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Abstract

Gold is expected to form a relatively low barrier on hydrogenated thin film diamond, and this metallisation has therefore been
widely used as the ‘ohmic’ contact for electronic devices fabricated using this material. However, gold contacts are not truly
‘ohmic’ and suffer from reliability problems associated with poor adhesion to the diamond surface. Furthermore, the contact
properties of this system have not been studied in any detail.

For the first time we report the results of a study, carried out using the circular transmission line method, to explore the
specific contact resistance (SCR) of differing metallisation schemes on hydrogenated p-type CVD diamond. Gold, aluminium and
reacted metal-carbide (Au/Ti, Al/Ti) contacts have been characterised. The effects of sample/contact pre- and post-treatments
have been studied, including annealing to 600°C, acid and plasma treatments. Our measurements show that the simple gold
contacts exhibit an SCR of 0.04 Q cm? with an associated barrier height of 0.39-0.44 eV. These values were obtained for films
displaying carrier concentrations of 10'-10'° cm 3. Low specific contact resistance is important for effective device operation,
especially in high power situations; previously, on boron doped material, a reacted (carbide) interface has been shown to improve
contact resistance and mechanical integrity — typically Au/Ti is used. Our studies show that Au/Ti contacts can be formed on
hydrogenated diamond but display rectifying characteristics up to annealing temperatures of 250°C. However, a low resistance
reacted ohmic contact (SCR ~0.02 Q cm?) can be formed if the anneal temperature is increased to 600°C and is then followed by
a careful rehydrogenation step to replace the carriers which are lost during the annealing. © 2000 Elsevier Science S.A. All
rights reserved.
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1. Introduction

Diamond is unique compared to other semiconduc-
tors as it does not have a native oxide, therefore the
properties of metallisation contacts on diamond are
strongly dependent on the surface terminating species
[1,2]. The surface pre-treatment, growth technique and
the quality of the diamond are critical factors determin-
ing the properties of metallisation contacts [1-3]. By
modifying the properties and chemistry of diamond
surfaces, the electrical behaviour of metal contacts can
be controlled and either rectifying or ohmic characteris-
tics can be obtained. It is usually difficult to fabricate
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good ohmic contacts on moderately doped wide band-
gap materials (such as diamond) because of the large
difference in work function between the metal and the
semiconductor; contacts with Schottky characteristics
typically result. On boron doped (p-type) diamond the
usual approach used to fabricate devices is to produce
a surface suited to the formation of Schottky contacts
and then to selectively generate regions suited to ohmic
contact formation by either high dose boron incorpora-
tion [4,5] (>10%° cm ~3) or by forming a defective inter-
face which results in a lower barrier height [6,7]. A
third approach of choosing a metal which forms a low
barrier height junction has not generally been successful
on oxidised boron doped diamond because the very high
surface defect density encountered leads to Fermi level
pinning resulting in barrier heights which are indepen-
dent of the chosen metal [2,3].
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On boron doped diamond these approaches have
been explored extensively, and it has been shown that
reliable, low resistance ohmic contacts can be routinely
formed by high dose ion implantation [5]. This type of
contact can be further improved by reducing the barrier
height at the interface. The usual approach is via a
multilayer contact metallisation which utilises a carbide
forming metal as the first layer (e.g. Ti/Au) [4,6,7]. On
annealing, a metal carbide interface forms which is
highly defective and exhibits near ohmic current—voltage
characteristics. However, boron doped diamond devices
only exhibit useful performance characteristics at high
temperatures due to activation energy considerations
[8]. More recently, very promising electronic behaviour
has been observed for surface conducting p-type dia-
mond associated with surface or near surface hydrogen.
This effect has also been reported for the CVD form of
the material, and a number of electronic structures
(MSM, diode, FET) with promising room temperature
performance have been reported [9-13]. Hydrogen ter-
mination of the diamond surface considerably reduces
the problem of Fermi level pinning and allows the
junction barrier height to be usefully influenced by the
metal chosen for contact fabrication. Thus aluminium
shows near ideal Schottky characteristics, while gold
provides reasonable ohmic /-7 behaviour and can be
used to form the source and drain contacts for surface
channel MESFETS [10-12] or as the ohmic contacts in
high power devices [11]. However, both diamond and
gold are rather unreactive and the adherence and
mechanical integrity of pure gold contacts is rather poor
and, in some cases, under high power conditions,
destruction of the contact has been observed [11]. So
far no systematic study of the properties of gold ohmic
contacts to hydrogen terminated, surface conducting
diamond has been reported in the literature, and
improvement of ohmic contact properties by incorpora-
tion of defective reacted interfaces has not been explored.
This information is needed if reliable high performance
devices are to be routinely fabricated on this type of
semiconducting diamond.

In this paper we report the results of studies carried
out to address these points and to develop an alternative
to gold for use as a low resistance ohmic contact on
hydrogenated surface conducting diamond. We have
used the circular transmission line method (c-TLM) of
Reeves [14] together with an additional end resistance
measurement to study the properties of Au, Au/Ti and
Al/Ti contacts on hydrogenated CVD diamond. This
method is commonly used with wide bandgap materials
and allows the sheet and contact resistances to be
accurately determined together with the transfer length
of the test structure. The end resistance measurement
allows both the bulk sheet resistivity and the sheet
resistivity beneath the contact to be determined from
the c-TLM measurements. We have also examined the

effects of a range of treatments (acid, high temperature
anneal and hydrogen plasma exposure) on the properties
of these metallisation schemes.

2. Experimental

To investigate the properties of metal contacts, circu-
lar TLM structures were defined using a photolitho-
graphic lift-off procedure for gold, aluminium/titanium
and gold/titanium metallisations deposited onto the
surface of as-grown CVD diamond. The samples were
randomly aligned free standing polycrystalline material
with a grain size of 10-30 um. The Raman spectra,
measured by a He—Ne laser at 632 nm, revealed a single
sharp peak at 1332 cm ™! with no other structure appar-
ent, indicating the material to be primarily sp*. Further
details of the Raman spectra and the surface morphol-
ogy of the CVD material used here have been given
elsewhere [15]. Prior to removal from the growth reac-
tor, the diamond substrates were cooled in a hydrogen
plasma to ensure that the surfaces were hydrogen termi-
nated. /-7 and Hall measurements show the as-grown
surface to exhibit p-type conductivity with a sheet carrier
concentration of approximately 10'*cm™2; further
details of the nature of this conducting surface layer
have been given elsewhere [13,15]. The dimensions and
structure of the c-TLM test pattern appropriate to the
Reeves method are shown in Fig. 1a, together with the
equivalent circuit used to represent the contact pattern,
Fig. Ib. By measuring R;,, the total resistance between
contacts C; and C,, and then R, the total resistance
between contacts C, and C;, and combining these with
a transmission line treatment of the equivalent circuit
shown in Fig. 1b, it is possible to extract values for the
contact resistance, sheet resistance and contact transfer
length from the measurement data. An additional meas-
urement, called the contact end point resistance (defined

» 14 =770 um

r3 = 560 um
—_—» 1 =400 um
——»1; =200 um

—* =100 um
BCE| [T [Eem)
Ry 2

Ra
Rjp, = total resistance between C| and C2
Rout = total resistance between Cp and C3

(a) (b)

Fig. 1. (a) Schematic showing the arrangement of the concentric metal
contact pattern used to carry out the Reeves c-TLM method for
making contact resistance measurements. (b) Equivalent circuit used
to represent the c-TLM contact pattern.
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Fig. 2. (a) The I-V characteristic of Au deposited on as-grown films without any treatment. The inset shows the end resistance measurement. (b)
The I-V characteristic of Au deposited on as-grown films after a 280°C anneal in air. The inset shows the end resistance measurement.
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Fig. 3. (a) Different consecutive /- scan of Ti/Al contact deposited on as-grown film after a 430°C and 30 min anneal in air followed by a 400°C
exposure to hydrogen plasma for 5 min; the changing current levels indicate that the junction is not stable — this may be due to significant charging

at the interface. The inset graph shows the rectifying Ti/Al contact before

the anneal. (b) The improvement of the I~V characteristic of Ti/Al

contact deposited on as-grown film after a 600°C and 20 min anneal in air followed by a 600°C exposure to hydrogen plasma for 5 min. The inset

shows the end resistance measurement.

as R.naz3=Va3/li, and R.,41,=V1,/1,3), allows both the
bulk sheet resistivity and the sheet resistivity beneath
the contact to be determined. The solution of the
transmission line problem is difficult and requires the

use of numerical techniques, a more detailed description
of the experimental techniques and numerical methods
used here can be found in the original paper by Reeves
[14]. To realise the method, concentric circular metal
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contacts suited to the c-TLM method were deposited by
thermal evaporation. The contact thicknesses were: gold
contacts, 200 nm; Au/Ti contacts, 200/100 nm; Al/Ti
contacts, 200/100 nm. /~V measurements were carried
out using a Hewlett-Packard HP4145B, Keithly 2000
multimeter and Keithly picoammeter, and were carried
out at room temperature. Low temperature annealing
was carried out using a programmable hot-plate, high
temperature anneals (>400°C) were carried out in a
Carbolite furnace under flowing nitrogen at atmospheric
pressure. Extraction of the contact and material parame-
ters from the current—voltage measurements was per-
formed numerically using MATLAB software.
Additional surface hydrogenations on the samples were
carried out in a conventional 2.45 GHz microwave dia-
mond growth reactor (RFA) using a pure hydrogen
plasma.

3. Results
3.1. Gold contacts

Fig. 2a shows the I-V curves for the Au test structure
deposited on as-grown material at room temperature.
The I~V curves display near linear characteristics with
current levels in the milliamp range recorded between
+4.0 V. Close inspection shows there is a slight curva-
ture of the characteristics, with the data points lower
than the value of the best fit line between +3.0 V and
above the best fit line for voltages greater than 3.0 V.
This indicates that the conductivity between the two
contacts is slightly voltage dependent over this voltage
range. The inset graph shows the results of the end
resistance measurement of the test structure.

The sample was then annealed at 280°C in air for 2 h
and allowed to cool to room temperature prior to
further characterisation; the results are shown in Fig. 2b.
It can be seen that the annealing treatment increases the
series resistance between the contacts and increases the
curvature of the I~V characteristics, implying that modi-
fication to either the material or the contact interface

Table 1

has occurred. A further gold contact pattern was fabri-
cated which was subjected to a 600°C anneal and
rehydrogenation for direct comparison with the Ti/Al
and Ti/Au contacts described in the next section; all the
measurements are summarised in Table 1.

3.2. Ti/Al and Ti/Au contacts

A Ti/Al contact was investigated to see if the
hydrogen terminated interface was reactive to this
system (resulting in the formation of TiC), or whether
the electronic characteristics would be dominated by the
Ti layer itself. The bilayer contacts were deposited on
as-grown diamond and then annealed at 430°C for
30 min followed by a rehydrogenation treatment in
hydrogen plasma for 5 min to replace the lost surface
carriers expected from the annealing step. Fig. 3a shows
the results of /-7 measurements on the Ti/Al contact;
the inset shows the expected rectifying behaviour from
Ti/hydrogenated diamond junction prior to the anneal
step. However, the main plot indicates that the contact
is not stable following the 430°C anneal and the current
level depended on the number of I~V scans carried out.
The results indicate that considerable charging may be
occurring at the junction, leading to unreliable contact
characteristics. Following a higher temperature anneal
(20 min at 600°C) and subsequent rehydrogenation, the
contact properties became more stable, as shown in
Fig. 3b, and did not depend on the number of I-V
scans. Very similar plots were obtained in the case of
the Ti/Au contact metallisation.

Additional experiments carried out on as-grown and
oxidised surfaces (acid treatment at 200°C comprising a
mixture of concentrated sulphuric acid and ammonium
persulphate) showed that both surfaces resulted in sim-
ilar contact properties provided the 600°C anneal and
rehydrogenation step were carried out following contact
formation. Table 1 summarises the results obtained from
a full numerical analysis of the c-TLM measurements
carried out for the different metallisations and contact
treatments examined during this work. The values of
specific contact resistance, bulk sheet resistance, contact

Electrical properties of the material and different contact metallisation schemes used in this experiment

Metallisation Material Bulk sheet Sheet Specific Transfer Barrier
scheme treatment resistivity resistivity below contact length height
(kQ/square) contact (kQ/square) resistance (Q cm?) (um) eV)
Au as-grown 17 1200 0.04 14 0.41
Au as-grown, anneal 200°C 36 1460 0.06 13 0.42
Au as-grown, anneal 280°C 180 7850 0.13 9 0.44
Au as-grown, anneal 600°C, rehydrogenation 12 15 0.01 7 0.36
Ti/Al as-grown, anneal 600°C, rehydrogenation 13 1300 0.07 22 0.42
Ti/Au as-grown, anneal 600°C, rehydrogenation 10 120 0.02 16 0.39
Ti/Au oxidised, anneal 600°C, rehydrogenation 14 77 0.03 14 0.40
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sheet resistance and transfer length obtained from the
analysis are given. The determination of barrier height
(¢,) was made using the equation

k <q¢b >

exp| —
qA*T kT
[16] where k is the Boltzmann constant, 4" is the
Richardson constant and 7 is the temperature together
with the following assumptions: (i) the dominant current
injection mechanism in the ohmic contact is thermionic
emission; (i1) a hole effective mass of 0.7; and (iii) the
contact resistance is dominated by the interface resis-
tance — other contributions are assumed to be negligi-
ble. The first of these is reasonable as in the case of
aluminium a highly rectifying junction is obtained on
the hydrogenated surface and Hayashi et al. [13] have
shown that thermionic emission dominates its character-
istics. Kiyota et al. [17] have used similar effective hole
mass for barrier height calculations on hydrogenated
diamond. The third assumption is justified by the high
specific conductivity of metals.

SCR =

4. Discussion

The results of the full analysis of the c-TLM measure-
ments presented in Table 1 show that a barrier height
of between 0.38 and 0.45eV exists for Au contacts
deposited on hydrogenated diamond. This is in contrast
to the near zero barrier height which has previously
been generally assumed to be the case for this metal
[1,12]. The low value arises from treating the I-V
characteristic as linear rather than taking account of the
curvature shown in Fig. 2. The higher values obtained
from the c-TLM analysis are consistent with UPS meas-
urements of the gold barrier height previously published
in the literature [18]. A more detailed analysis (to be
published elsewhere) of the c-TLM data obtained here
allows a detailed equivalent circuit model to be devel-
oped which characterises the contact pattern in terms
of individual resistance components. The model shows
that the interface resistance comprises less than 5% of
the bulk resistance for the case of gold, indicating that
it should perform satisfactorily as an ohmic contact for
dimensions similar to those used for the test structure.
However, as has been noted, the mechanical integrity
of gold contacts is rather poor on diamond, and this is
particularly true for the smoother surfaces [e.g. (100)-
oriented/polished/smoothed material] which will be
needed for higher performance device structures. The
significant decrease in the contact sheet resistivity
following the 600°C anneal, Table 1, is most likely due
to migration of gold into the grain boundaries beneath
the contact, which would considerably increase the
effective contact area. It is interesting to speculate that,

if this is the case, then the adhesion of the gold contact
could be expected to show significant improvement,
although so far we have not tested this possibility.

To date, other metals deposited on hydrogenated
diamond have exhibited non-ohmic rectifying character-
istics, such as those shown in Fig. 3a for unannealed
Ti/Al contacts. High temperature annealing provokes a
reaction forming a defective TiC interface with the
diamond. The present work shows that an annealing
treatment of around 20 min at 600°C is needed to
stabilise the electrical properties of the contact, compare
Fig. 3a and b. Heating the diamond is already known
to cause a drastic loss of surface carriers and an increase
in sheet resistance [15]. However, the carriers can easily
be restored by a suitable post-anneal rehydrogenation
treatment in a microwave hydrogen plasma. After such
a treatment, the Ti/Al contact then displays an SCR of
~0.07 Q cm? as shown in Table 1. Comparison of the
results obtained for Ti/Al and Ti/Au contacts strongly
suggests that the junction properties can be attributed
to formation of a defective TiC junction, although in
the case of Ti/Au the SCR is about a factor of 3 lower
at ~0.02 Qcm? The higher SCR value in the case of
the Ti/Al contact may be due to some oxidation of the
aluminium occurring during annealing. For the Ti/Au
reacted contact the contribution of the interface resis-
tance still forms less than 10% to the total resistance
between the contacts, indicating that the contact can
perform satisfactorily as an ohmic for the dimensions
used here.

5. Conclusions

The properties of ohmic contacts on the surface
conducting layer present on hydrogenated as-grown
CVD diamond have been investigated using the c-TLM
method. Three metallisation schemes have been
explored, together with various treatments to identify
an alternative low contact resistance metallisation
approach to gold which is currently used but suffers
from poor mechanical integrity. Numerical analysis of
measurements obtained from the c-TLM structure has
allowed the specific contact resistances of these metallisa-
tion schemes on surface conducting hydrogenated CVD
diamond to be compared for the first time. The results
show that a two-layer titanium/gold metallisation can
be deposited on the as-grown hydrogenated surface, and
following a 20 min 600°C anneal in flowing nitrogen
yields an electrical performance similar to that of a
single-layer gold contact. This process yields a reacted
carbide interface which has previously been shown to
exhibit superior stability and mechanical integrity com-
pared to single-layer gold contacts. The one drawback
associated with the Au/Ti contact is the loss of carriers
from the surface layer which occurs during the high
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temperature anneal. However, this work has shown that
the carriers can easily be restored without affecting the
contact properties by a short ‘rehydrogenation’ treat-
ment in a microwave hydrogen plasma.

References

[1] M. Aoki, H. Kawarada, Jpn. J. Appl. Phys. 33 (1994) 708.

[2]1 Y. Mori, H. Kawarada, A. Hiraki, Appl. Phys. Lett. 58 (1991)
940.

[3] G.Sh. Gildenblat, S.A. Grot, A. Badzian, Proc. IEEE 79 (1991)
647.

[4] M. Werner, O. Dorsch, H.U. Naerwind, E. Obermeier, C. John-
ston, P.R. Chalker, S. Romani, IEEE Trans. Electron Dev. 42
(1995) 1344.

[5] R. Kalish, C. Uzan-Saguy, B. Ran, H. Ferber, H. Guettler, R.
Zachai, Diamond Relat. Mater. 8 (1999) 877.

[6] K.L. Moazed, R. Nguyen, J.R. Zeidler, IEEE Electron Dev. Lett.
9 (1988) 350.

[7]1 M. Yokoba, Y. Koide, A. Otsuki, M. Murakami, J. Appl. Phys.
81 (1997) 6815.
[8] A.T. Collins, A.W.S. Williams, J. Phys. C: Solid State Phys. 4
(1971) 1789.
[9]1 H.J. Looi, M.D. Whitfield, R.B. Jackman, Appl. Phys. Lett. 74
(1999) 3332.
[10] HJ. Looi, L.Y.S. Pang, Y. Wang, M.D. Whifield, R.B. Jackman,
IEEE Electron Dev. Lett. 19 (1998) 112.
[11] P. Gluche, A. Aleksov, A. Vescan, W. Ebert, E. Kohn, IEEE
Electron Dev. Lett. 18 (1997) 547.
[12] K. Tsugawa, K. Kitani, H. Noda, A. Hokazono, K. Hirose, M.
Tajima, H. Kawarada, Diamond Relat. Mater. 8 (1999) 927.
[13] K. Hayashi, S. Yamanaka, H. Watanabe, T. Sekiguchi, H. Okushi,
K. Kajimura, J. Appl. Phys. 81 (1997) 744.

[14] G.K. Reeves, Solid State Electron. 23 (1980) 487.

[15]1 H.J. Looi, R.B. Jackman, J.S. Foord, Appl. Phys. Lett. 72
(1998) 353.

[16] S.M. Sze, Physics of Semiconductor Devices II, John Wiley and
Sons, New York, 1993. Chapter 5.

[17] H. Kiyota, H. Okushi, T. Ando, M. Kamo, Y. Sato, Diamond
Relat. Mater. 5 (1996) 718.

[18] T. Tachibana, J.T. Glass, R.J. Nemanich, J. Appl. Phys. 73
(1993) 835.



