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Abstract. Experimental data on manufacturing the ohmic contacts Au-Ti-Pd-n"-InP,
formed using vacuum deposition of metal onto a heated to 300 °C substrate representing an
epitaxial n'-n-n""-n""-InP structure. The specific contact resistance measured at room
temperature was about 7-10° Ohm-cm’. Voltage-current characteristics within the
temperature range 110 to 380 K are linear. Gunn diodes with such contacts, which were
made as a straight mesa-structure in a pulsed mode (pulse duration of 100 ns, pulse ratio of
1000, operating current of 2.2 A), generated the microwave power ~10 mW in the V-band.
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1. Introduction

Indium phosphide is one of the most promising materials
used to create the Gunn diodes and HEMT of millimeter
and submillimeter bands [1-6]. The parameters of the
active elements are essentially determined by the quality
of initial InP and electrical and physical properties of
ohmic contacts [7-11]. Therefore, along with
improvement of manufacturing technology of InP and
InP-based solid solutions, there intensively developed
are the processes of formation of multilayer ohmic
contacts for both vertical and planar options of device
structures. It is primarily related with the very small
sizes of the operating InP layers used in devices of the
millimeter and submillimeter bands, which requires a
sharp, uniform and thermally stable interface ‘contact-
forming layer — InP’. It is very important for Gunn
diodes. Another feature of the ohmic contacts to Gunn

diodes is providing a minimum value of the specific
contact resistance p., which is achieved or by creation of
epitaxial structure with heavily doped top layer n* (n"-n-

"_n"""-InP-structure), or by formation of this upper
subcontact layer in the manufacturing process of ohmic
contacts through doping with donor impurity of contact-
forming intermetallic compounds, for example, AuGe,
AuSn, PtSi [11-13], or by using heterojunction as a
subcontact layer [11]. Here, the contact-forming layer to
the indium phosphide Gunn diodes, as to GaAs ones, is
mostly created by eutectic Au-Ge alloy, providing the
lowest possible specific contact resistance. However, in
this case, because of appearance of a number of low-
temperature binary, ternary or multicomponent phases
with different electron work functions o, it is difficult to
provide a rather uniform ohmic contact [14, 15]. For
example, according to the data [16] GeP phase appears
at the temperature ~320 °C, Auln — at ~250 °C [17], a
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quadruple phase of AuGelnP — within the temperature
range 300...370 °C [18], Au,P; — at the temperature
395 °C [19]. With regard to the work function of the
intermetallic compounds similar to the above, according
to the data [17], the value of ¢ for Au;gln; and GeP is
not less than ¢ for InP, that is ~4.6 ¢V for InP (100) and
~5.6 eV for InP (110) [20]. It means that with a high
probability these phases can promote formation of local
rectifying contacts with different Schottky barrier
heights, which causes the appearance of an
inhomogeneous contact. If the difference in the work
functions is small (Schottky barrier), then this contact
may be an ohmic one. Note here that depending on the
heat treatment conditions (e.g., ohmic contact formation
mode during annealing), phases occurring at relatively
low temperatures do not break down also at higher
temperatures. Thus, in [16] it was shown that the phases
Ausln and Au,P; formed during annealing at 7= 320 °C
for 2 hours also retained after annealing at 7= 400 °C
for 2 hours, and the phase Au,P; retained even after
annealing at 7= 450 °C for 2 hours. At the same time, a
new phase Auglng appears, and the ohmic contact retains
non-uniform. Because of this, the search for the contact
systems free from deficiencies of contacts based on
relatively low-temperature eutectic layers is not stopped
[21, 22]. One of such systems is contact metallization
with the Pd-based contact-forming layer [17, 23-25]. In
this case, according to [23-25], the ohmic contact formed
by the amorphous phase Pd,InP, arising at 7~ 250 °C
and stable to 7= 400 °C. To improve the reliability of
contacts between contact-forming layer and upper gold
coating, deposited is a conductive film that does not
react with Au and contact-forming layer, the so-called
diffusion barrier. As a diffusion barrier, one can use
films of refractory metals or alloys, for example,
borides, carbides, nitrides of refractory metals [26]. In
this work, in contrast to the known publications about Pd
ohmic contacts to InP, where for creating a contact the
various heat treatments, including rapid thermal
annealing (RTA), were used, deposition of Pd was
carried out onto a heated n™-n-n""-n""-InP structure, n"'-
layer of which is grown by the vapor phase epitaxy
method [27]. A diffusion barrier between the upper
contact Au layer and contact-forming layer was a
titanium film. Following are discussions of the structural
and electrical properties of these contacts, as well as
electrical characteristics of Gunn diodes.

2. Samples and research methods

We studied two types of samples: test structures and
models of Gunn diodes made using epitaxial n"-n-n""-
n""-InP structures with carrier concentrations in the n'-
layer ~10"® cm™, in the n-layer ~8-10"° cm™, n""-layer
~5107 em”, n"-layer 2:10"®cm” and with the
thicknesses of 0.2, 1.5 and 300 pm, respectively.

The ohmic contacts were created using successive
vacuum deposition of metals onto a heated to 300 °C

epitaxial InP structure. The ohmic contact Au(100nm)-

Ti(40nm)-Pd(30nm)-n"-InP  was formed during the
deposition process and was not additionally annealed.
The test structures with continuous metallization
Au(100nm)-Ti(40nm)-Pd(30nm)-n"-n-n""-n""-InP were
used to measure the phase composition and profiles of
the distribution of component of the contact
metallization by the methods of X-ray diffraction and
Auger electron spectroscopy, respectively. X-ray
diffraction measurements were carried out on the setup
ARL X’Tra (Thermo scientific) with using CukK;-
radiation. The tube voltage was 45kV, current was
30 mA. The diffraction spectra were measured using a
sliding beam. Measurements were performed in the
incremental mode with scanning pitch 0.030° and the
time set at each position 1s. The phase analysis was
performed using a database ICDD, PDF-2 Release 2012.
The elemental composition and Auger electron spectra
of the components of the contact metallization were
measured using the Auger spectrometer LAS-2000. On
the planar test structures, by using the transmission line
method (TLM), the specific contact resistance p. was
measured [10].

Gunn diodes were fabricated in a straight mesa
structure according to the flowsheet proposed by us,
which is shown in Fig. 1. The corresponding chip of
active element is shown in Fig. 2.

On Gunn diodes assembled in metal body,
measured were current-voltage characteristics (CVC) at
room temperature in the pulsed mode and the output
power at the V-band.

| 1. Chemical removal of plate |

\ 4
2. Formation of metallization layers on both sides of the plate.
Deposition of Pd, Ti, Au onto the substrate heated to 300 °C

\ 4
| 3. Galvanic depositon of Au: front side, back side

\ 4
4. Formation of contacts of diode structures of 50 pm diameter
by using photolitography and etching

A 4
| 5. Etching of straight mesa structures |

\ 4
| 6. Control of the parameters of diode structures (CVC, R,) |

\ 4

7. Cutting

into chips

Y

8. Assembling into body

and welding of terminals

Y

9. Control of the param

eters of diodes (CVC, R,)

Fig. 1. Flowsheet scheme of manufacturing Gunn diodes based
on InP in the form of a straight mesa structure.
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Fig. 2. General view of the chip of active element of InP Gunn
diode in the form of a straight mesa structure. / — n" contact
InP layer; 2 —an ohmic contact to the »'-layer of InP; 3 —
operating InP layer; 4 — n"'-n""" structure of InP; 5 — ohmic
contact to the n""*-InP substrate.

3. Experimental results and discussion

Fig. 3 shows the profiles of distribution of the
components in contact metallization Au-Ti-Pd-InP. It is
evident that there is the layered structure of the
deposited metal films with appreciable content of
oxygen and carbon in the titanium film. The Auger
spectra after sequential etching of the layers Au, Ti, Pd
are shown in Figs. 4a, and 4b, 4c, respectively. It is seen
that after removing the gold film, on the surface of
titanium layer, fixed were residues of non-etched Au, as
well as Ti, O, C, traces of Cu and S, in the palladium
film — In, Ti, P and O. After removal (etching) of all the
layers of contact metallization, a “clean” surface of InP is
observed. These results correlate with X-ray phase
analysis data (Fig. 5). In the X-ray diffractogram, there are
only two peaks corresponding to the reflections of the
polycrystalline Au layers (Pdf Number 010-77-9662) and
Ti (Pdf Number 010-88-2321). As for palladium, the
reflections corresponding to it or its compounds were not
found, which may be associated with a small amount of
deposited Pd or phase formed with his participation.
Furthermore, since the Pd profile is fixed when analyzing
the elemental composition of the contact metallization
with Auger electron spectroscopy (Fig.3) and in the
corresponding Auger spectra (Fig. 4) after removal of the
Au and Ti layers, it can be assumed that palladium or the
phase formed by Pd with semiconductor components is
in an amorphous state, which does not contradict the
literature data about creating ohmic contacts to n-InP
based on Pd [17, 23-25]. Morphology of the surface
layer containing Pd and its uniform etching as well as
relatively homogeneous morphology of InP surface after
removing all the contact metallization layers indicate the
absence of multiphase in contact-forming layer.

On the TLM structures fabricated on the front
(from the side of n'-layer of InP) and back (from the side
of n'"-substrate) InP surfaces, current-voltage
characteristics and p. were measured within the
temperature range 110...380 K. It was found that from
both sides of the InP plate, the current-voltage
characteristics measured at room temperature were
linear, and the p. values were close and equal to
7-10~° Ohm-em?. It corresponds to p. given in [23] and
characterizing the ohmic properties of a single-layer
palladium contact on heavily doped (n"=10"® cm™) InP
substrate with followed RTA at 7=300...350 °C.

100 == T T

Sputtering time, min

Fig. 3. Profiles of component distributions in the contact
metallization Au-Ti-Pd—n"-InP.
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Fig. 4. Auger spectra after removing (etching) of the layers
Au (a), Ti (b) and Pd (c).
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Note also that in the whole temperature range
measured by us, the current-voltage characteristics
were linear. A typical family of current-voltage
characteristics of an ohmic contact from the part of
n'-layer is shown in the inset in Fig. 6. The
temperature dependence of p. is presented in Fig. 6.
At T>150K, p. decrecases with increasing the
temperature. Plotting the dependence p.(7) in the
coordinates p.= f(10%/7), it is easy to see that at 7>
150 K, the dependence p.(T) is exponential, which is
typical for thermofield or thermionic current transport
mechanism. We have suggested that in this case the
thermofield mechanism of current flowing through a
contact is realized. Theoretical dependence p.(7) was
constructed using the modified formula (127)
presented in the third chapter of the monograph by
S.M. Sze, Kwok K. Ng [28] of the form:

kyEqg cosh Eoo coth Eo
kT kT
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Fig. 5. The experimental diffraction pattern of the contact
metallization Au-Ti—Pd—n"-InP.
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Fig. 6. Temperature dependence of the ohmic contact p.
Au-Ti-Pd-n"-InP, points correspond to the experiment, lines —
calculation. The inset shows the current-voltage characteristics
for ohmic contact measured in the temperature range from 115
to 380 K.

where prr — specific contact resistance in the case of
implementation of thermofield mechanism of current
transport, £ — Boltzmann’s constant, 7 — temperature, g is
an elementary charge, ¢_.— the potential energy of electron,

that is, the barrier height at the interface metal-
semiconductor, measured from the bottom of the

. . * .
conduction band of semiconductor, m, — the effective mass

of electron, EOO:0.054((m0/m*)(Nd/1020)(1147/85))0'5*

characteristic energy of tunneling, &, — dielectric constant of
semiconductor, 4 — Richardson constant, Ex(7) — Fermi
energy.

As can be seen from comparing the experimental
and theoretical dependences, they are in good agreement
with each other. Coincidence is achieved in the case
where the barrier height is 0.28 eV.

The data obtained on p.(7) as well as the phase and
chemical composition of the contact metallization point
to relatively uniform interface contact-forming layer —
InP, formed directly in the course of deposition of
contact metallization on InP substrate heated to 300 °C
without subsequent heat treatment.

0,6
0,5

Fig. 7. The design of a prototype for InP Gunn diode: a) side
view, b) top view: / — chip, 2 — holder, 3 — output to the upper
contact, 4 — dielectric supports with metallized ends, 5 — mesa
structure of the Gunn diode. Dimensions are in millimeters.
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Table. Geometrical and physical parameters of the diode chip used when calculating the maximum heating temperature

of the active layer [34].

Designation of Sizes, Material Physical parameters
dimensions um p, g/em’ A, W/emK ¢, J/gK a, cm/s
dl 50
hl 1 InP 4.81 0.68 0.31 0.456
h2 0.3 InP 4.81 0.68 0.31 0.456
h3 4 Au 19.32 3.17 0.128 1.28

Here: p is the density, A — coefficient of thermal conductivity, ¢ — specific heat, o — thermal diffusivity coefficient of chip

components.

Diode chips, made with these contacts, in the form
of straight mesa structure with a diameter of 50 um were
mounted in the metallic-and-ruby bodies. The design of
a prototype InP Gunn diode with contact metallization of
Au-Ti-Pd—n"-InP is shown in Fig. 7. Fig. 8 shows the
current-voltage characteristics of this diode, measured in
a pulsed mode with pulse duration of 100 ns and pulse
ratio of 1000. From Fig. 8, it is seen that the critical
voltage of the Gunn diode is 2 V. These diodes generate
a microwave power in the V-band up to 10 mW.
Operating current was 1.7 to 2.2 A depending on the
diameter of the mesa structure.

Since the output parameters of generating
microwave diodes are largely limited to the thermal
conditions of operation, especially overheating [29-31],
it seems appropriate to estimate the maximum
temperature of the active layer of discussed above InP
Gunn diode depending on the pulse duration and the
temperature distribution along the axis Z. Moreover, at
prolonged operation of the diode this temperature may
affect the interfacial interactions in the ohmic contacts.
Calculations were carried out in the ePhysics shell [32]
in accordance with the known finite element method
described in [33]. The inset in Fig. 9 shows the model
structure of the Gunn diode chip adopted for the
calculation. The geometric and thermal parameters
necessary to calculate as well as values of the density for
the chip components are presented in Table. The
calculations were performed for two values of dissipated
power — 30 and 20 W at pulse duration of 100 ns and
pulse ratio of 1000.

Fig. 9 shows the results of calculations of the
maximum heating temperature of the active layer
depending on the pulse duration for the dissipated power
30W and for the same dissipated power — the
temperature distribution along the axis Z (Fig. 10). It is
seen that up to 7= 210 °C, the diode is heated when the
pulse duration is 100 ns, and the maximum heating is in
the active region of the diode of length 1.5-2 um. If the
dissipated power is ~20 W and pulse duration is ~100 ns,
the diode is heated to 7= 145 °C. Heat dissipation in a
straight mesa structure is performed through the InP
substrate. Considering the data from the literature [17,
23-25] on the Pd-based ohmic contact and the above
estimations for thermal parameters of Gunn diodes, we
can suppose that the ohmic contacts, considered by us

under the assumption of presence of contact-forming
amorphous layer containing the components of Pd, In
and P, will be stable at this heat mode. The additional
annealing of the back contact Au-Ti-Pd—#n""-InP
conducted at 7= 350 °C for 1.5 min did not practically
change the value p., which confirms the version about
the thermal stability of the ohmic contacts Au-Ti-Pd-
n'-InP.
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Fig. 8. Typical pulse current-voltage characteristics of InP
Gunn diode, measured at the temperature 300 K. The pulse
duration 100 ns, pulse ratio 1000.
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Fig. 9. Dependence of the maximum temperature of the active
layer in Gunn diode on the pulse duration when the pulse ratio
is 1000 and dissipated power is 30 W. The inset shows the
diode structure adopted for thermal calculations.
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Fig. 10. The temperature distribution along the axis Z. The
pulse duration of 100 ns, when the pulse ratio 1000. The
dissipated power is 30 W.

4. Conclusions

1. Suggested has been the flowsheet of producing
pulse indium phosphide Gunn diodes in the form of
a straight mesa structure with creating low-
resistance ohmic contacts by successive deposition
of metals Pd, Ti, and Au in one process cycle onto
a substrate heated to 300 °C without subsequent
annealing.

2. It has been determined that the current-voltage
characteristics of ohmic contacts obtained in the
course of successive deposition of metals Pd, Ti
and Au onto a InP substrate heated 300 °C are
linear within the temperature range 110...380 K,
and the dependence p.(7) is described by
thermofield mechanism of current transport. At 7=
300K, p. is close to 7-10° Ohm-cm” for ohmic
contacts obtained from the front and back sides of
the epitaxial structure n'-n-n""-n""'-InP.

3. It has been shown that microwave generation of the
capacity up to 10 mW is observed in a pulsed mode
with a pulse duration of ~100 ns, pulse ratio 1000,
operating current ~2.2 A in the V frequency range
in indium phosphide Gunn diode, fabricated in the
form of a straight mesa structure.

4. Presented have been estimations of the maximum
heating temperature of the active layer of InP Gunn
diode made in the form of a straight mesa structure
corresponding to 210 °C and a maximum in the
temperature distribution along the Z axis in the
active diode region with the length of ~1.5-2 pm at
the dissipated power 30 W, pulse duration 100 ns
and pulse ratio 1000.
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