces as a function of inverse temperature.
Unless otherwise specified in each of these experiments, the HCl and PH3
partial pressures are 8.6 x 10-4 and 2.5 x 10-2 atm, respectively.
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620, 650 and 685ºC. Since only these three temperatures were analysed, it is only possible to
give a qualitative interpretation of the results. When increasing the temperature from 620 to
650ºC, the most dramatic increase in etching rate is either in the presence of InCl or at the
highest used HCl partial pressures (in the absence of InCl). A few of these series are shown in
Figure 29. When increasing the temperature further to 685ºC, no significant change in etching
rate is observed irrespective of other experimental conditions. When the etching rate is nearly
constant for different temperatures it is likely to be a mass transport limited process, whereas
if it increases with temperature (as in the range between 620 and 650ºC) it is likely to be a
process limited by surface kinetics. Since only three temperatures were analysed in
Publication J it is not possible to define where the mass transport limit starts. Anyhow these
conclusions are in agreement with those of Pak et al. [60], who found the etching to be mass
transport limited above 670ºC, and kinetically limited below this temperature.

To explain the observed etching characteristics, qualitative etching mechanisms are
proposed. These are shown in Figure 30, where it is assumed that (i) the removal of In is due
to the reaction of HCl with InP, (ii) Phosphorus removal takes place via desorption of either
P2 or a PHx compound, (iii) the vertical etching is due to etching of (001) surface plane, and
(iv) the underetching is due to the etching of {111} and {110} planes. According to Figure
30a, the etching of the (001) surface plane is proposed to occur via one HCl molecule, which
etches away one In and one P atom in the form of InCl and PH. Regarding the underetching, it
has to be distinguished between stripes along [110] direction and along [110] direction. In

Figure 30 Proposed etching mechanisms. InCl and PH formation (a) at the (001)
plane and (b) at the (110) plane; (c) InCl and PH2 formation from PH and
HCl adsorbed on a (111)In plane and (d) InCl and H2 formation from two
HCl molecules adsorbed on a (111) In plane.

the former case, (111)B planes occurred almost always. These planes are proposed to be
etched by thermal evaporation of P atoms [61], in form of P2. The underetching of [110]
aligned stripes is more complicated, since several different profiles appeared. However, the
mesas had sidewalls revealing planes like (110) and (111)A planes. In Figure 30b is shown
the mechanism proposed for etching the (110) planes, which is similar to the one for the (001)
planes.  In Figure 30c the (111)A planes are proposed to be etched with one HCl and one PH,
which remove one In atom. Figure 30d shows the etching of the (111)A plane at very high
HCl partial pressures. The proposed etching mechanisms could explain the observed influence
of the different active gases. With an analysis of the crystal structure and with the above
described dangling bond approach it is possible to compare qualitatively the different etching
mechanisms among each other. In can be observed, that even if the proposed mechanism for
etching (001) and (110) planes is the same, their etching rate is not the same, because the HCl
molecule, if it sticks to one In atom, it can only etch away one specific P atom, as compared

                                                      a

 b

                                                      c

 d
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to the four different P atoms in the case of the (001)surface. This means, that for low HCl
partial pressures, the etching rate of the (001) plane should be higher than that of the (110)

RIE etched mesa
+ regrowth

@650ºC

in-situ etched mesa
+ regrowth

@650ºC

in-situ etched mesa
+ regrowth

@685ºC
mean threshold

current Ith
36.3 mA 21.7 mA 15.6 mA

mean quantum
efficiency 13.3 % 14.9 % 17.3 %

Table 2 Mean threshold current and quantum efficiency of 400µm long RIE etched
and in-situ etched lasers. The given temperature is the regrowth
temperature. In-situ mesa etching was carried out at 620ºC.

plane. Finally, in-situ etching and immediate regrowth has been demonstrated in the
fabrication of buried heterostructure Fabry-Perot lasers. The results are listed in Table 2, and
show that the threshold current and quantum efficiency are improved as compared to the
traditional process using dry etching techniques. SI-BH Fabry-Perot lasers fabricated by in-
situ mesa etching and regrowth in an MOVPE reactor show very low threshold current [46].
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6. Summary, conclusions and further
suggestions

In summary the thesis has addressed the following issues:
(i) Selective epitaxy around [110] and [110] directional stripes and around cylindrical

and parallelepiped mesas.
(ii) Growth of InP templates on FIB patterned GaAs substrates for micro and

nanostructures
(iii) In-situ mesa etching of [110] and [110] oriented stripes
(iv) Technological importance of the results derived from the above three

The conclusions drawn from our study are the following:
(i) When selective epitaxy is carried out, certain crystallographic planes of type {hhl}

emerge preferentially. Their emergence can be qualitatively explained in terms of
dangling bond approach. This approach implies that in a phosphorus-rich ambient, as
in HVPE growth conditions, the net change of dangling bonds (net surface energy
change) due to the addition of an In atom determines the growth rate.

(ii) A semi-quantitative model proposed to explain the excessive area growth in the
immediate vicinity of the mesa is also in agreement with our dangling bond
approach. The semi-quantitative model concludes that the surface diffusion length
and surface diffusion coefficient of In bearing species are larger along the [110]
direction with respect to the [110] direction.

(iii) The dangling bond approach is also helpful as a guidance to realise templates of InP
on FIB patterned GaAs substrates. Although the templates can only be formed along
[110] direction while using V/III ≥ 1, it is possible to form templates along [110]
direction if V/III < 1.

(iv) The in-situ mesa etching studies strengthen our two major hypotheses:
(a) vertical etching is due to the etching of (001) plane and (b) the mesa under-
cutting is due to the etching of {110} and /or {111} planes. Thus contrary to the
situation of the selective regrowth, here the role played by the kink sites is of minor
importance. The etching takes place due to the release of one or more of the species,
InCl, PH, PH2, P2, HCl and H2. We also conclude that in HVPE, the mesa shape,
underetching and vertical etching can be monitored.

As a continuation, the following suggestions for further work are proposed:
(i) A quantitative model based on the dangling bond approach to fit the accumulated

data
(ii) Selective epitaxy around cylindrical and parallelepiped mesas with various PH3

partial pressures but at constant InCl partial pressure. In this study only the opposite
variation was studied. The suggested variation can throw more light on the uniform
morphology and dopant incorporation around regrown VCSEL type mesas.

(iii) The dopant incorporation during regrowth may be studied more in detail for various
dopants as a function of the concentration of the active species. This may lead to a
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more comprehensive and general model.
(iv) A quantitative model on in-situ etching may be developed since it can be generalised

even to other III-V systems.
(v) More characterisation and device oriented research on BH lasers made by in-situ

mesa etching and immediate regrowth of SI materials.
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