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Ohmic Contacts of Pd/Zn/M(= Pd or Pt)/Au to p-type InP
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We have investigated the ohmic properties of Au/M(= Pd or Pt)/Zn/Pd/p-InP, focusing on the
role of the third metal M in Au-free metallization. Both the lowest speci�c contact resistivity of
7 � 10�6 
�cm2 and a at di�usion front were obtained for a sample with a Au/Pt/Zn/Pd/p-InP
contact material after annealing at 400 �C for 4 min, indicating that the Pt layer was more e�ective
than the Pd layer in preventing Zn out-di�usion during the annealing process. In addition to Au-
free metallizations, we fabricated the Au-based metallization of Au/Cr/AuZn/Au/p-InP in order
to justify our ohmic contact process, and we compared its ohmic characteristics.
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I. INTRODUCTION

Ohmic contacts to InP have been of interest for opto-
electronic and high-speed electronic devices, such as laser
diodes, photodiodes, and high electron mobility transis-
tors [1{3]. The ohmic contact's properties a�ect directly
the device performance and reliability, and the contact
fabrication cost reects the device cost. Thus, devel-
opment of low-resistance reliable ohmic contacts by a
low-cost preparation method is mandatory for these de-
vices [4]. The key concerns for ohmic contacts are low
contact resistance, low processing temperature, a shal-
low reaction layer, and good thermal stability which di-
rectly results from both the contact microstructure at the
metal/semiconductor interface and the adhesion among
the contact materials [5]. Fabrication of ohmic contacts
to p-type InP is di�cult because of the large barrier
height of most metals to p-InP and because of the large
hole e�ective mass which limits hole transport proper-
ties relative to n-InP [6]. The conventional p-type ohmic
contact is AuZn based or AuBe based [7, 8]. Such a
contact material has the advantage of using a conven-
tional thermal evaporator due to its low melting temper-
ature. Contact resistances in the range of 10�4 � 10�5


�cm2 are usually obtained with hole concentrations of
2 � 1018 cm�3 at relatively high annealing temperature
of above 400 �C. Furthermore, deep protrusion of Au
into the InP substrate and poor surface morphology are
easily observed after annealing. Thus, it is necessary to
utilize other ohmic contact material systems with well-
delineated di�usion fronts, good thermal stabilities, and
low contact resistances.
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A suitable contact uses near-novel transition metals,
such as Pd, Ni, and Pt, due to their high reactivity with
InP even at room temperature [9]. Among these, Pd
seems to be the most suitable as the �rst metal since
Pd2InP(Zn) formed at a low temperature of 250 �C pro-
duces good thermal stability for high annealing temper-
atures above 400 �C. Several di�erent schemes using Pd
thin �lm as a base metal have been reported with typi-
cal contact resitivities of middle 10�5 to low 10�4 
�cm2

They involve Au/Pd/Zn/Pd/p-InP, Pd/Sb/Zn/Pd/p-
InP, Pd/Zn/Pd/p-InP, and Ge/Pd/Zn/Pd/p-InP [10{
13]. The low contact resistivities were obtained only
for samples with a second Zn layer deposited on the Pd
�rst layer. A superior contact resistivity of 2 � 10�6


�cm2 was achieved by Park et al. [11] for a sample of
Pd/Sb/Zn/Pd/p-InP annealed at a relatively high tem-
perature of 500 �C for 1 min. They explained such a
low contact resistivity on the basis of a surface-barrier
lowering (SBL) due to the InSb phase layer formed on
the p-InP surface where Zn di�usion from the Zn sec-
ond layer to the p-InP substrate assisted the formation
of InSb layer in terms of In interstitial generation. An-
other perspective on the role of the Zn second layer was
proposed by Asamizu et al. [14]. They asserted that the
primary role of the Zn second layer was to prevent Zn
out-di�usion from the p-InP substrate to the Zn-doped
Pd2InP layer rather than Zn in-di�usion from the Zn
second layer to the p-InP substrate during the annealing
process. Thus, it seems to be important not only to sup-
press Zn out-di�usion but also to enhance Zn in-di�usion
during the annealing process.
In this research, we investigated the contact resistiv-

ities of Au//M(= Pd or Pt)/Zn/Pd/p-InP, focusing on
the role of the third metal, M. Even though Pd and Pt
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are located very near to each other in the periodic ta-
ble, the melting temperatures are quite di�erent. Thus,
it is natural to assume that they would have di�erent
Zn di�usion pro�les during a high-temperature anneal-
ing process. However, this has not been experimentally
veri�ed yet. We used Au-based metallization to fabricate
Au/Cr/AuZn/Au/p-InP in order to verify our contact
process and to compare Au-based metallizations with
Au-free metallizations.

II. EXPERIMENT

The wafers used in this paper were Fe-doped semi-
insulating InP(100) substrates with an epitaxally grown
2-�m-thick p-InP layer (p � 1018 cm�3) prepared by us-
ing metal-organic chemical vapor deposition (MOCVD).
Prior to contact deposition, the surface of the p-InP
layer was etched using Ar+ ion sputtering, was chem-
ically etched using a H2NO3 : H2O2 : H2O = 3 :
2 : 150 solution, and was then rinsed with followed
by a de-ionized water. The samples were blown dry
with nitrogen before they were loaded into an evapo-
ration chamber. Layered metallic structures of Pd(10
nm)/Zn(5 nm)/M(20 nm)/Au(200 nm) (M = Pd or Pt)
and Au(20 nm)/AuZn(80 nm)/Cr(20 nm)/Au(400 nm)
were deposited on epitaxial p-InP substrates by using an
electron-beam evaporator with a cryo pump. The base
pressure was as low as 5 � 10�8 Torr.
In Au-free contacts, the �rst metal, Pd, was selected

in view of its reactivity with InP at low annealing tem-
peratures. The second layer, Zn, was used to dope a high
concentration of Zn in the Pd2InP layer and the p-InP
substrate, which helped to prevent out-di�usion of Zn
from the p-InP surface. The role of the third metal, Pd
or Pt, was to improve the adhesion of Au and to suppress
the inter-di�usion of metallic atoms, such as Zn and Au
atoms. A thick Au layer provided a non-oxidizing pro-
tective layer during annealing and a good connection of
the device to an external circuit. Patterning of the metal
�lm was performed by using the lift-o� process for the
transmission line method (TLM). A SiNx dielectric �lm
was used to isolate a metal pattern of 60 � 300 �m2,

Fig. 1. Plane-view of the specimen prepared for the
contact-resistivity measurement.

and several di�erent widths of 10, 15, 20, 30, 40, 60, and
80 �m between the metal patterns were prepared on the
same wafer. These specimens were annealed in N2 gas
by using a rapid temperature annealing (RTA) system
at temperatures from 375 �C to 425 �C for 3 to 5 min.
The current-voltage (I-V) characteristic was measured

by using an HP 4155B; then, the speci�c contact re-
sistance was calculated using the TLM. Figure 1 shows
the typical surface morphology of a TLM pattern after
annealing. The surface morphologies of the Au/M(Pd
or Pt)/Zn/Pd/p-InP samples after annealing were very
smooth, but those of the Au/Cr/AuZn/Au/p-InP sam-
ples varied with the annealing conditions.

III. RESULTS AND DISCUSSION

1. Au/Cr/AuZn/Au/p-InP

The surface condition (contaminants, thicknesses of
native oxides, roughness, etc.) of the p-InP layer are
known to a�ect the electrical properties of ohmic con-
tacts signi�cantly [6]. Au-based metallizations are the
oldest and most widely used ohmic contacts due to
the relatively low contact resistance and high resistance
against corrosions. In this work, we fabricated Au(400
nm)/Cr(20 nm)/AuZn(80 nm)/Au(20 nm)/p-InP in or-
der to justify our ohmic contact process and to compare
Au-based with Au-free ohmic contact materials. Because
of the large di�erence in the vapor pressures of Au and
Zn and because of the very low sticking coe�cients of Zn
on InP semiconductor surfaces, it is not easy to deposit
a AuZn �lm on a p-InP surface homogenously. Thus,
we used a Au thin �lm as the �rst layer and were able
to improve the reactivity and the adhesion between the
AuZn layer and the p-InP substrate.
The role of the second AuZn layer is thought to dope

Zn into the InP substrate. The thick Au layer deposited
on top of Au-based metallization provides good electri-
cal contact with the rest of the circuit and protects the

Fig. 2. Cross-sectional scanning electron microscope image
of Au/Cr/AuZn/Au/p-InP after annealing at 430 �C for 3
min.
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Fig. 3. Contact resistivity versus annealing temperature
for Au/Cr/AuZn/Au/p-InP contacts after a 3 min annealing.

ohmic metals from oxidation. The presence of Au drives
undesired out-di�usion of P and Zn, which degrades the
electrical properties and device reliability. In order to
remove this problem, a third metal Cr is inserted be-
tween the top Au layer and the AuZn layer as a di�u-
sion barrier to ohmic metal atoms. The di�usion barrier
layer has been shown to prevent not only out-di�usion
of P from the semiconductor but also the migration of
Au from the top layer into the underlying semiconductor
[15]. Furthermore, the dopant remains at the Au-based
metal/InP interface, resulting in low contact resistivities.
Figure 2 shows a cross-sectional scanning electron

micrograph (SEM) of a Au/Cr/AuZn/Au/p-InP ohmic
sample annealed at 430 �C for 3 min. There is a clear
lateral non-uniformity or deep protrusion due to Au-In
compounds, which may decrease the device reliability.
The formation procedure of the deep Au protrusion and
the ohmic contact can be explained as follows [15]: The
initial interaction between Au and InP begins with In
di�usion into the Au layer at an annealing temperature
of less than 320 �C. The highly mobile In initially di�uses
into interstitial sites and �nally becomes substitutional
sites in the Au layer by displacing Au in interstitial sites,
which leaves In vacancies at the Au/InP interface. At an
optimum annealing temperature of around 420 { 450 �C,
both Au and Zn di�use toward the InP substrate and an-
nihilate the In vacancies existing at the Au/InP interface.
However, the di�usion rate of Au is much faster than
that of Zn. At these high temperatures, Au reacts with
In, P, and Zn strongly and �nally forms chemically sta-
ble binary compounds, such as Au3In2, Au9In4, Au2P3
and Au3Zn. These Au-In compounds tend to nucleate
and grow unevenly into the InP substrate, forming the
so-called deep protrusions (\or spikes"). Figure 3 shows
the contact resistivities as a function of annealing tem-
perature for a 3 min anealing. A low contact resistivity
of 3 � 10�5 
�cm2 is observed in the range of 430 { 450
�C, which is a su�ciently low contact resistivity among
previously reported ones for Au-based ohmic contacts to

p-InP and indicates the validity of our ohmic contact
fabrication process.

2. Au/M(M = Pt, Pd)/Zn/Pd/p-InP

A Near-noble transition metal of Ni, Pd, or Pt as a
base contact metal to InP has been introduced in order
to overcome the de�ciencies of Au-based metallization,
such as thermal instability and lateral nonuniformity.
Because of the more stable thermodynamic properties
and less reactive nature of these metals, the near-noble
transition-metal-based metallizations provide a less re-
active and thermally more stable contact microstructure
during heat treatment at higher temperatures. Ni is a
common metal in ohmic contacts to n-type InP, and it is
frequently used with Ge as a dopant. Pt is known to be
a non-alloyed ohmic contact metal for n-type InP. How-
ever, the ohmic metals, such as Ni and Pt, are rarely used
as a base metal to p-type InP because the annealing con-
ditions for the ohmic contacts are too narrow, and a lat-
erally non-uniform morphology of the crystalline phases
appears after annealing. The main di�erence between
the Pd/InP reaction and the Ni(or Pt)/InP reaction is
the laterally non-uniform morphology of the crystalline
phases. The laterally uniform crystal phase corresponds
to Pd2InP and is thermally stable up to 500 �C [10].
Therefore, Pd has been preferred to Ni or Pt as a �rst
metal.
We investigated the ohmic properties of Au/M(= Pt or

Pd)/Zn/Pd/p-InP ohmic structures, focusing on the role
of the third metal, M. The second Zn layer was used to
assist Zn di�usion to the p-InP substrate and to prevent
Zn out-di�usion from the p-InP substrate to the Pd2InP
layer adjacent to the p-InP substrate. The third metal,
M, was introduced not only to improve the adhesion be-
tween Zn and Au but also to prevent the inter-di�usion of
Zn and Au. The reactivity of Pd or Ni with other metals
or semiconductors seems to be stronger than that of Pt.
Thus, Pd or Ni is considered to be an adhesion promoter.
The microstructure of the Au/M(= Pd)/Zn/Pd/p-InP

Fig. 4. Cross-sectional scanning electron microscope image
of Au/Pt/Zn/Pd/p-InP after annealing at 400 �C for 4 min.
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Fig. 5. Typical I-V characteristics for Au/Pt(or Pd)/Zn/
Pd/p-InP contacts before and after annealing at 400 �C for
4 min.

Fig. 6. Contact resistivity variations with annealing tem-
perature and time for samples with Au/Pt(or Pd)/Zn/Pd/p-
InP contacts.

ohmic contact was investigated in detail where the third
metal, M(= Pd), could be considered to be an adhe-
sion promoter [10]. After annealing at 420 { 425 �C for
30 { 75s, we obtained minimum contact resitivities of
about 7 � 10�5 with a contact structure consisting of
Au(In, Pd, Zn)/PdP2/Pd2InP(Au,Zn)/InP and with a
laterally uniform morphology. On the other hand, Pt
was used as a di�usion barrier rather than an adhesion
promoter, which is not surprising given the higher melt-
ing temperature of Pt relative to Pd and Ni. Au/M(=
Pt)/Zn/Pd/p-InP has not been reported yet.
The last Au layer is a capping layer and provides a non-

oxidizing protective layer during annealing and a good
connection of the device with the external circuit. Figure
4 shows a cross- sectional SEM view of Au/Pt/Zn/Pd/p-
InP after annealing. The surface morphology of the
metal contact is very smooth even after annealing, and
the deep protrusion of the metal is not observed.
Figure 5 shows the typical I-V characteristics before

and after annealing. The as-deposited sample reveals a
nonlinear I-V behavior, which was drastically reduced

after annealing at 400 �C. Linear I-V behaviors were ob-
served for almost all samples under our annealing condi-
tions. Figure 6 shows the contact resistance of Au/Pt(or
Pd)/Zn/Pd/p-InP contacts as a function of the anneal-
ing temperature and the time. Pt as a third metal is seen
to be more e�ective than Pd in reducing the speci�c con-
tact resistance, rc . This may result from the fact that Pt
is more e�ective than Pd in preventing Zn out-di�usion
from the InP-surface. The lowest rc of 7 � 10�6 
�cm2

was measured for the sample with a Au/Pt/Zn/Pd/p-
InP contact after annealing at 400 �C for 4 min. To
our knowledge, this is one of lowest values ever reported.
Furthermore, a rc of less than 1 � 10�5 
�cm2 was ob-
tained over a wide range of annealing temperatures from
400 to 425 �C.

IV. CONCLUSIONS

We studied the contact resistivities of Au/M(= Pt
or Pd)/Zn/Pd/p-InP and Au/Cr/AuZn/Au/p-InP. Even
though Au/Cr/AuZn/Au/p-InP yielded a su�ciently
low contact resistivity of 3 � 10�5 
�cm2, deep Au-
protrusions and laterally non-uniform morphologies due
to Au-In compounds were observed after annealing.
In contrast to Au-based metallization, laterally uni-
form di�usion fronts were observed in Au/M(= Pt or
Pd)/Zn/Pd/p-InP contacts. The lowest speci�c con-
tact resistance of 7 � 10�6 
�cm2 was obtained for the
Au/Pt/Zn/Pd/p-InP contact after annealing at 400 �C
for 4 min. The contact resistivity of Au/Pt/Zn/Pd/p-
InP was much lower than that of Au/Pd/Zn/Pd/p-InP,
which indicates that Pt is more e�ective than Pd in pre-
venting Zn out-di�usion during the annealing process.
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