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Abstract 

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

doped n-type germanium by using the electron beam deposition system. Electrical 

characterization of these contacts using current-voltage (I-V) and capacitance-voltage 

(C-V) measurements was performed under various annealing conditions. The variation 

of the electrical properties of these Schottky diodes can be attributed to combined 

effects of interfacial reaction and phase transformation during the annealing process. 

Thermal stability of the Ir/n-Ge (100) was observed up to annealing temperature of 

500oC. Furthermore, structural characterization of these samples was performed by 

using a scanning electron microscopy (SEM) at different annealing temperatures. 

Results have also revealed that the onset temperature for agglomeration in a 20 nm 

Ir/n-Ge (100) system occurs between 600-700oC.   
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1. Introduction 

Schottky barrier diodes (SBDs) have already been studied for more than 50 

years and they have been used in many applications such as gates for metal-

semiconductor field-effect transistors, solar cells, and detectors [1-4]. Schottky 

contacts play an important role in controlling the electrical performances of 

semiconductor devices and Schottky barrier height (SBH) which is highly sensitive to 

thermal treatment [5]. Microelectronics has primarily been a Si-based technology 

because of the stability and high quality of SiO2 [6], as stability and reproducibility of 

contact properties are essential prerequisites for device development [2,7,8]. As the 

scaling of silicon complementary metal-oxide semiconductor (CMOS) devices 

becomes more and more challenging, both innovative structures and new materials 

with high carrier mobility are needed to continue improving the device performance 

[9]. Germanium (Ge) has been regarded as a possible replacement for Si as the channel 

material in future high-speed CMOS technology, because it offers two times higher 

intrinsic electron mobility and four times higher intrinsic hole mobility than Si [10]. 

The lack of a stable native Ge oxide has been the obstacle in the use of Ge in CMOS 

devices [11]. However, recent developments of the next generation deposited high-k 

gate dielectrics allow for the fabrication of high performance Ge-based metal-oxide 

semiconductor field effect transistors (MOSFETs) [11,12]. Low reactivity with oxygen 

in the high-k dielectric is expected in the germanide/high-k gate stack structure [13]. 

Although in previous studies focus has been on the reactions of germanium 

with Pd [6,14-23], Pt [6,13,22,24-29], and Ni [6,9,11,13-16,22,28-38], so far there is 

very little literature on reactions of germanium with Ir [39]. Gaudet et al. [6] carried 

out a systematic study of thermally induced reaction of 20 transition metals with Ge 
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substrates. They monitored metal-Ge reactions in situ during ramp anneals at 3°Cs-1 

using time-resolved X-ray diffraction, diffuse light scattering, and resistance 

measurements. Their results show that Fe, Co, Ni, Pd, Pt, and Cu were the most 

promising candidates for microelectronic applications. A reduction of the PtGe/Ge 

electron SBH by rapid thermal diffusion of phosphorous was reported by Henkel et al. 

[24]. Their results show that rapid thermal diffusion from a solid diffusion doping 

source is effective in reducing SBHs of platinum germanide SBDs on Ge. Saedi et al. 

[25] reported a scanning tunneling microscopy and spectroscopy study of the formation 

of platinum-germanide phases on Ge (111). Chawanda et al. [28] investigated the 

change in the (I-V) electrical properties of Pt-, Ni- and Ti Schottky diodes on n-Ge 

(100) at different annealing temperatures. Their results reveal that the as-deposited 

barrier heights have values that are near the bandgap of Ge for Pt/-, Ni/- and Ti/n-Ge 

(100) Schottky diodes resulting in good Schottky source/drain contact materials in p-

channel Ge-MOSFETS, for the hole injection from source into inverted p-channel [40]. 

Peng et al. [36] reported on the I-V characteristics of Ni/n-Ge (100) Schottky diodes 

and the nickel germanide induced strain after subjecting the Schottky contacts to rapid 

thermal anneal in the temperature range of 300-600°C. Their results also show that the 

orthorhombic structure of NiGe induces epitaxial tensile strain on Ge substrate due to 

the difference in lattice constants. They also suggested that the increase in barrier 

height with increasing annealing temperature may be due to the conduction band edge 

shift by the strain after germanidation process. Peng et al. [37] have also reported 

micro-Raman studies on nickel germanides formed on (110) crystalline Ge. Their 

results reveal that Ni5Ge3, NiGe and Ni2Ge phases are formed sequentially with 

increasing annealing temperatures from 300°C to 600°C on n-Ge (110) substrate. 

Perrin et al. [38] investigated the phase formation and growth kinetics for both Ni-Si 
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and Ni-Ge systems. They have shown that the Ni-Si system has three major phases 

(Ni2Si, NiSi and NiSi2) that grow sequentially while Ni-Ge system showed only two 

phases (Ni5Ge and NiGe) that grow simultaneously. Habanyama et al. [39] used ion 

beam analysis employing micro-Rutherford backscattering spectrometry to investigate 

the interaction between germanium and iridium in a lateral diffusion couple. Their 

results indicate that the germanide phase Ir3Ge7 stretches across the original island 

interface at all annealing temperatures, with a phase Ir4Ge5 forming in the reaction 

region with unreacted iridium. The phase IrGe4 was observed to nucleate in the middle 

of the island at annealing temperatures above 800oC.   

In this work we investigate the change in the electrical properties of Ir  

Schottky barrier diode on n-Ge (100) at different annealing temperatures in the 

temperature range 25-500oC.  Results presented here reveal the effects of thermal 

treatment, particularly the combined effects of interfacial reaction and phase transition 

[41] of Ir/n-Ge (100) Schottky barrier diodes using the I-V and C-V characteristics.  

Furthermore, morphological evolution of Ir films on n-Ge (100) is studied using the 

scanning electron microscopy (SEM) characterization method. 

 

2. Experimental procedures 

To study the thermal annealing effects on the Schottky barrier diode, we have 

used bulk-grown (100) oriented n-type Ge doped with antimony (Sb) to a density of                

(1.5-2.0) × 1015 cm-3 and supplied by Umicore. Before metallization, the samples were 

first degreased and subsequently etched in a mixture of H2O2 (30%): H2O (1:5) for 1 

minute. Immediately after cleaning they were inserted into a vacuum chamber where 

AuSb (0.6% Sb), 120 nm thick, was deposited by resistive evaporation on their back 

surfaces as ohmic contacts. The samples were then annealed at 350 ˚C in Ar ambient 
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for 10 minutes to minimize the contact resistivity of the ohmic contacts [42]. Before 

Schottky barrier diodes deposition, the samples were again chemically cleaned as 

described above. Ir Schottky barrier diodes were deposited onto Ge wafers using 

electron beam evaporation through a mechanical mask. The contacts were (0.60 ± 

0.05) mm in diameter and 20 nm thick. The metal thickness layer and deposition rates 

were monitored by using an INFICON XTC 751-001-G1 quartz crystal thickness 

monitor. After Schottky barrier diode fabrication, the samples were characterized by I-

V measurements at room temperature to determine the quality of the diodes. The 

Schottky barrier diodes were then isochronally annealed in an oven under Ar ambient 

in the temperature range 25oC to 500oC in steps of 25 oC for 30 minutes. I-V and C-V 

characteristic measurements followed each additive annealing cycle. Characterization 

of the Ir films at different annealing temperatures was accomplished using a ZEISS 

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

 

3. Results and discussion 

The Schottky barrier heights of the diodes were deduced from I-V 

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

 ]exp1[exp)( 






−−






=
kT

qV

nkT

qV
IVI o                                                                           (1) 
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obtained from the straight line intercept of  ln I at   V = 0, *A  is the effective 

Richardson constant,A  is the diode area, T the measurement temperature, k  the 

Boltzmann constant, BΦ  is the zero bias effective Schottky barrier height (SBH), q is 

the electronic charge and n the ideality factor which can be determined accurately from 
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the slope of the linear part of a Iln  versus V plot, assuming pure thermionic emission 

can be obtained  from Eq. (1) as 

(ln( ))

q dV
n

kT d I
=                                                                         (3) 

The value of n is equal to 1.0 for an ideal diode and usually has a value greater than 

unit.  

We fabricated eight Ir/n-Ge (100) Schottky barrier diodes (SBDs). Fig.1 shows 

the semilog forward and reverse bias I-V characteristics of these SBDs for as-deposited 

samples and after annealing the samples in the temperature range of 25-525oC. Since 

the annealing temperature range is wide, we have assumed that the change in thermal 

properties of Ir/n-Ge (100) SBDs (e.g. thermal expansion) have negligible effects on 

our results. Using Eq. (2) and intercept of the straight line fit of the semilog-forward 

bias I-V graph the value of effective SBH is determined.  

Fig. 2 presents the variation of the Schottky barrier height and reverse current 

at -1 V with annealing temperature for the Ir Schottky diodes.  The SBH and reverse  

current at a bias voltage of –1 V for as-deposited Ir Schottky diodes were found to be 

(0.574 ± 0.005) eV and (2.57 ± 0.02) µA respectively. After annealing at temperatures 

higher than 200oC, the Schottky barrier height (SBH) drops significantly, reaching                            

(0.542 ± 0.005) eV after a 400oC anneal. We suggest that there is a significant reaction 

between Ir and Ge. The change coincides with the initial phase formation of the 

germanides IrGe and Ir4Ge5, which have been reported by Habanyama et al. [39] to 

coexist and form at annealing temperatures around 350oC. Bhan and Schubert [46] also 

reported the phases IrGe and Ir4Ge5 to coexist in bulk diffusion couples. The change in 

the barrier height after the 400°C anneal coincides with the temperature of formation of 

Iridium germanide Ir3Ge7, reported by Habanyama et al. [39] to form after 400oC 
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anneal. Fig. 2 also depicts that, throughout the annealing process the reverse current at 

-1 V remains in the same order of magnitude, 10-6 A. Annealing at temperatures higher 

than 500oC resulted in near ohmic contacts and further analysis of the I-V and C-V 

characteristics of the Ir Schottky barrier diodes was not possible. These results show 

that Ir/n-Ge (100) Schottky diodes are thermally stable over a wide range of 

temperature, 25-500°C. Similar results have been reported by [6,23,28]. Pd/n-Ge 

Schottky diodes have been observed to be stable over a wide temperature range 25-

525°C [6,23]. Pt/n-Ge Schottky diodes have been reported to be thermally stable in the 

temperature range of 25-600°C [28].  

The SBH is likely to be a function of the interface atomic structure, and atomic 

inhomogeneities at MS interface which are caused by grain boundaries, multiple 

phases, facets, defects, a mixture of different phases, etc [47,48]. It is well known that 

the chemical reactions between metals and semiconductors at interfaces can play an 

important role in the electrical properties of devices. Boyarbay et al. [49] suggested 

that the recent motivation for studying Schottky barrier formation is due to the 

recognition that both electronic and chemical equilibrium have to be considered 

together across a reactive interface between metal and semiconductor, as surface states 

and metal-induced gap states failed to take into consideration the chemical equilibrium 

at interface. The chemical equilibrium after a heat treatment results in interfacial 

atomic rearrangement, interdiffusion, and compound formation, which should have a 

profound effect on the electronic equilibrium producing the Schottky barrier [50]. 

Hence, the change in Schottky barrier heights may be attributed to combined effects of 

interfacial reaction and phase transformation [51]. 

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

experimental ln I-V characteristics in forward bias [7]. The variation of the Ir Schottky 
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diodes ideality factor as a function of annealing temperature is shown in Fig. 3. The  

as-deposited value of the ideality factor was found to be 1.08. At annealing 

temperatures between 275-500oC, ideality factors significantly greater than 1.1 indicate 

that the transport properties are not well modeled by thermionic emission alone 

although their contacts remain rectifying [52]. The non-idealities are mostly due to the 

states associated with the defects near the surface of the semiconductor [7]. In a 

Schottky contact, even with a good surface treatment, there is an interfacial oxide layer 

of thickness about 1 nm with considerable amount of surface states [7]. These interface 

states, and inter-diffusion, chemical reaction, compound formation, defects generation, 

etc. can all be derived from thermodynamics due to thermal annealing [53-55]. These 

may result in the formation of recombination centres [52] and SBH inhomogeneities 

[56], which cause an excess current leading to a deviation from the ideal thermionic 

emission behaviour. Additionally, there are other sources of SBH inhomogeneity. For 

instance, there may be a mixture of different metallic phases with different SBHs due 

to incomplete interfacial reaction, and doping inhomogeneity at a MS interface [57]. 

Thus, the current across the MS contact may be mainly due to the presence of SBH 

inhomogeneity and this inhomogeneity leads to large ideality factors. 

Fig. 4 shows a plot of the SBHs as a function of their respective ideality factors, 

obtained from the annealing process in the temperature range 25-500oC. The straight 

line in Fig. 4 is the least-squares fit to experimental data. Since the results show a 

linear correlation between SBHs and ideality factors, we extrapolated the plot to n = 

1.0, and obtained a laterally homogeneous SBH of 0.595 eV for Ir/n-Ge (100) Schottky 

barrier diodes. The homogeneous SBHs rather than effective SBHs of Schottky diodes 

or their mean values should be used to discuss theories on the physical mechanisms 

that determine the SBHs of MS contacts [58,59].  
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Fig. 5 shows the plots of Ir/n-Ge (100) Schottky barrier diodes reverse bias     

C-2-V characteristics at 1.0 MHz at different annealing temperatures. The plots of C-2 as 

a function of reverse bias voltage are linear, indicating the formation of Schottky 

diodes [60], and a constant non-compensated ionized donor concentration. In Schottky 

diodes, the depletion layer capacitance (C), can be expressed as [2,7]:  

Ds
NAq

VV

C
2

0

2

)(21

ε

−=          (4) 

where A is the area of the diode, 
s

ε  is the permittivity of semiconductor, ND is the 

concentration of non-compensated ionized donors, that can be temperature dependent, 

V is the magnitude of the reverse bias and 
0

V  is the diffusion potential at zero bias. 

From Eq. (4), the values of 
0

V  and ND can be determined from the intercept and slope 

of the C-2-V plot. The C-V SBH for as-deposited Ir/n-Ge (100) Schottky barrier diode 

was found to be (0.473 ± 0.005) eV. Due to the different nature of the measurement 

techniques, SBHs obtained from I-V and C-2 –V are not always the same [61]. 

Although, in general, SBHs from C-V measurements are higher than SBHs from I-V 

measurements, in our study, we obtained I-V SBHs that were higher than C-V SBHs. 

Similar results have been reported [35]. Therefore, further studies are needed to clarify 

these results. Fig. 6 depicts the variation of non-compensated ionized donor 

concentration with annealing temperature. The non-compensated ionized donor 

concentration decreases with annealing temperature. Similar results have been reported 

by Serin [62], Nohoglu et al. [63] and Opsomer et al. [64]. This may be due to either 

presence of high density of compensating deep acceptor levels [62], possibly related to 
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in-diffused Ir or the decrease in the dangling bonds due to annealing [63] and 

formation of Iridium germanide [39].  

SEM observations were conducted for Ir/n-Ge (100) samples, as-deposited and 

after annealing at different temperatures. The morphological evolution is shown in Fig. 

7. As seen in Fig. 7 (a) and (b), metal surfaces show little change when samples were 

annealed below 400oC. Grain growth at the surface (see Fig. 7 (c)) were evident after a 

500oC anneal, indicating inception of agglomeration. Agglomeration starts with grain 

boundary grooving and progresses to island formation [65]. We observed development 

of severe grain grooving after a 600oC anneal (see Fig. 7 (d)). We also observed that 

after 700oC anneal (see Fig. 7 (e)), film continuity was severely interrupted as revealed 

by dark spots caused by exposed Ge regions. From these observations we conclude that 

the onset of the agglomeration process for 20 nm Ir/n-Ge (100) system occurs between 

600-700oC. The morphological degradation for Ni-Ge, Pd-Ge and Pt-Ge begins at 580, 

550, and 600°C, respectively [6,28]. We suggest a good morphological stability for Ir 

germanide films up to 500°C. 

 

4. Conclusions 

Ir Schottky barrier diodes were fabricated by using an electron beam deposition 

system. The Schottky barrier diodes behaviour was investigated under various 

annealing conditions. The variation of Schottky barrier heights and ideality factors 

with annealing may be attributed to interfacial reactions of Ir with germanium and 

phase transformation of Ir germanides during the annealing process. The electrical 

properties reveal that Ir Schottky barrier diodes are of high quality with low reverse 

currents at -1 V of the order 10-6 A and as-deposited ideality factors as low as 1.08. 

The homogeneous SBH value of 0.595 eV for the Schottky barrier diodes was obtained 
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from the linear relationship between SBHs and their respective ideality factors. The 

homogeneous SBH near the bandgap of Ge in Ir/n-Ge (100) Schottky barrier diodes 

imply good Schottky source/drain contact material in p-channel Ge-MOSFETS, for the 

hole injection from source into inverted p-channel [40]. Thermal stability of the Ir/n-

Ge (100) Schottky barrier diodes is maintained up to annealing temperature of 500oC. 

Furthermore, SEM observations were conducted for samples annealed at different 

temperatures, and the results depict that the onset temperature for agglomeration in 20 

nm Ir/n-Ge (100) system occurs between 600-700oC. From these results we conclude 

that Ir is a promising candidate for its use as first level interconnections in Ge-based 

microelectronic circuits. 
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Figure Captions 

Fig. 1 Experimental (a) reverse and (b) I-V characteristics of one of the Ir/n-Ge (100)  

          Schottky barrier diodes after isochronal thermal treatment for 30 min at different  

          annealing temperatures: as-deposited, 200°C, 400°C and 500°C. 

Fig. 2 Plot of the Schottky barrier height and reverse current at ̠1 V as a function of  

          annealing temperature for Ir/n-Ge (100) Schottky barrier diode. 

Fig. 3 Plot of ideality factor as a function of annealing temperature for Ir/n-Ge (100)  

          Schottky barrier diode 

Fig. 4 The plot of Schottky barrier heights as a function of their respective ideality  

          factors of Ir/n-Ge (100) Schottky barrier diode at various annealing 

          temperatures. 

Fig. 5 Reverse bias C-2-V characteristics of one of the Ir/n-Ge (100) Schottky barrier  

          diodes frequency of 1 MHz after isochronal treatment for 30 min at different 

          annealing temperatures: as-deposited, 200°C, 400°C and 500°C.  

Fig. 6 The variation of non-compensated ionized donors (ND) concentration with  

          annealing temperature. 

Fig.7 SEM observations for Ir films on germanium after isochronal thermal treatment 

          for 30 min at different annealing temperatures: (a) as-deposited, (b) 400°C,  

          (c) 500°C, (d) 600°C and (e) 700°C. 
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