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ABSTRACT 

Ohmic contacts to n-GaAs formed by the heat treatment of In films 

have been studied previously. However, many of the fundamental re-

lationships between processing and microstructure remain essentially 

unknown. In order to improve the electronic properties of the In/GaAs 

contact, it is necessary to understand the effect of the surface con-

dition of the substrate, and the heat treatment on the interface 

structure and reactions. 

In this study, the interface morphologies of the In/GaAs hetero-

junction with and without a thin (1 - 2 nm) intervening native oxide 

layer have been studied before and after annealing at 350°C by scann

ing electron microscopy, transmission electron microscopy and dif-

fraction, energy dispersive spectrometry of x-rays and cross-sectional 

high resolution transmission electron microscopy. The results from 

these techniques were combined to provide a detailed description of 

the structural evolution of the In/GaAs heterojunction and the effect 

of the intervening oxide on the In/GaAs reaction. 

The SEM and TEM images revealed the. surface morphologies of the 

as-deposited indium on the GaAs substrate with and without the in-

tervening oxide. Epitaxial indium islands were formed on the 

.. " .~,.", .. 
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oxide-free substrate with the orientation ~elationship [O~l]GaA~1 [111]ln" 

(200)GaAs" (110)In' This morphology was explained by considering 

the surface energy of indium and the reduction in interfacial energy 

due to epitaxy. Instead of a gradedheterojunction, an abrupt inter

face was found between the epitaxial phase In1_xGaxAS formed after 

annealing and the GaAs substrate. The results also showed that the 

native oxide on the substrate disrupts the orientation relationship at 

the In/GaAs interface, and greatly inhibits the In/GaAs reaction at 

I' w 
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1. INTRODUCTION 

1.1 Objective 

The recent development of GaAs devices has shown them to have a" 

promising future in both high speed and optoelectronic applications. 

As GaAs device technology reaches toward maturity, the need for low 

resistance, reproducible, stable and reliable ohmic contact becomes 

increasingly important. During the past decade, a number of detailed 

studies of ohmic contacts to III-V compound semiconductors, especially 

to n-GaAs, have been undertaken. 

A recent report by Lakhani' ,2 shows that ohmic contacts to n-GaAs 

can be formed by the heat treatment of indium films evaporated onto 

GaAs substrates. Lakhani observed a low density of isolated rectangu-

lar islands which consisted of graded In, Ga As heterojunctions. -x x 
He attributed the ohmic characteristics of this contact to conduction 

through these isolated islands. Most of the surface, however, re-

mained unreacted, due presumably to an intervening oxide layer origin-

ally formed on the GaAs substrate surface prior to In deposition. Un

fortunately, the detailed microstructures of the heterojunctions, the 

surface morphology and the effect of the oxide at the interface have 

not been investigated. In this investigation, scanning, transmission 

and analytical electron microscopes have been employed in an effort to 

obtain a better understanding of the interface structure and contact 

morphology at the near atomic scale. 
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1.2 Ohmic Contacts 

Semiconductor devices and specimens used for the measurements of 

semiconductor parameters require ohmic contacts through which the 

connection to the outside world can be made. "Ohmic" contacts between 

a metal and a semiconductor are defined as those which exhibit linear 

current-voltage characteristics. The most important feature for such 

contacts is that the voltage drop across them is negligible compared 

with the voltage drop across the device. so that the contacts do not 

affect the I-V characteristic. In principle, such a contact can be 

formed by using a metal with a work function less than the work func

tion of the n-type semiconductor or greater than that of the p-type 

semiconductor. However. there are very few metal-semiconductor com- . 

binations which satisfy these conditions due to the presence of sur-

face states and defects in the semiconductor near the interface. These 

surface states pin the Fermi-level near the middle of the energy band 

gap. Therefore, the vast majority of ohmic contacts involve a thin 

layer of very heavily doped semiconductor immediately adjacent to the 

metal, so that the depletion region is thin enough so that the carri

ers can easily tunnel through it. This heavily dope~ layer may be 

formed separately prior to the deposition of the metal contact or it 

may result from the deposition and subsequent heat treatment of an 

alloy containing an element" which acts as a donor or acceptor. Re-

cently, graded heterojunctionsof the type Inl_xGaxAs (0 5 x 5 1) have 

been grown· by Molecular Beam Epitaxy (MBE). 3 As discussed in Sec. 
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1.3.2. these graded structures overcome the problems related to Fermi-. 

level pinning at the GaAs surface~ 

1.2.1 Band Structure 

According to the Schottky-Mott model. when a metal is brought into 

intimate contact with a semiconductor. the ohmic or rectifying nature 

of the contact depends on the work functions ¢m and ¢s of the metal 

and the semiconductor. respectively. The barrier height ¢B is equal 

to the difference between the metallic work function ¢mand the elec

tron affinity Xsof the semiconductor. 

(' ) 

This point is illustrated in Fig. 1 which shows the metal/n-type 

semiconductor energy band diagrams both before [Fig. l(a.c)] and after 

[Fig.l(b.d)]. the establishment of thermal equilibrium. In most 

practical metal-semiconductor contacts. the ideal situation shown in 

Fig. l(b,d) is never reached because there is usually a thin insu

lating layer of oxide about 1 - 2 nm thick on the surface of the 

semiconductor. Such an insulating film is often referred to as an 

interfacial layer. Under the assumptions that there are no surfac~ 

states and that the surface dipole contributions to ~m and Xs do 

not change when the metal and the semiconductor are brought into con

tact (or. at least, their difference does not change), the practical 

contact is therefore more likely to be that shown in Fig. 2(a). How-

ever, the barrier presented to electrons due to the oxide layer is so 

narrow that electrons can tunnel through it Quite easily. and the case 

'" :.~~ 

.; .~: 

I,' ""\:; 
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XBL 864-1324 

Fig. 1. The ideal metal n-type semiconductor band diagram for 
~m > ~s (a) before contact, (b) after contact. and for 
~s > ~m (c) before contact, (d) after contact, where ~m ~ 
and ~s are the work functions of metal and semiconductors, 
respectively. Xs is the electron affinity of semiconductor. 
~B and Vdo are the barrier height and diffusion potential 
of electrons (carriers). respectively .. 
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(b) 
XBl 864-1322 

Fig. 2. Band diagrams for a metal and an n-type semiconductor 
(a) a thin insulating layer of oxide about 1 - 2 nm thick at 
the interface. (b) ideal Schottky contact, where ~ is the 
energy difference between the Fermi-level and the bottom of 
the conduction band. 
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shown in Fig. 2{a) is almost indistinguishable from the ideal case 

[Fig. 2(b)] as far as the conduction electrons are concerned. More

over. the potential drop Vi in the oxide film is so small that the 

equation (1) is still a good approximation. 4- 6 

Experimental evidence has not. however; borne out the relationship 

of Eq. (1). Metal-semiconductor barriers have been found to exhibit 

weak or no dependence at all on the metallic work function. An ex-

planation of this weak dependence on ~m was put forward by Bar

deen. 7· who suggested that the discrepancy may be due to the effect 

of surface states; that in thermal equilibrium there exists a barrier 

even at the free surface of a semiconductor. If the surface state 

densit~ is high. this barrier can be pinned to its free surface value 

after subsequent contact to a metal. Energy band diagrams relating to 

the formation of the Bardeen barrier are shown in Fig. 3. Equation (2) 

represents the limiting form of the Bardeen theory for a high density 

of surface states such that ~B is independent of the metallic work 

function ~m 

(2) 

where Eg is the energy gap of the semi conductor. and ~o is the neutral 

level which characterizes the continuous distribution of surface states 

present at the semiconductor surface. More recent models ascribe the 

formation of Schottky barriers to "metal-induced gap states ll
•
8 or to 

defects like anion clusters9 or point defects10 near the interface. 

'..J 
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Fig. 3. The equilibrium band structure at the metal-semiconductor 
interface containing a high density of interface states. 
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1.2.2 Carrier Transport Mechanisms 

Experimental studies of metal-semiconductor contacts have shown 

that most of the metal-semiconductor combinations form depletion layer 

contacts (usually rectifying or blocking). The conduction properties 

of such contacts are determined by the actual transport mechanism. 

Electrons can be transported across a metal-semiconductor junction in 

various ways. Figure 4 shows schematically electron transport mechan

isms under forward bias for an n-type semiconductor. The inverse 

processes occur under reverse bias. The mechanisms are: 

(a) emission of electrons from the semiconductor over the top of 

the barrier into the metal; 

(b) quantum-mechanical tunneling through the barrier; 

(c) recombination in the space-charge region; 

(d) recombination in the neutral region (hole injection)~ 

The dominant mechanism of current flow depends primarily on tem

perature. barrier height. dopant concentration profile. the effective 

masses of the charged carrier and the dielectric constant. Besides. 

several other factors such as the presence of interfacial layers or 

the stoichiometry of the semiconductor surface influence the tran-sport 

mechanism. At room temperature. ·and for a relatively light to moderate 

doping level (NO•A < 1018 cm-3). the dominant mechanism for current 

transport across a metal-semiconductor interface is thermionic emis

sion11 of carriers over the top of a barrier. In the case of a very 

heav-lly doped (degenerate) semiconductor, it is possible for electrons 

with energies lower than the top of .the barrier to penetrate the bar-

'''} 

i,..-
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<l>b 
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d 

XBL 864-1327 

Fig. 4. Transport processes in a forward-biased Schottky barrier on 
an n-typesemiconductor. (a) emission of electrons from the 
semiconductor over the top of the barrier into metal; 
(b) quantum mechanical tunneling through the barrier, and 
recombination in (c) the space charge region and (d) the 
neutral region. (From Ref • 4) 

.• " •. l~ '-;;" 

, •. ~ "r'.' p;~ 
.• , .. P", b,: 
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r1er by quantum-mechanical tunneling. This may modify the thermionic 

process in one of the two ways shown in Fig. 5. At low temperature. 

electrons with energies close to the Fermi-energy in the semiconductor 

tunnel through the barrier. This;s known as Ufield" emission. 12 ,13 

By increasing the temperature, electrons are excited to higher energies 

at which they "see" a thinner and lower barrier. Therefore, the tun

neling probability ;s increased very rapidly. This process is known 

as "thermionic-field" emission.14 If the temperature is raised still 

further. all of the electrons can obtain enough energy eventually to go 

over ·the top of the barrier. In other words, the thermionic emission 

mechanism becomes dominant. 

For example. if an abrupt metallurgical transition between a metal 

and a nondegenerate semiconductor forms a rectifying Schottky barrier 

junction with thermionic emission as the dominant conduction mechanism, 

then by increasing the doping concentration. even though the barrier 

height ~B remains essentially the same, the barrier width decreases 

with the square root of the doping concentration and thermionic-field 

emission starts to dominate. Finally. at very high doping levels. the 

barrier width becomes so narrow that field-emission tunneling is dom-. 

inant. The contact starts to behave like an ohmic contact when the 

contact resistance reaches a sufficiently small value. Consequently, 

the study of ohmic contact formation according to Schottky's theory is 

reduced to the study of conditions under which the "impedance" of the 

Schottky barrier is low. Two current transport mechanisms, i.e.,. ther-

mionic emission and field emission (tunneling). correspond respectively 



TlERMIONIC-AElO 

EMISSION ..... 

FIELD EMISSION 

'"' 

11 

v 

XBL 864-1321 

Fig. 5. Field and thermionic-field emission under forward bias. The 
diagram refers to a degenerately doped semiconductor for 
which ~ is negative. (From Ref. 41) 

'''''',"',' 
• ," ."l\. 
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to the two major empirical ways of fabricating ohmic contacts: (1) 

choose a metal which makes a low Schottky barrier with semiconductor 

or (2) dope the semiconductor heavily near the contact so that the 

barrier will be thin enough to be easily penetrated by tunneling. 

1.3 Ohmic Contacts to GaAs 

low resistance ohmic contacts are essential in the formation of 

GaAs devices, particularly for the demands of high frequency operation 

and/or small device geometry required in microwave diodes and transis

tors. It is well known that low resistance ohmic contacts to n-GaAs 

are difficult to fabricate since the large density of surface states 

present under ordinary processing conditions pins the Fermi-level near 

mid-gap so that deposition of most metals onto a cleaned n-GaAs sur

face results in Schottky barriers with barrier heights of about 0.8 eVe 

Spicer et !l.lS have suggested that these surface states are induced 

by the interaction of either metal or oxygen with the GaAs surface, and 

by the surface native defects, e.g., arsenic and gallium vacancies or 

antisite defects. Due to this pinned Fermi-level, the fabrication of 

an ohmic contact to n-GaAs requires the formation of a thin n++ layer 

or an intentionally grown heteroj~nction between the metal contact and 

the bulk semiconductors. A highly doped layer is expected to permit 

electrons tunneling between the metal and the semiconductors resulting 

in lower I-V characteristics. It is also possible to fabricate a 

graded heterojunction td decrease the barrier height to a negligible 

value. creating what might be called an uohmic heterojunction contact" 

(discussed in Sec. 1.3.2). 
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1.3.1 Alloyed Ohmic Contacts 

The earliest contacts to GaAs were made with Sn. alloyed at 

-450°C. 1&.11 However. this contact tended to be laterally nonuniform, 

and the tin proved to be a fast diffuser under applied field. tending 

to form conducting channels. Braslau et al. 18 introduced an evap---
orated AuGe eutectic (88 wt% Au - 12 wt% Ge) with a Ni overlayer. 

alloyed at a temperature greater than the eutectic temperature. which 

overcame these problems and has become a very widely used technique 

for contacting n-GaAs. A specific contact resistance as low as 

rc = 1.5 x 10-6ncm2 has been achieved for a doping concentration 

NO = 5 x 1016 cm -3.19 Si nce all compone-nts of the AuGeNi system 

play an active role in ohmic contact formation and performance. the 

relative thicknesses of the metallic layers are of primary importance. 

Germanium. a group IV element. is used as an n+ dopant and acts as a 

donor in GaAs when it occupies Ga sites. Au-Ge was originally chosen 

for its low eutectic melting temperature (360°C). and for the low re-

sistivity P. high corrosion and oxidation resistance and ductility of 

Au. Since Au acts as a selective getterer for the Ga. 20- 22 the 

amount Of gold is very important for providing sites for Ge. When too 

much Au is present. however. the non-stoichiometric conditions below 

the interface form a region of high resistivity and degrade the ohmic 

contact properties. Moreover. during contact formation. the amount of 

Au influences the amount of GaAs consumed. Ni is used to improve wet

ting and enhance a driving force for Ge diffusion. 23 •24 The amount 

of Ni influences both the morphology and electrical properties as well 

._ - -r 
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as the contact reliability. The optimum Ni thickness has been defined 

in each laboratory depending on the technology employed. As a matter 

of fact, the alloyed technology of contacts is still only poorly con

trollable. 

Through a large number of studies over the past several years, a 

fairly complete picture of the alloyed region has been obtained by 

using Auger electron spectroscopy. x-ray diffraction. transmission 

electron microscopy and 'other techniques. Germanium and nickel pene

trate deeply but non-uniformly into GaAs. leaving grains of germanium

rich material together with Au-Ga regions at the interface with GaAs. 25 

The assumption has been made that the interface consists of ohmic re

gions where germanium accumulates. and other areas of the interface 

still are barriers of some kind. Current will flow through the ma

trix of these low-resistance regions in the interface. Therefore, the 

contact resistance will be determined by the combination ~f the true 

contact resistance in these sub-micron regions. in series with the 

spreading resistance in the doped semiconductor. 26 This is shown 

schematically in Fig. 6. A correlation between the interface struc

ture and the contact resistance was found by Kuan et tl.·27 In this 

study. the interface structures resulting from the alloying reactions 

between a Au/Ni/Au-Ge composite film and a (100) GaAs substrate were 

studied by transmission and scanning electron microscopies. 

Having gained wide acceptance over the past years, the art of 

forming alloyed AuGeNi ohmic contact to GaAs has reached the stage 

where it is reasonably reproducible and compatible with device 
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Au 

n-GaAs 

XBL 864-1325 

Fig. &. Suggested model of an alloyed ohmic contact to GaAs. 
Conduction is through a parallel array of germanium-rich 
protrusions of negligible contact resistance 
«rc)mea ~ <A>2(pn/ .<r> + rc/2.f<r>2) for f » 1. 
where f 'S a field enhancement factor for field emission for 
protruding electrodes and Pn is the resistivity of the 
n-GaAs) compared with the spreading resistance in series with 
them. (From Ref. 23) 
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processing and yields an acceptable contact resistance for most pur-

poses. But its long-term reliability is. a weak point and the spatial 

inhomogeneity of the interface will become a serious drawback as de

vice dimensions shrink with the development of large-scale integration 

in GaAs. Due to the unsuitability of this irregular morphology for 

modern devices and its insufficient reproducibility, many other tech-

niQues have been proposed and explored, e.g., non-alloyed or sintered 

contacts. i on-mi xed contacts and "graded II heteroj unct ; on ohmi c con-

tacts. In the next section, this latter approach, the graded hetero-

junction ohmic contact, will be describe~ in detail. 

1.3.2 Graded Heterojunction Contacts 

The phenompnon of Fermi-level pinning at the midgap for GaAs sur-

faces is currently dealt with by using heavily doped alloyed ohmic 

contacts for discrete and monolithic devices. New contacting tech-

niques including the use of lattice-matched heterojunctions. non-

++ ++ alloyed nand p surfaces, graded band gap structures and 

special surface treatment prior to metallization promise to provide 

both greater flexibility and greater control for future applications. 

An approach to improving the "contactability" in some special cases 

is the formation of a graded crystalline layer of a mixed semiconductor 

between the contact-metal system and the semiconductor. In fact. model 

calculations for graded heterojunctions have shown that for thick graded 

layers the barrier height decreases to a negligible value and ohmic 

heterojunctions are formed. 2B-30 
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The technique for forming graded heterojunction ohmic contacts to 

GaAs utilizes the fact that for InAs surfaces, Fermi-level pinning 

occurs at or in the conduction band. 3l ,32 InAs, with its small band 

gap (0.36 eV) and Fermi-level pinning at or in the conduction band. 

can easily form an ohmic contact with most deposited metal films. 

Figure 7(a) shows the IIconventiona'" metal-GaAs contact with 

<Ps = 0.8 eVe In order to make an "ohmic" contact, it is 'necessary 
+ ' to form an n layer between metal and n-doped semiconductor. Fig-

ure 7(b) shows the analogous situation for the metal/n-InAs contact. 

In this case, the Fermi-level is pinned in the conduction band. Thus, 

tllere is no barrier <Ps to electron flow and the contact is ohmic. 

This indicates that tunneling is not required, and low-resistance con-

tacts can be formed for a wide region of n-type doping levels without 

the need for n++ layer formation. From this result, one might con-

clude that an ohmic contact for GaAs can be formed by using the struc-

ture H/n-InAs/n-GaAs. This 1s shown in Fig. 7(c). Note that the 

Fermi-level EF is pinned at the same position as for the metal/GaAs 

case, which results in a positive barrier <Ps between n-InAs and 

n-GaAs. This band structure will form a rectifying or tunneling ohmic 

contact, depending on the doping level. This may be due in part to 

the large lattice mismatch(7%) between GaAs (lattice parameter 

ao = 5.65 A) and InAs (ao = 6.06 A). This large lattice constant 

discontinuity can result in a large density of misfit dislocations at 

the interface which, in turn, pin the Fermi.-level in both GaAs and 

InAs. 33 Other reasons for rectifying behavior may be a large con-
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n-GaAs (a) 

~~~~~:.-~---------- -- - --- -- - ------

n-lnAs 

n-GaAs (c) 

n-GaAS(d) 

/. 

XBL 864-1319 

Fig. 1. Band bending diagram for various semiconductor interfaces: 
(a) metal on n-GaAs; (b) metal on n-InAs; (c) metal on 
n-InAs/n-GaAs; (d) metal on n~-InAs/graded 
n~-lnl_xGaxAs/n-GaAs. (From Ref. 3) 
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duction band discontinuity across the interface, and a IIdirtyll GaAs 

surface condition prior to epitaxial growth. To overcome these prob-

lems, .a non-abrupt interface is formed by grading the interface region 

In1_xGaxAs in composition from x = 0 at InAs interface to x = 1 at the 

GaAs interface. The solution to this problem is s~own in Fig. 7(d}. 

Due to the fact that there are no abrupt discontinuities in the con-

duction band, and that ¢B is ~ 0 for the M/n-InAs contact, this 

structure is expected to form non-alloyed low resistance contacts. 

Misfit dislocations, if present, are distributed and result in a re

duced barrier action. J.M. Woodall et !l.3 have fabricated this 

structure by using Molecular Beam Epitaxy'(MBE} to grow a graded band 

gap layer of In, Ga As. A low contact resistance, < 10-6 ncm2, has -x x 
been obtained for a Ag/n-In1_xGa xAS/n-GaAs MESFET structure. Unfor

tunately, the ultra high vacuum requirement for MBE may not be prac

tical for large-scale device fabrication. 

Recently, Lakhani 1,2 reported the formation of indium-based 

ohmic contacts to n-GaAs using only conventional vacuum levels 
-7 

(> 10 torr). The result shows that a graded heterojunction ohmic 

contact results from annealing an indium film on a GaAs substrate at 

350°C. The interface reaction, however, is highly localized. During 

the heat treatment, a low density of isolated rectangular islands are 

formed. It is believed that the ternary semiconductor In1 Ga As -x x 
(0 ~ x ~ 1) is formed in the reacted rectangular regions. These 

islands are typically 5 pm wide and 10 pm long, and are aligned along 

the <110> family of directions on the (100) surface of the GaAs 
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substrate. The unreacted regions are thought to be caused by oxide 

on the GaAs surface. In principle, a graded heterojunction layer of 

In1_xGaxAS on GaAs should result in extremely low specific contact 

resistivity. However, the measured value (1.2 x· 10-5 Qcm2) is much 

higher than that expected « 10-6 n cm2). This may be due to the 

fact that the isolated islands, i.e., "graded heterojunction regions," 

cover only a small fraction of the total area of the "contact II surface. 

The non-uniformity, with the graded heterojunction fonning only in the 

isolated regions on the contact surface, was believed to be responsible 

for the measured contact resistivity being larger than has been re

ported3 for MBE grown InGaAs heterojunctions (Rc ~ lO-6 Qcm2). 
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2. EXPERIMlNTAL METHODS 

2.1 Heterojunction Fabrication 

2.1.1 Thin Film Deposition 

In order to obtain suitable TEM specimens for the studies of sur~ 

face and interface morphologies and orientation relationships between 

the GaAs substrate and the thin films, a very thin indium film is nec

essary. Molecular Beam Epitaxy has been used to satisfy this require

ment because of the possibility of accurate thickness control. 

In this investigation, LEC semi-insulating GaAs wafers were used 

as substrates. The polished wafers had an orientation of (100). In 

the case of MBE deposition, the samples were divided into two groups, 

one with the native oxide, another with an oxide-free surface. The 

samples were prepared by the following processes. After the sub

strates were degreased by boiling in chloroform, acetone and methanol 

twice for five minutes each time, respectively, they were etched with 

concentrated HCl for two minutes. Before swabbing the surface with 

H2S04, the substrates were cleaned again in methanol by boiling 

twice for five minutes each time. Finally, the substrates were rinsed 

in deionized water and blown dry with nitrogen gas. These wafers were 

divided into two groups: one ready for deposition, another group was 

to have the native oxide desorbed prior to deposition of In. The wa

fers from the second group were loaded into the MBE vacuum chamber. 

The temperature was increased up to 600°C in approximately 10 minutes 

under ultra high vacuum,conditions. The native oxide on the surface 
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of the substrate was desorbed at 600°C without an arsenic flux imping

ing on its surface. The RHEED pattern showed an arsenic stabilized 

surface after the oxide desorption. Following the oxide removal. the 

substrate was allowed to cool to 25°C (approximately 30 min.). Indium 

was then deposited onto the rotating substrate (8 RPM) for 10 minutes 

with a deposition rate of 5.7 nm/min. under a vacuum of 3.2 x 10-9 torr. 

The identical cond.itions were used for the deposition of In onto the 

chemically cleaned samples. As will be shown below, the native oxide 

layer on the substrate which was not subjected to a desorption heat 

treatment was -1.3 nm thick. 

2.1.2 Annealing 

In order to investigate the. effect of the native oxide on the in

terface reaction and the reacted interface structures, furnace an

nealing was carried out at 350°C for 10 minutes. All specimens were 

annealed in an atmosphere of flowing forming gas (95% Argon, 5% 

Hydrogen) under the same conditions. 

2.2 TEM Specimen Preparation 

2.2.1 Plan-View Specimens 

Specimens were prepared by cleaving several pieces (-2 x 2 mrn) 

from each wafer. Wax was used to mount each of these specimens on a 

30 mm diameter glass disk with the indium-deposited surface facing 

down. In order to avoid melting the indium film when the specimen was 

put into the molten wax on the glass disk, the glass disk was taken 

off the hot plate, then cooled until the wax was viscous (-80°C) before 

the specimen was placed on the disk. Larger pieces of silicon were 
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mounted around the specimen so that the edges could be preserved during 

mechanical thinning. The specimen then was mechanically polished from 

the unprocessed side on a rotating wheel with 1200 mesh emery paper 

until its thickness approached 60 ~m. The final polishing was done by 

using 0.05pmgamma alumina on a micropo1ish cloth until the protecting 

silicon pieces were transparent (brown color). The specimen was sep

arated from the glass disk by dissolving the wax in a beaker of ace

tone. The solvent was poured into a second beaker and a stream of 

acetone was used to gently wash the specimen onto filter paper. 

Each mechanically thinned specimen was mounted on a 3 mm circu1ar

hole copper grid by epoxy (Devcon "two ton" epoxy works well) with the 

processed surface facing the grid. The specimen then was glued on a 

teflon holder by using a protective lacquer with the copper grid facing 

down. The edges of the specimen were also protected by painting with 

the same lacquer. After drying the lacquer (25-30 minute~ in air or 

10 minutes in an oven at SO°C), the holder was set into the chemical 

jet polishing assembly. The specimen was jet polished from the un

processed side using a freshly prepared solution with -3% chlorine 

in methanol (prepared by bubbling C1 2 gas through CH30H just prior 

to the etching). The flow rate, the strength of the solution, and the 

distance between the jet and the specimen influence the etching (thin

ning) rate. The specimen had to be observed frequently under an opti

cal microscope at low magnification in order to monitor the thinning. 

Etching was terminated as soon as a hole appeared in the thinned area. 
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The specimen then was removed from the teflon holder by dissolving the 

lacquer in acetone. 

2.2.2 Cross-Sectional Specimens 

Pieces of the processed specimens (2 x 5 mm) were cleaved from the 

samples along the <110> cleavage directions. After cleaning with ace

tone, two pieces were glued face to face with epoxy. This was done to 

attain better mechanical strength and facilitate handling, and also 

for the protection of the processed surfaces. This GaAs specimen 

assembly was allowed to stand for 24 hours for a complete drying of 

the adhesive. It was then mounted onto a 30 mm diameter glass disk 

witt. wax which allows the specimen to be thinned in the <110> GaAs 

directions. The same attention was paid to the process of mounting 

the specimen on the glass disk as for the plan-view sample. Two 

pieces of silicon were mounted on both sides of the assembly to pro

tect the edges of the specimen. Note that an increasing viscosity of 

the wax was again the condition used for the specimen assembly. 

The assembly was polished flat using 1200 mesh emery paper down to 

1.5 mm. The final polishing was accomplished with 0.05 pm gamma alum

ina powder on a micropolish cloth with a rotating wheel.' This pol

ishing procedure was repeated on the other side of the specimen until 

a final thickness of between 20 and 80 pm was achieved. In order to 

facilitate uniform thinning, care was taken to ensure that the speci

men was in good contact with the glass disk along its entire length. 

The same processes were repeated to remove these specimens. 
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Finally, the specimens were glued to a copper grid (3 mrn diameter) 

for support and eas.e of handling. Subsequent thinning was performed 

in an ion milling machine with a liquid nitrogen cold stage. The thin-

ning conditions were set at 14 0 specimen tilt, 4 KeV accelerating volt

age and 0.5 mA argon ion (Ar+) beam current for two guns. In order 

to limit the effects of ion beam heating, the specimen stage was cooled 

in liquid nitrogen for 30 minutes prior to milling. 

2.3 Electron Microscopy Investigations 

The electron microscopy studies of the surface morphology, hetero

junction interface structures and the orientation relationships between 

the thin films and the substrate were carried out using plan-view9nd 

cross-sectional specimens. The lSI OS 130 scanning electron microscope 

was used to study the surface morphology of the specimens. Conven-

tional TEM studies of the interface structures and orientation re1a-

tionships were performed in a Philips EM 301. Energy dispersive x-ray 

spectra (EOS) were acquired with a Kevex model 7000 spectrometer on a 

Philips EM 400 electron microscope. A JEOl 200CX transmission electron 

microscope equipped with an ultra-high resolution pole piece was em-

ployed for the cross-sectional work to obtain more detailed images of 

the interfaces. 

Several specimens from each sample were studied in both pl~n-view 

and cross-sectional geometries in order to make an unambiguous de-

termination of the film morphology. A GaAs standard was used for 

partial quantification of the EOS spectra. 

-, -, 
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2.4 Quantitative Microanalysis 

The compositions of the reaction products after annealing at 350°C 

were estimated by application of the EDS technique to cross-sectional 

. samples. Proportionality factors were determined for quantitative 

microanalysis. The proportionality factor Kx/y relates the height 

ratio Hx/Hy of the x-ray peaks (proportional to the total counts or 

intensities for Gaussian distribution peaks) to the concentration ra-

tio [X]/[Y] of the elements X, Y. This relationship between the con-

centration ratio and the peak height ratio is expressed as: 

[X]/[Y] = Kx/y • Hx/Hy 

Employing spectra from the GaAs substrate as standards, KGa/ As (re

lating the heights of the K~ peaks) was obtained to be 0.95 ± 0./013. 

The proportionality factors KIn/ Ga , KIn/As (relating the height of 

the L-series peak of In to the heights of the K~ peaks of Ga and As) 

were also determined from spectra of InAs which was identified by TEM 

diffraction analysis. They are: KIn/ Ga = 0.489, KIn/As = 0.465. 

These three proportionality factors (only two are independent) were 

used for estimation of x in Inl Ga As epitaxial patches. -x x 
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3. RESULTS 

The surface morphologies of the as-deposited and annealed In/GaAs 

samples were revealed with scanning electron microscopy and conven

tional transmission electron microscopy of plan-view specimens. Ori

entation relationships between the various phases were determined by 

transmission electron diffraction of plan-view and cross-sectional 

specimens. Images of the cross-sectional specimens showed clearly 

the effect of the thin native oxide layer on the reaction. Energy

dispersive x-ray spectroscopy and high-resolution lattice imaging of 

these specimens provided ~ detailed description of the composition and 

structure"as a function of depth. In this section, these electron 

microscopy results are presented for each of the four samples: 

1) As-deposited In/native oxide/GaAs 

2) Annealed In/native oxide/GaAs 

3) As-deposited In/GaAs 

4) Annealed In/GaAs 

3.1 As-Deposited In/native oxide/GaAs 

For this chemically cleaned sample, a 1 - 2 nm thick native oxide 

layer is expected on the surface of the GaAs substrate before the MBE 

deposition. The surface morphology of the as-deposited sample is shown 

in the SEM micrograph (Fig. 8a). As can be seen in this image, the 

thin indium film does not cover the GaAs surface completely. Instead, 

a large number of isolated indium islands with irregular shapes were 

formed on the substrate surface. Most of the islands have a diameter 
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Fig. 8. SEM images of the surface morphology of the as-deposited 
samples (a) with and (b) without the intervening oxide and of 
the annealed samples (c) with and (d) without the interface 
oxide layer. 
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of approximately 0.2-0.3 ~m. and many small islands (20 nm dia.) are 

situated between the large islands. 

A cross-sectional study of this chemically cleaned sample is shown 

in Fig 9. From the TEM micrographs in this figure. it is clear that 

there is no large-scale reaction. The intervening native oxide layer 

is visible as a thin white line in Fig. 9a. The diffraction pattern 

was taken from the interface region. and shows the superimposed dif

fraction patterns from the GaAs substrate and the indium single crys

tal island. The surface of the indium island is faceted along crystal

lographic planes. With the addition of electron diffraction analysis. 

the facets of the indium island are determined to be the {011} and 

{110} families of planes of tetragonal indium. A lattice image taken 

from the interface region is shown in Fig. 9b. A thickness of 1.3 ± 

0.3 nm for the native oxide layer was estimated from the image. The 

indium islands observed in this sample exhibited no orientation rela

tionship with GaAs; however the island observed in Fig. 9 is (fortuit

ously) oriented with [lll]ln parallel to [Oll]GaAs. This particu-

lar island was chosen for detailed study since it illustrates most 

clearly the faceting of the indium crystallites. 

3.2 Annealed In/native oxide/GaAs 

Investigation of the samples with the intervening native oxide 

layer by SEM shows that no difference is observed in the surface 

morphology between the annealed sample (Fig. Bc) and the unannealed 

sample (Fig. Ba). The detailed surface morphology of this annealed 

sample is shown in the higher magnification SEM micrograph (Fig. lOa). 
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Fig. 9. (a) TEM micrograph of the as-deposited cross-sectional sample 
with the intervening oxide. The as-deposited indium island 
has been faceted at the low energy planes. Note that the na
tive oxide appears as a white line at the interface. Inset 
diffraction pattern from the interface region shows the 
diffraction spots from (011) GaAs and (111) indium zone axis 
orientations. (b) Lattice image of the In/GaAs interface 
with the 1.3 nm thick native oxide layer. 



32 

50nm 

XBB 862-1258 



33 

XBS 861 -41 6 
Fig. 10. High magnification SEM images of the annealed samples 

(a) with and (b) without the intervenig native oxide, which 
show the detailed surface morphology. 
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Figure 11 is a plan-view TEM bright-field image from this sample. In 

this figure, one can see the randomly oriented indium islands with 

many small islands between them. It is also seen that a dark per-

iphery appears around each island, and there exists a dark region 

within each indium island. This dark periphery of the indium island 

has been determined from the diffraction analysis to be indium oxide 

In203 on ~he surface of the island. The dark regions in the 

islands are thought to be the reacted phase In1_xGaxAs grown 

through broken or very thin regions of native oxide. 

In order to understand the interface morphology of the annealed 

sample, TEM cross-sectional micrographs were taken as shown in Fig. 

12. From these images, it is clear that the native oxide layer, vis-

ible as a thin white line, exists at most of the interface between the 

In island and the substrate. It is not surprising that the reacted 

regions in the indium island exist at the interface since the native 

oxide may not cover the surface of the substrate completely and uni-

formly. As shown in this figure, several reacted regions 'appear at 

the interface. The diffraction analysis from this specimen shows that 

there exist two indium grains with different orientations, and the 

epitaxial ternary phase In1 Ga As. The indexed diffraction -x x 
pattern gives the 112 and 002-type reflections with the zone axes 

[111] and [110], respectively from the body-centered tetragonal in

dium. Using Vegard's law,34 the ternary phase was identified from 

this diffraction pattern to be InO.eGaO.2As. 
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Fig. 11. TEM image of the annealed plan- view sample with the native 
oxide. The indium oxide (In203) shells on the surface of 
islands show as the dark peripheries of the indium islands. 
The small reacted region ;s within the island. 
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Fig. 12. TEM micrograph of the annealed (011) cross-sectional sample with the intervening native oxide. 
The native oxide appears as a white line at the interface. The two reacted patches with the 
faceted surface are shown in the indium island above the interface. One patch was estimated to 
be InO.8GaO.2As phase by the diffraction analysis. Diffraction pattern gives the reflections 
from the GaAs substrate, the InO.8GaO.2As and two indium grains. 
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The lattice image shown in Fig. 13 reveals the structure of the 

InO.eGaO. 2As patch. As expected, measurement of the {lll}In
l
_

X
Ga

x
AS 

spacing also suggests the composition InO.eGaO. 2As in agreement 

with the diffraction analysis. Also, microtwins and stacking faults 

appear in these epitaxial patches. The origin of these faults will be 

discussed in a latter section. Note also that the epitaxial patches 

are faceted on {lll} and {100} Inl_xGaxAs planes as would be 

expected from growth kinetics and surface energy considerations. 

3.3 As-Deposited In/GaAs 

Figure eb shows a scanning electron micrograph of the UHV cleaned 

sample that is considered to be free of interfacial oxide. As can 

be seen in the micrograph, the as-deposited indium on the oxide-free 

substrate forms isolated rectangular islands. Most of the sub-

strate surface was covered by the islands with an average side of 

0.4 x 0.4 ~m2. Small rectangular islands (0.1 x 0.1 ~m2) are located 

between these large islands. Their geometrical shape and well-defined 

orientations strongly suggest an epitaxial relationship between the 

isolated rectangular islands and the substrate. 

Further study of these rectangular islands was performed by a 

combination of TEM plan-view and cross-sectional techniques. Fig-

ure 14 is a plan-view micrograph which shows the indium islands with 

the rectangular shape as seen in the SEM micrograph. From the anal-

ysis of the diffraction pattern together with the bright field image, 

the edges of the rectangular islands have been determined to be aligned 
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Fig. 13. lattice image of the InO.8GaO.2As patch shown in Fig. 12. 
The patch is faceted on the {111} and {lOO} close-packed 
planes. The microtwins and stacking faults formed to 
accommodate the oxide particles on the interface during 
the InO.8GaO.2As growth. 
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Fig. 14. TEM image of the as -deposited oxide- free sample. The edges 
of the rectangular indium islands are aligned along the <011> 
directions of the (100) GaAs substrate. 
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along the <110> family of directions on the (100) surface of the GaAs 

substrate. 

The cross-sectional technique was used to investigate the inter

face morphology for the as-deposited oxide-free sample. The orienta-

tion relationship between the In crystallites and the GaAs substrate 

(described below) have also been determined by this technique. A TEM 

cross-sectional micrograph is shown in Fig. 15. Comparing with speci-

mens containing the intervening oxide. it is obvious that there is no 

appreciable oxide layer appearing at the interface. Instead. a small 

reacted patch with a faceted shape is visible at the interface. From 

the diffraction pattern. four different phases have been found in this 

specimen. The four phases were identified by the diffraction analysis 

to be GaAs. In. InAs and In203 as shown in the indexed diffraction 

pattern. The very interesting point is that all four phases are epi-

t axial with the orientation relationships: 

[011 ]GaAsll [lil] rnll [011 ]InAsll [011]In ° 
2 3 

and (100) GaAs ll (110) Inll (l00) InAs11 (100)In ° 
2 3 

The orientation relationship between the GaAs substrate and the 

indium is further demonstrated with the aid of a stereographic projec-

tion which will be shown in the discussion section. The reacted patch 

with a geometrical shape above the interface in Fig. 15 was identified 

"to be epitaxial InAs formed during the thin film deposition or sample 

preparation. The facets of the InAs patch are on the {lll}InAs and 

{100}InAs surfaces. The indium oxide In203 was formed on the surface 
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Fig . 15. (a) TEM image of the as -deposited cross - sectional oxide - free 
sample. An InAs patch estimated by the diffraction analysis 
is shown on the oxide -free interface. 
(b) The diffraction pattern illustrating the orientation re 
lationships between the four epitaxial phases, GaAs. InAs, In 
and In203. 
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of the indium island after MBE deposition. The structure of the indium 

oxide In203 is cubic with a lattice parameter of a = 1.012 nm. 35 

3.4 Annealed In/GaAs 

The SEM micrograph (Fig. 8d) of the annealed oxide-free specimen 

shows that the surface morphology of the sample remains unchanged 

by annealing. The SEM image with higher magnification is shown in 

Fig. lOb to give a clearer picture on the surface morphology. 

. The interface morphology of the oxide-free sample after annealing 

has been studied by conventional, high resolution and analytical mi

croscopies of the cross-sectional samples. As can be seen in Fig. 16, 

the high resolution image reveals the reacted interface morphology. 

It is clear that the interface has moved -5-8 nm down into the sub

strate. The misfit dislocations and moire fringes at the interface 

result from the two distinct lattice parameters of the epitaxial is

land and the GaAs substrate. This information reveals that there is 

no graded layer existing at the interface, i.e., the interface is 

abrupt. The reacted phase formed after annealing can be identified 

structurally by the diffraction analysis and compositionally by the 

energy dispersive spectrometry. Based on Vegard's law, the epitaxial 

island was determined from the diffraction pattern to be the ternary 

phase InO.gGaO.1As with the zincblende structure. Analytical 

electron microscopy was also used to identify this phase. The EOS 

spectra from A and B give the compositional information from the 

epitaxial island and the GaAs substrate, respectively. Quantita

tive microanalysis of spectrum A suggests that the composition is 
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Fig. 16. High resolution image of the annealed cross -sectional oxide
free sample. The misfit dislocations and the moire fringes 
indicate an abrupt interface. Inset diffraction pattern was 
taken from the region including the reacted patch A and the 
substrate B. The patch A was estimated to be InO.9GaO.1As 
by diffraction analysis. The energy dispersive x- ray spectra 
obtained from the patch A and the substrate B are also shown 
to identify the patch as Inl -xGaxAs. 
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InO.6GaO.4As. This result does not coincide with the diffraction 

analysis due to the fact that the electron probe overlaps some of the 

substrate. Since the InO.gGaO.1As has a different lattice param

eter (a = 6.02 A) than GaAs (5.65 A}t it is obvious that there should 

be misfit dislocations at the interface to decrease the interfacial 

strain energy. These dislocations are visible at the interface and 

are spaced by 3-4 nm. 

Figure 17 gives another example of the oxide-free In/GaAs interface 

reaction after annealing. The two beam bright field image is shown in 

Fig. 17a. Indium oxide can be seen to cover the reacted island. The 

spectra from the island A and the substrate B are shown above the 

image. From the quantitative analysis of spectrum At this epitaxial 

island is determined to be -InO.02GaO.98As. The diffraction pattern 

shown in Fig. 17b from the interface region indicates that it is diffi

cult to distinguish the diffraction spots of this phase from those of 

GaAs because of the small amount of indium in this ternary phase. The 

high resolution lattice image in Fig. 17c reveals the detailed inter

face morphology. A misfit dislocation can be seen at the interface 

due to the mismatch (O.16%) between these two phases. This small 

mismatch leads to a low density of misfit dislocations at the inter

face. This result indicates that a large amount of GaAs has been 

dissolved into the molten indium during annealing. 

A third example is shown in the cross-sectional micrograph in 

Fig. 18. The reacted island shows three regions with different 

contrast. These phases were identified quantitatively by the EOS 
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Fig. 17. (a) HRTEM image of the annealed oxide-free sample. The misfit 
dislocations can be seen at the interface. The indium oxide 
shell appears on the surface of the In1-xGaxAs phase. 
(b) Diffraction pattern taken from the island A and the_ 
substrate B shows only the reflections from the GaAs [011] 
zone axis orientation. 
(c) lattice image of a misfit dislocation (arrowed in (a» at 
the interface. 

Quantitative microanalysis of the energy dispersive x-ray 
spectrum A indicates the patch A to have the composition of 
InO.02GaO.9SAs. 
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Fig. 18. TEM image of the annealed oxide-free sample. The three grains 
B, C, and 0 formed after annealing at 350°C for 10 minutes 
show different contrast. The indium oxide shell is visible 
over the whole surface of the reacted island. The energy 
dispersive x-ray spectra were taken from the substrate A and 
the grains B. C and 0, respectively. The grain C was identi
fied to be InO.1GaO.9As. Band 0 were found to have the 
compositions 70.6% In, 18.8% Ga, 10.6% As and 76.4% 
In, 13.2% Ga and 10.4% As, respectively. 
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technique. Four spectra have been obtained from the substrate A and 

the three grains B. C and D. The grain C has been determined to be 

InO•1GaO.gAs. As shown in the spectra, the grains Band 0 are 

indium with small amounts of Ga and As. Grain B consists of 70.6% 

indium, 18.8% gallium and 10.6% arsenic, and grain 0 has a com

position of 76.4% indium, 13.2% gallium and 10.4% arsenic. 
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4. DISCUSSION 

4.1 Mechanism of the In/GaAs Reaction 

Materials-related limits to the performance and the stability of 

contacts to GaAs have motivated recent investigations of Metal/GaAs 

interface reactions. Following Sands et !J.., 36 reactions between 

compound semiconductors, AB, and reacting metal species, M, can be 

classified into four categories based on the types and depth distri

butions of the product phases. These four categories are: 

1) Reactions that produce layered binary compounds. The layer 

sequence is determined by the dominant moving species and interfacial 

effects. An example of this type of product phase morphology is the 

PtGa/PtAs2/GaAs l~yer sequence that results from the Pt/GaAs reaction; 

2) Reactions that result in the formation of ternary phases of 

the type MxGaAs where the reaction is analogous to the formation of 

a silicide on silicon. For example, Ni and Pd react with GaAs to form 

the ternary compounds NixGaAS, and PdxGaAs (phases I and II), re

spectively; 

3) Reactions that involve the exchange of cations in which the 

reacting species M (usually from the same column of the periodic table 

as A) exchanges with the cation A, leaving the B sublattice essenti

ally invariant. The topotaxia1 product phase has a similar or, in 

many cases, identical structure and orientation as the semiconductor 

substrate. For example, In on GaAs reacts to form In1_xGaxAs 

+ InxGa1_x ; 
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4) Reactions that result 1n the accumulation of the anion B at 

or near the M-A/AB interface. This product phase morphology results 

from a preferential reaction between M and A under conditions which do 

not allow the escape of B by diffusion or sublimation. The thermal 

oxidation of GaAs at 500°C37 and the Au/GaAs reaction38 are examples 

of anion accumulation reactions. These four categories are sufficient 

to describe the initial reactions between most metals and compound 

semiconductors. During further annealing and during annealing at 

high temperature, additional reactions may occur. 

Previous studies1,2 suggest that the In/GaAs reaction is a 

cation exchange reaction during which In1_xGa xAs + InxGa~_x should be 

formed. Lakhani 2 interpreted his AES results as demonstrating the ex-

istence of a graded In1_xGa xAs/GaAs heterojunction (0 ~ x ~ 1) producea 

by heat treating thermally-evaporated indium films on GaAs substrates. 

As described in the introduction, the presence of a graded layer is 

thought to be a criterion for produclng ohmic contacts with low spec

ific resistance. 3 Lakhani found that annealing above 250°C produced 

ohmic contacts (the lowest resistance resulted from annealing at 

350°C). Based upon the theory described in Ref. 3, this electrical 

behavior is consistent with the formation of a graded heterojunction. 

The results of this investigation, however, clearly demonstrate that 

annealing an In film, albeit a thinner film than studied by Lakhani 

(50 nm compared with 200 nm), on GaAs at 350°C results in an abrupt 

heterojunction. 
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The mechanism of the In/SaAs interface reaction during annealing 

has been revealed by the analyses of two-beam bright-field images. 

diffraction patterns and energy dispersive spectrometry from cross

sectional and plan-view TEM specimens. During annealing at 350°C, the 

as-deposited indium thin film is molten (indium melts at 156°C). Gal

lium and arsenic dissolve into the molten In to their solubility limits 

at 350°C (probably a few atomic percent). Evidently the system can 

lower its free energy further by entering a metastable supersaturated 

state. In other words, Sa and As are dissolved into the molten In 

until Inl_xSaxAs is nucleated. Diffraction patterns and images (Figs. 

16, 17, 18) show that the In1_xSaxAs epitaxial patches are rather uni

form in composition. The atom function x. in In1_xSaxAs is determined 

by the degree of Sa and As supersaturation at the time of nucleation. 

As discussed below. most epitaxial In1 Sa As patches have x < 0.2. -x x 
In the sample free of the intervening native oxide, Inl Sa As is-x x 
lands with x > 0.9 are also observed. No islands with intermediate 

values of x have been observed suggesting that there may be a miscibil-

ity gap in the InAs-SaAs ·pseudo binary phase diagram at 350°C. If a 

miscibility gap is present, it may be impossible to grow a graded layer 

at 350°C. This would appear to be in direct conflict with Lakhani IS 

model of heterojunction formation. Furthermore, it is apparent from 

images such as Fig. 16 that the In/SaAs reaction does not involve the 

solid-state exchange of cations. Such a reaction could very well lead 

to the formation of a graded heterojunction over at least part of the 

composition range. Instead the In/SaAs reaction involves dissolution 
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of the substrate, supersaturation of Ga and As in In, and finally. pre-

c;pitation of Inl Ga As in the form of islands on top of the new -x x 

substrate surface. 

4.2 Morphological Features of the In/GaAs Reaction 

4.2.1 The In-GaAs Orientation Relationship 

Indium is a pseudo-metal which is placed in the periodic table as 

a IIIB element. The crystal structure of the IIIB elements are not 

those of typical metals (fcc, hcp, bcc). Indium has a body-centered 

tetragonal unit cell with ao = 0.3244 nm and Co = 0.4938 nm. This 

structure can be obtained by the elongation of a face-centered cubic 

unit cell by a factor of 1.07 along a <100> f.c.c. direction [Fig. 

19]. Thus the structure of indium can be described alternatively in 
I 

terms of a distorted f.c.c. pseudo-unit cell having ao = 0.4588 nm 
I 

and Co = Co = 0.4938 nm. As in f.c.c. metals, the coordination num-

ber of In is 12. However, four of the nearest neighbor atoms are at a 

distance of 0.324 nm with the remaining eight atoms at a distance of 

39 0.337 nm. 

As shown in the results section, the In/GaAs orientation relation

ship ;s [Ofl]GaAsli[lfi]In' (lOO)GaAsli(llO)In.' This orientation rela

tionship ;s illustrated in Fig. 20 with the aid of a stereographic 

projection. In terms of the pseudo-cubic unit cell described above, 

the orientation relationship is pseudo-cubic (In) on cubic (GaAs). 

In other words, close-packed planes in indium ({Oll }tet,In) and 

GaAs({lll }GaAs) are approximately parallel. 

·1 
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fig. 19. The structure of indium shown as body-centered tetragonal on 
the right and the pseudo face-centered cubic on the left. 
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From the orientation relationship given above and the known in-

dium structure, we now are able to discuss the microstructure at the 

In/GaAs interface. For the as-deposited In/GaAs specimen, the 

mi smatches of the two pe"rpendi cular arrays of In and GaAs latti ce 

" -planes {(OlO)GaAs"(OOl)In and (OOl)GaAs"(llO)In) can be calculated 

according to Eq. (3) 

d - d f _ f 0 
- d

avg 

w~ere df is the unstrained plane spacing in the overlayer. do is"" 

(3) 

the corresponding plane spacing of the substrate and davg is the 

average of do and dfo The misfits (mismatches) at the In/GaAs 

interface are found to be 13.4% and 20.6% for the arrays of 

(OlO)GaAs"(OOl)In and (OOl)GaAs"(liO)In' which are the low values rel

ative to other possible combinations of low index lattice spacings 

except {llO}GaAs" {llO}In lattice spacing with a misfit of 14%. This 

is the key point for the orientation relationship because the interfac

ial energy increases with the degree of misfit at the interface be-
" 40 

tween two crystals. Therefore, the arrangement of the low mis-

matched lattices at the interface will be formed to make the system 

reach a low energy and stable condition. 

4.2.2 Faceting of In Particles 

As shown in the results section, In particles on both the samples 

with and without the intervening oxide exhibit crystallographic fac-

eting on {110} and {Oll} Indium planes. Since the {Oll}In planes 
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are the most closely packed planes, this faceting behavior is con

sistent with the minimization of surface energy.40 

By combining the observation of faceting of In particles on low 

energy planes with the determination of the In/GaAs orientation re-

lationship, one can explain the shape and orientation of the In par

ticles observed in Fig. 9. As will be discussed below, the native 

oxide disrupts the'In/GaAs orientation relationship. The In islands, 

however, are still faceted. 

4.2.3 The In, Ga As/GaAs Interface -x--x 
As described in Sec. 4.', the In/GaAs reaction involves the 

dissolution of the substrate, super~aturation of Ga and As in the 

molten In and precipitation of In,_xGaxAs in form of islands on top of 

the substrate surface. The epitaxial In, Ga As islands that grow dur-. -x x 
ing annealing have the zinc blende structure with a different lattice 

parameter from the substrate. The mismatch between the two phases can 

be accommodated by straining elastically one or both of the two lat

tices at the interface, or by forming misfit dislocations to allow the 

lattice constant of the film to relax towards the unstrained value. 

As shown in Fig. '6. there is a high density of misfit dislocations at 

the interface between the epitaxial InO.9GaO.,As phase and the sub

strate due to the large mismatch (6.3%). The existence of the mis

fit dislocations further indicates the abrupt nature of the interface 

between the In, Ga As island and the substrate. -x x 
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In, Ga As patches can also be found in the sample with the inter-x x 
vening oxide, where the patch can grow into the In island through a 

broken oxide region during annealing. From the results section D such 

an In1_xGaxAs patch has been shown to have a composition with x = 0.2 

[Fig. 12]. The lattice image in Fig. 13 gives more detailed informa

tion. It is not surprising that this InO.aGaO•2As patch is faceted on 

{111} and {100} planes which are the first and second most closely 

packed planes, suggesting that they have the lowest surface energies. 

We would expect the same results from kinetic arguments. The stacking 

faults formed in this patch are due to the rough oxide layer on the 

substrate. When the patch grows on. the rough oxide surface. stacking 

faults are formed to accommodate the oxide particles. 

4.3 Effect of the Native Oxide 

4.3.1 Effect of the Native Oxide on Morphology of As-Deposited 

Films 

As discussed in Section 2.2. the as-deposited indium forms isolated 

rectangular islands on the oxide-free GaAs substrate. These rectang-

ular indium islands have a well-defined orientation relationship with 

the GaAs substrate due to the energetic factors described above. In 

order to determine the effect of the native oxide at the interface. 

indium was deposited onto the chemically cleaned substrate which had 

not experienced an oxide-desorbing treatment under UHV conditions. 

Based on previous experience.4l a native oxide layer of 1 - 2 nm in 

thickness was expec~ed on the chemically cleaned GaAs surface. Figure 

a shows the SEM images from both UHV cleaned and chemically cleaned 
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samples. Comparing these two images. it is clear that the surface 

morphologies of these two samples are different. For the chemically 

cleaned sample. the isolated indium islands do not exhibit any pref-

erential orientation in contrast to the In islands on the oxide-free 

GaAs substrate. This thin (1.3 ± 0.3 nm) oxide layer is sufficient to 

completely disrupt the In/GaAs orientation relationship as observed in 

the oxide-free sample. 

4.3.2 Effect of the Native Oxide on the In/GaAs Reaction 

The In/GaAs reaction is largely inhibited by the presence of the 

thin native oxide/hydrocarbon layer. The In/GaAs reaction does ini-

tiate locally. probably through pores. cracks and thin patches in the 

intervening oxide. Locally. the reaction mechanism is the same with 

or without the native oxide layer. However. the extent of the reaction 

is greatly limited by the presence of the oxide. The native oxide lay-

er is also detrimental to the structural perfection of the In, Ga As -x x 

epitaxial islands. As can be seen in Fig. '3. stacking faults and mi-

crotwins in In, Ga As/GaAs emanate from particles of oxide at the -x x 
In, Ga As/GaAs interface. This morphology strongly suggests that -x x 
Shockley partial dislocations form due to stresses or growth mistakes 

which result from accommodation of the oxide particles during growth. 

Indeed. ~tacking faults were not observed in In, Ga As patches -x x 

grown on the oxide-free wafer. 

To explain the inhibitation of the reaction by the native oxide. 

it is necessary to understand the mechanism of the oxide formation 

from a thermodynamic point of view. As discussed by Zilko et li .. 42 
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Bertrand43 and by ada et !I. experimentally,44 the native oxide formed 

at room temperature consists of Ga203, As203 and elemental As depend-

ing on the details of the chemical cleaning method. The Gibbs free energies 

of formation of In203, Ga203 and As203 at 298.15°K are found to be 

-198.6, -238.6 and -138 Kcal/mo1, respectively.4l Since the Gibbs 

free energy for In203 formation is higher than that of Ga203, the in

dium oxide In203 is thermodynamically unstable relative to Ga 203 so 

that no reaction is expected between the as-deposited indium and Ga203 
during annealing. Thus, it is not surprising that the native oxide 

inhibits the In/GaAs reaction. 

4.3.3 Comparison with Other M/GaAs Reactions 

Chemical reactions between deposited metals .and the native oxide 

on GaAs have been examined by Kowalczyk et !I.45 using x-ray photo-

emission spectroscopy. It was demonstrated that the (100) GaAs sur-

face covered with a 1 - 2 nm thick native oxide layer can be altered 

by chemical reaction with the electropositive metals Al, Mg, Ti and Cr 

at the room temperature. Whereas, the more electronegative metals Au, 

Ag and Cu are inert with respect to the native oxide. As described in 

Ref. 45, the Gibbs free energyAG calculated for M/oxide reaction 

together with the experimental results indicates that the electropos-

itive metals should reduce the initial native oxide layer on the GaAs 

surfac~ to produce an interface region which consists of a non-in-

sulating mixture of metal and metal oxide. The predicted chemical 

reactivities of deposited metals with the native oxide on GaAs are 
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summarized in Table 1. Of course. this crude analysis ignores the 

possibility of ternary oxide phases. 

From a practical standpoint the effect of metal-native oxide 

interactions on metal-GaAs reactions is of primary importance. For 

example, Keramidas46 showed that addition of a small amount of Al 

between Au-Be and A1GaAs enhanced the Au-Be/A1GaAs reaction. Evidently 

the Al reduced the native oxide on A1GaAs, causing the oxide to ball 

up thereby allowing direct contact between Au-Be and A1GaAs. In a 

study of the Hi/GaAs, Pd/GaAs and Pt/GaAs reactions. Sands et !l.36 

found that the Pd-GaAs reaction mechanically disperses the native 

oxide during deposition of Pd whereas the Hi/GaAs reaction is com

pletely prevented locally by the thin native oxide layer (1 - 2 nm) at 

temper'atures up to 220°C. In regions where the Hi penetrates the na

tive oxide through pores, cracks or thin spots, the residual native 

oxide is pushed toward the surface, eventually ending up on the sur

face when the reaction is complete. On the other hand, since both Pt 

and Ga are moving species during the Pt/GaAs reaction, the residual 

native oxide resides between the PtGa and PtAS 2 layers when the 

reaction is complete. 

Of the three reactions, Hi/GaAs, Pd/GaAs and Pt/GaAs, only the. 

Hi/GaAs reaction is noticeably jnhibited by the native oxide layer. 

In examining Table 1, we see that Hi is situated between Ga and As in 

its affinity for oxygen. Thus Hi may have some limited interaction 

with the native oxide layer. From Table 1. one would expect In/GaAs, 
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Tab1~ 1. Summary of interfacial chemistry for several metals deposited on native oxide surfaces 
of GaAs. 

Reaction with 
the native oxide Oxide 

Metal (Ga203 + AS 203) Products 

predicteda 

Au No Au203 
Ag No AgO 

Pt No Pt304 
Pd No PdO 

Cu No CaO 

As AS 203 
Ni No NiO 

In No In203 
Ga Ga203 
Cr Yes Cr203 
T1 Yes T1 203 
A1 Yes A1 203 
Mg Yes MgO 

66 (KCa1/mo1)b 
Reacted with 

Ga
2
03 As

2
03 

278.0 177.0 

249.0 148.0 

149.0 ,~8.0 

83.5 -17 .2 

40.1 -60.0 

-11.0 -112.0 

-107.0 -208.0 

-138.0 -239.0 

-169.0 -270.0 

a Prediction based on thermodynamic data presented 1n this 

6H (kcal/mol)b 
Heat of Formation 
of MOper oxygen . x y 

-0.72 

-2.7 

-9.8 

-20.0 

-37.6 

-50.3 

-51.7 

-73.8 

-86.2 

-90.0 

-122.0 

-133.3 

-143.8 

table. 

x (element)C 
E1ectronegativity 

(Pauling Scale) 

2.4 

1.9 

2.2 

2.2 

2.0 

2.0 

1.8 

1.7 

1.6 

1.7 

1.5 

1.5 

1.2 

b The free energies used to calculate the 66's were obtained from Handbook of Chemistry and 
Physics, 64th ed., edited by R.C. Weast (CRC Press, Florida, 1983) and Lange's Handbook 
of Chemistry, edited by J.A. Dean (McGraw-Hill, New York, 1979). 

c H.Hotop and W. C. Lineberger, J. Phys .. Chem. Reference Data. 4, 539 (1975). 
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the subject of the current study. to behave in a similar manner to 

Ni/GaAs with respect to the native oxide layer. Indeed, the In/GaAs 

reaction has been shown above to be greatly impeded by the presence of 

an intervening oxide layer. The exact mechanisms behind this behavior, 

however, remain unclear. Certainly, the metal IS affinity for oxygen, 

the morphology of any reaction products and the magnitude of the chem

ical driving force for the M/GaAs reaction must all be considered as 

important factors in determining the role of the native oxide in MIAS 

reactions. 
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5. SUMMARY 

The principal conclusions of this investigation are summarized 

below: 

1. The mechanism of the In/GaAs reaction is revealed by TEM 

study to be: the dissolution of Ga and As from the substrate into the 

molten In at 350°C. and the precipitation of epitaxial islands of 

In1_xGa xAS (x < 0.2, x > 0.8) on the new GaAs surface during annealing 

and cooling. The observed interface morphology shows that the inter-

face is abrupt, and misfit dislocations appear at the interface be-

tween the epitaxial In1 Ga As and the GaAs substrate. -x x 
2. The SEM and TEM images show the surface morphology of as·· 

deposited indium on the (100) oxide-free GaAs substrate. The results 

indicate that the as-deposited In islands have a rectangular shape 

with a size of about 0.4 x 0.4 (pm)2. The edges of the islands are 

aligned along the <110> directions of the substrate. The rectangular 

shape of the indium islands is due to the effects of the interfacial 

lattice mismatch and the surface energy of indium. 

3. The orientation relationships between the as-deposited indium 

and the oxide-free GaAs substrate, togeth.er wlth the InAs patch formed 

near the interface and the indium oxide In
2

0
3 

on the surface of the 

In island, have been revealed by the electron diffraction analysis to 

be: 
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4. The phenomenon of faceting of the indium patches on the GaAs 

substrate and the In1 Ga As phases formed after annealing have been -x x 
observed by TEM. The orientations of the facets on the indium island 

and In1_xGaxAS phase are determined to be {Oll}ln' {llO}ln and 

{111}ln Ga As' {100}!n Ga As which have low surface energy and 
1-x x l-x x 

stable surface structure. 

5. The effects of the thin native oxide layer on the as-de

posited and annealed samples have been studied by SEM and TEM tech-

niques. The observations of the arbitrarily shaped indium islands and 

the interface morphology indicate that the" native oxide layer disrupts 

the.orientation relationship between the as-deposited indium and the 

GaAs substrate, and also greatly inhibits the In/GaAs interface re-

action during annealing at 350°C for 10 minutes. 
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&. CONCLUSION AND FUTURE WORK 

The mechanism of the In/GaAs reaction at 350°C and the In/GaAs 

interface morphologies with and without the intervening native oxide 

both before and after annealing at 350°C have been determined. The 

results show that it may be impossible to obtai~ a graded hetero- . 

junction layer of Inl Ga As at the interface by annealing at 350°C -x x 
due to a miscibility gap in the InAs-GaAs system. Thus. a graded band 

gap. which should result in extremely low specific contact resistiv

ity. cannot be obtained by annealing at 350°C. This is puzzling since 

Lakhani observed the lowest contact ~esistance after annealing at 

350°C. On the other hand, the inhibition of the In/GaAs reaction by 

the intervening native oxide makes the ohmic contact fabrication im-

practical since an oxide~free interface can only be obtained under UHV 

conditions. 

These results raise new Questions regarding our basic understanding 

of the In/GaAs system from the structural, electronic and thermodynamic 

points-of-view. Further work is clearly necessary. 

A systematic study of the effects of annealing temperature on the 

interface morphology and electronic properties of the In/GaAs hetero~ 

junction would be of both fundamental and practical interest. It 

would also be interesting to study the structure of In, Ga As layers -x x 
grown at higher temperatures and then annealed at 350°C in order to 

establish the existence of a miscibility gap in the InAs-GaAs pseudo

binary system. A study of the In/Pd/GaAs system' would also be of prac-

tical interest since the Pd/GaAs reaction can disperse the native oxide 
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layer mechanically during deposition of Pd so that indium may be free 

to react with the GaAs substrate in a manner similar to the reaction 

between In and UHV cleaned GaAs. 
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