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Stefan Weeke – Segregation of antimony in InP in MOVPE
Abstract
In dieser Arbeit wurde die Segregation von Antimon in Indium Phosphid in der Metal
Organischen Gasphasen Epitaxy (MOVPE) systematisch untersucht. Dazu wurde zunächst in
der MOVPE Tri-Methly-Antimon (TMSb) auf Phosphin stabilisierte InP Oberflächen
aufgelassen. Dabei stellt sich eine antimonreiche Sb/InP Oberfläche ein, die ein für die
Antimonide typisches Spektrum in der Reflexions Anisotropie Spektroskopie (RAS) zeigt.
Es werden sowohl die Adsorption und Desorption von Antimon auf InP untersucht, als auch
der Einbau von Sb beim Überwachsen der Sb/InP Oberfläche mit InP. Dazu werden die
Wachstumsparameter Temperatur, TMSb-Partialdruck und –Auflasszeit systematisch variiert
und auf ihren Einfluß hin untersucht. Die Experimente werden in-situ mit RAS beobachtet,
und die gewonnenen Daten mit ex-situ Untersuchungen wie Röntgendiffraktometrie (XRD)
und Sekundär-Ionen Massenspektroskopie (SIMS) korreliert.
Es wird gezeigt, das sich durch Auflassen von TMSb binnen weniger Sekunden eine stabile
Sb/InP Oberfläche bildet, die sich unter weiterer Zugabe von TMSb nicht mehr verändert.
Dieser Prozess wird vom Partialdruck nur wenig beeinflusst. Die Desorption von Sb verläuft
dagegen sehr langsam, und es werden zwei wesentliche Prozesse unterschieden: Die
Desorption von überschüssigem Sb von der Oberfläche und die Formierung der MOVPE
präparierten InP (2x1) Oberfläche. Die Geschwindigkeit von Adsorption und Desorption
nimmt mit der Temperatur zu. Eine Erhöhung des TMSb Partialdrucks hat ab einem
kritischen Wert keinen Einfluß auf die Desorptionszeit.
Beim Überwachsen der Sb/InP Oberfläche mit InP wird der entgegengesetzte
Temperaturverlauf beobachtet: Mit zunehmender Wachstumstemperatur wird das
antimontypische RAS-Spektrum länger beobachtet. Eine Analyse der gewachsenen Schichten
mit XRD und SIMS zeigt die Formation eines InPSb Doppel-Quantenwells. Eine Schicht
findet sich an der Grenzfläche, die zweite 50 – 120 nm tief im InP. Die Lage der zweiten
InPSb Schicht kann mit dem verschwinden der Sb Signatur in der RAS korreliert werden. Die
Distanz zwischen erster und zweiter InPSb steigt mit zunehmender Wachstumstemperatur an,
bis sie bei 580°C durch zunehmende Desorption stagniert. SIMS Messungen zeigen, daß der
Sb Gehalt der InPSb Schicht an der Grenzfläche temperaturunhabhängig ist, während der
Gehalt der zweiten Schicht linear mit steigender Temperatur abnimmt. Der Sb-Gehalt in der
zweiten Schicht hängt alleine von der Temperatur ab, nicht aber vom verwendeten Sb
Partialdruck.
Die systematische Untersuchung von verspannten InPSb/InP Diffusions Übergittern zeigt, das
nur ein geringer Teil der ursprüglich auf der Oberfläche deponierten Antimons in den InPSb
Schichten eingebaut wird. Der Großteil des Antimons segregiert in die InP Barrieren.
Mittels eines linearen Segregationsmodels wird gezeigt, das der Segregationskoeffizient von
Sb beinahe 1 ist.
Die Formation des Doppelquantenwells wird mit einem Modell des spannungsindizierten
Oberflächenschmelzens erklärt. Beim Auflassen von Antimon bildet sich eine Sb – reiche
quasi flüssige Oberflächenschmelze. Durch Sb ↔ P Austausch und Desorption wird der Sb
Gehalt der Schicht so lange reduziert, bis sie erstarrt.
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Introduction

During the past decades III-V compound semiconductors and their alloys have
developed to be the key materials for high-speed electronic and optoelectronic devices,
such as heterojunction bipolar transistors, lasers and photodetectors. Antimony based
materials have gained interest recently due to their favourable application in highfrequency devices used for high speed electronics and fiberoptic communication. These
optoelectronic devices consist of alternating thin films latticematched to InGaAs,
InGaAsP, and InP. The interface structure between the alloy layers and indium
phosphide have a direct impact on the device performance. In particular, the interfacial
layers may contain defects and exhibit composition gradients that reduce electron
mobility, enhance nonradiative carrier recombination, or alter quantum confinement
energies. Thus, in order to fabricate high-performance devices, one must be able control
the interface structure on the atomic scale.
In recent years the material system of the antimonides has gained the attention of
researchers. This is owed to their potential to replace InGaAs as base layer of InP based
DHBTs, driven by the demand to achieve terrahertz frequencies for communication,
and the unique properties of the so called 6.1 Å family of semiconductors[1], which
consists of InAs, GaSb and AlSb. These materials have the biggest lattice constants
among the III-V semiconductors and offer with InAlSb the semiconductor with the
smallest bandgap. They offer exciting possibilities in bandgap engineering, using
staggered and broken bandgap lineups, enabling Sb based detectors for the far and mid
infrared. This region has so far been exclusively represented by mercury cadmium
telluride and other II-VI compounds.
Besides the challenge of growing these materials, which will be reviewed in detail in
chapter 2, the control of the interface is the most critical element for all these
applications. Their performance depends on interface roughness, abruptness and layer
composition. The composition of an interfacial layer and he sharpness of a hetero
interface strongly depends on the involved elements. Interfaces between Sb containing
layers and subsequent layers without Sb are known to suffer strongly from Sb
segregation. An interface that is of particular interest is the Sb-InP interface, motivated
by the interest in InP/GaAsSb HBt’s [2].
Metalorganic vapour-phase epitaxy (MOVPE) is nowadays widely used to fabricate
III-V semiconductor devices. During the growth of heterostructures, e.g., GaAsSb on
InP, all group III and group V sources have to be switched simultaneously, e.g. the
group III source must be changed from In to Ga and the group-V source must be
switched from phosphorus to arsenic and antimony. However, the strong tendency of
Sb to accumulate on the growing surface challenges it to produce atomically abrupt
interfaces [3,4] Switching procedures with growth interruptions have been implemented
in an attempt to solve this problem. This has led to many studies that focus on the effect
of precursor switching procedures on material properties[5,67].
In this work it will be shown that Sb in InP shows a striking segregational behaviour
which originates from the accumulation of Sb on the surface and the extremely low
segregation coefficient. While even the smallest amount of Sb tends to segregate on the
1

surface only very little is incorporated during growth. Additionally a very unusual
phenomenon is observed: The self organised formation of an InPSb double quantum
well. The TEM picture below shows the InPSb QW formed at the interface at 550°C by
indiffusion and the signature of a second QW 75 nm deep in the layer.

Figure 1: TEM image of the self organised InPSb double quantum well. At 540°C
the DQW structure is visible.

2

2

Growth of antimonides in MOCVD

Metal Organic Vapour Phase Epitaxy (MOVPE) has be become the method of choice
for the growth of high quality III-Nitrides, -Phosphides and -Arsenides. MOVPE is
capable of growing atomically flat layers, sharp interfaces and control of layer thickness
in the range of few monolayers. MOVPE is considered to be advantageous to MBE for
industrial mass production for electronic and optoelectronic devices. MOVPE exhibits
advantages compares to MBE, such as a higher growth rate of 1 to 5 µm/h, better
reproducibility of the growth process and easier wafer loading. Additionally MOVPE
has seen an upscaling to growth setups in the last 15 years from 1 x 2“ [6] up to 95 x 2“
wafers [7].
Nevertheless, in recent years it has been demonstrated that several binary, ternary and
quaternary antimonides can be as well grown in MOVPE. The growth of antimonides
has been reported first in MOCVD in 1969 by Manasevit and Simpson [8]. The
antimonides cover a wide range of band gap energies from 0,15 eV to 2.2 eV and can be
grown on substrates such as GaAs, InP, InAs, GaSb and InSb. Thus they are potentially
interesting for a variety of electronic and optoelectronic applications. Those range from
emitters and detectors in the near and far infrared, high frequency transistors or
photovoltaic cells. The growth of antimonides differs strongly from the other III-V
materials, and faces several difficulties not known to other material systems. Those are
the low vapour pressure of Sb compared to other group V materials, the constraint to the
kinetically controlled growth regime, the inexistence of a chemical stable hydride as
precursor, and last the lack of insulating Sb-substrates. The challenges and results of the
growth of the binary and some of the ternary antimonides will be reviewed in this
chapter. For more details some extensive reviews are available [9,10,11].

2.1

Growth of antimonides

For the growth of antimonides in MOVPE some special considerations have to be made.
First of all the choice of a suitable precursor has to be considered. The main difference
between the growth of antimonides and the other III-V semiconductors is that no stable
hydride is available. Stibine (SbH3) is not storable and decomposes easily in the gas
inlet system. Thus metalorganic precursors as trimethylantimony (TMSb),
triethylantimony (TESb) or trisdimethylaminoantimony (TDMASb) are used. While
TMSb and TESb are the only commercially available sources today. TDMASb has been
synthesised for the low temperature growth of InSb, alternative sources like
Diisopropylantimon-hydride (DIPSbH) or Tertiärbutyldimethylantimony (tBDMSb)
lacked the requires purity. The low melting point of the antimonides and the lack of Hradicals from the hydride pyrolysis complicates the oxide removal during heating up.
Due to the lower growth temperatures the Al-containing antimonides suffer from strong
C and O background incorporation from the alkyl-sources. This special issue is
reviewed in extend in reference [11]. While the Arsenides, Phosphides and nitrides are
grown with phosphine, arsine and ammonia at conditions of excess group V, the lower
vapour pressure of the Sb requires that the V-III ratio has to be exactly adjusted.
Furthermore most of the ternary and quaternary materials of interest are
3

thermodynamically unstable and show different forms of phase separation and ordering.
To circumvent these difficulties growth is performed far away from equilibrium, which
requires low temperatures between 350°C and 600°C.
The growth and processing of Sb based semiconductors differs significantly from the
growth of the much better investigated Arsenides and Phosphides. The low melting
point of the antimonides limits the temperature range for growth. InSb for example
melts at 527°C and must be grown below that temperature. The low equilibrium vapour
pressure of Sb, which is in the range of the group III elements leads to accumulation of
Sb on the surface. Thus the V/III ratio during growth is mostly held near unity. Last
there is no stable hydride comparable to arsine or phosphine. The main obstacle in
growing antimonides is the lack of suitable precursors for MOCVD. The hydride of
antimony, stibine, is not stable at any laboratory condition. Extensive research has been
done to produce suitable metal-organic precursors. Most of these material suffer from
high carbon incorporation and unwanted side reaction with the group III elements.
Nowadays all publications are using Trimethyl-antimony or tri-ethyl-antimony.

Figure 2: Micrograph of an MOVPE grown InP/GaAsSb surface decorated with
typical Sb droplets after 50nm of InP overgrowth.

The growth of antimonides has been hindered for along time by the lack of suitable
substrates, especially the lack of a semiinsulating one. Attempts to produce insulating
InSb and GaSb by co-doping have faced problems of inhomogeneous dopant
concentration. Recently InSb and GaSb substrates have become available as epi-ready
quality, but are still very expensive compared to other III-V materials.

2.2

Applications

Until now only InSb Hall sensors grown epitaxial on GaAs have found their way into
industrial mass production. Besides the challenging difficulties related to the growth of
antimonides, this material system has gained interest in recent years due to fundamental
physics studies and novel semiconductor device applications. The device applications
can be divided into three main families. The first one is represented by devices such as
4

Double Hetero Bipolar Transistors (DHBT) for high frequency applications, the second
one are triple junction solar cells or TPV’s (thermal photo voltaic). Those devices are
grown on InP and benefit from the narrow bandgap of ternary and quaternary
antimonides and the favourable type two band-alignment in Sb-InP heterojunctions. The
third one are SL-structures for far and mid-infrared devices based on InAs. Realisation
of these promising concepts for antimonides is much more difficult than other for other
III-V materials. Structures based on Al-,GaSb/InAs are often referred to as the „6.1 Å
family“ of semiconductor devices[1]

The ternary alloy GaAs1−xSbx grown lattice matched on InP with a x of 0.49 is
considered an interesting alternative to the well established Ga0.47In0.53As system for
the realisation of InP-based npn high-speed DHBTs. The staggered type-II band lineup
between GaAsSb and InP leads to the direct injection of hot electrons from a p+
GaAsSb base into an InP collector across an abrupt GaAsSb–InP heterojunction [12,13].
This band alignment allows the realisation of high-performance DHBTs without
compositional grading around the B/C interface as shown in figure 3: It significantly
simplifies the layer design, the epitaxial growth, as well as device fabrication by
enabling the use of selective etching processes.

Figure 3: Band lineup of GaAsSb/InP and InGaAs/InP DHBTs.

Two of the most attractive features of the GaAs 1−x Sbx alloy for DHBT applications
reside with its distinctive affinity for high carbon p-type doping with weak Hpassivation effects in metalorganic chemical vapour deposition MOCVD –grown
material along with the ability to form very low resistance Ohmic contacts to p+
GaAsSb layers because of a reduced Schottky barrier height for holes with increasing
Sb content in GaAs1−xSbx. Together, these properties suggest that GaAsSb:C layers
could, in principle, be used to produce base layers with very low total base sheet and
contact resistance’s - this design option still has not been fully exploited since the best
reported InP/GaAsSb/InP DHBTs only use base doping levels of 831019 /cm3 for a
1400 V/ square sheet resistance in a 20 nm base layer.

5

2.3

The 6.1 Å family of semiconductor devices

Antimony based III-V materials that are derived from GaSb, InSb and AlSb are the
most versatile III-V semiconductors. The energy gap can be adjusted in wide range from
0.8 µm wavelength (1.54 eV) for AlSb up to 12 µm for InAsSb (0.11eV). The band gap
of InAsSb is below that of InSb due to band bowing. Additionally a diversity of band
alignments such as type I, type II and broken band gaps are possible while these alloys
are still nearly lattice matched to substrates like InP, GaSb or InAs. The three
semiconductors InAs, GaSb and AlSb form an approximately lattice matched set of
semiconductors around 6.1 Å and are therefore often referred to as the 6.1 Å family of
semiconductors. This flexibility in band structure engineering gives rise to a variety of
electronic and optoelectronic devices such as high speed transistors, triple junction solar
cells and mid infrared detectors and lasers.
Especially the InAs/GaSb material system has attracted considerable interest in recent
years due to its small bandgap and type-II band edge alignment. The most exotic lineup
is that of the InAs/GaSb heterojunction, which forms a broken bandgap lineup [14]: at
the interface the bottom of the InAs conduction band lines up below the GaSb valence
band with a break of ~150 meV (Fig. 5). A variety of midinfrared diode laser and
detector designs have been developed to take advantage of this feature. The spatially
indirect transition wavelength and its associated radiative recombination efficiency are
expected to be strongly influenced by the compositional abruptness at the interface. The
InAs/ (In,Ga)Sb interface has therefore been studied using a variety of methods. It is
generally observed that there is a considerable anion intermixing at the InAs-on-GaSb
interface, and that this interface is compositionally more extended than its GaSb-onInAs counterpart [15,16].
InAs/GaSb superlattices behave semimetal like at large lattice periods, but become a
narrow bandgap semiconductor at short lattice periods, due to increasing quantum
effects. Such structures are capable to replace mercury cadmium telluride detectors in
the far and mid infrared, operating at room temperatures instead of He-cooling. A
particular advantage of type-II heterostructures is that they can absorb and emit photons
with energies well below the band gap energy of either of the two constituents.
InAs/AlSb quantum wells are an ideal medium to study the transport properties of InAs
itself. The very deep well of 1.35 eV provides an excellent electron confinement, and
allow for modulation doping since these QW are deep, even extremely deep donors in
the barrier will drain carriers into the well.

6

Figure 4: Band lineups in the 6.1 Å family of semiconductors. The shaded areas
represent the energy gaps with additions of estimates for the lineups of InSb, and of
Al(Sb,As) lattice-matched to InAs[1,16].

Figure 5: Band structure of InAs/GaSb or InAs/(Ga,In) superlattice by quantum
confinement. At a critical layer thickness a narrow-gap SL is formed by quantum
confinement [1,16].

7

The arrows indicate the shifts in the lowest electron state and the highest hole state,
forming a narrow SL gap. The electrons are largely located within the InAs and the
holes in the GaSb; the broken-line portions of the SL band edges indicate regions where
the relevant carriers have a small density, contributing only little to the absorption. The
latter requires a wave function overlap, concentrated in the cross-hatched regions near
the interfaces.

Figure 6: Anion sublattice image of InAs/InGaSb SL displaying the characteristic Sb
for As and In for Ga impurities [4]

8

3

Sample preparation and characterisation

The samples presented in this work were prepared by Metal Organic Vapour Phase
Epitaxy – in short MOVPE , which is nowadays the standard method for the industrial
growth of compound semiconductor heterostructures. This method has been developed
in the early 60s [8,17,18]. The principal aspects can be found in several books covering
MOVPE growth [19,20,21]. Therefore only the specialities of the equipment used will
be described.
The sample characterisation has been focused on in-situ monitoring with ReflectanceAnisotropy-Spectroscopy (RAS) and ex-situ characterisation with Secondary Ion Mass
Spectroscopy (SIMS) and X-Ray Diffraction (XRD). The following description will
focus on some details usually not found in textbooks or review articles.

3.1

The MOVPE equipment

The MOVPE equipment used in this work is the ancestor of the small type horizontal
reactors that were introduced by Aixtron for research and has been modified for in-situ
monitoring of the growth process. It consists of a horizontal quartz glass reactor
enclosing the liner tube. The susceptor is SiC coated graphite. Heating is performed by
3 x 1000 Watt halogen lamps, with a strong infrared emission characteristic, which are
located below the reactor. The temperature is measured by a thermocouple inside the
susceptor, temperature calibration was done with an AlSi euthecticum at 576°C. As a
speciality the reactor has been modified with three purged strain free optical windows,
allowing simultaneously SE (spectroscopic ellipsometry) and RAS (Reflectance
anisotropy spectroscopy) measurements.
Typical growth conditions are 100 mbar at a total gas flow of 3000 ml. The carrier gas
is purified H2 or alternatively N2 and accounts for 95 % of the total gas flow. This
guaranties an quick exchange of the gas phase above the sample. The precursors
available for this work were phosphine (PH3), arsine (AsH3),Trimethylantimony
(TMSb), tertiarybutylarsine (tbAs), Trimethylindium (TMIn) and triethylgallium
(TEGa) In order to avoid prereactions of the precursors, they were supplied in separate
lines to the gas inlet of the reactor to avoid prereactions.
A more detailed description of the MOVPE equipment can be found in references
[22,23]

9

3.2

The MOVPE process

MOVPE of III/V semiconductors uses ether gaseous hydrides or liquid metal-organic
compounds as precursors. For the group V elements the respective hydrides such as
Arsine (AsH3) or Phosphine (PH3) are commonly used. For the antimonides, where no
stable hydride is available, also group V is a metal-organic compounds like TMSb (trimethyl antimony).
Due to the higher vapour pressure of the group V element of the classical III-V
semiconductors, the gas phase is usually supersaturated with the group V precursor to
stabilise the surface, while the amount of group III precursor determines the growth
rate. V/III ratios from 100 for the Arsenides up to several thousand for the nitrides are
common. An exception is formed by the antimonides; due to the low vapour pressure of
Sb V/III ratios close to unity are necessary.
In principle growth can take place in three different regimes, depending on the
decomposition behaviour of the precursors used. Those are:
Kinetic limited growth: At low temperatures the precursors are only partially
decomposed. The growth rate increases with increasing temperature and thus increasing
decomposition of the precursors.
Transport limited growth: In this temperature range the group III precursors are fully
decomposed. The growth is only is determined by the offered group III precursor, thus
all group III elements supplied to the surface are incorporated. This growth regime is
preferably chosen for epitaxy.
Desorption limited growth: at very high temperatures the growth rate decreases with
increasing temperatures. Some of the group III element desorps before incorporation

Figure 7: Decomposition of PH3, TMSb and TMIn as a function of temperature
[10,20].
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3.3

Reflectance Anisotropy Spectroscopy (RAS)

Reflectance anisotropy spectroscopy (RAS) is a non destructive surface sensitive optical
tool allowing the analysis of surface structures in different environments such as
MOVPE, MBE and UHV. [34,35]. The RAS setup is described in detail in reference
[36], its application to the characterisation of semiconductor surfaces is reviewed in
references[37,38].

Figure 8: Schematic set-up of RAS [36]
RAS detects the anisotropic response to normal incidence reflectance, measuring the
optical reflectance difference of light polarised along the two perpendicular main axis of
the surface as a function of photon energy. The complex RAS signal can be written as

rx − ry
∆r
 ∆r 
 ∆r 
=
= Re   + i Im 
r 1 / 2(rx + ry )
r 
r 
where rx and ry are the complex reflectances for the light along the axis x and y of the
surface. In case of an (001) surface material like InP these directions lie along the [110]
and [-110] axis.

For binary zincblende type III-V semiconductors the bulk is usually considered
isotropic, and the RAS signal originates mainly from the anisotropy of the surface
reconstruction e.g the dimers oriented in [110] or [-110]. If the bulk is not isotropic due
to strain, ordering, doping or the anisotropy at an interfaces of a heterostructure which
are located within the penetration depth of the light. Then the RAS signal is the a
superposition of all these contributions. Fig. 12 illustrates the for us important case of
an interface Sb/InPSb/InP
11

Figure 9: Layer model of InP treated with TMSb.

In this work the Sb ↔ P exchange reaction on InP treated with TMSb is of interest. The
change from one surface reconstruction to the other can then be assigned to the kinetics
of the exchange process. The time dependent RAS signal can be used to measure the
surface concentration Θ(t)[39,40].
While the reconstructions of the InP surfaces are well understood, very little is known
on the surface symmetry observed in RAS after Sb treatment of InP. But since this
surface shows some very characteristic features , it will therefore be called the Sb/InP
surface. The figure below shows a comparison of the Sb/InP surface spectra taken by
multichannel RAS and “standard RAS“.
A RAS spectrum can be used to identify a reconstruction, by comparing it to spectra
measured on well-ordered reference surfaces. Since RAS is mostly sensitive to the local
order around an atom, spectra have to be correctly labelled as c(4x4) like[41].
In this work RAS was used in the standard setup as shown before. Additionally a fast
16 channel RAS was used. The technical details are described in reference [42]. The so
called „fast RAS“ monitors a transient simultaneously at 16 spectral channels. A spline
fit is used as approximation to obtain a simple 16-point spectra. In fig.14 below the
Sb/InP spectra is shown recorded by standard RAS and 16-channel RAS.
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Figure 10: The Sb/InP spectra as recorded with multichannel RAS and RAS at 550
°C and PTMSb = 2 Pa and PPH3 = 200 Pa.

3.4

High Resolution X-ray Diffraction (HRXRD)

High resolution X-ray diffraction has developed into a powerful tool for non-destructive
ex-situ investigation of compound semiconductors. For this work a Philips X’Pert Pro
diffractometer [43] was available.

Figure 11: Schematic drawing of the Philips X´Pert MRD consisting of the X-ray
tube, hybrid monochromator, Euler cradle and detector.
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The information, which is obtained from diffraction patterns, concerns the composition
and uniformity of the layers, their thickness, the built-in strain and strain relaxation, and
the crystalline perfection related to their dislocation density.
When periodic heterostructures are analysed, the thickness and the composition of the
layer are accessible as well. In this case the peaks are measured relative to the substrate
peak, which’s position is known. A multiquantum well (MQW) or superlattice (SL)
forms an artificial periodicity of the crystal, resulting in additional periodic peaks in the
spectra. Those are called satellites. Figure 15 below shows a rocking curve of a 5 x
InP95Sb5/InP SL structure. The position of the zeroth order indicated the average lattice
mismatch. The thickness of one InPSb/InP sequence is determined by the separation of
the main satellite peaks. From the separation of the fringe peaks one can directly
calculate the thickness of the whole structure.
For the analysis of a simple SL structure the kinetic diffraction theory is good enough.
For more complex structures with unknown growth rates, compositions and graded
interfaces one has to take care of the peak intensities as well using dynamic diffraction
theory. It takes the extinction and absorption at the lattice planes into account, allowing
to adjust the peak intensities of the satellites in the simulation and derive the actual
composition of each individual layer.
For each satellite peak the Bragg equation can be formulated
2d sin ω = n ⋅ λ
2d sin ω ′ = n ′ ⋅ λ

For two neighbouring peaks with n-n‘=1 the lattice constant of the QW can be
calculated
d (nm) =

(n − n′)
2 ⋅ (sin ω − sin ω ′)

where λ is the wavelength of the X-ray tube. Since the k-vectors are observed in
reciprocal space, the total layer thickness can be read from the satellite structures shown
in Figure 12.
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Figure 12: XRD rocking curve of an InPSb/InP SL.

In practise simulating a rocking curve of a SL is a very time consuming process. The
total layer thickness and the periodicity of the SL can be read from the spacing of the
satellite peaks and the fringes. Additionally the composition of the layers has to be
taken into account to adjust the amplitudes of the satellite peaks. The available
simulation software allows to choose the substrate material and in the case of an SL, to
determine the complete layer structure.

3.5

Secondary Ion Mass spectroscopy (SIMS)

Secondary Ion Mass Spectroscopy (SIMS) is destructive ex-situ analysis technique to
obtain depth and concentration profiles. The first commercial SIMS was developed by
the CGA Corporation in 1967 for the analysis of extraterrestrial lunar material. SIMS is
a very sensitive surface analysis technique with a detection limits for most trace
elements between 1x1012 and 1x1016 atoms/cm3, but is more difficult to accurately
quantify than some other techniques. The principle of SIMS is shown schematically in
Figure 15, together with the basic types of signal output.
In SIMS the sample is bombarded in vacuum by an energetic beam of primary ions with
high energy (1-30 keV). As a results particles are sputtered from the sample surface. A
small percentage of these particles leave the surface as either positively or negatively
charged ions. These are referred to as “secondary ions“. The positive or negative
charged ions are extracted into a mass spectrometer and separated according to their
mass to charge (m/e) ratio. The number and type of secondary ions gives information on
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the composition of the sample. Thus, SIMS works by analysing material removed from
the sample by sputtering, and is therefore a locally destructive technique.
Problems arising from the sputtering process are surface roughening and surface
mixing. The sputtering leads to surface roughness, increasing with sputtering depth, and
broadens the scanning depth region. Surface mixing originates from the process of
secondary ion formation itself. There exists no unified theory to adequately describe the
process. The best model explaining the interaction of the sample atoms with the
primary ion beam is the collision cascade model. In this model fast primary ions pass
energy to the target atoms in a series of binary collisions. Energetic target atoms collide
with more target atoms. Those target atoms that recoil back through the sample surface
may as well constitute sputtered material. Atoms from the sample's outer monolayer
can be driven about 10 nm into the bulk, thus producing surface mixing.
Monitoring the secondary ion count rate of selected elements as a function of time leads
to depth profiles. To obtain a depth profile the raw intensity versus the time data must
be converted into concentration versus depth. The depth of the sputtered crater is
measured by an profilometer.
Quantitative SIMS analysis requires standard materials from which relative sensitivity
factors are measured. Those are material and spectrometer dependent. Since it is
possible to implant almost any element into any matrix, Ion implants are used. This
makes quantitative analysis of nanostructures challenging.

Figure 13: Principle of dynamic SIMS with beam scanning.

SIMS is usually distinguished into Static SIMS and Dynamic SIMS. Static SIMS is the
process involved in surface atomic monolayer analysis, usually with a pulsed ion beam
and a time of flight mass spectrometer, while Dynamic SIMS is the process involved in
bulk analysis, closely related to the sputtering process, using a DC primary ion beam
and a magnetic sector or quadruple mass spectrometer.
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4

Antimony on Indiumphosphide

The reconstruction on the surface of a semiconductor plays a key role in understanding
growth mechanisms occurring during MOCVD growth. It determines the kinetics of
adsorption, desorption and diffusion and provides a template for island nucleation.
These are critical factors for the understanding of growth and the formation of
interfaces. The quality of interfaces is of critical interest for modern quantum well
devices, since most of the heterostructure devices consist of ultrathin layers, so that
even the smallest variation in film thickness and interfacial roughness can affect the
device performance. To achieve the level of control to grow such heterostructures a
detailed understanding of the relevant surface reconstructions and the mechanisms by
which epitaxy proceeds is beneficial.
The structures of III-P and III-As surface reconstruction under typical MOCVD growth
conditions have been investigated in detail, and are in general well understood[44,45].
On the other hand, very little is known about the structure of the III-Sb reconstructions
in MOCVD. It is widely accepted that the surfaces of the III-V semiconductors
reconstruct in such a way that the dangling bonds of the group III atom are unoccupied
and all those of the group V atom are doubly occupied, with the resulting surface
bandgap being the one of the bulk. This principle, often referred to as the electron
counting rule, is the guide for building surface reconstructions[46]. The ECM has been
successfully applied to the III-As and III-V surface reconstructions, but not to III-Sb
reconstructions. The structural models of the surface reconstructions of the later are still
debated and in some cases even thought to violate the ECM or to be semimetallic. Most
efforts to investigate these surfaces structures have been done in MBE and vacuum,
were the surface is accessible by methods such as Scanning Tunnel Microscopy (STM),
Reflective High Energy Electron Diffraction (RHEED) and Low Energy Electron
Diffraction (LEED). In MOVPE the relevant reconstructions present during growth are
group V rich due to the growth conditions. But the relevant Sb-surface reconstructions
mostly are poorly understood. This is owed to the difficulty to prepare these materials in
MOCVD and the reduced accessibility to surface sensitive methods.
The surface reconstructions which are important for this work are the MOVPE
prepared InP (2x1) reconstruction and the Sb terminated InP surface which is observed
after treatment of InP with TMSb. Since the actual structure of the second one is not
known, it will be referred to as the Sb/InP surface. It displays a broad peak around 3.8 –
4 eV which is characteristic for the antimony containing III-V (001) surfaces when
observed with RAS.
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4.1

InP surface reconstructions in MOCVD

In MOCVD the InP (001)(2x1) reconstruction is observed when growth is performed
under phosphorus rich condition in the temperature range from 500°C to 630°C. Figure
10 shows the typical (2x1) spectra as observed in MOVPE by RAS. It shows an
minimum around 1.6eV and two maxima around 2.8eV and 3.9 eV. The first two
extrema are related to transitions of... In MOVPE the specific H-terminated (2x1) like
surface reconstruction as shown in figure 17 is observed.
In contrast to the phosphorus rich (2x1) reconstruction, the indium rich (2x4) is the most
stable under indium rich conditions or above 650°C. The RAS spectra of the indium
rich (2x4) shows a distinct feature at 2eV, which can be attributed to indium-dimers on
the surface. The first maximum is less distinct and shifted to lower energies by 0,3 eV
compared to the phosphorus rich (2x1). The second maximum at is as well shifted to
lower energies and less in amplitude. A third maximum is found around 4,3 eV.

Figure 14: RAS spectra of the InP (2x4) reconstruction prepared in MOVPE
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Figure 15: H-terminated structure model for the InP (001) (2x1) (2x2) reconstruction
after [47].

Figure 16: Mixed dimer model for the InP (001) (2x4) surface reconstruction. Top
view (a) with the rectangle marking the surface unit cell and side view (b). Shown are
the relaxed geometries as obtained from DFT-LDA [48] .
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4.2

III-Sb surface reconstructions

In contrast to the structure of III-P and III-As (001) surfaces under growth conditions,
the structure of the III-Sb surfaces has been much less investigated, despite the growing
interest due to their potential for novel optoelectronic and electronic devices. Like on
other III-V materials, several reconstructions have been observed on the binary
antimonides forming multiple Sb layers. Several of those reconstructions do not satisfy
the electron counting rule so far, i.e. these surfaces have excess charges and are
expected to be either metallic or adsorbate stabilised [49].
The surface structures of AlSb and InSb have the c(4x4) reconstruction in common with
the Arsenides if prepared under the most Sb rich conditions. AlSb forms an insulating
c(4x4) reconstruction satisfying the ECM, for InSb similar observations have been made
[50] Even though AlSb and GaSb differ only 0,7% in lattice constant , the c(4x4) has
never been observed on GaSb. GaSb instead reconstructs under the most Sb rich
conditions to the very unusual , metallic (1x5) and (2x5) structures, which violate the
ECM [49,50].
The atomic scale structure under more realistic growth conditions has still to be
resolved. Waterman et al. [51]and Sieger [52] et al. have observed a (1x3)-like Rheed
pattern for GaSb and AlSb. The GaSb pattern changed into a distinct (2x6) pattern when
the temperature was increased at reduced Sb flux. STM studies of the III-Sb surface
reconstructions have shown that the observed (1x3) structures must be more
complex[53]. The most extensive work to investigate the structure of the III-Sb surfaces
has been done by Whitman et al.[49,54] High resolution STM measurements revealed
on MBE grown AlSb ,GaSb and InSb that the (1x3) and (2x6) reconstruction consist of
three single (4x3) phases. On AlSb an α(4x3),β(4x3) and γ(4x3) reconstruction with
decreasing substrate temperature was observed. On GaSb the unique GaSb (nx5)
reconstruction replaces the γ(4x3) reconstruction in the phase diagram. Similar
structures were observed on InSb. Whitman et al. concluded, that the
α(4x3) and β(4x3) surface reconstruction are the dominant ones for III-Sb growth.
Unlike the (001) surfaces of III-As,P compounds, that have single-layer As(P)
reconstructions under slightly As- (P-) rich conditions, even this least Sb-rich
reconstruction is composed of a fullplane of Sb atoms covered by an additional 2/3 ML
of Sb[51,52,53,53,55].

20

Figure 17: Substrate reconstruction transition temperatures for AlSb (triangles) and
GaSb (circles) (001) surfaces as a function of incident Sb4 beam equivalent pressure as
observed with Rheed. A pressure of 2x10-6 Torr correspondents a Sb deposition rate of
~1 layer per second [57].

If InSb surfaces are prepared by Sb treatment of InAs in MBE, the observed Sb-rich
InSb surface structures investigated by STM resemble the (4x3) structure observed on
GaSb and AlSb [56]. The exposure on InAs β2(2x4) with Sb2 causes the surface to
change to the Sb rich (1x3) reconstruction similar to those usually observed on other IIISb (001) surfaces, exhibiting a Sb double layer on top.
Among the group III-rich Sb surfaces, the 8x2 reconstruction has been widely debated.
[50,58,59]. This surface reconstruction possesses a large anisotropy. Models for this
surface fulfilling the ECM state a Sb-double layer with an incomplete In-layer on top.
The only report on ternary III-Sb surfaces prepared in MOVPE is found in reference
[60] for GaAsSb. Stabilisation with tbAs resulted in an As-rich c(4x4) surface
reconstruction, resembling the c(4x4) GaAs surface reconstruction. Stabilisation with
TESb resulted in a (1x3) like reconstructed Sb-rich surface reconstruction.
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Figure 18: Ball-and-stick model of the InSb and InAs surface reconstructions[54].

4.3

Antimony on InP in MOCVD and MBE

A literature research reveals that only a few studies have been done to investigate the
role of Sb on the InP(001) surface in MOVPE. The majority of papers is related either
to the properties of Sb as a surfactant in MBE, mediating 2-dimensional growth, or the
passivation of InP surfaces.
Thermal annealing of InP in MBE results in surface decomposition and thus
phosphorus depletion at the surface and the formation of metallic indium islands. P.
Soukiassan [61] et al. showed that in the presence of an antimony overlayer heating up
of InP results in surface restructuring with formation of an thin InSb/InP interface and
the removal of indium islands that formed during prior heating. Thus, Sb was useful as a
passivant for InP substrates. Similar results were obtained by Höchst and Rioux[62]. It
was shown that antimony is helpful as a protection layer when heating up InP in MBE
without P stabilisation. The Sb coverage saturated after deposition of one ML. The
formation of a thin InSb layer was observed even at room temperature by XPS. On the
other hand Sb/InP showed contrary properties compared to As/InP[63] and Sb/GaAs
[64]. Thermal desorption studies monitored by RHEED of the later revealed the
formation of a strained InAs e.g. GaSb surface layer. RHEED patterns of Sb/InP
showed the existence of two sets of spots corresponding exactly to the bulk lattice
constants of InP and InSb when heated up above 200°C. Rioux and Höchst concluded
that the InSb layer at the interface was relaxed.
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In MOVPE very few studies have been done covering the Sb on InP material system.
These studies were motivated when the InP/GaAsSb material system caught attention
due to its favourable properties compared to InP/InGaAs for DHBTs[65]. In this
framework Wang et al [66]observed the very typical InP/Sb spectra as shown in figure
4.2 when InP surfaces were exposed to TMSb at 560°C. The significant 2,8 eV P-dimer
related peak of the (2x1) surface was immediately suppressed after only 3s of Sb
exposure. This was attributed to the breaking of surface P-dimers bonds upon Sb
adsorption and exchange of some P-P dimers to P-Sb dimers. The typical broad positive
peak around 3,7 eV developed after deposition of additional antimony. It was proposed
that the RAS spectra of Sb-terminated InP arises from the presence of a thin InSb
surface layer. No assumption on the stoichiometry of the layer was made. When InP
was grown on these surfaces, traces of antimony were even found after 200nm of InP
overgrowth. The RAS spectra showed similar properties to those reported for the same
material system[67], as well as reported for GaSb[68], GaAsSb [68] and as observed for
GaAs treated with TMSb[3].

Figure19: RAS spectra of InP with (solid line) and without Sb (dotted line) at 560°,
and the spectra of Sb/InP before Sb(dotted line) at 560°, and the spectra of Sb/InP
before(dashed line) and after (circles) oxidisation at RT after cooling down under
TMSb[66].

A much more detailed study was made by Sun et al.[69]. This group treated the InP
(2x1) surface with TMSb. Their samples were transferred in vacuum after cooling down
and showed roughening and worm like surface decorating in STM. This surface
structure had been proposed to be (2x6) like by reference [70]. From core level
spectroscopy data of the same samples the formation of an InSb surface layer with a
layer thickness of 0,8 nm was assumed. The formation of the InSb layer was observed
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in a temperature range from 450°C to 600°C. No temperature dependence of the InSb
layer thickness was found and thus proposed, that desorption in this temperature range
was negligible.

4.4

Strain induced surface melting

The increasing interest in quantum dot epitaxy during the last decade led to the
systematically investigation of highly strained layers. It is commonly accepted that the
energetic of strain relief plays the key role in the understanding of those phenomena.
For instance only systems with a lattice mismatch ≥ 2 % show the Stranski-Krastanov
growth mode [26] and can be used to grow quantum dots: after the formation of a
wetting layer 3-dimensional islands form on top.
A novel approach to treat the behaviour of strained heteroepitaxial layers was
introduced by Bottomley [23,24]. Bottomley proposed that the strain in the layer can
be interpreted as a hydrostatic pressure. Therefore, the free energy of the surface has to
be calculated from the Gibbs free energy, and not as generally assumed from the
Helmholz free energy. This claim was supposed by prediction of melting point of
several semiconductors. He calculated that the large epitaxial stress of InAs on GaAs
can melt the InAs film at a certain temperature below the InAs melting point. This
would lead to the formation of a quasi liquid surface melt, which is characterised by the
loss of long range crystalline order at the surface, This is only possible , if the energy
applied by the strain is sufficient to melt the surface layer, but is smaller than the
dislocation energy. Elsewise dislocation would compensate the strain., the layer would
not be strained anymore, and thus the material would solidify. A behaviour found on
GaAs/InAs interfaces, where not QD’s form but dislocations. Since this theory plays an
important role in the understanding of Sb segregation in InP, the underlying
thermodynamic model will be explained in the following section in more detail.
Additionally the consequences which are important for the explanation of the observed
phenomena in Sb segregation will be pointed out as well.

4.4.1 Thermodynamic model
The key assumption of Bottomley was that the Gibbs free energies the important value
to be considered for strained materials instead of the Helmholtz free energy (as was
proposed by Gibbs ironically himself) [27,28,29].
Thus, classical thermodynamics textbooks will use the Helmholtz free energy
dF = − SdT − PdV

(1)

to calculate the free energy density of isotropic and cubic media under hydrostatic
stress. Integrating of above equation at constant T gives:
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E=∫

dF
dV
1
= −∫ P
= − σ ij ε ij
V
V
2

(2)

σij and εij are the stress and strain tensors. Applying Hook’s Law lead to the free energy
density E :
3
E = − (c11 + 2c12 )ε 2
2

(3)

with cij being the stiffness tensor elements and ε2 the strain. According to this equation
the free energy density would be quadratic in the strain.
Bottomley argued that the Helmholtz free energy is not the right term to describe a
system under hydrostatic pressure. He pointed out that a system under stress is at
constant P and T, instead of constant V and T. Instead of the Helmholtz free energy the
Gibbs free energy has to be used to calculate the free energy density.
dG = − SdT + VdP

(4)

Following this approach the free energy density at constant T is then given by:

E=∫

1
dF
VdP
=∫
= P = − σ ij δ ij
3
V
V

(5)

Therefore the free energy and the pressure are identical. Applying Hook’s law to
equation (5) gives

E = −(cij + 2cij )ε

(6)

In this case the free energy would be linear, and not quadratic in the strain and have
opposite sign.

From above calculations Bottomly suggested interpreting the strain applied to a surface
film by the substrate as a hydrostatic pressure. The figure below shows the schematic PT phase diagram of a binary semiconductor. P3 an T3 are the triple points of Pressure
and temperature. There is the unusual phenomenon that Tmelting is a decreasing function
of hydrostatic pressure. The Clausius Clapeyron relation implies that this behaviour is
characteristic for a material that contracts when it melts.
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Figure 20: Schematic P-T phase diagram of a zincblende semiconductor.

This view was supported by experimental results of Jayaraman [30] and others, who
investigated the impact of high pressures applied to binary semiconductors. The phase
diagramms of InP, InAs and InSb under hydrostatic pressure are shown in figure 24.

Figure 21: Melting curves for InP, InSb and InAs. Also shown are the phase relations
for InSb and the proposed boundaries for InAs and InP.

26

The remaining issue is, wither this approach can calculate the experimental results
better than the use of the Helmholtz free energy. Using equilibrium thermodynamics,
Fons and Tweet [27] derived the following equation for the difference between the
molar free energy ∆G(T) and the liquid and the solid phase at zero pressure and at a
temperature T:

∆G(T) = H ij (TM ) − (TM − T ) ⋅ C p ,liq

T
− T  Sliq (TM ) − C p ,liq ln M
T


(7)


 − Gsol (T )


Where H, S, Cp and g are the molar enthalpy, entropy, specific heat at a given
temperature and the Gibbs free energy. The subscripts liq and sol refer to liquid and
solid phase. For most III-V semiconductors the quantities needed to verify the formula
could be found in standard textbooks [31,32]. In order to verify the data of Jayaraman,
one has to calculate the stress tensor.
The InSb film on InP is under compressive stress, which is denoted by the negative
value of εx

εx =

(a InSb − a InP )
= −9,4%
a InSb

(8)

For a film on the (001) surface the in plane strain εx is equivalent to a biaxial stress

σ xx = σ yy =

(c11 − c12 ) ⋅ (c11 + 2c12 )
εx
c11

(9)

where cij are the elastic stiffness constants, σxx is he stress tensor of the film, and all
other elements σij are zero[33]. The resulting modulus of the critical strain required to
melt a thin film at a given temperature T is then:

ε x (T ) =

3c11
∆G (T )
⋅
2(c11 − c12 )(c11 + 2c12 ) Vm

(10)
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where ∆G(T) is given by equation (7). Results for several III-V semiconductors have
been calculated by Bottomly and are given in table 5.1. The outcome shows that the
using the Helmholtz free energy clearly fails to reproduce the experimental data by
Jayaraman, while using the Gibbs free energy gives reasonable results.

Compound

TM(K)

T(K)

Experimental

Gibbs

Helmholtz

P(GPA)

P(GPa)

P(GPa)

GaAs

1511

1400

3,2

3,2

22,0

GaSb

985

723

5,1

4,8

23,3

InP

1328

1250

2,8

2,7

19,8

InAs

1215

1050

3,8

3,8

21,0

InSb

797

623

1,8

1,87

13,1

Table 4.1: Comparison of experimental[30] and theoretical[28] hydrostatic pressures
required to melt some semiconductor compounds at a given T<TM [29].
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5

Experimental

All growth was performed on epi-ready InP substrates, either undoped or
semiinsulating. As precursors phosphine, TMSb and TMIn were used. The substrate
was deoxidised by heating in PH3 ambient up to 700°C.
Phosphine decomposes at temperatures between 673 K (5%) and 900 k (100%) and is
available at good quality. Additionally the pyrolysis of phosphine produces hydrogen,
supporting the oxide while heating up.
TMSb was used as Sb precursor. TMSb is the Sb source with the highest vapour
pressure, and is the only precursor among the large variety of tested precursors, that is
commercially avail able. In the temperature range used it is reported to be decomposed
from 35 % at 520°C to 100 % at 570°C and above [10,20].
The decomposition of the used precursors with regard to the temperature is shown in
chapter 3.2, figure 8.
The experiments were performed in an Aixtron-like horizontal double wall quartz
reactor with three purged strain free windows using two reflectance anisotropy
spectrometer (RAS) allowing simultaneous time and energy resolved in-situ
measurements with a resolution below 1 s [38]. The carrier gas was 3 l/min at 10 kPa of
purified hydrogen, 200 Pa Phosphine (PH3 ) and 2 Pa trimethyl-antimony (TMSb) were
used as group V precursors until otherwise noted. Typically trimethyl-indium (TMIn)
was used as group III precursors. The resulting InP growth rate was 1 µm/h, were used
for monitoring. The experiments were monitored by two in-situ RAS systems as
described in chapter 4. After growth the samples were analysed ex-situ using a Digital
Instruments Atomic Force Microscopy (AFM). High resolution X-Ray Diffraction
(XRD) was performed with a Philips MRD diffractometer. A Takagi-Taupin algorithm
was used for XRD rocking curve simulations. Secondary Ion Mass Spectroscopy
(SIMS) was done with a CAMECA SIMS at RTG Microanalyse GmbH, Adlershof.

5.1

Monitoring Antimony in MOCVD

Once a III-V surface is treated with antimony, a distinct feature is visible. Noticeable is
the broad positive peak around 3,8 eV similar to published spectra [71]. Thus the
general shape of the spectra is similar to RAS spectra of GaAs contaminated with Sb
[66] and also for GaSb [68,72] and GaAsSb [73,74]. They all have the same
characteristic peak around 3,8 eV in common. Therefore the 3,8 eV peak was related to
the presence of Sb on the surface. Therefore a dynamic study of Sb terminated InP
surfaces including exchange and interface formation processes were monitored at 3,8
eV
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Figure 22: RAS-spectra of the MOVPE prepared InP (2x1) surface reconstruction
(grey line) and the Sb terminated InP surface at 550°C (black line).

The segregation of Sb into InP an displays an unusual behaviour. Several publications
note segregation to be a serious problem when antimonides are grown in MOVPE
without going into details. This behaviour is attributed to the larger size of the
antimony atom compared to phosphorus preventing incorporation, and its low vapour
pressure. The latter is responsible for the easy accumulation of Sb on the growing
surface, together with a high sticking coefficient. As a consequence antimonides are
mostly grown with III-V ratios close to unity. The low vapour pressure of Sb and its
strong segregational behaviour produce an unwanted carry over in subsequent layers
affecting the quality of the interface.

The growth of antimonides on InP is difficult due to its persistence to remain in the
reactor after epitaxy. Sb from previous experiments tends to be reactivated while
heating up and deoxidising under phosphine. A characteristic change was observed in
the RAS transients during the initial heating under phosphine ” deoxidisation ” at 527°C
– the melting point of InSb – which does not occur when Sb was not used in the
previous epitaxy. The spectra taken with multi-channel RAS show the characteristic
signature of an antimony terminated surface, similar to the spectrum after exposure with
TMSb as shown in figure 26. This surface layer is persistent on the surface during
deoxidisation under PH3. It vanishes quickly when the sample is heated up to 700°C as
shown in figure 26.
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Figure 23: Transient of InP deoxidised at standard growth conditions with (dark
grey) and with Sb present in the reactor from previous epitaxy (black line).

Thus, to achieve controlled growth conditions and reproducibility the following
sequence was used. First the sample was heated up to 700°C under phosphine to desorp
all remaining Sb. Then the temperature was lowered to 600°C. In-situ monitoring by
RAS showed that this procedure removed all Sb out of the system and the typical (2x1)like InP surface in MOVPE [75] was present.
In order to investigate overgrowth and desorption of antimony from InP, the MOVPE
prepared (2x1) surface was then treated with TMSb for various times and partial
pressures. The Sb/InP surface then served as a substrate to investigate the segregation of
Sb into InP. For many experiments an exposure time of 3 minutes was chosen. The long
exposure time was selected to ensure saturation of the surface with antimony.
The Sb exposure and overgrowth was followed in-situ at several wavelength using
RAS. When Sb is present on the surface the RAS signal shows a prominent feature
around 3.5-4 eV, as discussed in chapter 5 [66,67]. Thus, most data were recorded at
3.8 eV photon energy.
As written in the chapter about RAS, the RAS signal on a surface with two different
structures present, is a linear combination of both surfaces. Assuming a first or higher
order transition, the general shape of the transien would look like this:

31

Figure 24: Scheme of the kinetics of two reactions with different velocities.

If two reactions of different velocities are present on the surface, the faster reaction will
dominate the observed surface kinetics in the beginning, while the slower one will
determine the overall reaction kinetics. In the example of fig. 25, first the faster second
order desorption process is observed in RAS. To estimate the point T1/2 in time where
the dominating surface process changes from desorption (fast) to surface formation
(slow), the first derivative seems to be best way for analysis, since c (T < T 1/2) > 0 and
c (T > T1/2) < 0. Looking at the first derivative of the transient, at T1/2 there should be a
maximum.
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6

Adsorption and desorption of Sb from InP
surfaces in MOCVD

In order to understand the various surface transitions observed by RAS during
adsorption and desorption an understanding of the properties of the Sb/InP surface is
necessary.
Figure 24 on the left shows an AFM image of MOVPE grown InP at standard growth
conditions which were used to determine the InP growth rate, and an image of a InP
surface which was treated for 3 minutes with 2 Pa of TMSb and cooled down
afterwards. The sample with buffer growth only is mirror-like with well resolved
monoatomic steps. The average step size is about 40 nm. The Sb/InP surface shows a
distinct roughening, the step-like structure has smeared out. No Sb droplets were
observed with dark field microscopy. The room temperature RAS (not shown) still
shows the characteristic 3.8 eV feature.

Figure 25: AFM images of mirror like InP grown at 550°C (left) with monoatomic
steps and InP after 180 s of TMSb treatment (right). The surface shows a distinct
roughening.

6.1

Surface during Adsorption and Desorption of Sb on InP

Once an InP surface is exposed to TMSb in MOVPE the surface reconstruction
undergoes a dramatic change within a few seconds. The RAS spectra of the MOVPE
prepared InP(2x1) and the Sb/InP surface are shown in chapter 6, figure 25. In order to
understand the nature of this transition, InP surfaces were treated in a first set of
experiments with various TMSb partial pressures at 550°C for 180 s, phosphine was
kept at 200 Pa all the time. The long TMSb exposure was chosen to assure, that a
sufficient amount of antimony was deposited on the surface. The experiments were
monitored in-situ with time resolved RAS at 3.8 eV. For simplification an anisotropy of
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10-3 is referred to as one RAS unit. Figure 28 shows the RAS transient of InP treated
with 0,25 Pa TMSb for 180s.
Directly when TMSb is switched into the reactor, the transient decreases about 4 RAS
units, goes through a minimum and saturates then at about 2 RAS units above the
starting level. The period of time from switching on until saturation is dependent on the
TMSb partial pressure and growth temperature. The change in RAS has been interpreted
as the rapid exchange of the P-dimers of the InP (2x1) by Sb-dimers of the Sb/InP
surface which is then formed[58]. From the transient shown in figure 28 it can be
assumed that the actual surface transition is more complex than simple chemiisorption,
and might include population of the surface with methyl groups, dissociation of the
precursor, accumulation of Sb and finally the formation of an InPSb surface.
Once the TMSb is switched off again, the Sb on the surface will begin to evaporate into
the gas phase due to desorption and exchange with P. Sb might leave the surface as an
single atom, as an Sb-alkyl or the more volatile hydrate stibine (SbH3). The InPSb film
on the surface will then change its stoichiometry from Sb rich back to InP.

Figure 26: RAS transient of InP treated for 180 s with 0,3 Pa TMSb and subsequent
desorption. The low vapour pressure was used in order to slow down the adsorption
process. The arrows are the positions for which the multichannel RAS spectra are
shown in the subsequent figures.
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From multichannel RAS time resolved spectra were extracted simultaneously. Figures
27 to 30 illustrate the various transitions of the surface as monitored by multichannel
RAS in detail. In the first step ( 1 → 2) the extrema of the RAS spectrum shifts little in
energy. Only the amplitude is decreasing. This could be explained by methyl-groups
populating the surface originating from incomplete TMSb pyrolysis, similar to the phase
III effects on the GaAs (001) c(4x4) surface[76].
Then until full saturation of the surface the 1st maximum is lowered more, while the
second one rises and is shifted toward 3,6 eV (fig. 30). After 180 seconds of TMSb
treatment the typical Sb/InP surface reconstruction as shown in chapter 6, figure 21 is
present (5). The maximum at 2,8 eV has vanished while the amplitude of the second one
has increased and shifted toward 3,8 eV. When the TMSb partial pressure is increased,
this transition is already completed after less than 15 seconds and the surface doesn’t
change anymore in the RAS even if more TMSb is applied.
Once TMSb is switched off again the RAS signal decreases quickly with a steep slope
for about 6 RAS units. The multichannel RAS spectra are shown in figure 31. During
this transition the first extrema remains unchanged, while the antimony related
amplitude at 3,8 eV decreases. Thus it can be assumed that excess Sb was accumulated
on the surface and is now desorped to the gas phase (5→7). Finally a reconstruction
similar to the In-rich (2x4) InP surface shown in fig. 18 evolves (7→8).
With continuing desorption the (2x4) like surface reconstruction transforms slowly to
the (2x1) InP reconstruction shown in figure 30 (8→11).

Figure 27: When the InP (2x1) surface is exposed to TMSb the initial (2x1)
reconstruction vanishes quickly. At the first minimum of the transient it is still InP like
but damped. Thus the surface is populated with methyl groups originating from partly
decomposed TMSb.
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Figure 28: With further Sb treatment the typical Sb/InP surface is observed with RAS
while the P-dimer related maximum at 2,8 eV has now vanished. This surface
reconstruction has been observed from 475°C up to 620°C.

Figure 29: When Sb is switched off the excess Sb on the surface evaporates to the
gas phase. The surface is still Sb covered, only the peak amplitude at 3,7 eV is
decreasing.
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Figure 30: Now there is a real change between the two reconstructions. The
remaining Sb will also desorb much slower, since it is already incorporated into a
reconstruction.

6.2

Langmuir model of adsorption and desorption

Adsorption and desorption are often described by Langmuir isotherms. The Langmuir
model [24] has proved to be valid for adsorption and desorption for many experiments
and is generally accepted to describe the adsorption process in MOVPE [19,20].
According to this theory , a surface becomes saturated after the coverage with one
single layer of atoms or molecules. Additional adsorption can only take place on the
newly formed surface layer. The quantity of the adsorbate is a function of the surface of
the adsorbent and the concentration c of the adsorbate in the gas phase, e.g. the partial
pressure. The adsorption isotherms relates the fraction of surface sites occupied to the
partial pressure in the vapour at a fixed temperature.
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Figure 31: Langmuir isotherms as a function of partial pressure (left): with increasing
temperature the coverage is reduced at constant pressure. On the right different models
for adsorption on the surface are shown.

At constant temperature and low partial pressure the coverage Θ is a linear function of
the partial pressure. This beaviour is best described by the Freundlich isotherm, which
was empirically found by Freundlich and Küster. With increasing partial pressure
saturation of the surface is observed. In order to relate the amount of adsorption to the
partial pressureof the gas phase Langmuir introduced the Langmuir isotherm. He
assumed that
1.
2.
3.
4.

The surface of the adsorbent is uniform, all adsorption sites are equal
Adsorbed molecules do not interact on the surface
All adsorption occurs through the same mechanism
At maximum adsorption only one monolayer is formed: molecules of
adsorbates do not deposit on each other.

The adsorption isotherm may be derived by the assumption that the rates of adsorption
and desorption are at steady state, thus the velocities of adsorption and desorption are
the same. Θ is the fraction of surface sites covered, thus the fraction uncovered is 1- Θ.
The velocity of adsorption is

ν A = k A ⋅ p ⋅ (1 − Θ)

(1)

The desorption is proportional to the covered surface, and independent of concentration.
The velocity of desorption is:

ν D = kD ⋅ Θ

(2)
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k A and k D are the rate constants for adsorption and desorption. At dynamic equilibrium
the forward and the reverse reaction velocities are equal:

ν A =ν D
and thus
k A ⋅ p ⋅ (1 − Θ) = k D ⋅ Θ .

and with

kA
=K
kD

(3)

being the equilibrium constant K for adsorption. then the Langmuir isotherm Θ is

Θ=

K⋅p
1+ K ⋅ p

(4)

Two cases may be distinguished:
1) Weak adsorbtivity

(K ⇒ 0) and/ or low partial pressure ⇒ k ⋅ p << 1

Θ≈K⋅p

In his case the coverage Θ is a linear function of the partial pressure. Since it was
experimentally shown that this assumption does not hold, one has to choose at low
partial pressures the Freundlich isotherm.
2) strong adsorbtivity and high partial pressure:
K ⋅ p >> 1 ⇒ 1 + k ⋅ p ≈ K ⋅ p

⇒

Θ = 1 (monomolecular layer)

The Freundlich isotherm describes an experimentally derived adsorption isotherm with
an exponential shape. The Langmuir isotherm is of hyperbolic shape and thus an
algebraic function which can describe saturation much better.
If many species compete for an adsorption site, the Langmuir isotherm becomes a sum
of isotherms:

Θ=

K⋅p
1 + ∑ K i ⋅ pi
i

It has to e noted that the Freundlich and the Langmuir isotherms only describe
chemiisorption with the formation of a single monolayer. The formation of multilayers
on the surface including physiisorption is described by the BET-theory [25], which has
been developed by Brunauer, Emmett and Teller. For the formation of the 2nd and
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further layers Van-der-Waals forces are responsible. They are supported by high vapour
pressure and low temperatures.
The desorption process is the opposite of adsorption, whereby some of the adsorbed
substance is released back to the gas phase. It is usually trated in the same way as
adsorption. Assumed is that
1. Particles who have once reached the transition state do not return to the initial
state.
2. The energy levels of the initial state follow a Boltzmann distribution and of
the transition state are statistically distributed.
3. The velocity of reaction is the same for all particles
The desorption rate R =

− ∂θ
is measured as a function of time or temperature.
∂t

The rapid change in the RAS signal implies that the surface gets rapidly covered by
antimony. Shurtleff et al [77] suggested the following form of the Langmuir equation
for the adsorption of TMSb on InGaP:
dΘ
= PSb ⋅ k A (1 − Θ) − k D Θ − k i Θ
dt

(6.1)

where Θ denotes the concentration of Sb on the surface, k A is the adsorption constant
for Sb and k D is the desorption constant for Sb. An constant k i for incorporation of Sb
into InP was added .
For the start of adsorption of antimony on the surface the initial slope of the adsorption
curve is given by:
dΘ
= PSb ⋅ k A
dt

(6.2)

A higher TMSb partial pressure will then result in a steeper transient and thus a faster
saturation of the surface with antimony, which agrees well with the RAS data shown in
figure 31 on the right.
A simple expression for the desorption isotherm can be obtained assuming that P and Sb
as group V elements both occupy the same surface sites. The P-isotherm will then be
expressed in relation to the Sb coverage to be 1 − θ Sb . If the surface is completely
covered with antimony and thus in the steady state with no further Sb uptake, the
desorption of Sb from the surface will then be described by the coverage and the kinetic
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constants. The experiments have shown that full saturation with Sb is already reached
when more than 0,25 Pa TMSb are applied for 180 s. Thus
dθ
= −( k d + k i )
dt

(6.3)

This implies that for PSb > (kd + ki) the slope of the transient of adsorption will always
be steeper than the slope of the transient for desorption. This is observed for any partial
pressure chosen.
A simple equation for adsorption of Sb on InP can be obtained when the Langmuir
equation is integrated for Θ (0)=0 and PSbka > (kd+ki):

Adsorption:

θ = (1 − e

−t

τa

)

with τ a = 1 /( PSb k a )

(6.4)

Integration of the Langmuir equation for Θ (0) = 1 and PSb = 0 delivers an equation for
desorption from a completely saturated surface:

Desorption:

θ =e

−t

τd

with τ d = 1(k d − ki )

(6.5)

τi and τd are the time constants for adsorption and desorption transients respectively.
Several results for ka and kd have been obtained by fitting RAS transients taken at
different temperatures with the required exponential functions and calculating the
reaction rate constants from the fit parameters τa and τd.

6.3

Adsorption and desorption of Sb on InP

In order to investigate the temperature dependence of Sb adsorption and desorption, the
samples were treated for 180s with TMSb at various temperatures. After switching off
the TMSb the sample was purged with phosphine until the antimony was desorbed from
the surface and the InP(2x1) reconstruction returned. The actual condition of the surface
was monitored with RAS at 3,8 eV. Once the RAS transient had reached its starting
level again, the temperature was increased by 20°C and a buffer was grown with 0.5 Pa
TMIn. Afterward the InP was exposed again to Sb. In-situ monitoring with RAS insured
that no Sb had been activated by heating up from the susceptor, the linertube or the
reactor walls and the InP(2x1) surface was present again. The RAS transients for 520°C,
540°C, 560°C, 580°C, 600°C, 620°C are displayed in fig. 28. The desorption transient
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of Sb shows a similar behaviour than the one of overgrowth of antimony with InP (fig.
29), but an opposite temperature behaviour.
To estimate the kinetics of Sb adsorption on InP, a Langmuir like transition is assumed.
Therefore the time constant ∆t is recorded from the moment when TMSb is switched
into the reactor until a stable value is reached. Figure 31 shows the first 240 s of the
transient shown before as 0,3 Pa TMSb were switched into the reactor for 180 s. The
RAS signal first decreases and then rises until saturation level.. At this point in time the
multichannel RAS shows the full development of the typical Sb/InP RAS spectrum
which has been described before. For adsorption the transition from the P-rich InP
surface to the Sb rich surface is the faster the higher the TMSb partial pressure was.
When TMSb is switched of again the surface gradually recovers to the InP(2x1) surface.
This surface recovery is the slower the higher the used TMSb partial pressure has been
(see figure 36). This is in good accordance with the Langmuir theory, which predicts a
higher concentration of the adsorbence on the surface for higher partial pressures. A
higher partial pressure of the adsorbence should lead to a faster surface coverage (see
figure 31).

Figure 32: RAS transients of InP treated 180 s with 0.3 Pa TMSb partial pressure at
550°C. The time constant ∆t for full saturation and formation of the characteristic
Sb/InP surface is plotted on the right side.

After switching on the TMSb quickly a stable Sb terminated surface is formed. After
switching off the TMSb the surface changes with respect to temperature: At higher
temperatures the surface reaches its staring condition much faster than at low
temperatures. At 520°C and 540°C the desorption process was that slow, that the
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beforehand chosen time to record it was insufficient.

Figure 33: Arrhenius plot of the adsorption rate vs. temperature of 2 Pa TMSb until
full saturation of the surface is achieved taken from many experiments. The activation
energy from the fit is Ea=(0,65 ± 0,03) eV for adsorption.

As second process Sb desorption is studied, since the only variable is the temperature.
InP surfaces were treated with Sb for 180 seconds at temperatures from 520°C to 620°C
in steps of 20°C, assuming a saturated surface coverage with Sb. Then the TMSb was
switched off, leaving the surface just with PH3 stabilisation. After TMSb is switched off,
the Sb desorbs into the gas phase and is additionally exchanged by the phosphorus from
the gas phase. When the RAS signal nearly returned to the initial value, the sample was
heated up to 700°C , a buffer was grown and the procedure was repeated again for
another temperature.
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Figure 34 RAS transients of Sb desorption from InP taken at 3,8 eV from 520°C to
620°C

The shape of the RAS transient and the corresponding multichannel RAS spectra imply
that at least two processes of different reaction velocities are present. The fast
desorption of Sb and the subsequent slower reformation of the InP (2x1) surface. Thus,
for a better understanding of the surface processes, the first derivative of the RAS
transient was analysed. The shape of the transient and its first derivative are shown in
fig. 43, chapter 8. A peak in the first derivative indicates a fast change in the surface
reconstruction. Three prominent peaks are visible. The first two ones occur when TMSb
is switched on and off, the third one is attributed to the point in time where the
dominating surface kinetics change from Sb desorption and Sb ↔P exchange to the
(re)-formation of the InP(2x1) surface. As explained in chapter 4.1, at this point the Sbterminated reconstruction is considered to change to an P-terminated reconstruction.
If the turning points of the transients are plotted as time versus reciprocal temperature,
the activation energy Ea for the desorption of Sb from the InPSb surface can be
extracted by an Arrhenius plot .

r ≈ A0 ⋅ exp(

Ea

k BT

)

44

where r is the reaction rate, A0 a meaningless preexponential factor, Ea the activation
energy in eV and T the temperature in Kelvin and kB is the Boltzmann constant. An
activation energy of o,53 eV is obtained for this process, as shown in figure 34 below.

Figure 35: Arrhenius plot for Sb desorption derived from the 1st derivative.

Alternatively, another Arrhenius plot is obtained when the time constants kd from
equation 6.5 corresponding to the transition illustrated in fig 30 is plotted in logarithm
scale as a function of inverse temperature. The activation energy for the formation of
the InP (2x1) after Sb treatment is calculated to be (1,54 ± 0,08) eV. It has to be noted
that the fitting of the transients with equation 6.4 and 6.5 is not easy. The shape of the
transients is far more complex than a simple decaying exponential function, as can be
seen in figure 35. Therefore a second similar evaluation has been done. Instead of
fitting kd with an exponential function, the transients taken during desorption have been
interpolated until the RAS signal has reached the starting level before Sb exposure, e.g.
the surface does not change anymore due to further Sb↔P exchange. From this method
the activation energy was calculated to be (1,50±0,11) eV.
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Figure 36: Arrhenius plot for the formation of the InP (2x1) surface after TMSb
treatment.
Thus at least two different processes with different activation energies are observed
upon Sb desorption from InP: Fast Sb desorption with an activation energy similar to
the one of adsorption and the slower process of formation of the InP (2x1) surface.

A variation of partial pressure at 550°C is illustrated in figure 37. The desorption
process is much slower than the adsorption process.Thus the amount of Sb accumulated
on the surface increases with higher TMSb partial pressure. This is in good accordance
with the Langmuir theory. In figure 37 the maximum of the 1st derivative of the
transients has been plotted versus partial pressure. It is apparent, that the dependence of
desorption time on partial pressure differs strongly for values below and above ~0,3 Pa
TMSb. For low partial pressures the slope is much steeper, for very small quantities of
TMSb the time interval rises linearly and at approximately 0.25 Pa the gradient changes
to a much slower rise. It can be speculated that this indicates that 0.25 to 0.3 Pa already
supply the critical amount of Sb to form a stable state of Sb/InP on the surface. All
further Sb might only be accumulated as much weaker bond metallic Sb layers.
Alternatively after an amount of 0.25 Pa at 180 s the sticking coefficient reduces
strongly. Such was suggested by investigations of the Sb adsorption on Si (001) at
600°C [82], where the sticking coefficient was reduced to zero after completion of one
ML of Sb. However, in this case the desorption time should saturate for values above
0,3 Pa TMSb, while still a constant rise is observed. Thus the sticking coefficient is ≠ 0,
or the vapour background pressure from the reactor plays a role.

46

Figure 37: The time for Sb desorption recorded for partial pressures from 0,1 to 2 Pa
and 120 s exposure.

A comparison of the obtained activation eneries with results reported in literature is not
easy, since up to now no reports are published on the kinetics of desorption of Sb from
InP in MOVPE. Furthermore most desorption studies regarding Sb on other materials
were carried out in MBE within anoher thermodynamic regime.
Zinck et al. investigated the desorption of Sb from GaAs in MBE measured with mass
spectroscopy. They report an activation energy of 1,6 eV [78].This value for Ea of is in
good agreement with the heat of adsorption of elemental Sb[79], but is much smaller
than reported values for P desorption from GaAs of Ea = 3,4eV by Lee et al.[80].
Similar in situ studies of exchange reactions in MOVPE of As by P on GaAs and P by
As on InP were done by Jönsson et al. [81]. The calculated activation energies were 0.8
eV for the P–As exchange reaction and 1.64 eV for the As–P exchange by exposing
GaAs to PH3. The higher value found for the Sb–P exchange processes could be
explained by the lower volatility of Sb in comparison to As and P. Also compared to the
activation energy of the diffusion of Sb-dimers on the surface[85] and for the
desorption of P [86], this value seems to be rather small.
Investigation of Sb adsorption on Si(001) at 600°C showed that the sticking coefficient
for Sb after formation of one monolayer of Sb is reduced to close to zero [82]. As a
consequence all further Sb will only be weakly bound e.g. physioadsorbed. In ref. [62]
it was shown that the adsorption of Sb at the InP surface is a self-limiting process. At
temperatures of 300° and above desorption will limit the Sb uptake to one ML. Maeda
et al. showed [83,84] in their work that the desorption of Sb from GaSb contains two
competing processes with fast and slow time constants. Those were correlated with the
occupation of different sites in the top layer of Sb double layers. This implies that the
sticking coefficient of Sb changes during adsorption.
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7

Overgrowth of Sb-terminated InP surfaces

In the previous chapter the treatment of an InP (2x1) surface with TMSb in MOVPE
was described. The adsorption and desorption kinetics were assumed to be Langmuir
like. The desorption was quite slow compared to other group V materials leading to a
noticeable persistence of Sb on the surface.
Most publications report the formation of a very thin InSb surface layer when InP is
exposed to Sb and overgrown. Since no methods were available to directly measure the
composition of the surface layer, Sb/InP surfaces where overgrown with InP. By this
strategy the InPSb surface film should be frozen in. Afterward, those samples can be
investigated by XRD. While desorption is not a problem to freeze-in the layer,
segregation into InP might occur and is indeed a severe problem for Sb-containing
devices.
The following chapter will investigate the overgrowth of Sb terminated surfaces with
InP. The temporal evolution of the Sb treated surface after switching off the TMSb and
switching on TMIn for overgrowth will be described. It will start with the overgrowth of
Sb/InP with InP layers of 50 nm thickness and less.

7.1

Thin InP layers

In a first set of experiments the (2x1) InP surface was exposed to 2 Pa of TMSb for
three minutes at the desired temperatures as before. After TMSb was exposed to the
surface the samples were immediately overgrown with InP layers with thicknesses of
less than 50 nm. These experiments were repeated in the growth temperature range from
520 to 600°C. In-situ RAS time resolved measurements at fixed photon energies
indicated no change of the surface during the initial 30s - 60 seconds under PH3
stabilisation before TMSb was switched into the reactor. Once Sb is switched into the
reactor the surface responds very fast and the RAS signal saturates within few seconds,
as shown in fig.36. Then TMSb is switched off and TMIn is switched into the reactor
with a 0.1 s pause. After growth of the desired layer thickness the samples were cooled
down immediately. Afterward the samples were characterised ex-situ with AFM and
XRD. Samples that were overgrown with only 10 nm revealed a rough surface structure
with ridges similar to the TMSb exposed surfaces without overgrowth shown in chapter
7. Samples with layer thicknesses about 50 nm possess surfaces with monoatomic steps.
The AFM images of two samples overgrown with 10 nm and 50 nm of InP are shown in
Figure 38
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Figure 38: AFM pictures of two samples with 10 nm (left) showing a rough surface
structure similar to TMSb treated surface with no overgrowth. Samples with 50 nm of
InP overgrowth showed monoatomic steps. The terrace width two times the one of InP
surface that were grown to determine the growth rate,

Figures 39 and 40 show the Ω-2θ XRD scan and simulation of the two InP layers. The
two samples were prepared as described before, and after 3 minutes of -TMSb treatment
at 2 Pa a 10nm and a 50nm thick layer of InP was grown at 550°C. The simulation
takes into account the thickness of the respective layers, the composition and the strain.
Therefore it is not possible to determine the thickness of the InPXSb1-X QW and the
composition from the XRD data alone. Only a total layer thickness can be extracted. In
order to illustrate this, the simulations of the samples shown in figure 41 and 42 are
based on different assumptions on the stoichiometry and thickness of the Sb-rich
quantum well. Several variations of layer thickness and Sb-content provide good fitting
of the data. For the simulations shown below an InPSb QW with a layer thickness of
1,1nm and 5,3% of Sb in the layer has been chosen., but reasonable fits of the data can
be achieved assuming a pure InSb QW at the interface as well. Thus, without further
information from other methods XRD scans alone cannot reveal the layer thickness or
the stoichiometry.
Additionally simulations were achieved without a certain amount of Sb in the
overgrown InP. Several samples showed a striking asymmetry in the envelope function
of the omega-2theta scan, as shown in figure 43. This is a hint that the interfaces are not
sharp, but graded. Meaning that Sb is distributed into the overgrown InP layer.
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Figure 39: XRD (black line) and simulation (grey) of a single InPSb quantumwell with
9 nm InP grown on top.(left) and 47nm (right) of InP on top. Similar simulation can be
obtained assuming an InSb QW.
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Figure 40: XRD (black line) and simulation (grey) of a single InPSb quantumwell
with 47 nm of InP grown on top. Similar simulation can be obtained assuming an InSb
QW.

All simulations that give reasonable results have in common that a certain amount of Sb
has to be assumed to be distributed in the InP overlayer. This indicates that the assumed
layer model with sharp InPSb/InP interfaces is far to simple. Since thin layers do not
provide sufficient information, multilayer stacks must be grown to investigate this issue.
This will be discussed in detail in chapter 9, where the segregation of Sb into the
overlayer will be investigated in detail.

7.2

InP layers thicker than 50 nm

The overgrowth of Sb/InP with thicker InP layers exhibits the observation of an
unexpected new feature: the self organised formation of an InPSb double quantum well.
One forms at the Sb exposed interface, the second one 50 to 150 nm deep in the layer.
These results were confirmed by XRD and SIMS measurements. This behaviour cannot
be explained with standard segregation models [87,88]. Those will be applied to
understand the distribution of Sb in thin InP overlayers. The dependence of the
separation between this DQW structure on growth temperature, partial pressure and
TMSb exposure time will be investigated in the second part of this chapter. It will be
shown that the model of strain induced surface melting can be applied successfully to
explain the observed phenomena. At the end of the chapter a growth model based on the
theory of strain induced surface melting will be presented which explains the obtained
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results very well.
For overgrowth of 100 nm and more a double quantumwell was seen in XRD. Figure 43
shows an Ω-2θ XRD rocking curve after 500nm of InP overgrowth on top after 3 min of
TMSb exposure at 550°C with 2 Pa TMSb. Clearly the distinct pattern of the selforganised double quantum well is visible. The total layer thickness as well as the
separation of the QWs can be extracted from the Bragg equation as described in chapter
5.3.
The total layer thickness then was found to be 485 nm. This structure is modulated with
the diffraction pattern originating from a quantum well buried 70 to 75 nm deep in the
layer. The asymmetry of the left and right side of the rocking curve suggests again a
graded InPSb/InP interface.
The layer structure has been simulated with a 1.1 nm thick InPSb QW with 5.3 % of Sb
at the interface and 2.5 % of Sb in the 2nd QW. The value of the 2nd QW has been taken
from the count rate of the SIMS measurement shown in fig. 45. To achieve agreement
of the height of the satellite peaks of the scan and the simulation, some Sb had to be a
distributed into the InP barrier between the two QWs. Good results of the simulation
were only achieved, if the Sb was distributed with an exponential decaying
concentration into the InP barrier.

Figure 41: XRD rocking curve measurement of a Sb treated sample overgrown with
500 nm InP. The satellite structure indicates the formation of a double quantum well.
From the rocking curve a total layer of 485 nm and a quantum well depth of 75 nm can
be extracted. The total amount of Sb in the simulation equals 1,6 ML of antimony.

53

To verify the data extracted from the XRD-scan, the same sample was analysed by
SIMS. The measurement was performed by RTG Mikroanalyse GmbH, Adlershof with
a commercial CAMECA SIMS. Cs+ Ions at 39 keV were used for sputtering. The SIMS
profile clearly confirmed the existence of two InPSb quantum wells. The separation of
the two peaks was measured to be 70 to 75 nm, which agrees very well with XRD
results. It has to be noted that is difficult to obtain an exact value of the separation from
SIMS, since the sputtering leads to a broadening of the peaks due to roughening of the
sputtered area. The resulting depth resolution depends on sputter ate and time, and is
usually above 2 nm. Thus, the observed peaks are a convolution of layer thickness and
Sb content.
The countrate indicates that the Sb content of the layer formed at the interface is twice
as much than that of the second one. However, an absolute value for the amount of Sb
incorporated in the QW could not be extracted from the SIMS measurement, since the
QW was to thin. Integration of the area below the peaks gives an value of 1023 Sb
atoms, which equals 1,6 ML of Sb. However, the distribution of the Sb in the structure
will be discussed later in detail in chapter 11.

Figure 42: SIMS profile of the same sample as in figure 8. The two Sb-rich QW are
clearly separated, the distance is ~ 70 to 75nm.
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7.3

In-situ analysis

The results obtained from XRD and SIMS were compared to the RAS measurements.
Sb exposure and overgrowth were followed at several wavelength using RAS. Most
data was recorded at 3.8 eV photon energy, because the RAS signal shows a prominent
feature around 3.5-4 eV when Sb is present on the surface [58,59], as shown in chapter
5.4.
During overgrowth with InP the signal first decreases fast and then goes through a
minimum. After several minutes it reaches its starting level again. In the first derivative
of the RAS transient apart from the fast surface change during switching on and off the
TMSb a third distinct feature is visible. In Fig. 9 the RAS transient and the first
derivative of the same sample that was analysed in figures 41 and 42 is shown. The
third extrema is found exactly where XRD and SIMS measurements suggests the
position of the second QW. Evaluating data from many different samples grown at
various temperatures shows that this feature always coincidences with the formation of
the second QW as confirmed by XRD and SIMS. Thus RAS is an appropriate tool to
monitor the formation of the second Sb-rich QW.

Figure 43: In-situ RAS transient at 3.8 eV photon energy (upper graph) and its first
derivative (lower graph). The dotted line marks the position of the 2nd QW, as
determined ex-situ by XRD and SIMS.
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This outcome eases the further experiments, because several exposure-overgrowth
cycles can be done on a single sample. Of course, care has to be taken to prepare always
a Sb-free surface first.
Figure 44 illustrates the novelty of this self organised QW. From what is generally
accepted in MOVPE growth, the formation of an Sb rich layer by surface exchange at
the interface reactions and subsequent indiffusion is nothing new. GaAsN/GaAs [83] ,
GaAsSb/GaAs [3] and InGaN/ GaN [90] diffusion superlattices were grown like this.
Besides the diffusion in the layer beneath, segregation can also be expected into the
overlayer. What is unexpected and has never before been observed is the formation of a
self organised quantum well deep inside the overlayer. This outcome cannot be
explained with commonly accepted segregation models.

expected segregation

measured

Figure 44: Scheme of expected (left) and measured (right) Sb distribution in the sample

7.4

Variation of exposure time and partial pressure

If the double QW stems from segregation, it should depend on the amount of Sb
deposited on the surface. The amount of Sb is controlled by the partial pressure (arrival
ratio) and the accumulation (exposure time).
In chapter 6.1 it was shown that less than the standard value of 2 Pa TMSb was
necessary to achieve saturation in the RAS transient. The time for saturation of the RAS
signal after Sb exposure was dependent on partial pressure and thus on the amount of Sb
applied to the surface. However, in chapter 7 one could not measure if the Sb coverage
of the surface is a self limiting process or if the coverage increases with exposure time.
But the separation of the Sb DQW can provide an indirect tool to measure that. An
increasing coverage would result in an increasing separation. On the other hand self
limiting surface kinetics would result in a saturation of the separation.
Thus, at the chosen temperature of 550°C the partial pressure was varied systematically
in order to investigate the impact on the DQW formation. The samples were treated as
described before, after every exposure and overgrowth the surface was purged as long
as it was necessary to remove all remaining antimony out of the system. This was
assumed when the spectra of the InP (2x1) was clearly visible again. The partial
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pressure was varied from 0.1 Pa to 2 Pa. With a partial pressure of 0.1 Pa no change in
the transient could be detected, indicating that the applied amount of Sb was insufficient
to produce an equilibrium state of adsorption and desorption. This transient was
discarded. A set of transients is shown in figure 47.
After Sb is switched into the reactor the level of full saturation is reached the faster the
higher the partial pressure is. The two “slowest“ transients in the graph belong to 0.2 Pa
and 0.25 Pa TMSb. The full level of saturation at ~8 RAS units is not reached yet after 3
minutes. Once a partial pressure of 0.3 Pa TMSb and higher is applied the saturation
level is reached.

Figure 65: RAS transients and the corresponding QW separation for TMSb partial
pressures varied from 0.2, 0.25, 0.3, 0.4, 0.5 to 1 Pa TMSb.
In Figure 48 the separation of the two QW extracted from the RAS transients is shown.
For the minimum amount of 0,2 Pa TMSb detectable in RAS the calculated separation
is already 55 nm. With increasing partial pressure the separation increases strongly.
With 0,3 Pa TMSb and more applied the separation saturates at a value of
approximately 70 to 75 nm. The change afterward is only marginal and can be attributed
to the vapour pressure background of the system.
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Figure 46: Separation of the quantum wells in dependence of the applied TMSb
partial pressure. The separation saturates once 0,3 or more Pa are applied. The slight
increase afterwards is attributed to the Sb background pressure from the reactor,
accumulated during the higher exposures.

The variation of Sb exposure time yielded in a similar result. For the time variation the
standard value of 2 Pa and a growth temperature of 550°C was chosen. The exposure
time was varied from 2 s to 180 s. After exposure the samples were overgrown
immediately with InP. The transients and the correlated separation of the QW are shown
in figure 47 below. For better comparison the X-axis have shifted to the point TMSb
was switched off in the diagram. 10 s were the minimum time to reach the saturation
level in the RAS upon TMSb exposure. A longer exposure time resulted in a larger
separation (fig. 50). In the beginning the separation increases strongly with longer
exposure time, at about 15 to 30 s this effect saturates as well. The same set of
experiments was repeated at 570°C, the results are plotted additionally in figure 50.
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Figure 47: : RAS transients and the corresponding QW separation of exposure times
from 2 s up to 180 s at 550°C at 2 Pa TMSb

Figure 48: The separation between the DQWs for different exposure times at 570°C
and 550°C
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The variation of exposure time and the variation of partial pressure showed qualitative
the same dependence. The total amount of TMSb applied has been expressed as the
product of time and partial pressure. This value expresses the total load of Sb exposed
on the surface. Assuming a constant sticking coefficient, this value expresses the total
amount of Sb exposed on the surface. Figure 49 shows the corresponding separation for
exposure at 550°C.
Exposure time variation is expressed as circles, pressure variation as crosses. One can
easily see that the results match each other very well. If only a small amount of Sb is
supplied, the separation increases strongly with any further Sb added. The separation
increases until the equivalent of 0.25 Pa for 180 s or 15 s at 2 Pa, i.e. 30 Pas . Increasing
exposure time or partial pressure a plateau region is reached. Only if the amount of
TMSb strongly exceeds 300 Pas, the separation gets noticeable bigger.

Figure 49: Separation of the QW depending on the amount of Sb exposed on the surface
at 550°C. For better comparability of the data the total amount of Sb has been expressed
as the product of exposure time and partial pressure in logarithm scale.
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7.5

Temperature dependence of double QW separation

In order to investigate the temperature dependence of this unusual behaviour of a DQW
formation several samples were grown in the temperature range from 520°C up to
600°C and systematically analysed with XRD and RAS. Fig. 52 shows a SIMS analysis
of a layer stack with repeated Sb treatment of the surface and subsequent overgrowth
with 500 nm of InP for each temperature. Growth was performed in 10°C steps from
520°C to 600°C. The SIMS data clearly confirms two Sb-rich layers for temperatures
above 550°C. Below 550°C the SIMS could not resolve the double peak structure. The
antimony content of the respective second layers drops significantly while their
separation increases with temperature. On the other hand, the peak height and thus the
antimony content in the layer formed at the interface is nearly constant. This is a good
indication that the second InPSb layer originated from a different process than the layer
at the exposed interface. XRD simulations of various samples suggest an antimony
content of approximately 5% in the interface layer at 550°C, while the layer thickness is
only 1,1 nm. As shown in the previous section, the interface of the first layer is not
abrupt, but graded with an exponential decay of the Sb-distribution in growth direction.

Figure 50: RAS transients of Sb overgrowth with InP taken at 3.8 eV from 520°C to
600°C.

61

Figure 51: A SIMS profile of a layer stack of 500nm thick InP layers grown at
temperatures from 540°C to 600°C after TMSb treatment of the surface. The peaks
related to lower temperatures are not shown.

The Sb peak related to the interface layer in fig. 54 appears to become broader for lower
temperatures. This is however an artefact of the SIMS method itself. With increasing
sputter depth the resolution decreases (as shown in fig. 55), due to roughening of the
target area. At 500 nm depth an error of 5 nm can be assumed, at 4 µm the error is about
20 nm. The figure 55 compares on the right the lineshape and the count rate of the main
peaks at 600°C and at 550°C. The 600°C SIMS profile was taken from the stack shown
above, the 550°C profile was the same as in figure 44. For both samples the InP
overlayer was nominally 500 nm thick, and they were measured one after the other in
the same SIMS run.
The main peaks representing the layers at the interface match each other very well in
count rate and shape of the right shoulder, representing the interface. Thus the
composition and the interface between the substrate and the InPSb are considered to be
the same for every temperature. In growth direction the low temperature shows a higher
count rate and a bigger decay length of the Sb distribution, yielding an increased Sb
segregation length at low temperatures. This is apparent if one integrates the area below
the curves. Far more Sb segregates into the InP barrier at lower temperatures. This
behaviour is opposite to the increasing separation of the 2nd QW at higher temperatures.
Obviously the segregation of Sb into the InP barrier and the formation of the 2nd QW
originates from two different processes.
On the left side of the graph two SIMS profiles of the 550°C peak recorded at different
sputter depth are shown. At a sputter depth of 0,5 µm main and satellite peak are well
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resolved. At 3 µm sputter depth the 2nd QW is superposed by the broadened main peak.
The broadening of the peak of the interface layer at lower temperatures and thus deeper
in the stack is owed to the roughening by the SIMS measurement with increasing
sputterdepth. The count rate is reduced for the same reason.

Figure 52: Comparison of certain InPSb DQW SIMS profiles taken from fig 50 and
fig 42. The structures on the left were grown at the same temperature, peaks are
broadened due to roughening. The right side showed two DQW at the same depth. Both
main peaks have the same width.
The DQW separation measured by XRD, SIMS, and in-situ by RAS from many
experiments is plotted together in Fig. 58 with the data from desorption added from
chapter 8.1. As remarked before the distances measured by the different methods agree
very well, even though the time from the RAS overgrowth transient was converted to a
QW separation using the growth rate of thick InP layers. It has to be noted that below
550°C the SIMS measurement cannot detect the second quantum well due to limited
depth resolution; but RAS and XRD still indicate its position. The separation increases
linearly up to 580°C, then it saturates at approximately 120 nm. As shown before in
figures the desorption data (solid squares) shows the opposite temperature trend than
overgrowth (open dots). Fig. 59 shows that at low temperatures Sb desorption is much
slower. At higher temperatures of 580°C and above. Sb desorption becomes significant
to remove Sb from the surface thus limiting the DQW separation.
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Figure 53: Separation between the two InPSb QW formed during TMSb exposure
and subsequent overgrowth with InP taken from RAS, SIMS and XRD. For overgrowth
(circles) the time is converted to a thickness scale using the growth rate to compare to
the position of the second QW determined by SIMS (stars) and XRD (crosses).
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7.6

Stoichiometry of InPSb Quantum Wells

So far the dependence of the separation on temperature and amount of Sb applied to the
surface has been investigated. In order to obtain an absolute value of the Sb content two
layer stacks were grown and afterward analysed by calibrated SIMS. The SIMS
measurement has been calibrated with an sample with Sb implanted into InP. The first
layer stack was grown with the standard growth conditions of 200 Pa Ph3, 2 Pa TMSb
and 0,5 Pa TMIn. The temperature was ramped in 10° C steps from 540° C to 620° C.
Each time 500 nm of InP were grown immediately after Sb exposure. For the second
layer stack the TMSb partial pressure was varied from 0,1 Pa up to 2 Pa and applied for
180 s each. The growth temperature was 550° C.

7.6.1 Influence of the temperature
The figure 57 shows the SIMS profile of the 1st layer stack that had been grown for the
calibrated SIMS measurements. The sample exhibits the same increase in QW
separation between main and satellite peak accompanied with simultaneous decrease of
the Sb content in the second QW. SIMS was able to resolve the second QW from 550°C
to 610°C. At 620°C SIMS was not able to detect any second QW. At this temperature
the Sb content was below the detection limit.
The Sb concentration was measured as Sb atoms per cm3. From the concentration per
cm3 the molar fraction of Sb was calculated using the density of InP and the molar
weight. SIMS probably underestimates the Sb content in the layer, since the QW is
very thin. Indeed TEM measurements and simulations of XRD rocking curves suggest,
as written in chapter 8.2, an upper limit of 2-3 nm for the thickness of the second QW.
The best simulation results are obtained for a thickness of only 1,1 nm as will be shown
in chapter 9.
From the profile a Sb content of about 3 % in the interface layer can be calculated. At
first sight the amount of Sb in the main peak seems to be very low, but is in good
agreement with the XRD simulations of InPSb/InP SL that will be presented in chapter
9. The Sb content in the second QW would be less than 1%. It can be extracted from the
ratio of the interface QW peak to the second QW peak, assuming similar thicknesses
(see figure 58). The decrease of composition with increasing sputter depth indicates
indeed QWs smaller than the depth resolution. Since the area of the peak remains the
same, similar composition of all interface QW can be assumed.
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Figure 54: SIMS profile of a layer stack of 500 nm thick InP layers grown at
temperatures from 540°C to 620°C after TMSb treatment of the surface. The molar
fraction of Sb incorporated has been calculated from the Sb concentration per cm3.

7.6.2 Variation of Partial pressure

In chapter 8.3 it was shown that the separation of the QWs saturates quickly if the InP
surface was treated with an increasing amount of TMSb. Approximately 0,25 to 0,3 Pa
TMSb for 180 s were sufficient to saturate the surface with Sb. If more TMSb was
applied, the separation did not increase notably. The dependence of Sb incorporation
upon TMSb partial pressure was investigated by SIMS as well. The antimony contents
of the main and the satellite peak in relation to the amount of Sb applied to the surface
are plotted in the figure 56. Th fitlines have been added as a guide to the eye.
For any amount of Sb applied SIMS could detect the interface QW. The amount of
incorporated Sb increases linearly with partial pressure for partial pressures up to 0,4
Pa, than it saturates. The second QW was not detectable if only 0,1 Pa TMSb were
used. The same was observed by RAS. At this low partial pressure the characteristic
Sb/InP surface did not evolve. For any higher partial pressures the Sb content of the
second QW is apparently independent of the TMSb partial pressure used. Thus this
process is independent from the amount of Sb applied to the surface.
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Figure 55: Sb fraction incorporated in interface QW and the 2nd QW resulting from
exposure with various Sb partial pressures. The corresponding separation is plotted in
the figure below. The Sb ratio does not increase after an minimum exposure of 0,3 Pa
for 180 s.

From the presented experiments it can be concluded that ~0,3 Pa or 15 s of TMSb
treatment are sufficient to fully saturate the InP surface with Sb. Applying additional Sb
does not increase the surface coverage. These findings can be used to estimate the actual
amount of Sb deposited on the surface using the growth rate of GaAsSb. At 550°C ~ 1
µm GaAsSb has been grown with 0,8 Pa TEGa and 1 Pa TMSb. Assuming the growth
rate of GaAsSb a maximum amount of equivalent 3,5 MLs of Sb have been deposited
on the surface during 15 s of TMSb treatment or of exposure with 0, 25 Pa TMSb for
180 s.
This value of 3,5 MLs is rather high compared to the amount of Sb incorporated into the
QWs as measured by SIMS. From SIMS the Sb content in InpSb was 5 % at the
interface QW and less than half of that in the second QW. XRD measurements and
simulations proposed a layer thickness of 2 nm. Thus only 0,3 ML of Sb are
incorporated in these two layers. This is less than 10 % of the initially deposited Sb.
Since desorption of Sb at 550°C is very slow compared to overgrowth, a loss into the
vapour phase can be excluded as well. The questions remaining is where all the Sb has
gone. The only remaining possibility is the InP barrier layer. Rocking curves of thin
InP layers gave reason to assume graded InPSb/InP interfaces with a certain amount of
Sb distributed into the InP overlayer. Therefore in the following chapter the distribution
of Sb into the InP barrier will be investigated.
Another possibility would be a change of the sticking coefficient as suggested in figure
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46. The amount of Sb deposited at which at the slope changes indicates the formation of
a Sb saturated surface layer. Until this point the sticking coefficient is very high, and the
ratio of incoming flux and deposited Sb is close to unity. After this point in time the
surface is fully covered with antimony, and the sticking coefficient becomes close to
zero, as suggested by [82]. Further Sb applied will not stay on the surface.
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8

Segregation of Sb in InPSb/InP superlattices

In the previous chapters the growth mechanism leading to the formation of the self
organised double QW structure has been investigated. The experiments supplied a good
understanding of the observed phenomena. A quantitative estimate of the Sb applied to
the surface differed by an order of magnitude from the measured Sb incorporation into
the QW by SIMS. A variation of either treatment time or applied partial pressure
resulted in a similar separation of the two quantum wells. Once a critical amount of 0,3
Pa for 180 s or 2 Pa for ~15 s is applied, the separation does not increase anymore. Thus
a comparison of these parameters with the growth rate of GsAsSb delivered an estimate
of the amount of Sb necessary to achieve full saturation with Sb of the Sb/InP surface.
The obtained value of approximately 3,5 deposited monolayers of Sb differs drastically
from the 0,37 ML Sb that are incorporated into the two InPSb layers, as obtained by
SIMS and XRD rocking curve simulations.
The remaining question is whether the previous assumption on the amount of Sb
deposited on the surface is wrong or if the Sb is incorporated elsewhere. Desorption of
Sb can be neglected at the chosen growth temperature of 550°C. Sb is reported to
segregates strongly at heterointerfaces [3,4,67]. Therefore the missing antimony is
assumed to be incorporated into the InP overlayer. In order to investigate the
segregation of Sb into InP a set of strained InP/InPSb superlattices was grown.

8.1

Models for segregation

Segregation is a well known effect in III-V ternary alloys, but is mostly attributed to
group III elements, describing the exchange between bulk and surface layers.
Principally segregation means the enrichment of an element at the surface with respect
to the bulk composition. There is a long history of such models in literature, describing
segregation in metal alloys. A good summary is given by Moison et al. [91] and Weaver
et al. [92].
During growth of an alloy one species preferably populates the surface. Sb ↔P
exchange leads to the formation of an Sb containing layer, serving as substrate, which is
immediately overgrown. The segregating amount of Sb decreases with each layer. For
the segregation description Muraki et al.[88] assumed that a certain fraction σ of atoms
on the top surface layer segregates to the next layer at every monolayer grown. Thus
σ denoted the segregation probability. The remaining quantity (1-σ ) of atoms are
incorporated into the bulk before the next monolayer is completed. Segregation
coefficients from 0.45 (370°C) to 0,8 (520°C) were found for In in InGaAs/GaAs – QW
using SIMS and PL.
A more quantitative model was proposed by Muriaki [81]. In his model a
phenomenological description of the segregation of In in InGaAs/GaAs QW was given
based on experimental data obtained with SIMS and PL. Muraki et al. found a
significant increase of the In segregation with increasing temperature and with
decreasing As pressure.
69

This model has been successfully applied to various methods such as XRD[3],
XSTM[4], and AES/XPS[92]. It has been modified by Steinshnider et al [4] for the
segregation of Sb in InGaSb/InAs superlattices. There it was shown that GaAsSb
overgrown with InAs could be well described by assuming that GaAsSb provides a
segregation seed for Sb segregation into the InAs barriers.
In the following section the segregation model will be described in the notation as it can
be found in more detail in the publications by Steishnider et al. and Watkins et al.[3,4]
and is illustrated in fig. 61. This notation allows to estimate the segregation coefficient
from XRD analysis of strained SL.
For this model it is assumed that the segregating species accumulates on the surface
once the surface has been treated with it. A floating surface layer will be formed, called
the seed, as proposed by Muriaki. The model makes no assumption on the nature of the
segregation seed. In the case of III-Sb epitaxy it‘s assumed to be elemental antimony.
This floating surface layer will then provide a seed concentration χfloating . A fixed
fraction of the Sb will be incorporated from the seed during growth of every single
monolayer. The fraction Sb remaining in the floating layer is expressed by the
segregation coefficient σ. If the amount of Sb incorporated per grown monolayer is
very small, the segregation coefficient is close to unity. If all Sb is incorporated at once,
σ would be zero. The remaining quantity will continue to float on the surface. Thus the
concentration of the next layers remaining quantity is expressed as σ • χfloating . During
further growth always the same fraction of Sb of the floating layer will be consumed.
Thus in every following layer less Sb will be incorporated until the floating Sb has been
fully consumed. The result is an exponentially decaying distribution of Sb into growth
direction. This segregation models is often referred to as linear model, which refers to
the recursion relations for every monolayer being linear, even though the outcome is an
exponentially decaying concentration of the segregating species.

Figure 56: Scheme of the segregation model. Upon deposition a seed χ of Sb is formed.
Once the first ML is completed during growth, the remaining Sb in the seed is χ x σ .
The incorporated amount is χ (1-σ). After growth of n ML the amount of incorporated
Sb atoms is χ (1−σn). This results in a exponentially decaying distribution of Sb into the
layer.
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The segregation profile is defined through the linear recursion relations describing the
amount of Sb in the seed after growth of the nth ML and the fraction of Sb incorporated
in the nth ML:

χ floating (n) = σ [ χ floating (n − 1)] ,

seed after growth of n ML

χ (n) = (1 − σ )[ χ floating (n − 1)] ,

Sb content in nth ML

with the starting condition χ floating (0) = xi , with n being an integer number, labelling
the buried monolayer and χ(n) the incorporated fraction of Sb. In Sb epitaxy it there is
usually an unwanted vapour pressure background from material deposited in the reactor
during exposure. After Sb is switched off, some of it will be activated and reach the
sample as well. Thus, one must also take the contribution from this process into
account. Therefore a constant source term for the vapour background χν must be added,
and the above recursion relations become inhomogeneous:

χ floating (n) = σ [ χ floating (n − 1) + χ v ] ,

(8.1)

χ (n) = (1 − σ )[ χ floating (n − 1) + χ v ] ,
With these relations one can describe the amount of Sb incorporated in the nth
monolayer. Combining the solutions of these two sets of recursion relations yields for
the final Sb-segregation profile:

χ (n) = ( χ i − χ 0 )σ n −1 (1 − σ ) + χ v (1 − σ n )

(8.2)

The first term represents an exponential decay of the Sb content in each successive
layers. If desorption is neglected, its total sum equals the initially deposited amount of
Sb χ i . The second term accounts for the vapour background pressure χ 0 from the
reactor due to reevapouration of antimony. The mole fraction of antimony in the nth
monolayer is then given by

χ (n) = (1 − σ )[ χ (n − 1) + χ v ]

(8.3)

The total amount of incorporated Sb in the whole barrier is then the sum over all
monolayers that have been grown. If desorption is neglected, it represents the total
surface coverage after deposition as well.
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N

χ T = χ 0 + ∑ χ ( n)

(8.4)

1

This equation is of special interest for further analysis. In the previous chapters an
estimation of the amount of Sb deposited on the surface has been made using the
GaAsSb growth rate and the variation of treatment time of InP with TMSb. With the
last equation the amount of Sb deposited is directly accessible by XRD. This is very
handy, since especially for diffusion SL that will be discussed in the following
paragraph, the thickness of the InPSb layer is not exactly known. One can extract the
total amount of Sb from the location of the zeroth order satellite peak of a superlattice
structure without assuming a certain layer model. If segregation takes place as
described by this model, the amount of Sb incorporated will decline exponentially from
ML to ML until the seed is fully consumed. The amount of Sb incorporated from the
seed layer into the barrier should increase with barrier thickness and saturate. A plot of
χT versus grown ML then allows to determine the segregation coefficient σ and the
amount of initially deposited Sb on the surface xin.
The origin of Sb segregation is attributed to different effects: The flux of incoming
material (In + P) is different to the substrate (InPSb). The mechanisms leading to
segregation are considered to be fast with respect to growth. Further Sb is considered to
segregate due to is large atomic size compared to P, thus this rather large atom is
repelled from the growing surface due to strain minimising the surface energy. The bulk
bonding energies (EInP> EInSb) and the chemical reactivity (P > Sb) have been put
forward as an origin of segregation as well, thus Sb has to segregate much stronger than
P. On the other hand studies of segregation of metals in III/V semiconductors have
shown that this arguments of „chemical trends“ is often contradicted [91].
In III-V heterostructure growth Sb segregation means that the InP/InPSb interface
should be more atomically abrupt than the InPSb/InP interface. The asymmetry of the
satellite peaks of the SL in fig. 63 indicate indeed to a compositional grading in growth
direction at the barriers.

8.2

XRD of indiffused InPSb/InP - Superlattices

In order to improve the quality of the predictions made on the actual layer model, the
antimony-content of the quantum well and the antimony distribution throughout the InP
overlayer, a set of strained superlattices was grown. This reduces the degrees of
freedom within the simulation parameters. The following sequence was repeated 10
times for every superlattice: The InP surface was treated with 2 Pa of TMSb to form an
InPSb film by P↔Sb exchange. Afterwards nominally 5, 10, 20, 30, 40 , 50 and 60 nm
of InP were grown as a barrier layer with 200 Pa PH3 and 0,5 Pa TMIn. Then the
sample was purged for 30 s with PH3 to remove excess antimony from the surface and
suppress Sb accumulation on the surface. For the first superlattice, a treatment time of
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60 s was chosen. For the second one it was reduced to 10s. The RAS transients were
recorded at 3,8 eV as usual and are shown in figure 62.
The RAS transient of the superlattice with 60 s TMSb treatment shown in the upper
graph shows the 10 times repetition of the growth sequence. In every sequence the RAS
signal reaches the same level during InP treatment with TMSb. The RAS signal
decreases during growth of the 20 nm InP barrier and 30 s phosphine purging
afterwards. After every sequence the signal drops less than in the previous one. Thus
within every sequence more Sb has accumulated on the surface. The spectrum recorded
simultaneously with multichannel RAS is Sb-richer. This indicates an increasing uptake
of antimony on the surface due to segregation. Obviously 20 nm of InP growth and 30 s
of PH3 purging afterwards were insufficient to remove all Sb from the surface for the
high exposure.
In the previous chapter it had been shown that the separation of the quantum wells
saturates after the application of Sb for approximately 10 –15 s. Since the segregation
coefficient should be extracted from the XRD analysis of these samples, it was
important to avoid surface accumulation of Sb after any growth sequence. Hence the
TMSb exposure time was reduced to 10 s. The barrier thickness and purge time
remained the same.
The corresponding transient of the superlattice is shown in the lower figure 57. It
displays a good repetition of the growth sequence. Each interval matches the other.
Under TMSb exposure the saturation level of ~5,5 RAS units is reached in every period.
No indication of Sb carry over from one sequence to the other is observed.

Figure 57: RAS transient taken at 3,8 eV of the two superlattices shown in figures
63. The rise of the baseline of the upper transient indicates an increasing uptake of
antimony on the surface due to segregation and accumulation when Sb was applied for
60 s. Therefore the treatment time was reduced to 10 seconds (lower transient)
The XRD rocking curves of the two samples are shown in figure 58. Both SL show a
good dynamic, even the layer thickness oscillations are clearly visible. The structure
with longer Sb exposure displays a higher Sb-incorporation, which can be extracted
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from the position of the zeroth order satellite of the SL as described in chapter 4.2. The
total amount of Sb incorporated can be calculated using equation 9.6.4: The SL with 60
s exposure incorporated the equivalent of 0.87 ML Sb, the one with 10 s exposure 0.67
ML Sb. If one recalls the result from chapter 7, that the saturation of the Sb coverage is
completed after a deposition time of ~15 s, then the seed layer is thicker after 60 s than
after only 10 s exposure. Thus a bigger amount of Sb will be incorporated from that
seed in each ML of the structure.
Even though exactly the same parameters for the barrier growth were chosen, a longer
treatment time also resulted in a reduced barrier thickness. One may speculate that the
presence of excess Sb accumulated on the surface seems to either reduce the growth rate
or first has to be desorped before growth of InP can take place.

Figure 58: XRD rocking curves of the two diffusion superlattices with 20 nm barrier
thickness each. The longer TMSb exposure results in a higher Sb fraction incorporated
into the structure and a higher average Sb incorporation.
.
For the analysis of the segregation coefficient of antimony in InP a set of diffusion
superlattices with varied barrier thickness has been grown with the same sequence as
described above. To avoid accumulation of Sb on the surface in consecutive growth
sequences, a Sb treatment time of 10 s was chosen. Additionally an analysis of the
single layer sample that was discussed in chapter 8.3 has been added to the data. There a
separation of 75 nm has been confirmed with RAS/XRD/SIMS. From the position of
the zeroth order satellite peak the amount of Sb was calculated using equation 9.6.4
from chapter 9.1.Without any assumption on the layer structure grown the total amount
of Sb incorporated can be directly taken from XRD rocking curves. The SL-period for
each sample was calculated from the spacing of the satellite peaks appearing on each
side of the (004) reflection of the substrate peak. The average lattice constant of the SL
is related to the total amount of Sb incorporated during barrier growth. Therefore the
amount of Sb incorporated into the InP barriers can be determined without knowing the
precise InPSb/InP structure or the grading type of the interface.
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The amount of Sb has been converted to equivalent ML of Sb. The results are
summarised in table 1 and are plotted as a function of barrier thickness in figure 62. If
the samples consisted of SL-structures without any grading at the interface, the amount
of Sb incorporated would have been independent of barrier thickness. The data suggest
that the Sb floating on the surface results in a graded interface with Sb distribution into
the barriers.
It is remarkable that only a small portion of Sb initially deposited on the surface is
incorporated in the quantum wells, while most of it will be distributed into the barrier.
Furthermore, the Sb on the surface seems to reduce the growth rate. The thinner the
barrier gets, the bigger is the mismatch between intended layer thickness and actually
grown layer thickness. Obviously some of the Sb first has to be desorped before InP
growth starts.

Table 1: Barrier thickness and the equivalent amount of Sb incorporated into the
grown structures. Due to the low fraction of Sb the lattice constant of InP was used.

Sample number

Barrier
thickness (ML )

Barrier
thickness (nm)

equivalent ML
Sb

1446

15.5

4.5

0.37

1445

32.7

9.6

0.39

1443

60.6

17.8

0.48

1495

67.2

19.7

0.57

1497

92.7

27.2

0.55

1498

124.3

36.5

0.68

1499

152

44.6

0.82

1500

177

51.9

0.94

1322

260

75

1.63

75

Figure 59: Plot of amount of incorporated Sb per as a function of SL barrier thickness.
The solid line is a fit of the segregation model by Muriaki[88] the dashed line originates
from a linear fit of the SL data and provides an upper limit of 1.5 ML of Sb.

The total amount of Sb as a function of barrier thickness has been fitted with the
segregation model from chapter 8.1, using equation 8.1. Additionally a simple linear fit
has been added. The data implies that a maximum value of 1,5 -1.7 ML of Sb will be
incorporated into the barrier during growth. From an interpolation of the data to a
barrier thickness of zero MLs, one can read an incorporation of 0,2 ML of Sb. This
value agrees very well with the Sb content in the InPSb QW formed at the interface, as
obtained from SIMS.
The fitting parameters of the segregation model used for the plotted curve are:
σ = 0.995 for the segregation coefficient,
xin = 2.35 for the deposited amount of Sb in the seed layer and
for the amount of Sb in the first monolayer due to indiffusion.
x0 = 0.2
The contribution of the vapour background pressure was neglected and set to zero. The
fits provide an upper limit for Sb incorporation of ~1.5-1,7 ML. This value is in good
agreement with the sample 1322. There an extensive fitting with an 8 step grading
produced an result of 1.63 ML of Sb.
In chapter 7 the dependence of the separation of the DQW upon TMSb exposure time
and partial pressure has been discussed. The separation saturated after an exposure time
of 10 to 15 s at 2 Pa TMSb. The total amount of Sb deposited on the surface can be
estimated considering the GaAsSb growth rate of 1 µm per hour. Assuming the growth
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rate of InSb to be equal, one would have grown 2,7 nm of InSb in 10 s. This equals 4,3
lattice constants of InSb or 4,3 ML of elemental Sb. This amount of deposited Sb is
very high compared to the maximum of 1,5 –1,7 ML of Sb incorporated into the
barriers. Even if one considers that some of the Sb desorpes during the growth
interruption, this value is still to high. Alternatively one has to take into account that the
sticking coefficient of Sb changes during deposition, as fig. 51 in chapter 8.3 suggest.
Therefore 1,5 to 1,7 ML seem to be a reasonable value to be assumed as an upper limit
of Sb deposition.

The value near unity obtained for the segregation coefficient is very high, meaning that
most of the Sb floats on the surface, and only little of it will be incorporated in every
successive monolayer. The segregation model described above has been applied to
simulate the Sb-distribution in the SL-structures. The quantum well was assumed to be
InP0.947Sb0.053 with an thickness of 1,1 nm. The Sb-content of the InPSb was taken from
the calibrated SIMS measurements discussed in chapter 8, which assigned 4-5% of Sb
in the interface layer. To simulate the grading of the Sb distribution into the InP
barriers, an exponential decay was applied as illustrated in fig 64. A reasonable fit could
only be achieved when the Sb content in the first monolayer of the barrier was about
3%, and thus less than in the QW, followed by an exponential decay to 0,1% in the last
ML.
It is very simple to fit the satellite peaks with respect of the x-axis without any
structural model. But to obtain a „real fit“, additionally the height of the satellite peaks
has to be considered. The position of the peaks is only determined by the total amount
of Sb in the structure and the barrier thickness. The envelope function of the amplitudes
of the satellite peaks is determined by the grading of the interface. The HRXRD rocking
curve and the simulation of the SL with 20 nm barrier thickness are displayed in figure
64 . The heights of the satellite peaks are consistent with a long range grading of the
interface, with a very high segregation coefficient of 0,995 and a Sb ratio of about 0,3
ML of Sb distributed in a ~1,1 nm thick InPSb QW at the interface.
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Figure 60: XRD rocking curve and simulation of a InPSb/InP SL with nominally 20
nm barrier thickness. Within the barrier the Sb fraction decreases from 1,3 % to 0,1 %.
The simulation is in good agreement with the results imposed by the segregation model.
The fitting parameters are in good agreement with values of 0,93 to 0,97 reported by
Watkins et al[2] for the segregation coefficient of Sb in GaAs in MOVPE, but differ
remarkably from the 0,63-0,67 reported by Steinshnider [4] et al for GaInSb/InAs SL
grown in MBE or 0,5 for In segregation in InGaAs/GaAs SLs reported by Zheng et al.
Figure 67 below illustrates the fraction of Sb incorporated into InP. The QW formed at
the interface contains about 5 % of Sb. Further Sb is distributed into the InP barrier, the
Sb content decreases exponentially. After 76nm/ 260 ML a 2nd QW is formed. The total
amount of Sb incorporated into such a structure equals 1,5 to 1,7 ML of elemental Sb.
At higher temperatures the Sb content of the 2nd QW is reduced to less than 0,1 %
(600°C). It has to be noted that the interface QW could be even thinner, and thus yield a
higher Sb content.
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Figure 61: Structure model of the DQW observed at 550°C.
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9

Growth model

The results presented in the previous chapters can be combined to an overall growth
model, explaining the formation of the self organised double quantum well during InP
overgrowth of TMSb treated InP.

9.1

The model of Sb surface melting

For this unusual formation of a second QW a model based on the theory of strain
induced surface melting by Bottomley [27,28] based on experimental data from
Jayaraman[30] is proposed (see chapter 3). According to this theory, a surface layer will
melt due to strain even below its bulk melting point. The molten film therefore is an
epitaxially stabilised supercooled liquid, which has no bulk analogue. It would
resolidify if no solid phase stress would be present. This surface melt still shows some
ordering and does not form droplets. If the strain energy would exceed the dislocation
energy, the layer would relax an thus form droplets, which would solidify at once.
The proposed growth model is illustrated in the figures below. During TMSb exposure
phosphorus is exchanged by antimony and an InPSb QW is formed by indiffusion of Sb
into InP. Additionally a quasi-liquid InPSb layer forms on top due to strain induced
surface melting. At the start of overgrowth with InP a single QW at the interface is
formed. The remaining quasi-liquid InPSb layer easily segregates and floats on top of
the growing layer. During further overgrowth the quasi-liquid InPSb layer gets more
and more phosphorous rich due to further exchange reactions with the vapour phase and
the growing bulk.
An increasing P-content in the layer leads to a reduced lattice constant of InPSb.
Therefore the strain due to layer mismatch continuously decreases. When a critical
InPSb-composition is reached the initial condition for the layer to be molten is not given
anymore. Thus this quasi-liquid floating layer will solidify instantaneously, forming the
second quantum well which will be then overgrown by pure InP.

Once the InP surface is treated with TMSb, the surface is quickly covered with Sb and a
InPSb surface layer forms.
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Upon further exposure some Sb diffused into the bulk , forming a ternary alloy with
approximately 5 % of Sb. Excess Sb forms a molten Sb/InP layer floating on top.

During overgrowth the floating Sb layer acts as a seed for Sb segregation into the layer,
resulting in an exponentially decaying distribution of Sb into the barrier. Further Sb is
desorped to the gas phase and exchanged by P. with continuing growth the floating
surface layer gets P-richer until a critical stoichiometry is reached and the layer
solidifies at once. The separation of the DQW is dependent on the growth temperature.

The solid InPSb QW is finally overgrown by InP
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Additionally the the melting point of the InPSb surface layer is affects by the
composition. Due to the difference of the InP (1047 °C) and the InSb (527 °C) melting
point, a reduction of the Sb-content in the layer will increase the melting point of the
alloy, even if no strain would be present. Figure 63 shows again the temperaturedependence of the QW separation: The separation increases linearly with temperature,
as long as overgrowth is much faster than desorption. Then at 580 °C and above
desorption becomes the limiting process of the QW separation.

Figure 62: Separation between the two InPSb QW formed during TMSb exposure
and subsequent overgrowth with InP taken from RAS, SIMS and XRD. For overgrowth
(circles) the time is converted to a thickness scale using the growth rate to compare to
the position of the second QW determined by SIMS (stars) and XRD (crosses).

The critical stoichiometry at which the ternary compound solidifies depends on growth
temperature and strain. The later is dependent on the stoichiometry of the compound
and its thickness. If the growth temperature is higher, more Sb has to be exchanged to
solidify the molten layer. If the growth temperature is increased, more Sb has to be
exchanged and thus the growth time until the InPSb layer solidifies is longer, resulting
in an increasing separation between the InPSb QWs. The SIMS data in fig.52, chapter
8.5 and fig. 55, chapter 8.6 illustrates this behaviour of increasing distance and
decreasing Sb content of the second QW. The data on the desorption can be interpreted
in the same manner. The InPSb liquid overlayer produced upon TMSb exposure looses
Sb by desorption faster at higher temperature. Thus, during overgrowth at higher T
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(above 580°C) desorption becomes important in addition to incorporation into the bulk
resulting in the saturation of the QW distance.
Figure 64 shows the relative counts taken by SIMS for each satellite peak. Taking the
broadening of the SIMS profile with increasing sputter depth into account, the countrate
was normalised to each main peak. The amount of Sb incorporated into the second
quantum well decreases linearly with increasing temperature. This supports the
assumption that at higher temperatures more Sb has to be exchanged by phosphorus to
solidify the layer and supports the model of DQW formation by strain induced surface
melting.

Figure 63: Peakratio of Sb counts for the main and the satellite peak from two different
samples. The amount of antimony incorporated into the second QW decreases linearly
with temperature, as expected

If the model of strain induced surface melting holds, the composition of the second QW
at any temperature denotes the Tmelt of the alloy under strain. From the theory of
Bottomley the melting temperature is reduced by the strain. In the phase diagramms in
chapter 3 Tmelt was plotted as a function of the strain/pressure. But in the growth
experiments the experimentally accessible parameter is the temperature, not the strain.
Thus, the strain induced surface melting should reduce the Sb content of the layer at a
given growth temperature. Therefore in figure 65 the fraction of Sb in InPSb in the
second QW as obtained by calibrated SIMS is plotted over the growth temperature (grey
squares). These values are in good agreement with the XRD simulations of strained
InPSb SLs shown in chapter 10. Additionally data from the layer stack discussed in
chapter 8.6 has been added (stars). The composition has been calculated back from the
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peakratio (fig. 64) and the stoichiometry of the interfacial layer, assuming that the
composition of the main peak is the same for both samples.
In order to illustrate the significance of the low Sb content in the QW for the presented
model, Tmelt of unstrained InPSb has been added. It has to be noted that the melting
point of InPSb with regard of the stoichiometry is not recorded in any data table. The
only data that can be found for the composition dependent melting temperature of a
ternary compound semiconductor are those for GaAsSb and AlGaAs [94]. In
accordance with the tabulated data of GaAsSb and AlGaAs the melting temperature of
InPSb can be linearly interpolated between the melting point of InSb (527°C) and the
melting point of InP (1062°C). Thus the melting point of InPSb increases from 527°C
(100 % Sb in group V) to 1062°C (100 % P in group V). Of course this is only an
approximation, but the best available.
In figure 65 the results from the calibrated SIMS profile has been plotted in together
with the interpolated data for Tmelt of InPSb. The experimentally obtained fraction of Sb
in the alloy is remarkably low and is nearly 100 times smaller than the Sb content that
would be expected in the unstained alloy. Therefore the calibrated SIMS measurements
strongly support the model of a molten surface layer due to strain. Without strain the
low Sb content in the layer cannot be explained.

Figure 64: Percentage of Sb that has to be incorporated in InPSb in order to melt the
strained alloy . The melting temperature of unstained InPSb has been interpolated from
Tmelt of InP and InSb.

The proposed growth model is strongly supported by a variation of TMSB partial
pressure, as shown in figure 64. While the Sb-content in the QW formed at the interface
is dependent on the amount of Sb applied, the fraction Sb in the second QW is
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independent of TMSb partial pressure.

Figure 65: Sb fraction incorporated in interface QW and the 2nd QW resulting from
exposure with various Sb partial pressures. The corresponding separation is plotted in
the figure below. The Sb ratio does not increase after an minimum exposure of 0,3 Pa
for 180 s.

The analysis of InPSb/InP diffusion Sl‘s has shown that the segregation of Sb into the
InP barriers can be well described with a one dimensional segregation model. Therefore
Sl’s with various barrier thicknesses have been grown. The XRD analysis confirmed the
rather low Sb fraction in the InPSb layer formed at the interface as supposed by SIMS.
The majority of the deposited Sb floats on the surface and is slowly incorporated into
the barrier. The segregation coefficient of 0,995 of Sb in InP is exceptional small,
explaining the persistence of Sb on the surface during epitaxy. The content of Sb
decreases exponentially, due to the low sigma, the slope is very shallow. The total
amount of Sb incorporated into a DQW structure as discussed in chapter 8 is higher than
the amount that could be provided from a thin InSb surface layer as stated by references
[69], or from a double layer Sb reconstruction.
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10 Summary

In this work the segregational behaviour of Sb in InP in MOVPE was investigated
systematically by RAS, XRD and SIMS. Therefore InP surfaces have been treated with
TMSb and afterwards overgrown with InP at temperatures from 520°C to 620°C.
Carrying out this work it was observed that an InPSb double quantum well was formed
during overgrowth of the Sb/InP surface with InPSb. One QW formed at the interface
and the other one 50 nm to 120 nm deep in the InP overlayer. This observation was
confirmed by SIMS and XRD and could be attributed to a characteristic feature in the
1st derivative of the RAS transients. The unprecedented formation of an InPSb DQW
was investigated systematically varying the growth parameters such as temperature and
TMSb partial pressure and exposure time.
In a first set of experiments TMSb was applied to InP surfaces and desorbed afterwards.
Once an InP surface is treated with TMSb, the surface is quickly covered with Sb and a
characteristic RAS spectra evolved. This spectra was attributed to the Sb/InP surface.
The transition from the Sb/InP surface to the MOVPE prepared InP (2x1) surface was
used to investigate the surface kinetics. The treatment of InP surfaces with TMSb
showed, that only very little Sb is necessary to prepare the Sb/InP surface. The time to
desorb the Sb again from the surface decreases linearly with increasing temperature.
Varying the amount of Sb applied to the surface indicates, that the uptake of Sb on the
surface is a self limitting process, reducing the sticking coefficient for all further Sb
close to unity.
Overgrowth of Sb/InP surfaces showed that the temperature dependence of the
separation of the DQW was opposite to the one of desorption. It increased with rising
temperature and saturated at 580°C. The later was explained by the influence of
increasing desorption of Sb to the gas phase at higher temperatures. When the amount
of Sb applied was varied, it was found that already the smallest amount of Sb
segregated, while the extracted separation between the QW saturated quickly due to a
change in the sticking coefficient.
Calibrated SIMS measurements showed that the Sb content in the layer formed at the
interface was very low, approximately 5 % for all temperatures. The amount of
incorporated Sb in the 2nd QW decreased with increasing temperature from 2% at
550°C to 0.1 % at 600°C.
Finally it was extracted from a set of strained SL, that the distribution of Sb into the InP
barriers shows a compositional grading. A linear segregation model developed by
Muriaki was used to determine the segregation coefficient of Sb in InP. It showed to be
close to unity, which is remarkable small. The total amount of Sb incorporated into the
structures yielded an upper limit of 1,3 ML of elemental Sb. Most of the Sb initially
deposited on the surface is incorporated into the InP barrier, and not in the QWs.
In order to explain these phenomena, a theory of strain induced surface melting was
developed. Within this theory the observations made on the unusual segregational
behaviour of antimony in InP could be well explained.
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