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1 Introduction

The technological age has in large part been driven by the applications of
semiconductors, and most noteably by silicon. Our lives have been thoroughly changed
by devices using the broad range of semiconductor technology develéped over the pﬁst
forty years. .Much of the technological devélopment héls its foundation in research carried
out on the different semiconductors whose properties can be exploited to make
transistors, lasers, and many other devices. While the technological focus has largely
been on silicon, many bther semiconductor systems have applications in industry and °

offer formidable academic challenges.

Diffusion studies belong to the most basic studies in semiconductors, important
from both an application as well as research standpoint. Diffusion processes govern the
junctions formed for device épplications. As the device dimensions are decreased and the
dopantv concentraﬁons increased, keeping pace with Moore’s Law, a deeper
understanding of diffusion is necessary to establish and maintain the sharp dopant
profiles engineéred for optimal device performance. Frdm an academic viewpoint,
diffusion in semiconductors allows for the study of point défects. Ver}; few'techniques

exist which allow for the extraction of as much information of their properties.

This study focuses on diffusion in the semiconductor gallium antimonide (GaSb).
As will become cléar, this compound semiconductor proves to be a powerful one for
investigating both‘ self- -and foreign atom diffusion. While the results have direct
applications for work on GaSb devices, thé results should also be taken in the broader

context of I1I-V semiconductors. Results here can be compared and contrasted to results
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in systems such as GaAs and even GaN, indicating trends within this common group of
semiconductors. The results also have direct importance for ternary and quaternary
semiconductor systems used in devices such as high speed InP/GaAsSb/InP double

heterojunction bipolar transistors (DHBT) [Dvorak, (2001)].

Many of the findings which will be reported here were previously published in
three journal articles. Hartmut Bracht was the lead author on two articles on self-
diffusion studies in GaSb [Bracht, (2001), (2000)], while this report’s author was the lead
author on Zn diffusion results [Nicols, (2001)]. Much of the information contair_led

herein can be found in those articles, but a more detailed treatment is presented here.

1.1 Key Physical Properties of GaSb

GaSb is a [II-V type semiconductor wich a direct band gap of 0.725 eV at room
temperature. It crystallizes in the zinc-blende structure with a lattice parameter of 6.096
A at the melting point of 712°C. GaSb can be readily obtained in bulk form through the
Czochralski (Cz) growth technique. The phas.e diagram for GaSb has been extensively
investigated, and is shown in Figure 1-1. Due to the relatively high vapor pressure of Sb.
compared to Ga at high temperatures, GaSb is usually grown with a slight excess of Sb to

compensate for the small amount that volatilizes.
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Figure 1-1: Phase diagram of GaSb [Hansen, (1958)]. The melting point was later adjusted to 712°C.

The thermo-physical properties of GaSb are well suited to the growth of low
dislocation density crystals. Crystals are usually grown in an oxygen-free hydrogen
ambient to limit the formation of Ga;Os on the melt surface which promotes twinning and
impatrs seeding [McAfee, (1986)]. 2-inch diameter crystals can be grown with the

current technology.

Instrinsic GaSb, including GaSb grown via the Czochralski technique, has beeﬁ
shown to havé a residual p-type conductivity. The responsible acceptors have been
attributed to a native defect of acceptor type since chemical impurities could be ruled out
on the basis of concentration already in the early 60’s. Many expériments were carried
out at that time to determine the nature of the defect. Ion pairing studies using Li were
successful in neutralizing the residual accef)tors [Baxter, (1965]. Growth from non-
stoichiometric melts also provided some insight into the nature of the defect. A

significant reduction of the background acceptor concentration is seen in crystals grown



from melts with greater than 60% Sb concentration [Reid, (1966)]. This would point to
the defect being related to either an excess of Ga or a deficiency of Sb within the
crystalline phase. The most widely accepted model suggests that the native defect
responsible for the residual p-type behavior is a Ga vacancy — Ga antisite (VGaGaSb)
double-defect, proposed first by Reid and collaborators [Reid, (1966)]. This model is
supported by thermodynamic investigations [Ichimura, (1990)]. The double defect was
called into question after it was found to have tetrahedral electronic symmetry through
Zeeman experiments [Ruhle, (1975)]. The defects’ physical structure, however, does not

necessarily have to correlate to the electronic structure.

1.2 Crystal Structure and Point Defects

GaSb crystallizes in the zinc-blende structure, whose unit cell is represented in
Figure 1-2. Figure 1-3 offers a more useful visualization of the structure, the 4x4
representation. The zinc-blende structure is made of up two interlocked face-centered
cubic (FCC) lattices. In a perfect crystal, each atom of one species is surrounded by 4 .
atoms of the other species in a tetrahedral arrangement. . The zinc-blende structure has the
distinct property that it is a very open lattice, leaving space for relatively large interstitial
species. In GaSb, where the covalent radii of Ga and Sb are 126 and 138 A

respéctively, 66% of the lattice volume is empty.
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Figure 1-2: Zinc-blende structure of any III-V compound semicondctor, including GaSb [Akopian,
(2000)] ‘

Figure 1-3: 4x4 representation of GaSb [Akoplan, (2000)]. Note, the atomic radii are not the proper
covalent radii for Ga and Sb.



The perfect crystal depicted above, however, does not represent the case for real
ones. A crystal will always have a finite concentration of defects at a finite temperature.
While it is true that adding defects to a perfect crystal increases its internal energy, the
total free energy (G) of a crystal at a temperature 7 is made up of the sum of the internal

energy (H) and the entrdpy (S), which becomes more negative by the addition of defects.
G=H-TS Equation 1-1
The change in G with the addition of N, defects is the difference between the increase in

internal energy of the given defect X and the increase in the entropic term.

AG = AHN , —TASN, Equation 1-2

The change in entropy is given as the entropy of mixing.

AS, =-R(N,IaN, +(1-N,)n(l-N,)) Equation 1-3
As the temperature of a material is reduced, a more perfect crystal is favored, but an

absolutely perfect crystal is never obtained [Porter and Easterling, (2000)].

Six types of native point defects are possible in a compound semiconductor. A
nativé point defect consists of only the species forming the matrix, in this case either Ga
or Sb, localized to a single atomic position, breaking the local symmetry. The first type
of native point defect is a vacancy. A vacancy (V) is simply the absence of an atom on
its lattice site, therefore there are two variants of vacancies, Vg, and Vgp. - The second
type of defect is the self-interstitial (I), where a matrix atom sits in an interstitial space.
Iga and Igp, form the two variants of this defect in this semiconductor. These spaces can
be seen quite well in Figure 1-3 as the large open areas. The third type of defect, present
only in compound crystals, is the anti-site defect. In this case, an atom of one species sits

on a site normally occupied by the other species. Once again, there are two variants, a
6



Ga-antisite (Gasp) and a Sb-antisite (Sbg,), where the first atom in the notation represents

the atom and the subscript represents the atomic position in a regular crystal.

The equilibrium concentrations of the native point defects can be developed from
a thermodyhamic treatment. The creation of a defect requires a formation energy, but as
long as that is lower than the product of the temperature and the change in
configurational entropy (always positive), it is energetically favorable. By minimizing
the Gibbs free energy in Equation 1-2, the equilibrium concentration of a defect is found
to have an Aqhenius relation of the following form (using the concentration of vacancies

Cyas an example): :

H \
C,=4 exp(— k—;) Equation 1-4

In this equation, Hy is the formation energy of the vacancy, T is the absolute temperature,
k is the Boltzmann constant, and 4 is an exponential pre-factor which is a function of the
temperature independent configurational entropy. Similar equations exist for the

concentrations of self-interstitial and anti-site defects.

The above developmept is made more complicated in semiconductors when
charged defects are introduced. It has been well documented that defects in
semiconductors are present nét only in the neutral state, but also in various charged
states. A given system is often dominated by a single type of defect and charge state at a
given temperature and Fermi energy (Er), but the total concentration of a poiﬁt defect
variant is the sum over all its possible charge states. In the case of charged defects, oné

has to incorporate the position of Er into the formation energy.



Si serves as a good example for this. Vacancies in Si are believed to have five
possible charge states: 2-, -, neutral, + and 2+. Experiments carried out at cryogenic
temperature were used to determine the energy levels of the individual charge states (for
this temperature) within the band gap of Si [Watkins, (1986)]. The situation is outlined
in Figure 1-4. In order to adjust the formation energy of a défect depending on the charge
state, one needs to consider the difference between the energy of the level and the Fermi
energy. If the Si is doped n-type with the Fermi energy near the conduction band (E¢),
more negatively charged vacancies will be energetically favorable. As thé Er moves
closer to the conduction band, a larger energy gap exists between it and the positively
charged vacancies. Electrons, which are in abundance under n-type doping, drop from Egr
to the defect level, reducing their energy. This leads tb a transition towards fnore
negatively charged vacancies. In the case of p-type Si, the situation is reversed. This

shows that the Fermi drastically affects the concentrations of the charged defects.

TV2=0.11eV

E=lley VP=057¢V
=1

L V=0 136V

v 1 VO=0.05eV .
i .

Figure 1-4: Energy levels of vacancies within the band gap of Si

1.3 Motivation for this Research

The understanding of both self- and foreign atom diffusion in semiconductor

systems is of fundamental importance. Diffusion of nearly all common dopants and all



self-atoms in semiconductors 1s mediated by native point defects in the crystalline lattice.
Diffusion remains one of only a few methods for obtaining information on point defect
properties such as equilibrium concentrations, formation and migration energies, as well

as charge states.

Diffusion studies in semiconductors also have a profound impact on technology.
Diffusion processes govern the dopant profiles that form the junctions in all
microelectronic devices. As devices are engineered to ever-shrinking dimensions and
higher dopant concentrations, the understanding of diffusion becomes more and more
critical to be able to maintain the abrupt, shallow junctions as required by the

semiconductor road map.

The diffusion studie‘s in GaSb reported here were originally proposed due to the
comparable abundances of the two stable isotopes of the component elements [Haller,
(1995)]. Diffusion studies on compound Se@iconductors had been carried out in thé past
using isotopically enriched layers (see Section 2.4.2) on GaAs, AlGaAs and GaP to name
a few, yet in all these systems, diffusion could only be followed on one sublattice, namely
that of Ga. This is because As and P both only have a single étable isotope. Both Ga and
Sb have two stable isotopes, allowing for diffusion on‘ two sublattices to be measured

simultaneously for the first time. -

Reséarch in the GaSb system itself has recéntly intensified due to applications in
high speed electronics as well as infrared lasers, detectors, and photovoltaics. Particular
success has been seen in GaAsSb based DHBTS, where switching speeds of up to 300
GHz have been reported [Dvorak, (200 1‘)]. GaSb thermo-photovoltaic (TPV) devices are

currently being sold as a means of generating power from a home furnace with

9



efficiencies approaching 11% by JX Crystals, Inc. When used in conjunction with InGaP
and GaAs, a mechanically stacked solar cell with GaSb was recently shown to have an

efficiency of 34% [Fraas, (2001)].

1.4 Previous Diffusion Studies

1.4.1 Self-Diffusion

Eisen and Birchenall.weré the first to study self-diffusion in GaSb [Eisen, (1957)],
using the radiotracer technidue discussed in Section 2.4.1. They sputter-deposited
radioactive isotopes of Ga and Sb onto separate surfaces of single crystalline GaSb.
Following annealing, the samples were measured for activity at ~lum depth steps by
counting layer radioactivity and then grinding with emery paper. They did not control
the partial pressures of the materials, and admittedly had difficulty in measuring the
radioactivity and the grinding depths accurately, but did come up with initiél values for

the diffusion pre-factors as well as the activation energies.

Weiler and Mehrer published the most comprehensive study of self-diffusion in
GaSb [Weiler, (1984)]. They used the technique described above, but advanced it a few
- steps by annealing in Ga- and Sb- rich atmospheres and using sputter sectioning. Their

observations were;

— Ga and Sb diffuse relatively slowly compared to the elements of other III-

V compounds.

— The diffusivities of Ga and Sb in GaSb are of equal magnitude with Ga

diffusing slightly faster.

— Both species diffuse faster in an Sb-rich environment.

10



Given that Sb and Ga were found to diffuse at nearly identical rates, a coupled diffusion
mechanism of the two species was proposed. Weiler and Mehrer hypothesized a triple
defect mechanism, noteably (V.GasyVaa), to be the diffusion vehicle (see Figure 1-5).
This hypothesis was born out of the crystal growth data which suggested the VGaGaSb
double defect as béing responsible for the intrinsic p-type nature of GaSb (as discussed in

Section 1.1).

Figure 1-5: Triple defect proposed by Weiler and Mehrer for the vehicle of Ga and Sb diffusion
[Mehrer, (1984)]. The defect is clearly visible towards the bottom portion of the figure with its V-
shaped configuration around the Ga antisite. :

The diffusivity results from Weiler and Mehrer are shown in Figure 1-6. This
plot inc;ludes the data from Eisen and Birchenall as well as data from work done by
Boltaks and Gutorov on Sb self-diffusion in GaSb in 1960 [Boltaks, (1960)]. As is
evidenced ny thié figure, self-diffusion data in GaSb vary over a very wide range. This
also underlines the inherent difficulties in measuring precisely self-diffusion data, and in

these cases, particularly through the radiotracer technique.
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Figure 1-6: Self-diffusivites of Ga and Sb in GaSb as published by Weiler and Mehrer (1984).

1.4.2 Zn Diffusion

Zn diffusion studies in GaSb date back to Kyuregyan and Stuchebnikov, who
were the first to publish any data on the subject [Kyuregyan, 1971]. They showed that Zn
diffusion from a constant surface concentration source cannot be described by the
complementary error function fit. Instead, the diffusion coefficient is a function of the
zinc concentration in the sample. Speciﬁcally, they found a quadratic dependence of D
on the zinc concentration. They were quick to draw similarities to Zn diffusion in GaAs,
where Zn diffusivity has a similar dependence. Since this first publicaﬁon, many groups
have published results further exploring these initial findings, yet no clear identification
of the diffusion mechanism has been set forth [Da Cunha, (1974); Sundaram, (1993);

Conibeer, (1994); Conibeer, (1996); Bett, (1997); Mimkes, (1998)]. Conibeer et al.

12



proposed in 1996 that Zn diffuses via a substitutional-intersititial mechanism, yet lacked
sufficient evidence to support either the dissociative (Frank-Turnbull [Frank, (1956)]) or

kick-out (Gésele—Moréhéad [Gosele, (1981)]) mechanism.

Two characteristic Zn diffusion profiles in GaSb have been observed by previous
research groups. The most widely observed profile is the “kink-and-tail” profile
[Sundaram, (1993); Conibeer, (1994); Conibeer, (1996); Bett, (1997)], 'identifiable
through its double hump shape. A second type of Zn diffusion profile observed in GaSb
is the “box” profile [Kyuregyan, (1971); Dakshinamurthy, (1999)], identiﬁable by its flat
diffusion profile foilowed by a steep drop at the diffusion front. Qualitative
representations of these two types of profiles are shown below. Only one group has

published results showing both types of profiles [Da Cunha, (1974)].

A A
= =
pos o
[T} [T8
o )
¥ &) ©
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Q. o
= i
Depth Depth

Figure 1-7: Qualitative example of the kink and Figure 1-8: Qualitative example of the box
tail profile. The kink section is clearly visible profile. No kink is present in this profile showing
behind the diffusion front. a steep diffusion front.

Two hypotheses have been put forth to explain the kink-and-tail profile. The first

explanation, given by Da Cunha and Bougnot, is a Fermi level driven effect drawn from

13



studies on Zn diffusion in GaAs. They claim that as the Fermi level is driven lower and
lower by the in-diffusion of Zn acceptors, the formation of corhpensating donors in the
form of Zn interstitials becomes energetically favorable. The ionized donors diffuse as
an electrically active species much more slowly than the non-ionized states of Zn in the
lattice. A second hypothesis for the kink-and-tail profile comes from Conibeer et al.
[Conibeer, (1994)]. They propose that Zn diffuses in the form of electrically inactive
dimers and trimers at high concentrations, leading to a Fickian diffusion profile until their

concentration drops to below that of Zng,.

A single study by TEM of extended defects caused by Zn diffusion into GaSb at
very high surface concentrations and temperatures was carried out in 2000 [Jiger,
(2000)]. It found a diffusion region full of large dislocation loops, as well a network of
dislocations andvprecipitates. Through analysis of the inside-outside diffraction contrasts
in bright-field TEM images and EDX spectroscopy, the dislocation loops were all found
to be of the Ga self-interstitial type. This is consistent with Zn diffusing via the kick-out

mechanism at these high concentrations.

14



2 Diffusion

Diffusion refers to the spontaneous intermingling of particles as a result of
random thermal motion. In crystalline semiconductors diffusion can be broken down into
three distinct categories. The most basic is self-diffusion. This is the random movement
of constituent atoms in a lattice populated solely by that species. The second level of
diffusion is interdiffusion of two distinct species across an interface. The third category
of diffusion is impurity diffusion where foreign chemical species move in very low
concentrations through a host lattice. A great deal of work has been done on diffusion,
developing a mathematical framework to describe it, experimental methods to measure it,
and modeling work to extract the diffusion parameters of diffusivity, activation and
migration energies, entropy of diffusion, as well as equilibrium point defect

concentrations.

2.1 Development of Diffusion Theory

In 1855, Adolf Fick, Professor of anatomy at the University of Ziirich, formulated
Fick’s Laws of diffusion, in essence converting Fourier’s Law of heat transfer :to
~ concentration gradients iﬁstead of heat gradients [Fick, (1855)]. Fick used this model to
formally describe the movement of atoms in liquid solutions, yet it is applicable to all
types of diffusion studies and forms the foundation for all mathematical analyses. Fick’s
First Law states that the diffusion flux J is proportional to the gradient in the

concentration.
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J==-DVC Equation 2-1
Fick’s Second Law states that the change in the concentration as a function of time is

equal to the gradient in the diffusion flux.

%_ = _€7,__f = ﬁ(DﬁC) Equation 2-2

Most of the current and interesting work on diffusion in semiconductors focuses
on the quantity D. Henry Eyring [Glasstone, Eyring (1941)] was the first to abply
transition state theory to diffusion in solids, leading to today’s common Arrhenius plots,
depicting the exponential dependence of D on temperature, as depicted in the first part of
the equation below. An energy barrier of height 0 must be overcome in order for
diffusion to occur. The pre-exponential factor Dy iﬁ Equation 2-3 was expanded by
applying the elastic model of atomic interactions. The lattice parameter a, a constant g
specific to the crystal type, and the attempt jump frequency of an atom about its
equilibrium position in the jump direction vy, were all added to form the common form

seen today.

D =D, exp[— }C—Q]—J = gaz.v'0 exp(%) exp[— k—P;) Equation 2-3

In the above relation, S is the entropy and H is the enthalpy.

For diffusion to occur in a crystal there must be either vacancies (open spaces for
atoms to move 'into) or mobile interstitials (atoms located in interatomic spaces). As will
be discussed in Section 2.3, diffusion in extended-defect-free crystals is mediated by
these two types of defects through various distinct mechanisms. In Section 1.2 it was
stated that point defects are present in crystals at all temperatures, implying that finite

diffusion exists at all temperatures.
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Longini and Greene were the first to incorporate the effect of charge states into
diffusion theory [Longini, (1956)]. As discussed in Section 1.2, charged defects can be
favored or suppressed depending on the Fermi level position in a semiconductor. They
established a simple equilibrium reaction between an uncharged and a charged defect, for

example in the case of a vacancy V-

V't je o ViT Equation 2-4
An uncharged vacancy picks up j electrons, making it negatively charged by the same
factor. General chemistry requires that at equilibrium, there exists a reaction constant

that is a function of the concentrations of the species. In this case:

K = rl%/f;% Equation 2-5
- V:le™

The electron concentration /e~/ in intrinsic semiconductors is given by
_ E
ni2 =N.N, exp(— _/;%)’ Equation 2-6

where N¢ and Ny are the density of states of the conduction and valence bands

respectively. In extrinsic semiconductors, the electron concentration becomes #, given by

E.-E,
—C——Fj . Equation 2-7

n=N, éxp(— T

Dividing the rate constants for the intrinsic and extrinsic cases, the following relation

results:

V- ( E,.. _EFJ -
=exp| ——m—— Equation 2-
& kT ‘
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This theory is used to model the impact of the Fermi level on the concentration of

charged point defects.

Much of the development in diffusion has come from studies in metals where
vacancies mainly dominate self-diffusion. In contrast to metals, in semiconductors one
cannot neglect the contribution of self-interstitials to self-diffusion. This can be
attributed to the difference in crystalline structure of the two materials. Metals crystallize
in a close packed lattice where very little open space exists between atoms. Rather than
being a very tight and closely packed system, the lattice in semiconductors is relatively

open.

2.2 Driving Forces of Diffusion

Diffusion is a thermodynamically driven event. The two factors that dictate how

diffusion progresses are minimization of free energy and random walk.

Minimization of free enérgy 1s reached when the chemical potentials of all the
species within a material aré equal. In most diffusion problems considered in
_ semicondu(_:tors, the chemical potential y is directly proportional to the concentration C of
a given species, an assumption used in the development of Fick’s Laws in the previous
section. In these cases, self-atoms and impurity atoms are perfectly miscible (up to the
sovlubility level), allowing Fick’s Laws to be applied with simple concentration variables.
The driving force for diffusion is thus stated as the gradient in concentration, though this
1s a simplification of the true driving forcé, namely the gradient in chemical potential. If

however the diffusing species prefer like neighbors, then du/0C can be a negative value

at low temperatures, leading to the possibility of “uphill” diffusion. This type of

diffusion has not been observed in either self- or Zn diffusion in GaSb..
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When the material is in equilibrium (free energy mimimum), there still exists
some diffusion through random walk. Although the chemical composition of the material
does not change, the atoms still have thermal enefgy which causes them to vibrate and
occasionally move from their atomic position. The random walk process is therefore not

a chemically driven effect, but one driven only by thermal energy.

The most basic form of diffusion is self-diffusion. Self-diffusion is the movement
of the species atoms making up the compound of interest. In self-diffusion, no chemical
gradient exists, so the process is governed purely by random walk of the individual
atoms. Without a means to mark an individual atom separately from the bulk, self-
difﬁléion 1s a process which cannot be directly observed. While a volume may remain
constant with no change observable from the outside, extensive diffusion could be taking
place. As will be discussed in Section 2.4, the problem of labeling and measuring self-
diffusion has been overéome through nuclear marking of certain atoms, allowing for

markihg without changing the chemical nature of the atom.

Interdiffusion is the second type of diffusion in semiconductors. In this case, a
junction clearly separates two regions. Random walk and chemical effects dictate
whether iﬁterdiffusion of thé two regions oceurs. In most cases, the free energy of the
crystal will be reduced by intermixing of the two regions, leading to interdiffusion

governed by Fick’s Laws with concentration gradients as the driving force.

The final type of diffusion important for semiconductors is impurity diffusion,
and more specifically, dopant diffusion. Dopant species are usually introduced to the
semiconductor either during growth (for homogenous doping) or during processing steps,

such as implantation. The large chemical gradient required for the junction is a driving
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force for homogenization rof the dopant species. This is usually something that is
avoided, particularly when an abrupt junction between p and » regions 1s desired. What
makes dopant diffusion particularly complicated and interesting is the dependence of the
charge state on the Fermi energy. Dopants are usually added which act at room
temperature either as donors (n-type) or acceptors (p-type). Nearly any common dopant
will be ionized at a temperature where diffusion becomes appreciable, altering the Fermi

level, and thus the diffusion behavior.

2.3 Microscopic Mechanisms of Diffusion

The point defects discussed in Section 1.2 are the key to understanding diffusion
in semiconductor crystals. While diffusion can and does occur through extended defects,
such as grain boundaries and dislocations, thes¢ defects are suppressed in semiconductors
devices to maximize performance. Diffusion can thus be thought of as the statistical

movement of individual atoms within a periodic lattice structure.

A number of mechanisms have been proposed to explain both self- and foreign
atom diffusion behavior in crystals, and these can be grouped into two categories: direct
and indirect. As shall be explained, direct diffusion mechanisms do not involve any
native point defects, while indirect mechanisms require point defects for ‘atomic

movement.

The most simple type of mechéhism is a simple exchange, or ring mechanism.
This direct mechanism in the case of self-diffusion is sketched in Figure 2-1. As can be
readily seen, the mechanism involves the simultaneous swapping of atomic positions, or a
coordinated movement of many atoms at once. Substitution a self-atom with a foreign

species would give rise to an example of this kind of mechanism for foreign atom
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diffusion. No experimental evidence has been confirmed which supports this mechanism

for either self- or foreign atom diffusion. P

Figure 2-1: Ring and exchange mechanisms for self-diffusion.

A second type of direct diffusion mechanism is the pure interstitial mechanism,
diagramed in Figure 2-2. This type of diffusion has been observed only in foreign atom
diffusion where the foreign species is completely dissolved interstitially, such as
hydrogen or lithium in s‘ilicon or germanium. The problem with impuﬁties diffusing
according tQ this mechanism is that they are highly mobile at even modest temperatures

and cannot be used to form the junctions required by typical device structures.

Figure 2-2: Pure interstitial mechanism for a small foreign atom (o) diffusing interstitially through a
host lattice matrix.
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Of more practical importance for semiconductors are the indirect diffusion
mechanisms. While understanding pure interstitial diffusion is important for limited
applications, self- and dopant atom diffusion is of much greater interest. The large
majority of these species diffuse via indirect diffusion mechanisms and require native

point defects in the semiconductor for movement.

A first example of an indirect mechanism is the vacancy mechanism. As its name
mmplies, vacancies are the mediating native point defect. In this mechanism, diffusion
proceeds through movement of vacancies. As shown below, a vacancy approaches an
impurity atom occupying a substitutional site. The atom on the substitutional site can
exchange its position with the vacancy, thereby moving by one lattice location. The
vacancy is attracted to the defect due to total eﬁergy reduction through strain relief or
coulomb attraction. In order for the foreign atom to continue to diffuse, the vacancy must
dissociate itself from the impurity and approach it again from a different side, or another
vacancy must take part. This mechanism has been found to be applicable for self-
diffusion as well as large impurity diffusion in metals where there is relafi_vely little inter-

atomic space for interstitials and where there is an abundance of vacancies.
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Figure 2-3: Vacancy mechanism mediating the diffusion of a lérge impurity atom (o) in a host
matrix.
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The interstitialcy mechanism in F igure 2-4 is analogous to the vacancy
mechanism, except in this case an interstitial is the point defect which mediates diffusion.
Each movement of the interstitial val.lows an atom to move by a single atomic position.
Long range diffusion can be achieved through either mahy interstitials moving the atom
one atomic distance each, or a singie self-interstitial which can move the atom through a
circular motion around it. This mechanism has been used to explain the diffusion of both
self- and foreign atoms. Similar to the vacancy mechanism, self-interstitial-impurity

pairs are often energetically favorable due to strain and charge considerations.

oo 00 soce o000
o000 0 00O .. 00 0O
0000 " e0ee " e0ee

Figure 2-4: Interstitialcy mechanism mediating the diffusion of an impurity atom (o) in a host
matrix. ‘

Additional diffusion mechanisms for dopant elements in semiconductors are the
substitutional-interstitial mechanisms. The kick-out mechanism is illustrated in Figure
2-5, while the dissociative (Frank-Tumbull) mechanism can be seen in Figure 2-6. The
differepce between the kick-out and the interstitialcy mechanism described ab;)ve is that
the interstitial foreign étom can migrate rapidly over long distances (more than a single
atomic position) before it kicks out a matrix atom into thé interstitial position, forming a
new interstitial. In a similar manner, the dissociative mechanisrﬁ involves an interstitial
foreign atom that can migrate over long distances before ﬁn(iing a free vacancy with

which it can react to return to a substitutional position.
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Figure 2-5: Kick-out mechanism mediating the diffusion of an impurity atom (o) in a host matrix.
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Figure 2-6: Dissociative mechanism mediating the diffusion of an impurity atom (o) in a host matrix.

While the diagrams of the diffusion mechanisms are a useful way to think of the
similarities and differences of each mechanism, the individual reactions are the basis of
the mathematical expressions used in the modeling of the diffusion processes. The
mechanisms for foreign atom diffusion mediated by the four indirect mechanisms are
given in the following reactions in the following order: vacancy, interstitialcy, kick-out

and dissociative mechanisms.

A +V & 4V Equation 2-9
A +1 < Al Equation 2-10
A +1 < 4 Equation 2-11
A < 4 +V ‘ Equation 2-12
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Self-diffusion is mediated by Equations 2-9 and 2—10. In this case, 4 represents a tagged
self-atom. In these equations, the defect-substitutional atom pair must dissociate in order

for diffusion to continue.

Which mechanism is dominant in a given material system at a particular
temperature, either for self- or foreign atom diffusion, is very dependent on the native
defects which are present in the crystal at the diffusion temperature. - As can be clearly
seen by the diagrams, the concentration of vacancies or self-interstitials will have a large
influence on diffusioq rates. For example, one can easily imagine that the dissociative

mechanism would not be very efficient if the formation energy of vacancies were high.

2.4 Experimental Methods for Measuring Diffusion

Diffusion studies in solids require careful control of numerous parameters as well
as the quantification of the diffusing species. Temperature and pressure control are well
understood and the techniques for controlling them are well established and do not
réquire further discussion. However, the means of identifying and quantifying the
diffusing species poses a difficult problem, and numerous methods have been developed

which do require discussion.

. In both the radiotracer and stable isotoﬁic methods, the diffusing species can be
identified as separate from the matrix, even in self-diffusion studies. In the first case, the
radioactivity of the atom serves as a marker, while in the second it is the atomic mass.
Both methods offer a clear marking scheme, while maintaining identical chemistry with

the matrix.
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2.4.1 Radiotracer Methods

Kheveshi and Zagrubski introduced the use of radioactive isotopes in solid-state
diffusion studies in the early 1920’s [Bokstein, (1985)]. The technique, however, did not
become widely implemented until after World War II, when nuclear reactors began to
serve as production facilities for radioactive isotopes. Since then a great deal of diffusion
research has been carried out using this technique, with particular success in the area of

self-diffusion.

From the 40’s and into the 70’s, a significant amount of research was invested in
documenting all the isotopes for each element, including half-lives of the radioactive
species. Diffusion studies were just one branch of science that benefited tremendously
from this newfound availability of radioisotopes. The technique is carried out by
introducing a certain concentration of the species of interest on or near the surface of the
diffusion matrix material. The radioactivity of the element serves as é means of
quantification, while the electronic and chemical configuration of the atom is identical to
that of the stable isotopes of the same element. Following a thermal annealing step, the
radioactivity of the sample as a function of depth is measured. From this, one can extract

a concentration profile, correcting for the decay rate of the isotope.

Radiotracer studies proved to be a powerful way to extract diffusion data from
numerous systems, but as with all methods, it has its limitations. The half-lives of the
available radioactive isotopes limit which systems can be studied. In cases of a short
half-life (e.g. 31Si), the experiments are forced to be completed very quickly, limiting
them to high temperature, short time anneals. They must also be carried out very close to
where the isotope is created so that it is not all has decayed before the experiment begins.
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" Too low of a specific activity poses a different problem. Low activity provides few

counts which can be used to extract the concentration Qf the diffusion specieé. Another
dra;vback is that all the diffusion experiments have to be done from the surface into the
bulk since the radiotracers must be deposited prior to annealing. Surface depositibn is
always susceptible to creating defects (e.g. implantation damage) or contamination (e.g.
oxidation, nitridation, metals) which can drastically affect the diffusion rate. Lastly,
safety has become a major concern with radioactive materials. Processing, handling, and
disposing of them in a safe manner, let alone the bureaucracy that is involved in obtaining

permits to have them, often limit the applications.

Regardless of the problems discussed, radiotracer studies form the vast bulk of

self-diffusion data currently available for solids.

2.4.2 Isotopically Enriched Samples

An alternative to the radiotracer ﬁlethod 1s using stable isotopes as a means of
identifying a diffusing element in self-diffusion studies. Nearly 80% of the elements on
fhe p;ariodic table have multiple stable isotopes found in nature. The isotopic
composition of the elements is relatively constant around thé world. One example is
carbon. Carbon in its natural form is 99% '*C and 1% "C (**C is a radioactive isotope
that is used to date organic materials). To use stable isotopes as diffusion markers, one
must differentiate the diffusing species from the bulk material, so an isotopically enriched .

or depleted source must be procured.

Nuclear weapons research provided the technology to make this method of
research feasible. Fusion bombs require specific isotopes of uranium or plutonium to

work, so the nuclear powers poured tremendous amounts of money into building gas
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centrifuges to enrich uranium mined at its natural composition, or plutonium from spent
uranium in nuclear reactors. The gas centrifuges are able to enrich any kind of isotope
that can form a gaseous chemical species, but the cost that the respective governments
charged until just recently for macroscopic amounts of enriched isotopes made

experiments unfeasible.

This all changed with the fall of the Soviet Union. With the weapons industry
seriously cut back, the Russian government found itself with a tremendous enriching
ability, but no outlet for products. The scientists who had once made materials for bombs
began enriching other materials that could be used for scientific studies, including
diffusion work. Prices for isotopically pure substances fell drastically, and a wide range

of solid state studies, including diffusion, became viable [Haller, (1995)].

In this technique, the atomic mass is used as the label by creating regions of
isotopically pure material and following their diffusion into either natural material or
another layer of material enriched with a differeﬁt isotope. Ideal sample structures have
isotope junctions between layers showing greater than three orders of magnitude
difference between isotopic concentrations, allowing for accurate mod_eling of the
diffusion. The samples are usually grown as isotopically pure layers on a natural wafer
with a capping layer of natural isotopic abundance. This has the benefit of moving the
diffusion area of interest a&ay from the surface and into the bulk itself. Analysis of the
samples is achieved using Secondary Ion Mass Spectroscopy (SIMS) which can very
effectively differentiate between single atomic masses (see Section 7.1). This technique

has already been successfully applied to diffusion studies in a number of systems
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including Ge [Silveira, (1997); Fuchs, (1995)], GaAs [Wang, (1996)], GaP [Wang,

(1997)], St [Bracht, (1998)], and AlyGa,.xAs/GaAs [Bracht, (1999)].

An example of this method is shown below for the case of Si. As can clearly be
seen in the figure, a sample was grown with regions of enriched isotopic composition, in
this case a single 1ayer of enriched 2%Si (depleted of *°Si) sandwiched between layers of
natural isotbpic composition. The plot shows the measured concentration of *°Si in the
structure, both before and after a high temperature anneal. The structure allows
interdiffusion across two interfaces to be measured in the form of *°Si diffusion into the
depleted region. A self-diffusion coefficient for Si was accurately extracted at this

temperature [Bracht, Habilitationsschrift (2001)].
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Figure 2-7: Measurement of self-diffusion in Si using a depleted 3Si region (enriched 2*Si)
sandwiched between regions of natural concentration. By measuring the indiffusion of **Si from the
natural regions, the self-diffusivity of Si at 925°C was found to be 5.76x10"® em’s”. [Bracht,

Habilitationsschrift (2001)] -

As with the radiotracer method, the use of isotopically enriched substances for
diffusion studies have their own drawbacks. The first is-that not all elements have

- multiple stable isotopes. Of the elements that are interesting for semiconductor
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applications, the notable ones without multiple stable isotopes are aluminum, phosphorus
and arsenic. Self-diffusion studies with these elements are limited to the radiotracer
method. Furthermore, the detection limits for stable isotopes is much higher than for that

of radioactive isotopes.

While macroscopic amounts of the enriched elements can be purchased for
scientific use, experiments are generally limited to growing thin layers on natural
material by either molecular beam epitaxy (MBE) or chemical vapor deposition (CVD).
While diffusion from the surface can be avoided by growing junctions with cap layers,
contamination is still an issue. Furthermore, the growth temperatures of thin film
techniques are lower than the melting temperature of the materials. During growth at
these low temperatures, a concentration of native point defects can be frozen in which
considerably exceeds the concentration of these defects under thermal equilibrium
conditions. As a consequence tﬁe self-diffusion in these structures can be signiﬁcaﬁtly
affected. Heat treatments to anneal out the defects are often avoided because they cause
diffusion to begin in structures where abrupt junctions are necessary for accurate

measurements.

2.4.3 Closed Ampoule Annealing

The most common way to control the atmosphere in which an annealing
experiment is carried out is using the so-called closed ampoule. A schematic of a closed
ampoule is shown below. Semiconductor grade quartz tubing is sealed at one end,
forming the shell of the ampoule. A plug is formed in a similar fashion using tubing with

a slightly smaller outer diameter than the inner diameter of the shell.
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Figure 2-8: Schematic of an ampoule shell and plug.

Solid samples are placed in the ampoule shell at the sealed end. The plug is then inserted

and a seal is made between the plug and shell using a hydrogen-oxygen torch.

Figure 2-9: Schematic of sealed ampoule with gray semiconductor diffusion sample sealed in small
volume.

Prior to sealing, any desired diffusion source can be added. The annealing ambient is
controlled through a sealing station. The sealing station has the option to pump down on

the ampoule and/or add ambient gases prior to the actual sealing.

Ambient and
Flushing Gases

[

Ampoule .
——>Vacuum pump

Figure 2-10: Schematic of ampoule sealing station.

Though this method is tedious for preparing samples on the industrial scale, it is a
very simple way to vcontrol the temperature, pressure and atmosphere for a diffusion
experiment‘. Care must be taken to maintain surfaces which do not impose non-
equilibrium point or extended defect concentrations. Impurity diffusion using an

elemental source will often lead to clustering or the creation of extended defects due to

31



the injection of native point defects. Since annealing 1s often carried out at high
temperatures, reactive gases such as oxygen are avoided. Reactions at the surface, such
as oxidation, cause significant changes of the equilibrium concentration of point defects

within the sample.

In self-diffusion experiments, the samples are placed in the ampoule, either under
vacuum or in an atmosphere of inert gas. Extra amounts of the components making up
the material can be added in order to provide an atmosphere rich in a specific species, or

poor in another.

For impurity diffusion studies, one can either apply the species directly onto the
surface through a deposition step (or through implantation), or diffusion can be achieved
through a gas source. Many different diffusion sources have been used in the past to
control the surface concentfation of the diffusing species, ranging from solid to gas. A
thorough understanding of the partial pressures of the various species as a function of
terﬁperature is required to quantitatively predict the surface concentrations from which

impurity diffusion is driven.

2.5 Diffusion Analysis and Modeling

Hartmut Bracht carried out all the modeling for both the self- and Zn diffusion in
GaSb. The development that follows is a summary of the mathematical framework he

used to carry out the fitting described in the results and discussion.
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2.5.1 Self-Diffusion’
Starting with Fick’s Second Law, the solution for diffusion across an interface can
readily be calculated as a sliéhtly modified error-function soiution, incorporating the

concentrations of the two regions.

C(x)= G +C G=6G erf (x - 9 ] Equation 2-13
2 2 24Dt

In the equation above, C; and C; are the concentrations of the diffusion species in regions
1 and 2, and d| is the distance that the interface is located from zero (usually taken to be

the surface), or in other words, the depth of the interface from the surface.

In these qxperiments, isotopically enriched. heterostructures were used to study
diffusion, giving rise to not one, but three interfaces. Aé example of an ideal structure,
the concentration prbﬁle of a single species to 5_e studied (for example a single isotope of
Ga) from an as-grown wafer is shown in Figure 2-11. Growth direction in this case 1s
from right to left, with the sample surface being at the left edge of the plot. The samples

were grown on a natural composition buffer layer of concentration C;, followed by a

'depleted layer (Cj3) of thickness d; onto which an enriched layer (C,) of thickness d, was

grown. A capping layer was grown of natural isotopic composition (C;) on top of the

heterostructure to contain the area of diffusion away from the surface.
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Figure 2-11: Idealized SIMS plot of as-grown isotopic heterostucture.

In this case, Equation 2—13 needs to be modified in order to account for the fact
that there are three interfaces and not one. The solution is effectively a superposition of

three interfaces into a single equation, shown below:

C(x)=c,+C2_C* e’f(x—dl)+c3—cz e’f(x—dl—dz]JrCl—Q erf(x—dl—dz-agj
2 24Dt 2 24Dt 2 24Dt

Equation 2-14
In practice, diffusion profiles are fit to the above equation using 2+ D¢ as the fitting

parameter. Once this is done, knowing the time, a diffusivity can be obtained for the

specific annealing temperature.

2.5.2 - Zn Diffusion

The development of Zn diffusion via the kick-out mechanism mediated by neutral
Ga self-interstitial defects will now be developed. Diffusion mediated through defects of

differing charge state and/or mechanism follow a similar development with the
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appropriate changes to the reaction (in the case of the dissociative mechanism) or the

charge state of the defects.

The kick-out mechanism of Zn in GaSb is described by the following reaction:

| Zn; +Ga® « 2= 7Zn;_ +Ga) +2h" Equation 2-15
Interstitial Zn diffuses as a donor in the singly positive charge state and reacts with a
neutral Ga on a substitutional site. Zn “kinks out” the Ga, taking over the substitutional
position becoming an ionized acéeptor, and resulting in a neutral self-interstitial and two
extra holes. The reaction is reversible, with forward and reverse reaction rates given by

r+ and r., respectively.

The large majority of the Zn atoms are present in the substitutional position. Only
a small percgentage of the Zn is interstitial, and therefore mobile. As the Zn diffuses in
from the surface, an electric field is set up by the ionized Zn acceptors on substitutional
sites. The electric field has an impact on the gharged mobile species (the electric field
effect is of no consequence to neutral Ga self-interstitials), thus altering the flux of

atomic species.

Charge effects add to the random walk processes described by Fick’s Equation. A
directional drift velocity term must be added to describe the flux J of an ionized species.

The drift velocity v, is defined as

v, = ZqE = uE Equation 2-16
where Z is the ionic valence, g is the electronic charge, E is the electric field, and x is the
mobility. The added velocity to the charged species will give a second component to the

flux relation in addition to the random walk:
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J=-D %g— + yCE(x). Equation 2-17
29

The electric field can be expressed as the derivative of the potential y

E (x) = —Q—Z . Equation 2-18
Ox

Using the derivative of the local free electron concentration

oy
E,.-E “ox
on(x) = N, exp| ———¢ rey(x)) ox Equation 2-19
Ox . kT kT
the electric field can be rewritten as
E(x) = —ELan—(x) . Equation 2-20
e n(x) ox
The first term can be replaced using the Einstein relation
kT ZD .
—_—=—, Equation 2-21
€ H
allowing Equation 2—-17 to be rewritten as
J==D o _ ZCD —l—gn—(x—) . - Equation 2-22
Ox n(x) ox :

~

Since the semiconductor is being doped p-type, the hole concentration dominates.
Furthermore, the term Q is added, allowing for formation or removal of species through

chemical reaction, giving a final form of the equation as the following:

J= —Dg—ZCDL?M—FQ. Equation 2-23
Ox p(x) ox

In order to completely describe Zn diffusion via the kick-out mechanism, each

non-matrix component of the reaction (Equation 2—15) must be accounted for with its
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own relation using the modified Fick’s Equation. In the following equations, Zng, refers
to substitutional Zn (always singly negatively charged), Zn; refers to interstitial Zn (for
the purpose of this example, always singly positively charged), Ga refers to substitutional

Ga (always neutral), and Ga; refers to self-interstitials (for this example always neutral).

oC,,. 5
T." =r.Cy Co —1.Cp,. Coa P Equation 2-24

aCZn, 5[ ’ aCZn, CZn,DZn, op
T 2, _ '

o ox ox P axJ ~1.Ca,Cou +7-Cry, Cou p*  Equation2-25

0C,, P 0Cq, 5
—=—1 D, ~|+rC, Cs—rC, Cq p Equation 2-26
ot ox Toox ! e

Normalized variables, defined below, can be introduced to make the doping dependence

implicit within the calculations, making them simpler.

~ — CZ”Ga .
Znge = e Equation 2-27
Zng,
~ Cy, ]
e = Equation 2-28
i eq
CZn,
~ C
Ca, = Car Equation 2-29
1 eq
CGa,
L~ n;
M= Equation 2-30
Zng,
p= v Equation 2-31
peq

A further simplification can be carried out by imposing chemical equilibrium on the

reaction, described by



eq eq
Y C CGa ’

Te _ Tong, 2

= p. Equation 2-32
r C;Z, CGa

An accurate description of the p-doping is also required which takes into account the

compensation of the Zn acceptors by the interstitials:

Pfq = %[(CZnG,, ~Ca, )+ \/(Clnaa_ ~Ca, )Z +4n; ] Equation 2-33

Using Equations 2-25 through 2-33, a set of three coupled differential equations
can be written down describing the kick-out mechanism.

~

Zng, -~ = o~ ~7 ]
ot e = r_Cf;Z,, (Cz,,, - Cch,, CGa, p ) Equation 2-34
dé, -Smg
Zng, - Ceq Zn;
~ Zng,
2Zn,; ax
C1;Zl 652’,’ 0 C;ZI DZ": Cg, DZn, aC'Zn, eq [~ ~ ~ 3
= - ——r—CGa Zny —CZn CGa )
Cn. o ox| Ch. ce 2 cg e i Ge Gy
C,, ——.C, | +4u?
Ga C;ZGH 1

Equation 2-35

€, 9Coy 0 —rca (@, -C

ca o | cg

Zng,

Cg Dq, 0C,
ox

132) Equation 2-36

Zng, — Ga,

This completes the set of coupled partial differential equations (CPDE) Which are
used to numerically fit the Zn diffusion profile in GaSb. As stated at the beginning, the |
example developed was for the case of Zn -diffusion proceeding via the kick-out
mechanism, mediated by neutral Ga self-interstitials. Changing the charge state of the

self-interstitials alters the diffusion behavior due to the electric field imposed by the
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substitutional Zn. Changing the diffusion mechanism also results in a change of the

CPDE:s since a different reaction describes the diffusion.

As was discussed in Section 1.4.2, no clear identification of the mechanism of Zn
diffusion in GaSb has been made. Previous studies have indicated that a substitutional-
interstitial diffusion mechanism is. active, referring to either the kick-out, or the
dissociative mechanism. Using the development outlined above, predictive forms of the
diffusion profiles can be calculated for the two possible diffusion mechanisms. Figure
2-12 and Figure 2-13 show the predicted shape of the diffusion profiles of Zn in GaSb
diffusing from a constant surface concentration for the kick-out and the dissociative
mechanism respectively. From the figures it is apparent that very distinctive profiles

develop for different charge states and mechanisms.
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Log Concentration (arbitrary)
Log Concentration (arbitrary)

Depth (arbitrary) - Depth (arbitrary)
Figure 2-12: Expected profile for impurity Figure 2-13: Expected profile for impurity
diffusion via the kick-out mechanism mediated by diffusion via the dissociative mechanism mediated

native intersititals of various charge types. by native vacancies of various charge types.

While the figures above do not provide any quantitative results, they do allow for

qualitative analysis of the Zn diffusion profiles.
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3 Experimental

3.1 Sample Structures

3.1.1 Isotopic Heterostructures

Prof. Fernando Briones of the Instituto de Microelectrénica de Madrid, part of the
Centro Nacional de Miéroélectrénica, grew the isotopicv heterostructures through
molecular beam epitaxy (MBE). The substrates used for growth were from a 50.5 mm
diameter undoped (100) GaSb wafer. MCP Wafer Technology Ltd. of the UK reported a
majority carrier concentration (p-type) of 1.3x10'” cm™. The substrates were attached to
the holder using a tungsten clip which left a shadow mark with the appearance of a large
scratch on the growth surface. The clip was used instead of the preferred molten indium
because indium reacts with GaSb. The samples were heated by direct radiation from a
filament onto the backsides of the GaSb substrétes to a growth temperature of 450°C.

The substrate was diced into approximately 1-2 cm” sized pieces.

Layers were grown using a valved six-cell MBE setup. The isotopically enriched
sources purchased by our group from Russian sources were of ﬁnknown purity. They
were delivered in the form of small, apparently oxide-free ingots, protected by sealed
glass ampoules. A buffer layer was .ﬁrst grown on the substrate using cells of Ga and Sb
of natural isotopic composition. Enriched layers were grown using cells of enriched
%Ga, "'Ga, lIZISb and '2Sb. On top of the enriched layers, a natural composition cap of
GaSb was grown. In order to minimize knock-on effects (discussed in Section 7.1), the .
first layer was grown using the heavier isotopes ("'Ga and '>Sb). A schematic of a

sample structure is shown below.
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Figure 3-1: Schematic of as-grown GaSb isotopic heterostructure.

3.1.2 Bulk GaSb

For the Zn diffusion into bulk GaSb, 50.8 mm diameter undoped (100) GaSb
wafers with a free carrier concentration of 1-2x10'® cm™ (p-type) were obtained from

Atomergic Chemetals Corp.

3.2 Sample Processing

Sample preparation for both the isotopic heterostructures used for self-diffusion
and for the bulk GaSb used for the Zn diffusion experiments was identical. The samples
were cleaned in organic solvents, first in boiling xylenes for 5 minutes, followed by
rinsing and soaking in warm acetone, and finally rinsing with methanol. The samples

were then soaked in HCI for 30s followed by 10s etching in 10% HF.

Diffusion was accomplished using the sealed ampoule technique. Ampoules were
made from semiconductor grade quartz tubing purchased from GM Associates, Inc. Prior
to using an ampoule, both the shell and plug were cleaned with acetone and etched in

10% HF for one minute.

Samples and any dopant diffusion source were placed in the ampoule. With the

plug in place but not affixed to the ampoule shell, the ampoule was mounted to the
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ampoule sealing station. The sealiﬁg station allows vacuum to be drawn on ampoules by
a turbo pump backed up by a roughing pump. Inert gases can also be added to the
ampoule prior to sealing. After pulling a rough vacuum, the ampoules Were heated with a
hydrogen flame to evaporate any solvent remnants. The ampoules were then flushed 5
" times with Ar and subsequéntly evacuated to remove any trace solvent vapor. Prior to
sealing the ampoule with a hydrogen-oxygen torch, its base pressure.was reduced to 1-

2x107 torr as measured by an ion gauge.

The sealed ampoules were annealed in a Lindberg Blue resistively-heated furnace
where the temperature can be controlled to +2 K. Temperature was measured using a S-
type thermocouple which was laid inside the furnape, protected by a 1 mm thick quartz
tube. This ampoule was placed in direct contact with the thermocouple tube to assure
accurate measurement of the sample temperature within the furnace. To terminate the

annealing, the ampoules were quenched in water at room temperature.

3.2.1 Self-Diffusion

~ Prior to annealing, isotopic heterostructure samples were diced into 1 x 3 mm’
pieces as a compromise for the number of samples and minimum sample size for SIMS

measurements. Samples were placed on a cleaned and etched bulk GaSb carrier wafer.

"For the Sb and Ga rich experiments, 30mg of Gag4oSbos or GaggsSbgss
respectively was added to the ampoule prior to sealing. The anneals were carried out at a
constant temperature with experiments covering a range in temperatures from 571 to

708°C.
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Due to the size of the isotopic heterostructure samples, the samples could not be
loaded directly into the SIMS instrument sample holder. The samples were glued to Ge
block holders using silver paint to avoid charging of the sample during analysis (see
Section 7.1). The blocks were cut from a Ge ingot using an inner diameter circular
diamond saw. They were designed with a groove of the same dimensions as the sample
to be analyzed, particularly in the height, to maintain a flat surface across the sample to
the block. This was done to minimize any edge effects during SIMS sputtering. A

diagram of the blocks used can be seen below.

Figure 3-2: Ge block used for SIMS analysis of isotopic structures.
3.2.2 Zn Diffusion
4x8 mm’ samples were diced from the bulk GaSb wafer described in Section 3.1.2
for these diffusion studies. Approximately 5 mg of Zn-Ga alloy (see Section 3.3), which
had been etched in HCI for 30s, was added to the ampoule. Care was taken to have the
diffusion source be free of contact to the GaSb sample to assure indiffusion of Zn into

GaSb via the gaseous phase.
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3.3 Alloy Source Preparation

A solid solution alloy of Zn and Ga was used for all Zn diffusion experiments to
create a Zn atmosphere over the GaSb in the ampoule. The use of elemental Zn at the
desired diffusion temperatures would result in Zn surface concentrations far exceeding
the desired doping levels. By using diluted Zn-Ga solid sources, a lower Zn partial

pressure can be achieved in a relatively reproducible manner.

The alloys were prepared by combining known amounts of 7N Ga (99.99999%
pure) with 6N Zﬁ (99.9999% pure) in an evacuated and sealed ampoule prepared as
descﬁbed in Section 3'2f The ampoule was placed in a vertically mounted, resistively
heated furnace at 700°C for 24-48 hours, allowing the Zn and Ga to fully homogenize in
the liquid form. The sarﬁples were quenched in liquid ethylene glycol at —5°C to obtain
maximum homogeneify of the solid source. The alloys were stored in the refrigerator to

minimize phase separation.

3.4 SIMS and Calibration

SIMS concentration profiles of the isotopes of interest were measured by a
Cameca IMS-3f by Dr. Jon Erickson of Accurel Systems in Sunnyvale, California. A Cs"

jon beam with an energy of approximately 2keV was used for all profiles.

As discussed in Section 7.1, SIMS measures secondary ions which need to be
_converted to atomic concentrations. Two different techniques. were used for the

conversion of the species of interest.

~Calibration of each isotope of Ga and Sb was accomplished through the known
atomic density and isotopic composition of GaSb. The lattice parameter of GaSb has

been measured by x-ray powder diffraction to be 6.09593A [M.E. Straumanis, 1965].
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This value corresponds to an atomic density of 1.766x10** cm™ for each element.
Knowing the natural abundance of the stable isotopes of Ga and Sb, the atomic densities
of the four isotopes can be calculated, as is shown iﬁ Table 3-1. These values can be used
to correlate secondary ion counts in a natural composition layer to atomic concentration

over a whole sample. All samples had areas of natural isotopic composition for this

calibration.
Element | Isotope | Natural Abundance (%) | Atomic Density (cm™)

®Ga 60.11 1.061x10%
Ga 71 22

Ga 39.89 0.7044x10
Zigh 57.36 1.013x10*
Sb 123 22

~Sb 42.64 : 0.7529x10

Table 3-1 Isotopic composition and atomic density of GaSb

Zn calibration was achieved through the use of a Cz-grown Zn doped GaSb wafer
standard from University Wafer with a bulk Zn concentration of 1-2x10'® cm™.
Conversion factors for secondary counts to Zn concentration were obtained using

identical sputtering conditions at each SIMS session. In all analyses, ®*Zn was the

isotope measured (48.6% natural abundance).

3.5 Transmission Electron Microscopy

Drs. Mourad Benamara and Zuzana Liliental-Weber carried out cross-sectional
TEM studies on a number of the Zn-diffused samples at the National Center for Electron
Microscopy (NCEM) at Lawrence Berkeley National Lab (LBNL). The TEM
microscope used was a JEOL 200CX operating at an accelerating voltage of 200 kV. W.

Swider prepared the samples for cross-sectional TEM imaging.
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4 Results

4.1 Self—Diffusion

~Prof. Briones delivered multiple isotopic structures. SIMS analysis carried out on
all the samples revealed large variations in the quality of the grown structures (see '
Section 2.4.2). Sample 2583-1 was used for all diffusion experiments. The SIMS profile
of this sample can be seen in Figure 4-1. 150 nm thick layers of "'Ga'**Sb and Ga'?'Sb,
forming the isotopic heterostructure, were grown on a 200 nm thick buffer layer. A 200
nm capping layer is also clearly visible at the surface. At the interface of the two
isotopically enriched layers one can see a two order of magnitude concentration
difference between the Ga and Sb isotopes, with the Sb showing a slightly better structure
for diffusion studies (see Sectioh 2.4:2). Raman spectroscopy was carried out on the
structure by Dr. T. Ruf; resulting in sharp lines consistent with undoped high quality

single crystalline GaSb.
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Figure 4-1: SIMS profiles of as-grown isotopic heterostructure used for self-diffusion experiments
showing concentrations of ¥Ga A, "Ga (), "'Sb (o), and '*Sb (o). For clarity, only every second
data point is plotted.

Initial experiments at low temperature showed significant Ga diffusion, while the
Sb remained stationary. As an example, Figure 4-2 depicts the SIMS concentration
profile of the four isotopes following annealing at 590°C for 11 days under Sb rich
conditions. Ga diffusion is clearly visible when compared to the as-grown structure,

while no change can be detected in the Sb profiles.

48



1E+23 1E+25
®Ga IR Y
P S S T X
1E+22 7% Qe SR . TN T + 1E+24
! Ga
oe—
1)
N ; g
£ . . el . E
< 1E+21 4: : + 1E+23 &
5 % - ; £
B : =
£ e PN S '?'sb £
H i @
g e :. P \f SR TP LU LLPTLIP L LR Q
8 1E+20 s = \ Y “O0vGr 0 4 1E+22 §
p | ; 123G o
A &
1E+19 - 1 1E+21
=
1E+18 : - T T ~ T 1E+20
0 0.1 0.2 0.3 0.4 0.5 06 0.7
Depth (um)

Figure 4-2: SIMS profiles of isotopic heterostructure after annealing at 590°C for 11 days under Sb-
rich conditions showing concentrations of 69Ga (+), 71Ga (x), 121Sb (o), and 123Sb (). For clarity,
only every fourth data point is plotted. The thin dashed lines depict the as-grown structure, while the
solid lines show the best fits to the diffusion profiles. ’

This observation of no detectable Sb movement at lower temperatures and short
times was observed in all initial experiments. Even annealing at 700°C (12°C under the
melting point of GaSb) for 93 hours shows no significant diffusion on the Sb sublattice,

while the Ga is nearly completely inter-diffused (see Figure 4-3).
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Figure 4-3: SIMS profiles of isotopic heterostructure after annealing at 700°C for 93 hours showing
concentrations of 69Ga (+), 71Ga (x), 121Sb (o), and 123Sb (0). The dashed lines indicate the as-
grown structure. While the Ga isotopes are nearly completely intermixed, no movement on the Sb
sublattice can be observed.

Only through extremely long duration annealing at a temperature just under the
melting point of GaSb could Sb diffusion be observed, as depicted in Figure 4-4. After
approximately 18 days at 700°C, the first diffusion at the interface is visible in the form
of the rounding of the profiles. Diffusion on the Ga lattice after this anneal has resulted

in a completely interdiffused layer.
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Figure 4-4: SIMS profiles of isotopic heterostructure after annealing at 700°C for about 18 days
under Sb-rich conditions showing concentrations of ¥Ga (+), "Ga (x), *'Sb (o), and 'Sb (0). For
clarity, only every fourth data point is'plotted. The dashed lines indicate the as-grown Sb structure.
The solid lines depict the best fits for Sb diffusion while homogenous Ga profiles are clearly visible.

In order to obtain accurate Sb diffusion data, it became necéssary to go to very
long anneal times to observe substantial diffusion. Figure 4-5 shows the SIMS profile of
the isotopic heterostructure after approximately 85 days at 685°C. Here, substantial
diffusion on the Sb lattice can be seen for the ﬁrst time, to a comparablé extent of Ga

diffusion observed after 11 days at only 590°C.
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Figure 4-5: SIMS profiles of isotopic heterostructure after annealing at 685°C for about 85 days
under Sb-rich conditions showing concentrations of "*Ga (x), 2'Sb (o), and '*Sb (1). For clarity,
only every fourth data point is plotted. The profile of ®Ga was not measured to increase the number
of data points for the Sb fitting. The solid lines depict the best fits for Sb diffusion while a
homogenous Ga profile is clearly visible.

The Ga- and Sb-rich annealing conditions had no noticeable effect on the
diffusivity of either species within experimental accuracy. An example .of this can be
seen in Figure 4-6 where the Ga profiles are compared for Ga-rich and Sb-rich conditions
after annealing of one day at 642°C. The Sb profiles are not shown since they do not
differ from the as-grown after this short of an anneal. The high temperature, long time
anneals showed similarly no effect on Sb diffusing in either Ga-rich or Sb-rich

environments.
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Figure 4-6: SIMS profiles of isotopic heterostructure after annealing at 642°C for 1 day under Ga-
and Sb-rich conditions showing concentrations of ®Ga (+) and ""Ga (x). For clarity, only every
fourth data point is plotted. Ga- and Sb- rich conditions seem to have no effect on the Ga diffusivity.
‘The solid lines depict the best fits for Ga diffusion. The slight difference in hetero-stucture interface
depth is attributed to error during the crater depth measurement.

The fitting of the SIMS profiles was achieved by applying Fick’s Law for
diffusion across an interface (see Section 2.5.1). The solid lines in the previous figures
‘demonstrate the ability of this method to fit the data. The diffusivities of Ga and Sb were
extracted from those pfoﬁles showing significant diffusion for the given species, and the

results can be seen in Table 4-1.
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T (°C) t(s) Ambient Dga (cm*/s) Ds;, (cm’/s)
571 2237 400 Sb-rich 3.1x10™"°
590 950 400 Sb-rich 8.8x10"°
590 950 400 Ga-rich 1.3x10™"
615 259 200 Sb-rich 4.0x10™"
642 86 400 "~ Sb-rich 1.1x107
642 86 400 Ga-rich 1.2x107"°
670 25200 Sb-rich 3.7x107°
670 2325900 Sb-rich 7.0x107"7
670 2325900 Sb-rich 6.2x10"°
685 7 347 600 Sb-rich 8.1x10™"
692 7 347 600 Sb-rich 9.6x10™°
700 6 300 Sb-rich 1.2x107"°
700 6 300 Ga-rich 8.8x10°
700 334 800 Ga-rich <1.5x107"®
700 1 564 500 Sb-rich 1.1x1078
708 574 200 Sb-rich 1.5x107°

Table 4-1.: Ga and Sb diffusion coefficients extracted from self-diffusion experiments.

When the temperature dependencies of the diffusivities are plotted, a clear
Arrhenius behavior is observed for both Ga and Sb. Figure 4-7 shows these results along
with the data reported by Weiler and Mehrer (1984). These.results for the diffusivity of

Ga are within an order of magnitude of the older results, but the diffusivity of Sb is over

three orders of magnitude below those of Weiler and Mehrer.
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Figure 4-7: The temperature dependencies of the diffusivities of Ga (5) and Sb (o) under Sb-rich
conditions plotted alongside the self-diffusion data from Weiler and Mehrer (1984) depicted as the
light dotted lines.

4.2 Zn Diffusion

SIMS depth concentration profiles of Zn were obtained showing the two
characteristic shapeé described in Section 1.4.2.‘ Figﬁre 4-8 shows examples of the kink-
and-tail and box type profiles. The kink-and-tail profiles are clearly identifiable by the |
presence of the double hump-like structure while this characteristic is missing in the box A
proﬁlés. Kink-and-tail profiles wefe observed in all samples measuréd with Zn surface
concentrations in exéess 10* cm? while box profiles were observed in all samples

. . ) -
measuring surface concentrations below 10’ cm™.
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Figure 4-8: Two examples each of kink and tail and box shaped Zn diffusion profiles in GaSb as
measured by SIMS. Annealing schedules and Zn sources are as follows: 4% Zn / 96% Ga source, 30
minutes at 640°C (x); 4% Zn / 96% Ga source, 114 minutes at 638°C (+); 20% Zn / 80% Ga source,
60 minutes, 550°C (®); 3% Zn /39% Ga / 58% Sb source, 917 minutes at 576°C (A ).

Cross-sectional TEM was carried out on representative samples showing box and
kink-and-tail profiles. Samples showing the box shaped diffusion profiles showed no
region of extended defects in the area of diffusion, while the kink-and-tail samples
showed a loose network of dislocations behind the diffusion front. An example of the
defective samples can be seen in Figure 4-9 where the SIMS profile and TEM are
overlaid with correct depth axis for comparison. Two defective regions are clearly

visible in the TEM, the first being approximately 450 nm below the surface, and the
56 '



.

second near 800 nm. The defect band at 800 nm is formed by dislocations of the type
%<110>. No defective regions were found in any of the samples analyzed with TEM

displaying box shaped diffusion profiles, an example of which can be seen in Figure

4-10.
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Figure 4-9: Overlaid SIMS and TEM with common depth axis of a sample annealed at 550°C for 60
minutes using a 20% Zn / 80% Ga source. The SIMS clearly shows a kink-and-tail diffusion profile
while the TEM shows two defective regions approximately 450 and 800 nm from the surface.
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Figure 4-10: Overlaid SIMS and TEM with common depth axis of a sample showing a box-shaped
Zn diffusion profile. No defective regions near the diffusion front can be observed.
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5 Discussion

5.1 Self-Diffusion

The quality of the as-grown structure was not of ideal nature for the diffusion
experiments, but it did suffice. Prof. Briones could not rule out cross—contamination of
the layers during growth due to memory effects rof the valved MBE cells. As can be
readily seen in Figure 4-1, the Ga profiles are distinctly different compared to the Sb
profiles. Seen from the surface, the concentration of the depleted species drops off
quickly to approximately two orders of magnitude below the enriched species, but it
slowly rises over the subsequent 150 nm of the layer. Knock-on caused by the Cs" beam
during SIMS analysis could have an effect on the broadening of the interface, but this is
unlikely, given that the antimony shows no such broadening effect despite the larger

atomic mass of Sb.

'The most significant result from the self-diffusion experiments is that Sb diffuses
approximately three orders of magnitude more slowlyvthan Ga. The coupled diffusion
mechanism proposed by Weiler and Mehrer, based on the similarity in diffusivities, can
be directly excluded. The differences between this data and that obtained earlier can
most likely be attributed to inaccuracies in their method. As discussed in Section 1.4.1,
they used the radiotracer technique to obtain their data for Ga and Sb diffusion. It is
unclear at this time how they arrived at such high Sb diffusivity valués, yet the scattering
of their data suggests it could be traced back to difficulties with broadening effects
associated with a rough surface and/or with the sputtering technique used to both deposit
the radioactive layers and etch the sample after diffusion. Their sputtering setﬁp, n

contrast to modern SIMS instruments which count ions only from a small center region of
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the etched crater, counted all sputtered ions. This has the weakness that ions etched from

the sidewalls or the surface will appear to originate from a deeper position.

If the coupled diffusion mechanism is invalid, then the two self-atoms must
diffuse via . distinct mechanisms on their own sublattices. The total diffusivity of each
“species will be the sum of the contributions of its respective interstitials and vacancies.

Ignoring correlation effects, the diffusivity can be stated as

— q q .
DGa,Sb - [VGa,Sblg DVG,,,SI, + [GaiﬂSbi]e DGa,-,Sbi Equation 5-1
[VGa] and [Ga;] represent the equilibrium concentration of Ga vacancies and self-

interstitials respectively, while D, and Dy, represent their individual diffusivities.

5.1.1 Diffusion on the Ga Sublattice

The diffusivity results for Ga obtained at various temperatures can be accurately
described by an Arrhenius relation, as shown in Figure 4-7. The curve of best fit allows
values for the preexponential factor Dy and the activation enthalpy Q to be extracted (see
Equation 2-3). The grown heterostructure allowed for Ga diffusivity to be extracted at
two locations: the diffusion of "'Ga into fhe enriched ®Ga'?'Sb region, as well as the
diffusion of the ®Ga into the enriched "'Ga'?’Sb region. The data for the "'Ga diffusion
carried out under Sb-rich atmosphere at temperatures between 571 and 700°C lead to
In(Do/cm’s")=4.41+£1.27 and 0=(3.24+0.10) eV. The values extracted using ®Ga
diffusion show equivalent results within experimental error of In(Dy/cm’s™)=4.62+1.28

and 0=(3.25+0.10) V.

The similarity in the two results indicates that knock-on during SIMS analysis’

was not a problem. As discussed in Section 7.1, knock-on occurs when a species
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concentration drops off as the ion beam etches into a surface. In these samples, the
junction of the isotopically enriched layers has ®Ga on the near-surface side, making it
the species susceptible to knock-on. The as-grown structure would display the most
pronounced knock-on as it has the steepest drop in concentration. The extracted data for
%Ga diffusion in this study show a slightly higher value, indicating that knock-on does

not have a significant influence on our results.

The finding that the ambient has no effect on Ga diffusion leads to an interesting
discussion. A Ga-rich ambient should increase the concentrations of Ga self-interstitials
and Sb vacancies, while a Sb-rich ambient would favor Sb self-interstitials and Ga
vacancies. In order for the diffusivity to be similar in the two ambients, either the
contributions of vacancies and selffinterstitials to Ga self-diffusion must be of equal

magnitude, or the ambient’s effect on equilibrium concentrations is marginal.

Mathiot and Edelin found in 1980 that indium (In), an isoelectronic species in
GaSb, diffuses faster under a Sb-rich environment than under a Ga-rich one. Their
results were interpreted.to indicate that Ga vacancies mediate Ga self-diffusion in GaSb
as the ratio of their extracted Dy, values to calculated equilibrium vacancy concentration
data remained ihdependent of Sb partial pressure. Using those same calculated vacancy
concentration values, a similar comparison of data from this study can be made. The

results are shown in Table 5-1.
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T(CC) | Dga(cm’s™) | [Va™] Dao/[ Vo] (cm’s™)
571 3Ax10° | -9.0x10° | - 3.4x10"
590 8.8x10°™"° 1.3x107 6.8x10™"
590 1.3x10™" 1.3x107 9.6x10™"
615 4.0x10™" 2.3x107 1.8x107"°
642 1.1x107® 4.3x107 2.7x107"°
642 12x10™ | 43x107 2.7x10°°
670 3.7x10°° 8.2x107 4.5x10°
700 1.2x10°"° 1.8x10° 6.5x10™"
700 8.8x107'° 1.8x10° 4.9x10"°

Table 5-1: Ga diffusivity data from this study, equilibrium Ga vacancy concentration data (atomic
fraction) calculated from Edelin and Mathiot (1980), and their ratio.

The ratios calculated above under both Ga- and Sb-lrich conditions are similar to
the dependenbe found for the diffusivity of In in GaSb under Ga-rich conditions. This
would seem to indicate that the Sb-rich conditions used in these experiments did not have
- the desired effect of creating an Sb-riéh environment within the crystal. This could be
possible if the GaSb heterostructures were mnadvertently grown under Ga-rich conditions.
The close similarity between the Ga and In diffusion data in GaSb supports the vacancy
mechanism as the mediating mechanism of diffusion on the Ga sublattice. As shall be
discussed in the following section, this result is at odds with the Zn diffusion results

which indicate that Ga self-interstitials mediate diffusion via the kick-out mechanism.

5.1.2 Diffusion on the Sb Sublattice

Similarly to the Ga diffusion data, Sb diffusivity data were extracted from both
"2ISp diffusing into the 'Ga'>’Sb region, as well as '*Sb diffusion into the **Ga'*'Sb

region at temperatures ranging from 670 to 708°C. Again the results show no significant
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difference between the two in terms of pre-exponential factor or activation enthalpy. For -
1218p diffusion, In(Dg/cm’s)=-22.3+2.0 and O=(1.59+0.17) eV best fit the diffusion data,
while for '’Sb diffusion, In(Dy/cm’s)=-19.7+2.8 and 0=(1.81%0.23) eV yields the best
fit. The larger errors associated with these values are a result of the smaller number of
samples carried out and the narrow temperature range used due to the extremely low

diffusivity of Sb.

When a reasonable jump frequency and distance are used in Equation 2-3, the
resulting entropy has a negative value. This would indicate that the concentration of the
native defect mediating Sb diffusion decreases with increasing temperature near the
melting point, resulting in lower entropy. This type of behavior is not consistent with
vacancies, leaving the Sb self-interstitial as the most likely possibility to have this type of

behavior near the melting point.

In order for Sb self-interstitials to be promoted, an Sb-rich crystal must be
present. As previously discussed for Ga diffusion, it is believed that the isotopic
heterostructure was grown on the Ga-rich side of the phase diagram and that this
condition dominates during the Ga diffusion, both under Ga; and Sb-rich ambients,
However, no Sb diffusion is observed in these samples before the Ga has become
completely intermixed. If the sample was grown Ga-rich, it is possible that it takes a long
time for the crystal to come into equilibrium with the atmosphere, and that by this time
the Ga is homogeneous. It is therefore believed that the Sb diffuses under Sb-rich
conditions in an Sb-rich ambient when equilibrium is reached. In this case, Sb self-

interstitials and Ga vacancies are promoted, and Sb diffusion can take place. Sb diffusion
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under Ga-rich ambient was not observed after a 93 hour anneal at 700°C, and the Sb

diffusivity reported in Table 4-1 is only an upper limit.

5.2 Zn Diffusion

The presence of extended defects in the samples with kink and tail profiles made
them unsuitable for this diffusion study. The diffusion mechanisms developed in Section
2.3 assume a regﬁlar crystalline lattice completely free of extended defects. All samples
showing kink-and-tail profiles were thus ignored for all fnodeling. Only those samples

showing box shaped profiles were used in the determination of the diffusion mechanism.

It is worthwhile however to comment briefly on the presence of the defects and
théir correlation to the kink and tail profile. As discussed in Section 1.4.2, both kink-and-
tail profiles and extended defects have been observed in this system, but there has not
been any previous correlation between the two effects. This work’s observation that the
deeﬁer defect band coincides closely §vith the high concentration kink suggests that it
could be caused directly by the defect band. The observation that the kink and tail profile
was only present in the those samples with Zn surface concentrations above 10* cm™

would seem to set a level at which extended defects are caused during Zn diffusion in

GaSb.

Comparing the box profiles to the profiles predicted via the modeling described in
Figure 2-12 and Figure 2-13 allows a number of options to be ruled out. Careful
observation of the near-surface | region shows a short concave-up séction on the Zn
diffused samples, ruling out the neutral and positive vacancy charge states mediating via

the dissociative mechanism as well as Ga:* and Ga," mediating via the kick-out

mechanism. The remaining possibilities are negative vacancies mediating via the
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dissociative mechanism or neutral or singly charged self-interstitials mediating via the
kick-out mechanism. Since the crystal is so heavily p-doped by the Zn, negative point
defects will be severely suppressed, making the kick-out mechanism the most likely

candidate.

In fact, accurate modeling of the box profiles is achieved within the Ga self-
interstitial coﬁtrolled mode of Zn diffusion via the kick-out mechanism. For surface
concentrations .of 1-2x10"° cm™, very good fitting comes using a neutral Ga self-

~

interstitial. The complete kick-out reaction equation is shown below.

- 0
an+ e ZnGa + [Ga +2h" Equation 5-2
An example of the fitting achieved for a sample in this concentration range can be seen in

Figure 5-1.
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Figure 5-1: SIMS profile (o) and fitting (solid line) based on the neutral Ga self-interstitial controlled
mode of the kick-out mechanism at a Zn surface concentration of approximately 2x10" cm>. The
sample was annealed at 609°C for 500 minutes using a 2% Zn / 98% Ga source.

As the surface concentration moves above 2x10' cm'é , the fitting using the
neutral Ga self-interstitial does not properly reproduce the data at the diffusion front.
This is clearly seen in Figure 5-2 where the Zn surface concentration is 3x10"° em™. We
believe that in this region, the sirigly charged Ga sélf-interstitials begin to form
compensating defects due to the extremely low Ep, set by the substitutional Zn
concentration. Thése defects begin to mediate diffusion in addition to the neutral Ga self-

interstitial in the form of listed below.
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Zl’ll+ & Zl’l&a + Ig‘a +h" Equation 5-3
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Figure 5-2: SIMS profile (o) and fitting (solid line) based on neutral Ga self-interstitial controlled
mode of the kick-out mechanism at a Zn surface concentration of approximately 3x10"/cm®. The
fitting makes a clear departure from the data at the diffusion front. Sample was annealed at 561°C
for 921 minutes using a 2% Zn/ 98% Ga source.

The finding that Zn diffuses in GaSb via the kick-out mechanism is in-line with
many of the previous results. The earlier fitting of diffusion profiles indicated a
substitutional-interstitial mechanism, and the kick-out is one of these. In addition to this,
the TEM analysis of the extended defects caused by Zn diffusion with high surface

concentrations indicated interstitial-type defects, a result consistent with the kick-out
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mechanism [Jager, (2000)]. While it would not be prudent at this point to claim that
diffusion at the high concentrations studied by Jiger proceeds via the same mechanism as
the lower surface concentration studies discussed here, the non-conflicting evidence is a

good sign supporting both findings.

The fitting of the neutral Ga self-interstitials also returns data on their contribution
to Ga self-diffusion. Figure 5-3 shows the extracted contribution of I to Ga self-

diffusion overlaid with the directly measured Ga self-diffusion data (from Section 4.1).
This contribution to self-diffusion equals the directly measured value within a factor of 2.
This result indicates that the neutral Ga self-interstitial very likely mediates Ga self-
diffusion under Ga-rich conditions. The singly positively charged Ga self-interstitial,
.however, cannot be completely excluded as a possible mediator of self-diffusion. More
extensive modeling, incorporating both the neutral and singiy positive charged self-

interstitial diffusion simultaneously, must be carried out to fully understand this.
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Figure 5-3: Ga and Zn diffusion data extracted from Zn diffusion profiles. Contribution of neutral
Ga self-interstitial to Ga self-diffusion () as extracted from box profile diffusion profiles compared
to directly measured Ga self-diffusion data (solid line). Reduced Zn diffusivity (o) and best fit using
exponential form (dashed line).

Without the benefit of the Zn diffusion data, two articles were published
promoting the vacancy assisted self-diffusion of Ga in GaSb [Bracht, (2000), Bracht JAP,
(2001)]. An elaborate amphoteric transition model was developed, based on the Vg,Gagp,
double defect, to explain how Ga vacancies could be promoted even under Ga-rich
conditions. The Zn diffusion results provide a much more consistent picture where Ga
self-interstitials mediate under Ga-rich conditions, as would be expected. While these
results are not yet ‘conipletely convincing that Ga diffuses exclusively via self-
interstitials, they are at least a strong indication for the self-interstitials to be involved in

the diffusion process.
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The deviation from Arrhenius behavior observed in the contribution to self-
diffusion data could be explained by the normalization of the diffusivity by the Zn
surface concentration. All the measured values for the diffusivity are dependent upon an
accurate measurement of the Zn surface concentration. In this work, the calibration of Zn
concentration was done using a Zn doped CZ GaSb wafer. The concentration used for
the calibration (10"® cm™) was the measured carrier concentration, but this assumes that

100% of the Zn is electrically active.
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7 Appendix

7.1 Secondary Ion Mass Spectrometry (SIMS

Dynamic SIMS is a powerful tool for deterr;lining elemental concentrations as a
function of depth in solids. Dynémic SIMS refers to a process of etching a crater in a
sample using a focused ion beam and measuring the mass to charge ratio of the
backscattered ions using mass spectrometry (MS). Through careful calibration, beam
focusing, and measuring only of backscattered ions from the center of the crater, an

accurate plot of concentration vs. depth of multiple species can be produced.

Dr. Ron Fleming of Charles Evans and Associates developed a website with a
great deal of SIMS information, and it was used as the major source for this discussion

[Fleming, (2000)].

7.1.1 Sputtering

The most common ion beams used for SIMS analysis in semiconductors are Cs"
and O,", though Ar’, and Ga" are also occasionally used for different applications. The
ion beam species is known as the primary ions. The iqn beams are typically accelerated
to energies ranging between 0.2 and 10 keV, depending on the depth analysis desired.
For high resolution, shallow depth measurements, low energy beams are used to assure a
~ slow sputter-etch rate, and a narrow mixing region. The beam can be chused down to
below one micron in diameter, allowing for very site specific as well as lateral analyses

possible.

When the primary ion beam strikes the sample surface, a number of reactions can

take place. These are diagramed in Figure 7-1. First, the primary ions can become
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" implanted below the sample surface. Alternatively, the impact of the primary ions can

transfer energy to host matrix atoms. The region where energy from the primary ions is
transferred to the matrix atoms is called the mixing zone. The mixing zone sets the
fundamental limit of SIMS resolution. Some of the matrix atoms which gain energy from
primary ions have velocities directed towards the surface, and can leave the solid,
effectively being sputtered away. These sputtered atoms are often present in ionic forms,
though there are also a large number of neutral atoms, as well as molepules. The
backscattered ions are referred to as secondary ions. They can be quantified by
accelefating them into a MS. The third possibility is for atoms that have gained energy
from the primary ions to be lodged deeper into the material. This effect is known as
knock-on. It is the most detrimental effect regarding measuring accurate depth profiles of
atoms when the concentration of a species decreases rapidly, such as at an interface. A
broadening of the junction is the result of atoms being “knocked” deeper in the substrate,
appearing at a greater depth than from which they originated. This effect is avoided in

the analysis of SIMS data by using concentration gradients that rise from low to high

concentration.
Primary lon & Secondary lons, Atoms,
(~10 KeV) Molecules (~10 KeV)
Vacuum hy e

% Sampling
@ Depth (~1 nm)

Penetration
Depth (~10 nm)

Figure 7-1: Diagram of sputtering effects in SIMS [Fleming, (2000)]
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In practice, the ion beam is scanned over a small area (typically a few hundred -
square microns) to produce a uniform flux of ions, resulting usually in a square crater.
Equilibrium etch rates vary between 1 and 50 A/s, depending on primary beam energy
and flux, crater size, sample material, as well as crystal orientation. A well tuned beam
etching into a perfect crystal will maintain a flat crater bottom, but in practice
imperfections in the crystal as well as in the beam lead to increasing roughness of the

crater bottom as the crater deepens, resulting in lower depth resolution at larger depths.

Since the primary beam is ionic, sample charging needs to be addressed.
| Conducting samples are desired as the ion current can flow off to ground. In non-
conducting samples, the surface can become charged, altering both the primary beam and
the secondary ions. To avoid this, thin metal layers (typically gold) are often sputtered

on such samples before the SIMS process is started.

7.1.2 Detection

In order to avoid edge effects caused by sputtering atoms from the sidewalls of
the crater, apertures are used to only detect ions originating from a small area at the

center of the crater.

The sputtered species which are measured to determine the concentration vs.
depth plot are exclusively the secondary ions. As stated above, only a certain fraction of
the sputtered species consists of ions. This fraction is referred to as the ion yield. Ion
yields are specific to the element — primary ion pair as well as the matrix used. The yield
of negatively charged secondary ions is increased by using a Cs beam, while the opposite

is true for an O beam. This is the reason why detection limits for a given element vary
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with priméry ion source. The periodic table below shows which beam has a iligher ion

%

yié:ld for nearly all the elements. . .

0} Primary.
21 Postive Secondary .

»

" Cs* Primary i
Negative Secondary

v _Figure 7-2: Periodic Table showing which.beahl has a higher ion yield for a given element {Fleming,
: : (2000)]. L e g - - : < -

The actual detection limit for each element within a given matrix can vary widely *
~from 1x10"2 to 1x10'7 atoms cm™. The sensitivity for an element is given by its relative

sensitivity factor. (RSF) within a ;natriic. The RSF for a given element E in a matrix M is

'\, _ _given by" |

B ; C.l
: ' - , RSF = EE Equation 7-1
. . : 1. 4

" wher‘e C is the cdnéentration and J is the inté_nsity‘_of the ion beaﬁl.' RSF values are
tabulated for cofnmon 'speciésjmatrix [I)airs,'bu_t if no RSF is known, fhen a calibrat'iqn
st'andzvirdvml.lisf be uséd. . The actual detection limit of theb SIMS instrut'riént is limited by

\ ‘ a the dark cufreﬁ‘t of the dé‘fcctor, If the Secéndary'ion 51gnal isv lower than. that caused by

+ .

s-tray atoms within the system and/or cosmic rays, then the element cannot be detected.

»
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Elements which are common in vacuum systems, such as oxygen and nitrogen have

especially high detection limits.

Standards are used in order to set up an RSF table. Commonly, these standards
are in the form of implants of the desired species into the desired matrix. Since ion
implantation allows for accurate ion dose counting, an accurate extraction of the RSF can

be made from an ion-implanted sample.

Magnetic sector or quadrupole mass spectrometers (MS) are used to actually
measure the ion counts. Ions can be either atomic or molecular, but must have a
_ mass/charge ratio lower than the maximum of the detector. It is also typiéal to tune the
MS to fractions of a mass/charge ratio to be able to detect individual isotopes accurately.
Mass interference can pose a significant problem if the species of interest has an isobaric
pair. For example, °Si* is isobaric with (‘"H-**Si)". High mass/charge resolution can
differentiate between the two, though, and subtract out any signal if the isobaric species is

known and far enough away from the species of interest.

78



ECREsT EANEE LAVRENEE EEREEY NATENAL LACERAGERR?
BNE CVELERRED READ | BERRELEY, @AYFERNA ©472E

/D‘l’

Dreparcd ionthc]ULsYDepartmentoi EnergytindeRGont raclENOWD EXAGO38765 F0009S)





