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Abstract
In compound semiconductor discrete devices and integrated circuits,
interfacial structure and integrity in multilayered structures is of paramount
impo;tance. Ohmic contacts, Schottky barriers, interconnect metallizations,
active and passive dielectric Tlayers and implanted or chemically formed
semiconductor heterojunctions are attained by the deposition of reactant species
and subsequentl thermal treatment. The performance criteria and long-term
reliability of such structures require that the interfaces be planar and the
reacted layers be laterally uniform. Application of transmission electron
microscopy to thé study of such structures leads to an understanding of the
factors which influence and often control the evolution of interfacial
compositions and morphologies during deposition and annealing.
In this paper, four types of reactions on compound semi@onductors; formation
of layered binary compounds, formation of ternary phases, cation exchange and
anion accumulation, are described and illustrated with electron microscopy results

from selected examples. These studies reveal the roles of interfacial native
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oxides, surface mobilities of reactant species and defects in the first product
phases in the development of reacted film morphologies.

Introduction

Reacted thin films are often utilized as contacts or heterostructure layers
in compound semiconductor photonic and electronic devices. The attractiveness
of reacted thin films for these applications stems largely from the adherence
of the film and the cleanliness of the interface which result from the consumption
of the semiconductor surface region during the reaction. However, implementation
of reacted thin films necessitates the accurate control of reacted film
morphologies in order to satisfy performance and stability criteria. For some
applications, such as Schottky barriers, the ability to fabricate reacted thin
films consisting qf a single phase may be essential in obtaining and retaining
controllable and reproducible electrical properties. Such stringent requireméﬁts,
however, may be difficult to satisfy since reactions on compound semiconductor
surfaces are inherently complicated, even in the simplest cases, due to the
involvement of a minimum of thfee atomic species. For example the introducéd
reacting species, be they deposited metal atoms, gaseous molecules or ions in
an aqueous solution, may react preferentially with one component of the compound
semiconductor. As will be illustrated below, the resulting morphologies can
be quite complex. In order to fu]]y'understand these reactions, one must identify
the product phases (structure and composition) and determine the factors which
influence the distribution of these phases. It is in this regard that
transmission electron microscopy (TEM) and related techniques prove valuable.

In this paper, reactions on compound semiconductor surfaces are classified
on the basis of the nature and distribution of the product phases which result

from thermal annealing. Examples from TEM studies serve to illustrate thg



salient features of these thin film morphologies. Emphasis is placed on the
initial stages of the reactions and on the origins and influences of the lateral
nonuniformities which often dominate the resulting morphologies. Since reactions
which involve localized melting or "alloying" are inherently nonuniform, only
reactions occuring below the relevant eutectic temperatures are considered.
Furthermore, the discussibn is limited to relatively simple systems involving
only one principal reacting species in addition to the two species which
constitute the compound ;emiconductor. |

The term "surface" 1is used loosely here in the description of reactions
which initiate at the original semiconductor surface resulting in the propagation
of an interface into the compound semiconductor.

Application of TEM

Depth profiling techniques such ‘as Rutherford backscattering spectrometry
and Auger sputter profiling combined with x-réy or electron diffraction brovide
the information necessary to determine the phase distribution in a reacted film,
provided the film is free of gross lateral nonuniformities(1). However, most
reactions on compound semiconductor surfaces result in uniform films under only
very restricted conditions, if any. Thus, in order to design uniform thin films
for device applications, the mechanisms for the development of lateral
irregularities must be determined. In the effort to understand and engineer
reacted thin films, electron microscopy contributes two important types of

information: 1) identification of phases (structure and composition) and 2)

determination of the distribution of phases and lateral nonuniformities (e.g.

dislocations, grain boundaries, interphase boundaries and Tlateral variations

in the native oxide/hydrocarbon layer).



In the investigation of a thin film reaction, TEM specimens from each sample
are prepared in both cross-sectional and plan views. For most applications
it is helpful to examine cross-sectional samples with two or more surface normals.
For examp]e; reacted films on (100) surfaces of zincblende substrates should
be examined along [011] and [Oli] directions since these directions in the (100)
surface are not equivalent. Cursory information can be obtained by electron
diffraction of plan-view samples. Phases may be identified by combining
microdiffraction or lattice imaging (resolution &O.an) with energy dispersive
analysis of x-rays (EDS) from the same region (probe size 210 nm). Conventional
imaging of both cross-sectional and plan-view specimens provides a detailed
description of the film morphology.

In fhe examples presented below, plan-view specimens were prepared by
etching away the compound semiconductor substrate with MeOH:C1 for GaAs and
HC1 for CdS. Cross-sectional specimens were prepared by attaching cleaved strips
face-to-face with epoxy followed by mechanical thinning, and finally, argon
jon milling to perforation.

High-resolution TEM was performed on a JEOL JEM 200CX equipped with an
ultra~high resolution pole piece. A JEOL 200 CX TEM/STEM with an ultra-thin
window detector was employed for EDS. Both microscopes were operated at 200
keV.

Classification of Reactions

Most reactions between compound semiconductors, AB, and reacting species,
M, can be categorized based on the types and depth distributions of the product
phases. The four categories: formation of layered binary compounds, formation
of ternary phases, cation exchangeﬂand anion accumulation, are appropriate for

describing the initial reactions. Additional reactions may occur during further
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annealing. For example, a ternary product phase may decompose into two binary
phases without the consumption of additional M or AB. Furthermore, reactions
at elevated temperatures (> 400°C for GaAs) can result in preferential depletion
of a volatile compbnent of the compound semiconductor, leaving behind only binary
compounds of M and the remaining component. At these elevated temperatures,
the ambient may play a major role in determining the product phases and film
morphology.

In the following, the four categories listed above are illustrated with
representative examples which have been studied in detail by TEM. A schematic
diagram depicting the moving species and the arrangement of product phases fs
given in Fig. 1. |

Formation of Layered Binary Compouhds

In this type of reactioh, the product phases are binary compounds.  -The.
depth sequence of these layers may be determined by the dominant moving species
(if A or B) or by interfacial energy effects. The most studied reaction in
this category is 3Pt + 2GaAs +‘2PtGa + PtAsz. The layered sequence of phases
PtGa/PtAsy/GaAs is be1ieved to result from the 1arge'e1ectronegat1vity difference
between Ga and Pt which drives the rapid outdiffusien of Ga in the early stages
of the reaction (2) and the low interfacial energy of PtAsp/GaAs as evidenced
by the strong crystallographic texture of the polycrystalline PtAsy> on GaAs
(3). An XTEM micrograph of this layered structure is shown in Fig. 2. As will
be described in the discussion the Tlateral uniformity of the film morphology
can be ascribed in part to the polycrystalline nature of the PtAsy and PtGa
layers.

 Formation of Ternary Compounds

The second and, perhaps, the simplest of the reacted morphologies ~occurs



when the reaction between M and AB leads to the formation of a ternary compound
MyGaAs. In tﬁis case the reaction is analogous to the formation of a silicide
on silicon (4).

Nickel on GaAs forms a ternary NiyGaAs phase during the first stage of
the reaction (5). The reacted film on (100) GaAs is multiply twinned on a fine
scale (6). The incoherent portions of these closely spaced (5-10nm) vertical
twin boundaries probably act as fast diffusion paths for thé vertical and lateral
(in the interface) transport of Ni. Consequently; the fully reacted film is
free of gross lateral nonuniformities (Fig. 3). NisGaAs is evidently metastable
as annealing above 400°C results in jts decbmposition to NiGa and NiAs (5).

Annealing of palladium on GaAs also results in ternary phases (4,7,8).
The first phase to form, PdoGaAs (7) or Pdg(GaAs)o(4,8), exhibits a well-defined
orientation relationship with GaAs and 1is essentially monocrystalline (Fig.
4a). In the presence of excess Pd (3 20nm), deep penetrations of a second ternary
phase, PdgGaAs (Fig. 4b), form at isolated defects in the Pdg(GaAs)p film (8).
The resulting morphology is highly irregular (Fig._Sa). In contrast with Ni/GaAs,
the Tlow density of defects in the monocrystalline Pdg(GaAs)p promotes the
formation of a laterally nonuniform film morphology. This effect can be
significant. For example, complete reaction of 50 nm of Pd on GaAs at 315°C
results in 30 nm of an epitaxial film of Pdg(GaAs)s with localized penetrations
of Pdg4GaAs which project-up to 0.2 um into the semiconductor substrate (8).
The development of this morphology depends on the high surface mobility of Pd
at temperatures as low as 22G°C (8).

Comparison between Pd and Ni on GaAs also reveals differing effects of
the native oxide/hydrocarbon layer. Figure 3 shows 45 nm of Ni on GaAs after

reaction at 220°C for 10 min. to form 86 nm of NiyGaAs. However, approximately



10 percent of the film remains unreacted in the form of disc-shaped patches
of nickel. The XTEM micrograph in Fig. 6 clearly shows that the native oxide
is responsible for the patches of unreacted Ni. After annealing at 315°C for
10 min., most of these patches are undercut by NiyGaAs, however some unreacted
Ni remains. In contrast, Pd deposited onto 1identically prepared sﬁbstrates
- (immersed in 9:1 DI'H20: HC1, rinsed in DI H20 and blown dry with N2) and annealed
simultaneously with the Ni/GaAs specimens Eeacts uniformly during deposition
(Fig. 7a). After annealing at 220T for 10 min., the native oxide/hydrocarbon
layer is completely dispersed and a uniform film of Pdg(GaAs)p is formed (Fig.
7b). At 315°C only trace amounts of unreacted Pd remain. Thus, once the reaction
is initiated, Ni réacts at a much higher rate than Pd. However, the initiation
of the Ni/GaAs reaction 1is impeded by the native oxide/hydrocarbon layer to
a greater exteﬁt. This effect may be related to the stronger chemical affinity
of Ni for oxygen as indicated by the standard heats. of formation for oxides
(per oxygen atom) which become more negative in the sequence: Pd, As, Ni, Ga.

Cation Exchange

During a cation exchange reaction, the .reactant species, M, exchanges
with the cation, A, leaving the B sublattice essentially invariant. VThus, the
structures and orientations of the topotaxial product phase and the compound
semiconductor substrate are similar or, 1in many cases, identical. Examples
of cation exchange reactions are In + GaAs - Gaj_yInyAs + Inj_yGay and 2CuCl
+ CdS > CupS + CdClp. The former reaction results in a graded interface since
inAs and GaAs are at least paft]y }niscible (9). In the latter example, the
interface between CupS and CdS is abrupt since only limited amounts of Cd and
Cu are soluble in CupS and CdS,m.respective1y. Many of the possible effects

of lattice mismatch on cation exchange reactions are illustrated by the



morphological evolution of the CupS Tayer during the aqueous exchange process
(10). Growth into the basal Cd face of the CdS substrate begins by the nucleation
of small islands of low chalcocite (CupS), a structure based upon a distorted
hexagonal sulfur sublattice. The lattice misfit between CdS- and low chalcocite
in the basal plane is 4.5 percent. As the CupS islands thicken énd coalesce,
a network of cracks forms to partié]ly relieve the tensile mfsmatch stress in
the CuS layer. An f.c.c. - based polymorph of CupS then ndc]eates‘at the cracks
by the propagation of h.c.p. ., f.c.c. transformation dislocations. The driving
force for the formation of the distorted f.c.c. "tetragonal phase" is a reduction
in lattice mismatch between the c]ose—packed anion layers of the tetragonal
phase and CdS. However, for interfacial planes at high angles to the CdS basal
plane, the equilibrium Tow éha]cocite, CupS, has a sdperior lattice fit with
the CdS. Consequently, the -deep penetrations at cracks consist primarily of
low chalcocite. This complex morphology is imaged in Fig. 8 and i]Tustrated
schematically in Fig. 5b.

Anion Accumulation

If M reacts primarily with A to form M-A compounds or a so]utfon and if
B has a low diffusivity and solubility in M and AB, then the anion, B, will
be accumulated at or near the M-A/AB interface. The most dramatic example of
this type of reaction 1is the oxidation of GaAs (11). This product phase
morphology may also result from the reaction of electronegative metals such
as gold with GaAs (12).

Sands et al (13) have studied the thermal oxidation of ,GaAs at 500°C by
cross-sectional TEM (XTEM). In agreement with the thermodynamic analysis of
Thurmond et al (14), the XTEM results shown in Fig. 9 reveal the présence of

Gap03 and elemental As. In the initial stages of the reaction, the volatile



As can escaperthrough the thin Gap03 layer. However, since the Gap03 near the
interface is in the form of an epitaxial film of the metastable y-Gap03 polymorph,
the density of fast diffusion paths is low. Thus, as the Gap03 Tlayer thickens,
the As becomes trapped at the interface. In some regions, the As escapes,
presumably through isolated defects (e.g. pores) in the epitaxial Gap03 film.
Voids at the interface (visib]e in Fig. Qa) result. Figure 10 shows an arsenic
precipitate with the standard orientation relationship, {001} As hexagonal I
{111} gaAs. The development of this morphology is illustrated in Fig. 5c. Both
the reaction discussed above and the conversion. of CdS to CusS demonstrate that
interfacial effects can favor the formation of polymorphs which are metastable
in bulk form. |
D%scussion

Although relatively few reactions on compound semiconductor surfaces have
been investigated in detail, some trends have emerged. In many cases, these
observations should apply to reactions on elemental semiconductor surfaces as
well. |

1) The first crystalline phase that forms at the M/AB interface generally
e*hibits a well-defined orientation relationship with the substrate (e.g.
PtAsp/GaAs, CupS/CdS, y-Gap03/GaAs, As/GaAs, NiyGaAs/GaAs and Pdg(GaAs)p/GaAs).
Presumably, these orientation relationships represent minima in the structural
contributions to the excess interfacial free energies. In cation exchange
reactions, the orientation relationship between the first product phase and
the substrate is determined by the anion sublattice which is preserved during
the reaction. |

2) If two or more structures with the same composition have comparable

free energies of formation (withiﬂ a few hundred cal/mole), the polymorph that
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forms is often that structure which has the best lattice match with the substrate
(e.g. tetragonal CupS/CdS and y-Gap03/GaAs). In the y-Gap03/GaAs example, the
reduction in interfacial free energy due to epitaxy is sufficient to promote
the formation of the cubic ¥ phase in place of the monoclinic bulk equilibrium
8 phase. On the other hand, the first phase to form during the CuCl1/CdS cation
exchange is the bulk equilibrium phase, low chalcocite (CupS). However, the
increase in strain energy as the topotaxial low chalcocite layer thickens produces
a driving force for the nuc]eation of the tetragonal phase, a high pressure
polymorph of the equilibrium low chalcocite phase. The tetragonal phase, with
superior lattice mismatch to the CdS basal plane, is also topotaxial.

3) Structural defects (e.g. pores, cracks and dislocations at grain,
interphase or incoherent twin boundaries) 1in the first reacted phase at the
M/AB interface often determine the lateral uniformity of the film morphology
which develops during further reaction. If the initial product phase is
fine-grained (e.g. PtyGa/PtAsp/GaAs or NiyGaAs/GaAs), the resulting morphology
will be 1laterally uniform since the fast diffusion paths are closely spaced.
Furthermore, a high density of defects at the interface between a polycrystalline
product phase and the substrate may' also contribute to lateral uniformity by
allowing the lateral transport of reacting species in the interface with the
semiconductor. Conversely, a low density of defects within an epitaxial product
phase and at the interface with the semiconductor results in irregular interface
morphologies, especially if the reacting species have a high mobility on the
surface above the reacted layer (e.g. CuCl(aq)/CdS, Pd(s)/GaAs and 02(g)/GaAs).
The influence of the defect density in the initial product phase on thé morphology
of the fully reacted film is schematically diagrammed in Fig. 11.

4) Thin native oxide/hydrocarbon 1layers on the original compound
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semiconductor surface can have a dramatic effect on the initiation of reacfions
(e.g. Ni/GaAs and In/GaAs). These effects appear. to be most significant if
the moving species have strong chemical affinities for oxygen, thereby enhancing
the effectiveness of ﬁhe native oxide/hydrocarbon layer as a diffusion barrier
at low temperatures. |

Control of Reacted Film Morphologies for Shallow Contact Applications

In order to obtain uniform thin films by solid phase reaction of a metal,
M, on a compound semiconductor substrate, AB, several strategies seem promising
based upon the observations listed above. The sihp]est approach is to choose
a metal which, when reacted with the compound semiconductor, forms a phase
containing a uniform and high density of grain boundaries (Fig. 11(e,f)). A
reacted film free of gross nonuniformities should also result if the metal reacts
with the substrate to form a monocrystalline product phase which is essentially
defect free (Fig. 11(a,b)). vIn practice, formation of a defect-free film is
unlikely. Consequently, only a very thin layer of M should be avai]ab]e for
reaction. In this way, the reaction is terminated prior to the stage at which
lateral surface diffusion of M to fast diffusion paths in the reacted film begins
to dominate the transport of reacting species. Information from TEM studies
can be used to determine the critical thickness of deposited M, below which
the reacted film remains uniform (8).

With regard to obtaining contacts containing a single phase adjacent to
the semiconductor substrate, reactions which involve the interfacial accumulation
of anions are to be avoided, particularly if the anions cluster or form
precipitates (e.g. As/GaAs). Such interface morphologies would be expected
to result in variable Schottky barrier heights which would depend on the

distributions and relative amounts of the twe interfacial product phases (e.g.

Gap03 and As on GaAs) (12).
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Another approach to controlling lateral nonuniformities 1is to initiate
the reaction uniformly with an ion beam. This technique may be especially useful
if lateral variations. in the native oxide/hydrocarbon layer are inhibiting a
uniform reaction. However, for device applications, the damage created by the
ion beam should be either removed by annealing at high temperatures or consumed
by the reaction front during subsequent annealing (15).

These strategies for the control of reacted film morphologies are examples
of how the detailed information provided by TEM can faci]itatevthe engineering
of reacted thin films for device applications.
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Figure -Captions

Fig. 1. Schematic illustrations of four common types of reactions on compound
semiconductor (AB) surfaces. Examples are described in the text.

Fig. 2. XTEM image of a Pt-Ga/PtAsp film formed during annealing of 45 nm
of Pt on (100) GaAs at 410°C for 10 min. The original native oxide/hydrocarbon
layer is visible as a Tight band near the Pt-Ga/PtAsy interface.

Fig. 3. XTEM image of NiyGaAs formed during annealing of 45 nm of Ni on GaAs
at 220°C for 10 min. The vertical moire” fringes result from the {YOfiZ} and
2110 planes of overlapping twins of NiyGaAs.

Fig. 4. XTEM images of the (a) phase I (Pdg5(GaAs)p)/GaAs and phase 1II
(Pd4GaAs)/GaAs interfaces. Both ternary compounds are hexagonal with
<0001>//<011>GaAs.

Fig. 5. Schematic diagrams illustrating the deve]opméht of laterally nonuniform
thin-film morphologies as described in the text.

Fig. 6. XTEM micrograph illustrating the effect of the native oxide/hydrocarbon
layer on the initiation of the Ni/GaAs reaction. The sample was annealed at
220°C for 10 min.

Fig. 7. XTEM images of (a) as-deposited Pd on GaAs and (b) Pd/GaAs after
annealing at 220°C for 10 min. A thin layer of Pdg(GaAs)p (phase 1) is formed
below the native oxide during deposition. During annealing at 220°C the native
oxide is mechanically dispersed by the growing Pdg(GaAs)y film. Voids are visible
in the Pd adjacent to the Pd5(GaAs)2 layer, a further indication that Pd is
the dominant moving species.

Fig. 8. High resolution XTEM image of the CuS/CdS heterojunction. The bulk
equilibrium CupS phase, low chalcocite, is indicgted by "lch". The high pressure

f.c.c.-based polymorph of CupS is indicated by "tet". The deep penetration
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of lch at the right is adjacent to a crack. The basal planes of CdS are
horizontal. 'The development of this morphology is schematically diagrammed
in Fig. 5(b).

Fig. 9(a). XTEM micrograph of the_therma] oxide/GaAs interface. Note the arsenic
precipitates and the large void resuiting from oxidation enhanced decomposition
of GaAs. (b) Diffraction pattern from the same area showing the epitaxial nature
of Y-Gap03. (c) High magnification image of the region boxed in (a). The white
bar is parallel to the (032) planes of arsenic.

Fig. 10. High magnification image of an As precipitate at the Gap03/GaAs
interface. The inset optical diffraction pattern illustrates the As/GaAs
orientation relationship.

Fig. 11. Schematic diagram illustrating the relationship between the defect
densify in the first product phase and the morphology of the fully reacted film.
In (a) the hypothetical first phase forms at the M/AB interface and is defect
free and epitaxial. The resulting film morphology (b) is laterally uniform.
A laterally uniform morphd]ogy (f) also results if the initial phase contains
a high density of fast diffusion paths (e). Lateral transport of atoms in the
interface with the semiconductor may also promote film uniformity. A highly
irregular morphology (d) results if the first phase contains a Tow density of
fast diffusion paths (e.g. pores) .in an otherwise monocrystalline film and

if the reactant species have high surface mobilities at the reaction temperature.
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