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Abstract
Iridium (Ir) Schottky barrier diodes were deposited bulk grown (100) Sb-

dopedn-type germanium by using the electron beam dejposidiystem. Electrical
characterization of these contacts using curretigge (-V) and capacitance-voltage
(C-V) measurements was performed under various angeadimditions. The variation
of the electrical properties of these Schottky dodan be attributed to combined
effects of interfacial reaction and phase transtirom during the annealing process.
Thermal stability of the Ir/n-Ge (100) was observwgato annealing temperature of
500°C. Furthermore, structural characterization of ¢heamples was performed by
using a scanning electron microscopy (SEM) at dbfie annealing temperatures.

Results have also revealed that the onset temper&iu agglomeration in a 20 nm

Ir/n-Ge (100) system occurs between 600°200
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1. Introduction

Schottky barrier diodes (SBDs) have already beediedi for more than 50
years and they have been used in many applicatuee as gates for metal-
semiconductor field-effect transistors, solar celd detectors [1-4]. Schottky
contacts play an important role in controlling tletectrical performances of
semiconductor devices and Schottky barrier hei§BtH) which is highly sensitive to
thermal treatment [5]. Microelectronics has prifyatbeen a Si-based technology
because of the stability and high quality of $[6), as stability and reproducibility of
contact properties are essential prerequisiteslémice development [2,7,8]. As the
scaling of silicon complementary metal-oxide semaductor (CMOS) devices
becomes more and more challenging, both innovaiugctures and new materials
with high carrier mobility are needed to continmeproving the device performance
[9]. Germanium (Ge) has been regarded as a possiliecement for Si as the channel
material in future high-speed CMOS technology, hseait offers two times higher
intrinsic electron mobility and four times highentrinsic hole mobility than Si [10].
The lack of a stable native Ge oxide has been liséaole in the use of Ge in CMOS
devices [11]. However, recent developments of thet yeneration deposited high-
gate dielectrics allow for the fabrication of higlkerformance Ge-based metal-oxide
semiconductor field effect transistors (MOSFETS),1R]. Low reactivity with oxygen
in the highk dielectric is expected in the germanide/high-legdack structure [13].

Although in previous studies focus has been onréaetions of germanium
with Pd [6,14-23], Pt [6,13,22,24-29], and Ni [4,9,13-16,22,28-38], so far there is
very little literature on reactions of germaniunttwir [39]. Gaudet et al. [6] carried

out a systematic study of thermally induced reactd 20 transition metals with Ge



substrates. They monitored metal-Ge reactionstindiiring ramp anneals at 3°€s
using time-resolved X-ray diffraction, diffuse lighscattering, and resistance
measurements. Their results show that Fe, Co, i, A?, and Cu were the most
promising candidates for microelectronic applicasio A reduction of the PtGe/Ge
electron SBH by rapid thermal diffusion of phospha was reported by Henkel et al.
[24]. Their results show that rapid thermal diffusifrom a solid diffusion doping
source is effective in reducing SBHs of platinummnganide SBDs on Ge. Saedi et al.
[25] reported a scanning tunneling microscopy gretsoscopy study of the formation
of platinum-germanide phases on Ge (111). Chawastdal. [28] investigated the
change in thgl-V) electrical properties of Pt-, Ni- and Ti Schott#fipdes on n-Ge
(100) at different annealing temperatures. Thesults reveal that the as-deposited
barrier heights have values that are near the lzgndfjGe for Pt/-, Ni/- and Ti/n-Ge
(100) Schottky diodes resulting in good Schottkyrse/drain contact materials in p-
channel Ge-MOSFETS, for the hole injection fromrseunto inverted p-channel [40].
Peng et al. [36] reported on tiv/ characteristics of Ni/n-Ge (100) Schottky diodes
and the nickel germanide induced strain after stinjg the Schottky contacts to rapid
thermal anneal in the temperature range of 300®0Uheir results also show that the
orthorhombic structure of NiGe induces epitaxiaisie strain on Ge substrate due to
the difference in lattice constants. They also sstgf that the increase in barrier
height with increasing annealing temperature magueeto the conduction band edge
shift by the strain after germanidation processagPet al. [37] have also reported
micro-Raman studies on nickel germanides formed(ld®) crystalline Ge. Their
results reveal that Nbes, NiGe and NiGe phases are formed sequentially with
increasing annealing temperatures from 300°C to°®00n n-Ge (110) substrate.

Perrin et al. [38] investigated the phase formaaod growth kinetics for both Ni-Si



and Ni-Ge systems. They have shown that the NiySiesn has three major phases
(Ni,Si, NiSi and NiSj) that grow sequentially while Ni-Ge system shoveedy two
phases (NGe and NiGe) that grow simultaneously. Habanyamal.€f39] used ion
beam analysis employing micro-Rutherford backsoatiespectrometry to investigate
the interaction between germanium and iridium ifateral diffusion couple. Their
results indicate that the germanide phag&dr stretches across the original island
interface at all annealing temperatures, with asphigaGe; forming in the reaction
region with unreacted iridium. The phase I§@&s observed to nucleate in the middle
of the island at annealing temperatures abové®00

In this work we investigate the change in the eie&t properties of Ir
Schottky barrier diode on n-Ge (100) at differemin@aling temperatures in the
temperature range 25-5 Results presented here reveal the effects erirthl
treatment, particularly the combined effects oéifdcial reaction and phase transition
[41] of Ir/n-Ge (100) Schottky barrier diodes usitige I-V and C-V characteristics.
Furthermore, morphological evolution of Ir flms orGe (100) is studied using the

scanning electron microscopy (SEM) characterizati@thod.

2. Experimental procedures

To study the thermal annealing effects on the Skiddarrier diode, we have
used bulk-grown (100) oriented n-type Ge doped wittimony (Sb) to a density of
(1.5-2.0) x 16° cm® and supplied by Umicore. Before metallization, shenples were
first degreased and subsequently etched in a neidtiHO, (30%): HO (1:5) for 1
minute. Immediately after cleaning they were irsgrinto a vacuum chamber where
AuSb (0.6% Sb), 120 nm thick, was deposited byste® evaporation on their back

surfaces as ohmic contacts. The samples were tieaked at 350 °C in Ar ambient



for 10 minutes to minimize the contact resistiviythe ohmic contacts [42]. Before
Schottky barrier diodes deposition, the samplesewagain chemically cleaned as
described above. Ir Schottky barrier diodes werpodited onto Ge wafers using
electron beam evaporation through a mechanical mHs& contacts were (0.60 +
0.05) mm in diameter and 20 nm thick. The metalkiheéss layer and deposition rates
were monitored by using an INFICON XTC 751-001-Gladz crystal thickness
monitor. After Schottky barrier diode fabricatidhe samples were characterizedlby
V measurements at room temperature to determinegqubéty of the diodes. The
Schottky barrier diodes were then isochronally atedin an oven under Ar ambient
in the temperature range 5to 500C in steps of 25C for 30 minutesl-V andC-V
characteristic measurements followed each addéivesaling cycle. Characterization
of the Ir films at different annealing temperatumeas accomplished using a ZEISS

ULTRA PLUS Scanning electron microscopy (SEM) systgerating at 1 kV.

3. Results and discussion
The Schottky barrier heights of the diodes were uded from I-V

characteristics, which were analyzed by using lleemionic emission model [7,43]:

- A —exd - IV
I(\/)—Ioexp(nk_l_j[l ex;{ ij] (1)

wherel, is the reverse saturation current given by théodohg relation [44,45]:
| =AAT?exd - 3% | (2)
KT

obtained from the straight line intercept ofl lat V=0, A" is the effective
Richardson constar is the diode ared, the measurement temperatukethe

Boltzmann constantp, is the zero bias effective Schottky barrier he(@BH),q is

the electronic charge amdthe ideality factor which can be determined ac@lygrom



the slope of the linear part oflal versusV plot, assuming pure thermionic emission

can be obtained from Eq. (1) as

_q av
KT d(In(1))

®3)

The value oh is equal to 1.0 for an ideal diode and usuallydaalue greater than
unit.

We fabricated eight Ir/n-Ge (100) Schottky barderdes (SBDs). Fig.1 shows
the semilog forward and reverse biag characteristics of these SBDs for as-deposited
samples and after annealing the samples in theeietyse range of 25-525. Since
the annealing temperature range is wide, we hasenasd that the change in thermal
properties of Ir/n-Ge (100) SBDs (e.g. thermal eygoan) have negligible effects on
our results. Using Eg. (2) and intercept of thaigtrt line fit of the semilog-forward
biasl-V graph the value of effective SBH is determined.

Fig. 2 presents the variation of the Schottky learneight and reverse current
at -1 V with annealing temperature for the Ir Sthyptdiodes. The SBH and reverse
current at a bias voltage of —1 V for as-depositesichottky diodes were found to be
(0.574 £ 0.005) eV and (2.57 + 0.02A respectively. After annealing at temperatures
higher than 20T, the Schottky barrier height (SBH) drops sigmifitty, reaching
(0.542 + 0.005) eV after a 48D anneal. We suggest that there is a significaattien
between Ir and Ge. The change coincides with tlteliphase formation of the
germanides IrGe and4es;, which have been reported by Habanyama et al. {39]
coexist and form at annealing temperatures aro&66C3 Bhan and Schubert [46] also
reported the phases IrGe ang3e; to coexist in bulk diffusion couples. The change i
the barrier height after the 400°C anneal coincwliéls the temperature of formation of

Iridium germanide ¥Ge;, reported by Habanyama et al. [39] to form afteéf’@



anneal. Fig. 2 also depicts that, throughout theealing process the reverse current at
-1 V remains in the same order of magnitudé® AOAnnealing at temperatures higher
than 500C resulted in near ohmic contacts and further amlgf thel-V and C-V
characteristics of the Ir Schottky barrier diodemsswot possible. These results show
that Ir/n-Ge (100) Schottky diodes are thermallpbtt over a wide range of
temperature, 25-500°C. Similar results have begorted by [6,23,28]. Pd/n-Ge
Schottky diodes have been observed to be stableaowade temperature range 25-
525°C [6,23]. Pt/n-Ge Schottky diodes have beenorted to be thermally stable in the
temperature range of 25-600°C [28].

The SBH is likely to be a function of the interfaat®mic structure, and atomic
inhomogeneities at MS interface which are causedgtayn boundaries, multiple
phases, facets, defects, a mixture of differenspbaetc [47,48]. It is well known that
the chemical reactions between metals and semictmduat interfaces can play an
important role in the electrical properties of d®d. Boyarbay et al. [49] suggested
that the recent motivation for studying Schottkyrriest formation is due to the
recognition that both electronic and chemical equim have to be considered
together across a reactive interface between raathsemiconductor, as surface states
and metal-induced gap states failed to take intsideration the chemical equilibrium
at interface. The chemical equilibrium after a h@aatment results in interfacial
atomic rearrangement, interdiffusion, and compoforchation, which should have a
profound effect on the electronic equilibrium proohg the Schottky barrier [50].
Hence, the change in Schottky barrier heights neagttyibuted to combined effects of
interfacial reaction and phase transformation [51].

The ideality factor was calculated from the gratlieinthe linear region of the

experimental Irl-V characteristics in forward bias [7]. The variatmfithe Ir Schottky



diodes ideality factor as a function of annealiagperature is shown in Fig. 3. The
as-deposited value of the ideality factor was foued be 1.08. At annealing
temperatures between 275-800ideality factors significantly greater than indlicate
that the transport properties are not well moddgdthermionic emission alone
although their contacts remain rectifying [52]. Then-idealities are mostly due to the
states associated with the defects near the sudhthe semiconductor [7]. In a
Schottky contact, even with a good surface treatntkeare is an interfacial oxide layer
of thickness about 1 nm with considerable amoursuoface states [7]. These interface
states, and inter-diffusion, chemical reaction, poond formation, defects generation,
etc. can all be derived from thermodynamics duthéomal annealing [53-55]. These
may result in the formation of recombination ceatf82] and SBH inhomogeneities
[56], which cause an excess current leading tov@atien from the ideal thermionic
emission behaviour. Additionally, there are otheurses of SBH inhomogeneity. For
instance, there may be a mixture of different nietphases with different SBHs due
to incomplete interfacial reaction, and doping imogeneity at a MS interface [57].
Thus, the current across the MS contact may belyndure to the presence of SBH
inhomogeneity and this inhomogeneity leads to ladgality factors.

Fig. 4 shows a plot of the SBHs as a function efrthespective ideality factors,
obtained from the annealing process in the temperatinge 25-50C. The straight
line in Fig. 4 is the least-squares fit to expentaé data. Since the results show a
linear correlation between SBHs and ideality faxtave extrapolated the plot to=
1.0, and obtained a laterally homogeneous SBH589eV for Ir/n-Ge (100) Schottky
barrier diodes. The homogeneous SBHs rather tHantee SBHs of Schottky diodes
or their mean values should be used to discusgi#iseon the physical mechanisms

that determine the SBHs of MS contacts [58,59].



Fig. 5 shows the plots of Ir/n-Ge (100) Schottkyriea diodes reverse bias
C 2V characteristics at 1.0 MHz at different anneatemperatures. The plots 6f as
a function of reverse bias voltage are linear, dating the formation of Schottky
diodes [60], and a constant non-compensated iomleedr concentration. In Schottky
diodes, the depletion layer capacitanCg €an be expressed as [2,7]:
1 _2V,-V)

- 4)
C’®  qe AN,

whereA is the area of the diode,_ is the permittivity of semiconductoNp is the
concentration of non-compensated ionized donoet,dan be temperature dependent,

V is the magnitude of the reverse bias afjdis the diffusion potential at zero bias.

From Eq. (4), the values &f, andNp can be determined from the intercept and slope

of the C%-V plot. TheC-V SBH for as-deposited Ir/n-Ge (100) Schottky bardiede
was found to be (0.473 = 0.005) eV. Due to theeddht nature of the measurement
techniques, SBHs obtained frofV and C? —V are not always the same [61].
Although, in general, SBHs froi8-V measurements are higher than SBHs fievh
measurements, in our study, we obtaih®SBHs that were higher thad-V SBHSs.
Similar results have been reported [35]. Therefungher studies are needed to clarify
these results. Fig. 6 depicts the variation of oompensated ionized donor
concentration with annealing temperature. The r@mnpensated ionized donor
concentration decreases with annealing tempergburalar results have been reported
by Serin [62], Nohoglu et al. [63] and Opsomer lef{@&4]. This may be due to either

presence of high density of compensating deep &mckgvels [62], possibly related to



in-diffused Ir or the decrease in the dangling lmlie to annealing [63] and

formation of Iridium germanide [39].

SEM observations were conducted for Ir/n-Ge (1@dh@es, as-deposited and
after annealing at different temperatures. The malggical evolution is shown in Fig.
7. As seen in Fig. 7 (a) and (b), metal surfacesvslittle change when samples were
annealed below 40Q. Grain growth at the surface (see Fig. 7 (c))enarident after a
500°C anneal, indicating inception of agglomerationglsgneration starts with grain
boundary grooving and progresses to island formd86]. We observed development
of severe grain grooving after a 6@0anneal (see Fig. 7 (d)). We also observed that
after 706C anneal (see Fig. 7 (e)), film continuity was selyeinterrupted as revealed
by dark spots caused by exposed Ge regions. Frese thbservations we conclude that
the onset of the agglomeration process for 20 nmGe (100) system occurs between
600-700C. The morphological degradation for Ni-Ge, Pd-@d Rt-Ge begins at 580,
550, and 600°C, respectively [6,28]. We suggesb@gnmorphological stability for Ir

germanide films up to 500°C.

4. Conclusions

Ir Schottky barrier diodes were fabricated by usangelectron beam deposition
system. The Schottky barrier diodes behaviour wagestigated under various
annealing conditions. The variation of Schottkyrigarheights and ideality factors
with annealing may be attributed to interfacialcateans of Ir with germanium and
phase transformation of Ir germanides during theeahng process. The electrical
properties reveal that Ir Schottky barrier diodes @ high quality with low reverse
currents at -1 V of the order 20A and as-deposited ideality factors as low as.1.08

The homogeneous SBH value of 0.595 eV for the Skhbiarrier diodes was obtained

10



from the linear relationship between SBHs and thespective ideality factors. The
homogeneous SBH near the bandgap of Ge in Ir/ni86) (Schottky barrier diodes
imply good Schottky source/drain contact matengbichannel Ge-MOSFETS, for the
hole injection from source into inverted p-chanpl]. Thermal stability of the Ir/n-
Ge (100) Schottky barrier diodes is maintainedaiprtnealing temperature of 50
Furthermore, SEM observations were conducted fonptes annealed at different
temperatures, and the results depict that the desgierature for agglomeration in 20
nm Ir/n-Ge (100) system occurs between 600°C0Grom these results we conclude
that Ir is a promising candidate for its use astfievel interconnections in Ge-based

microelectronic circuits.
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Figure Captions

Fig. 1 Experimental (a) reverse and (BY characteristics of one of the Ir/n-Ge (100)
Schottky barrier diodes after isochraharmal treatment for 30 min at different
annealing temperatures: as-deposited,20800°C and 500°C.

Fig. 2 Plot of the Schottky barrier height and reverseent at-1 V as a function of
annealing temperature for Ir/n-Ge (106Q@&tky barrier diode.

Fig. 3 Plot of ideality factor as a function of annealtegperature for Ir/n-Ge (100)
Schottky barrier diode

Fig. 4 The plot of Schottky barrier heights as a functibtheir respective ideality
factors of Ir/n-Ge (100) Schottky barmode at various annealing
temperatures.

Fig. 5 Reverse bia€?V characteristics of one of the Ir/n-Ge (100) Sdtyobtarrier
diodes frequency of 1 MHz after isochidneatment for 30 min at different
annealing temperatures: as-deposited,0800°C and 500°C.

Fig. 6 The variation of non-compensated ionized donogg (fdncentration with
annealing temperature.

Fig.7 SEM observations for Ir films on germanium afsydhronal thermal treatment
for 30 min at different annealing temperas: (a) as-deposited, (b) 400°C,

(c) 500°C, (d) 600°C and (e) 700°C.
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