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We report here a systematic study of the annealing-induced changes in the barrier height of Schottky -

barrier diodes fabricated on atomically-clean and contaminated surfaces. Al, Ag, Au and Cr/
GaAs(110) diodes were fabricated by in-siru deposition on clean n-type GaAs(110) surfaces
prepared by cleavage in ultrahigh vacuum and on contaminated surfaces prepared by cleavage and
exposure to the atmosphere for ~1-2 hours. This study demonstrates that the as-deposited barrier
height and the annealing-induced changes in the barrier height of diodes formed with an interfacial
layer of contamination are distinctly different from the characteristics of diodes formed on clean
semiconductor surfaces. The presence of an interfacial layer of contamination is found to
significantly degrade the stability of the diode's barrier height to annealing.



A large number of commercial electronic devices depend on the formation of Schottky barriers
which are reliable, reproducible and stable against time and temperature. The fabrication of structures
which fullfill these requirements is one of the most challenging problems facing the semiconductor
device manufacturer today. Typically, the Schottky barriers are formed using conventional integrated
circuit fabrication methods which include a chemical clean and exposure to the atmosphere before
insertion into the metal-deposition vacuum chamber.l,2 This procedure allows a thin layer of
contamination to form on the semiconductor surface prior to metal deposition.l,3 In this work, we
directly compare the electrical characteristics of annealed metal/GaAs junctions which are formed on
atomically-clean surfaces with those formed on surfaces exposed to the atmosphere for a brief period.

Al, Ag, Au and Cr/ GaAs(110) diodes were fabricated by in-sizu depositon on clean n-type
GaAs(110) surfaces prepared by cleavage in ultrahigh vacuum (UHV) and on contaminated surfaces
prepared by cleavage and exposure to the atmosphere for ~1-2 hours. Henceforth, these diodes will
be referred to as UHV-cleaved diodes and air-exposed diodes, respectively. The samples used were
2-5x1016/cm3 Si-doped GaAs. The UHV-cleaved diodes were fabricated in a vacuum chamber
which was baked-out to obtain UHV conditions (base pressure 2-4x10-10 torr). Average pressures
were kept below 10-9 Torr during the initial stages of Schottky barrier formation (<100 A). So that
the air-exposed surfaces were not subjected to any unnecessary heat before metallization, a chamber
bakeout was not performed. For the diodes produced on the air-exposed surfaces, the pressure
during metal deposition was approximately 10-7 torr. Diodes of typically 460 pum in diameter were
defined by a shadow mask placed just in front of the samples. After the diodes were fabricated,
current-voltage (I-V) and capacitance-voltage (C-V) measurements were performed in atmospheric
conditions at room temperature. Annealing was performed for 10 min. in N2 at atmospheric pressure.

Forward-bias I-V characteristics, as shown in Fig. 1, are used to determine the I-V barrier height
and ideality factor using the conventional thermionic emission equation. See Ref. 4 for a complete
description of the I-V technique. The C-V method described in Ref. 4 is used to determine the
junction capacitance (C) as a function of voltage (V) from 0 to -2 V. The C-V barrier height is then
inferred by adding the intercept of the C-2 versus V curve (i.e. the diffusion voltage) to the difference
between the Fermi-level and the conduction band minimum (CBM) in the bulk (~0.065 eV) minus the
Gummel-Scharfetter factor (V{=~0.0253 eV at 220 C).1,4 Table I summarizes the results.

With the exception of the annealed Cr/GaAs system, the data for UHV-cleaved diodes have been
presented in earlier publications.4,5,0,7 For each of the Al, Ag, Au and Cr/GaAs systems formed on
clean UHV-cleaved surfaces, the electrical characteristics of 5-10 diodes have been measured on each
of ~1 to 2 dozen cleaved-GaAs-surfaces (i.e. over 60 diodes total for each system) and the results
have been found to be consistent with the values reported in Table I and our earlier
publiczltions.""5»6’7»&9 To our knowledge, this level of reproducibility in the electrical
characteristics of GaAs Schottky barriers has not been reported in the literature. The results have also

been reproduced to within experimental error by other laboratories. 10 For the air-exposed samples,



the values in Table I were determined from the electrical characteristics of a totoal of 5-10 diodes
measured on each of at least 3 different cleaved-GaAs-surfaces for the unannealed cases and at least 2
different cleaved-GaAs-surfaces for the annealed cases.11

As can be seen in Fig. 1 and Table [, I-V and C-V measurements of both the UHV-cleaved and air-
exposed diodes are characteristic of near-ideal Schottky barriers with ideality factors very close to
unity. This demonstrates that the presence of the interfacial oxide layer does not significantly degrade
the near-ideal electrical characteristics. Ellipsometry has shown that exposure of clean GaAs to
atmospheric conditions for several hours will allow a 5-10 A oxide layer to grow on the surface of the
crystal.3 The presence of a thin interfacial layer of this thickness is not expected to cause a significant
error in the I-V and C-V barrier height determinations.! This conclusion is consistent with the fact
that the I-V data are characterized by a near unity factors and that I-V and C-V barrier height
determinations are within experimental error when the I-V barrier height determinations are corrected
for tunneling and the image force. 12

As can be seen in Fig.la and 1b, a large change in the barrier height of the Cr and Ag diodes
formed on air-exposed surfaces occurs upon annealing (80 meV and 160 meV, respectively). In
contrast, the barrier heights of Cr diodes formed on UHV surfaces do not change significantly (<10
meV) and that of Ag shows only a small, almost insignificant increase.(~ 20 meV). This indicates that
the interfacial layer of contamination which is formed on the GaAs surface by air-exposure can cause
dramatic effects to the stability of diodes formed. In the case of Al, both the air-exposed and UHV-
cleaved diodes are found to increase their barrier height by 70 meV. This is illustrated in Fig. 1¢ and
Table I. In the case of Au, the air-exposed and UHV-cleaved diodes are found to decrease their
barrier height by 180 meV and 120 meV, respectively.

A number of studies since the mid-1970's have found that the rectifying properties of Au/GaAs
diodes degrade upon annealing.13’14 Recently we have conclusively shown that the degradation is
due to a shunt current pathway at the diode periphery which comprises less than 1% of the total area
of the device.5:8,15 In Fig. 2 we show the results of I-V measurements for diodes formed on air-
exposed GaAs(110) surfaces. By using a semiconductor e.tch (H2S04:H702:H20, 2:1:20 for 1
min.) and effectively using the Au dot as a mask, we are able to isolate the electrical characteristics of
the central portion of the device from that of the periphery. The near-ideal Schottky characteristics
with a near unity ideality factor (1.05) found after mesa etching can be associated with the electrical
characternistics of the central portion of the annealed Au diodes. Therefore, the voltage dependence of
the ideality factor of annealed Au/GaAs diodes before mesa-etching (Fig. 2) can be attributed to the
measured current being a sum of the current through the central portion of the device with a near-unity
factor and a peripheral current with an ideality factor typically greater than or equal to 2. We first
discovered this for UHV-cleaved Au diodes at higher annealing temperatures where much larger
peripheral Ohmic-like currents are found to dominate the electrical characteristics of the device. The I-
V data for the UHV diodes have been shown in Ref. 6,8 and 15. Recent Transmission Electron
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Microscopy (TEM) results have found that annealed diodes formed on UHV-cleaved GaAs surfaces
have flat interfaces, while annealed diodes formed on air-exposed have rough interfaces with a large
number of protrusions extending into the semiconductor.8 These results show that the changes which
occur upon annealing are not due to changes in the current transport by tunneling through highly
doped n+ regions13 or recombination at the metallic protrusions14 in the central portion of the device,
as suggested by others. The mechanism responsible for the Ohmic behavior at the periphery is
unclear. The presence of large strain-fields which can cause distortion of the semiconductor bands or
changes in chemistry of defect formation at the periphery are believed to be important.

In the following discussion, we discuss the implications of these results to a recently-developed
model of Schottky barrier formation. Because of space limitations and the large number of models in
the literature, the discussion presented here will concentrate on a model suggested by our group
recently.16 The Unified Defect Model (1979) has hypothesized that the barrier height is established
by the energy levels of native defects formed at the surface during the metal deposition.?>17 Recently
(1987), the Advanced Unified Defect Model (AUDM) has appended the original model to specify that
the dominant defect responsible for Fermi-level pinning is the AsGga (arsenic on gallium site) antisite
defect.18 This defect is know to be a double donor in character with energy levels at 0.52 eV and
0.75 eV above the valence band maximum (VBM).19 To account for the pinning positions for thin
and thick metal coverages on n-and p-type surfaces, this model has suggested that a comparatively
smaller number of compensating acceptors with an energy level farther than 0.9 €V from the CBM are
formed (e.g. GaAs, a gallium on an arsenic site). According to this model, alterations in
stoichiometry of the As and Ga concentrations by chemical reactions at the interface may lead to
changes in the relative concentrations of the defects formed and therefore the Fermi-level pinning
position. The presence of excess As would lead to the dominance of the AsGga defect, an increase in
the number of donors and pinning closer to midgap. For Ga rich conditions, the opposite occurs and
pinning is closer to the VBM. Although the chemistry is not completely understood for each system
and the nature of the contaminants is not known, we find some strong correlations between the
expected stoichiometry and changes in barrier height upon annealing.

In an open system, Au is expected to react almost exclusively with Ga, forming an alloy of Au and
Ga.20 For the case of the UHV-cleaved surfaces, high resolution TEM micrographs8 and quantitative

~ Surtace Analysis by Laser Ionization (SALI) results2] have shown that the concentration of Ga in the

Au is sufficiently small that no new crystallographic phases are formed. The resulting metallic
overlayer consists of Ga dissolved in the crystalline Au phase.8 After annealing, the presence of a
higher concentration of Ga in the crystalline Au phase and a significant excess of As released by the
reaction and trapped near the interface has been detected.8:21 For this case, the AUDM would
predict an increase in the AsGa donor concentration at the interface and the interface Fermi level
pinning position would therefore move toward midgap. The AUDM's prediction is therefore
consistent with the observation that the barrier height to n-type material decreases upon annealing. In
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contrast, Al is expected to react almost exclusively with As, resulting in a decrease in the As/Ga ratio
at the interface after annealing.5’22 The model's prediction is therefore consistent with the
observation that the barrier increases upon annealing. Ag is know to be unreactive3,20:23 and Cr is
known to react with the both Ga and As.24 In both cases, no significant change was found upon
annealing, consistent with the model's predictions. '

In the case of air-exposed surfaces, the effects of chemical reactions between the metal, the
semiconductor and the interfacial contamination layer must be taken into account. Because Au does
not react with oxygen, the interfacial layer of contamination is eXpectéd to be composed primarily of
oxides of GaAs. Upon annealing the thermodynamically stable products of the reaction; GaAs + Op
---> GayO3 + As are expected to form.25 The release of As by this reaction and the reaction between
Au and GaAs (i.e. Au + GaAs--->AuGay + As)&zo,21 can be correlated with the decrease in barrier
height, consistent with the AUDM's predictions. Because Al is known to reduce any oxides of
GaAs20, the presence of an interfacial oxide layer will reduce the extent of reaction between the Al
and GaAs, resulting in a smaller amount of free Ga at the interface than in the UHV-cleaved case. For
the unannealed diodes, the observation that the barrier height of the diodes formed on the air-exposed
surface is smaller than that of those formed on the UHV-cleaved surface is consistent with the
decrease in the As/Ga ratio, as predicted by the AUDM. Also, the increase in barrier height upon
annealing is consistent with the uptake of As by the reaction of Al, as was found in the UHV sample.
For Ag, the presence of an interfacial oxide layer leads to a decrease in barrier height upon annealing.
Because Ag is unreactive when deposited on GaAs3,20,23 | the thermal reaction between GaAs and
oxygen to form Ga203 and As would be expected upon annealing.25 The correlation with the
expected release of As and the observed barrier height decrease is therefore consistent with the
AUDM's prediction. In the case of Cr, predicting the stoichiometry at the interface is more difficult
than for the other metals. Cr reacts with GaAs and GaAs-oxides to release both As and Ga.24 It can
be speculated that the presence of an interfacial oxide may allow for the additional reaction of Cr with
the Ga203 to release Ga, consistent with the models correlation between a barrier height increase and
a decrease in the near-interfacial As/Ga ratio.

In conclusion, we find a correlation between the annealing-induced changes in barrier height and
the expected stoichiometry of the near-interfacial GaAs, in agreement with predictions of the AUDM.
The extension of this work to GaAs(lOO) surfaces prepared by heat cleaning and/or chemical
processing as used for I.C. device applications will be of great practical importance. However,
because of the extremely complex chemistry in these systems, further work is needed to determine
the As/Ga stoichiometry near the interface before a reliable comparison can be made.
ACKNOWLEDGEMENTS: The work was supported by DARPA and ONR under contract NO0014-
83-0073. This work was supported partially by SDIO/IST program administered by ONR through
contract N00O14-86-K-0668 and the AFOSR under Contract AFOSR-86-0263 and the Materials
Science Division of the DOE under contract DE-AC03-76SF00098.

4

-y

\/



TABLEI: Results of I-V -V electrical m men

Diodes formed on , Diodes formed on
AIR-EXPOSED GaAs (11 LEAN -CLEAVED GaAs (11
dobo I-V ob C-V  ¢bo I-VD b C-V
(eV) n eV) (eV) n eV)
+0.02 +0.05 +0.02 +0.05

Al

unannealed 0.76 1.07 0.84 0.83 1.06 0.87

3700 C anneal 0.83 1.07 0.90 0.90 1.05 0.92

Ag

unannealed 0.95 1.07 1.06 0.89 1.06 0.94-0.97

3700 C anneal 0.79 1.06 0.85 0.91 1.07 0.92-0.99

Au

unannealed 0.83 1.08 0.94 0.92 1.05 1.00

3700 C anneal 0.65 1.06 0.72 0.802 1.062 0.882

Cr _

unannealed 0.68 1.06 0.79 0.66 1.06 0.74

3700 C anneal 0.76 1.08 0.88 0.67 1.06 0.74

a The data in this table for Au diodes formed on the clean UHV -cleaved diodes is from a 4300 C
anneal, as reported in Ref. 5.

b I-V characteristics for the unannealed diodes formed on the UHV-cleaved surfaces have also been
measured in-siru in UHV. In the case of the Al, Ag, and Au/GaAs systems , essentially identical
barrier heights and ideality factors were found. In the case of Cr, the barrier height was found to be
smaller by ~0.02 eV, a small but significant difference.



FIGURE CAPTIONS:

Fig. 1: Typical current-voltage (I-V) measurements for diodes formed on clean n-type GaAs(110)
surfaces prepared by cleavage in ultrahigh vacuum (UHV) and on air-exposed surfaces prepared by

cleavage and exposure to the atmosphere for ~1-2 hours.

Fig. 2: Typical current-voltage (I-V) measurements for Au diodes formed on air-exposed surfaces
prepared by cleavage and exposure to the atmosphere for ~1-2 hours. As can be seen, the near-ideal
characteristics of the unannealed Au diodes (bottom curve) degrade upon annealing at 370° C (top
curve). Note that the log I-V curve is very non-linear in the top curve. The ideality factor is therefore
voltage dependent and varies from 1.15-1.27 for the I-V data shown. However, we note that upon
mesa-etching (middle curve), the log I-V electrical characteristics are found to exhibit strongly
rectifiying Schottky characteristics with a near unity ideality factor (1.06).
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