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Thermally stable Al/n-GaAs Schottky contacts, up to annealing temperature at 500 “C for 20 s, have 
been realized by sputter deposition. The Schottky barrier height was 0.75 eV (0.9 eV) when using 
the current-voltage (Z-V) [capacitance-voltage (C-V)] method with an ideality factor of 1.09 for the 
as-deposited samples. The Schottky barrier height increased to 0.97 eV (1.06 eV) with an ideality 
factor of 1.07 after annealing at 400 “C for 20 s. The discrepancy between I-V and C-V 
measurements was attributed to deep levels existing in the GaAs substrate. A (200) dark-field 
cross-section transmission electron microscopy image of the contact after annealing at 600 “C 
showed that the (Ga,Al)As phase formed at the interface and the enhancement of the Schottky 
barrier height was due to the formation of this phase. 

The electrical and thermal stability of metal GaAs inter- 
faces is a general problem which impacts on many technical 
areas. The performance and thermal processing stability of 
GaAs devices can often rely on the interfacial phenomena of 
metal/GaAs heterostructures. In particular, Al contacts to 
n-GaAs, which are used extensively as a Schottky barrier 
gate for metal semiconductor field-effect transistors (MES- 
FE’&), have often demonstrated a sensitivity to thermal pro- 
cessing conditions.6 Several groups of investigators have 
tried to make Al/n-GaAs contacts in ultrahigh vacuum to 
improve the thermal stability of these contacts.‘-4 Neverthe- 
less, the thermally stable contacts achieved up to date is at 
500 “C annealing for one hour in a conventional furnace.r?* 
The barrier heights for these as-deposited contacts were 
about 0.75 eV and for the annealed contacts were less than 
0.9 eV.lW3 The enhancement of the Schottky barrier height 
(SBH) for the Al/n-GaAs diodes has been attributed to the 
formation of (Ga,Al)As at the Al/GaAs interface. However, 
the formation of (Ga,Al)As has not yet been directly deter- 
mined. This may be due to the difficulty of obtaining the 
high contrast between GaAs and (Ga,Al)As using a bright 
field cross sectional transmission electron microscopy 
(XTEM) image. In addition, the interfacial reaction between 
Al and GaAs has not been fully explored making predictions 
of the interfacial structure difficult. 

In the present study, the thermally stable contacts refer to 
Schottky contacts possessing ideality factors less than 1.1 
after annealing at 500 “C for 20 s. AVn-GaAs has been ex- 
amined by XTEM, scanning Auger microscopy (SAM), and 
deep-level transient spectroscopy. The Ga-Al-As ternary 
phase diagram5 was used to rationalize the Schottky en- 
hancement and the interface reaction. 

Unintentionally doped (-3X 1016 cmW3) n-GaAs wafers 
with a (100) orientation were used as substrates in the 
present study. A lift-off process was used for fabricating the 
contacts. The substrates were degreased with trichlorethylene 
(TCE), acetone, and methanol for 5 min each. The degreased 

wafers were then patterned with an array of 0.5-mm-diam 
dots using a standard lithographic technique. Prior to Al 
deposition, the patterned substrates were cleaned for 2 min in 
10% by volume NH40H:H20, followed by blow drying with 
Na. Al thin films were deposited by sputter deposition to a 
thickness of 100 nm at an Ar pressure of 4 mTorr. Thermal 
annealing~was carried out in a rapid thermal annealing fur- 
nace at temperatures ranging from 325 “C for 5 min to 
600 “C for 20 s. The back side ohmic contacts were made by 
alloying In into the GaAs at a temperature of 400 “C for 1 
min. 

The I-V characteristics were analyzed using thermionic- 
emission theoty6 The relationship between the current and 
the applied forward voltage is given by the following equa- 
tion: 

I=SA**T’ exp[-q(~B,-A~B,)lkT] 

X [exp(qV/nkT) - 11, iI> 
in which S is the contact area, A is the effective Richardson 
constant (8.64 A/cm2 K2 for n-GaAs), k is the Boltzmann 
constant, T is the temperature in K, A&,, is the Schottky 
barrier lowering [=(qE14res)1/2,6 E is the maximum elec- 
tric field at the metal-semiconductor interface and es is the 
permittivity of semiconductor], and iz is the ideality factor. 
The ideality factor must be close to 1 to assure that therm& 
onic emission is the dominant transport mechanism. The re- 
lationship between the rectifier capacitance at the metal- 
semiconductor interface and the Schottky barrier height used 
in this study is given by6 

1/C2=2(i$,,-V-kTlq)lq~sND, i2) 
where No is the dopant concentration in the semiconductor, 
es is the permittivity of the semiconductor, C is the diode 
capacitance per unit area, and V is the applied reverse volt- 
age. 

The deep-level transient spectroscopy (DLTS) system 
was carried out to analyze these Schottky diodes. The mea- 
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TABLE I. Schottky barrier heights measured by I-V and C-V methods and 
the ideality factors for the Al/n-GaAs contacts are shown as a function of 
annealing condition. 

Annealing treatment 4;: Sk” n 

As-deposited 0.75 0.90 1.09 
325 “C/5 min 0.92 1.05 1.06 
400 “C/l min 0.97 1.06 1.07 
500 “c/z0 s 0.89 1.02 1.09 

surement temperature range was 77-400 K. Four rate win- 
dows were monitored simultaneously on the measured tran- 
sient. These measurements were then used to determine the 
emission rate, energy levels, and trap concentrations. 

I-V measurements show that in linear relationships of 
log I-V exist in the forward bias over a wide range of the 
current measured, i.e., seven orders of magnitude. The leak- 
age current is below 2X 10P8 A/cm2 at reverse bias for 1 V 
for the contacts annealed at 325 and 400 “C. Linear relation- 
ships also exist between l/C2 and the reverse bias. Values of 
the Schottky barriers, 4;: and &iv, as well as the ideality 
factors, II, are summarized in Table I as a function of the 
annealing temperature. The data clearly indicate the Al/n- 
GaAs contacts are thermally stable up to 500 “C annealing 
for 20 s, similar to those fabricated in ultrahigh vacuum.‘*’ 
The contacts, which become non-rectifying after annealed at 
600 “C for 20 s, are not listed in Table I. It is worth noting 
that the barrier height of the as-deposited contact is the same 
as that of the epitaxial Al contact (0.75 eV) on rz-GaAs, 
grown by molecular beam epitaxy (MBE).’ The high SBH of 
0.97 eV (1.06 eV), with an ideality factor 1.07, when using 
the I-V (C-V) method occurred for the contacts annealing at 
400 “C for 1 min. The value of 0.97 eV is the highest barrier 
height achieved so far for the annealed Al/n-GaAs diodes 
and is close to that of the as-deposited AllAlAs diodes 
(0.93-0.99 eV).4s7 

The Schottky enhancement and the interface reaction 
can be rationalized in terms of the Ga-Al-As ternary phase 
diagram.’ The compound semiconductors GaAs and AlAs 
form a series of continuous solid solutions but Ga and Al 
form a two-phase equilibrium. Aluminum, which has an ap- 
preciable solubility for Ga, is not in thermodynamic equilib- 
rium with GaAs, but is in equilibrium (Al,GajAs. A reaction 
would occur at the interface when Al is in contact with GaAs 
at a sufficient high temperature. This reaction causes an ex- 
change of Ga for Al in the GaAs substrate as discussed 
previously,s forming an Al-rich (Ga,Al)As solid solution at 
the interface. It is the presence of the Al-rich compound 
semiconductor at the interface which may cause the Schottky 
enhancement. A bright-field and a (200) dark-field XTEM 
images of an Al/n-GaAs contact under 600 “C annealing are 
shown in Figs. l(a) and l(b). As shown in Fig. l(a), it is 
difficult to unambiguously determine the presence of the 
(Ga,Al)As phase due to the poor contrast between GaAs and 
(Ga,Al)As. However, the (Ga,AljAs phase can be distin- 
guished from the GaAs phase using a (200) dark-field XTEM 
image.’ The difference between the diffraction factor of Al 
and that of As is substantial, while the difference between the 
diffraction factor of Ga and that of As is quite small. The 

FIG. 1. (a) A bright field and (b) a (200) dark-field XTEM image of the 
contact annealed at 600 “C for 20 s, are used to discern the presence of a 
(Ga,AI)As phase. The (Ga,Al)As phase would be bright and the GaAs phase 
would be dark on this dark field image. 

(Ga,Al)As phase would be bright and the GaAs phase would 
be dark on this dark-field image. As shown in Fig. l(b), a 
thin bright stripe at the interface can be seen in this image 
which is assumed to be the (Ga,Al)As phase. Evidence for 
the Ga-Al exchange reaction leading to the (Ga,Al)As for- 
mation may be found from the Auger depth profiles of the 
A&z-GaAs contacts after annealing at 500 “C for 20 s shown 
in Fig. 2. As shown in Fig. 2, the Ga curve lies above the As 
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FIG. 2. Auger depth profiles of NGaAs contacts for samples annealed at 
500 “C for 20 s indicates the extent of interaction upon annealing. 
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curve at the interface (as marked by the arrowj. The Ga 
curve is superimposed on the As curve at the interface for the 
as-deposited contact which is not shown here. Figure 2 dem- 
onstrates that Ga out-diffused in the Al thin film and the 
Ga-Al exchange reaction occurred at the interface. 

The appearance of a high barrier height, obtained in the 
present study but not by other investigators, may be attrib- 
uted to a difference in the thermal annealing processes used 
in previous studies.“” The rapid thermal annealing process, 
which could limit the extent of interdiffusion at the interface, 
was used in the current research. Most reaction rates are 
exponential function of temperature. The extent of reaction 
at the interface is expected to be more extensive at 500 “C 
than that at 400 “C. This extensive reaction, which induces 
severe out-diffusion of Ga from GaAs or the indiffusion of 
Al from the Al layer, can create point and extended defects 
either at the interface or within the bulk of GaAs. These 
defects enhance the current transport resulting in a low de- 
duced barrier height when applying Eq. (1). Such additional 
defect-related current transport would result in a lower bar- 
rier height for samples annealed at 500 “C than those an- 
nealed at the 400 “C. The interfacial reaction would be even 
more severe at 600 “C, generating more defects, since the 
high annealing temperature is close to the melting point of 
aluminum (660 “C) leading to an accelerated interfacial re- 
action. The degradation of the contacts annealed at 600 “C, 
results from this enhanced reaction. The conventional an- 
nealing furnaces with longer annealing times used in previ- 
ous studie@ would cause more extensive reactions than the 
rapid thermal annealing furnaces used in this study. The low 
Schottky barrier heights, less than 0.9 eV, obtained by other 
groups could be due to more extensive interfacial reactions 
realized with longer annealing times. 

The discrepancy between 4;: and $g;,;;” has also been 
reported in the literature” and has been attributed to several 
effects.” Three of these effects are possible for the discrep- 
ancy in the present study. The first factor is the variation of 
effective surface area with the reverse bias. The second fac- 
tor is the surface charges associated with an interfacial oxide 
layer. The third factor could be deep traps within the bulk of 
GaAs. The first factor can be ruled out since a planar inter- 
face is formed, as seen in the XTEM image in Fig. 1, be- 
tween Al and GaAs for the sample annealed at 600 “C. The 
second factor becomes significant only when the interfacial 
oxide layer is very thick. A thick oxide layer (-3 run) would 
result in an ideality factor greater than 1.3.12 The second 
factor is also not significant, because ideal I-V characteris- 
tics were obtained in this case. The third factor, enhanced 
current transport due to deep levels, was explored using 
DLTS in the present study. Three kinds of deep traps were 
found in the bulk GaAs substrates for all the as-deposited 
and annealed diodes. The energy levels are 0.33, 0.58, and 
0.78 eV and their concentrations for the as-deposited diode 
are 3.4X10”, 1.2X1014, and 8.6X 1014 cmM3, respectively. 
Their concentrations for the diode annealed at 400 “C for a 
minute are 2.6X10”, 9.3X1013, and 1.5X lOI cma3, respec- 
tively. It seems that the heat treatment, done by rapid thermal 
annealing process, did not affect the defect structure near the 
depletion region edge, -200 nm from the interface. Similar 

DLTS spectra with almost the same energy levels have been 
observed by other workers and these energy levels were 
identified as EL6, EL3, and EL2, respectively.‘3 It is worth 
noting that a high defect concentration which may be in- 
duced after annealing at high temperatures resulting in the 
lowered barrier height cannot be detected by DLTS. DLTS 
has little sensitivity to deep levels near the metal/GaAs in- 
terface. A higher concentration of deep levels would be ex- 
pected in the GaAs close to the reactive interface. The lower 
level of defect measured to the depletion region edge, -200 
nm from the interface, could reflect the deep level structure 
near the reaction front. As seen from Fig. l(b), the reacted 
layer of (Ga,Al)As is very thin, less than 5 nm for after the 
contact annealed at 600 “C for 20 s. The interfacial reactions 
may induce a high defect concentration near the interface 
that cannot be detected by DLTS, yet can result in a reduced 
barrier height by I-V and a larger flat-band voltage when 
measured by C-V,16 If the distribution of the deep trap con- 
centration was assumed to follow an error function with sur- 
face concentration equal to 2.8X102’ cme3, the flat-band 
voltage can be increased by as much as 0.1 eV, leading to 
different barrier heights determined by C-V and by I- V tech- 
niques. 

In summary, thermally stable Al/n-GaAs Schottky con- 
tacts, up to 500 “C for 20 s, have been realized by sputter 
deposition from an Al target to (100) n-GaAs at a base pres- 
sure -2X10v7 Torr. The high Schottky barrier height 0.97 
eV (1.06 eV) with an ideality factor 1.07 when using the I-V 
(C-V) method was measured for the contacts annealed at 
400 “C for 1 min. The value of 0.97 eV is the highest barrier 
height achieved so far for the Al/n-GaAs diodes. The en- 
hancement of the barrier height for the annealed contacts was 
rationalized using a Al-Ga-As ternary phase diagram. 
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