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Preface

The framework of this book was developed in the search for a new demand for materials
that would facilitate our advanced technologies in the twenty-first century. Today, technolo‐
gy has become a ubiquitous part of our lives and consequently a critical component of all
areas of our life. People wake up with checking up their emails on their smartphones and go
to work in their car that has lots of sensors such as collision detection, parking assistant, lane
departure warning, and so on. With the help of rapidly growing artificial intelligence tech‐
nology, a self-driving autonomous car gives you the luxury to sit back in the car seat to get
to the work. These sound like science fiction or movie scenes from a Hollywood blockbuster
about the future but this is happening right now. Research and development of these tech‐
nologies are moving at lightning pace, which is attributed to the semiconductor technology.
After the birth of semiconductor technology in 1947, it was heavily dominated by silicon-
based semiconductor technology for more than 60 years. However, the limitation of silicon
technology invited a number of researchers to search for other alternatives including germa‐
nium. At the beginning of internet-of-things era (IoT), more autonomous systems were im‐
plemented in every corner of our lives and this strongly demands faster and lower power
semiconductor device applications to meet our needs.

Germanium is an interesting material to explore in many applications. Although we rarely
see them in our everyday life, they are embedded in many other applications where they
play a critical role such as a main component of machines, tools, systems, instruments, and
so on. The major applications for germanium are infrared optics, optical fibers, semiconduc‐
tor devices, catalysts, and nuclear radiation detectors. At the beginning of a postsilicon era,
most experts expect developing applications with new material alternatives; in particular,
germanium beyond silicon technologies would eventually lead to a new technology revolu‐
tion in the coming centuries.

In the fast-moving age of digital knowledge, it is almost impossible to follow up with all the
new technologies. Furthermore, synchronized with these new technologies, a market keeps
changing and transforming on a nearly yearly basis as we spend more time on our mobiles,
tablets, laptops, and newly introduced gadgets. In the center of these changes, we are excit‐
ed to present this book to readers in the belief that we can contribute to the process of deep‐
ening new knowledge.

Prof. Sanghyun Lee, PhD
Indiana State University

Terre Haute, Indiana, USA
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1. Introduction

The search for new semiconductor materials began with new technology requirements in the 
early nineteenth century [1]. One of the pivotal discoveries was silicon (Si) and germanium 
(Ge), by Clemens Winkler in 1886. The current semiconductor technology is mostly based on Si 
material to fabricate integrated circuits (ICs) in the era of high-speed Internet-of-Things (IoT). 
Since Si transistors of ICs have faced physical limitations due to their fundamental properties, 
a number of researchers are actively searching for alternatives, which reignite the active study 
of Ge to break through the technology roadblock. The scope of this introduction is to describe 
the historical background of Ge materials from ores and their application to advanced devices 
such as photodetectors, solar cells, spintronics, IC, etc., which are essentially semiconductor 
applications in all areas of our current technologies [2]. Furthermore, this chapter will discuss 
the opportunities and challenges of Ge materials and advanced device applications for the 
next technology generation. The last part of this section will outline the topic of each chapter 
with some practical suggestions on how to efficiently utilize this book for readers.

2. Elemental semiconductor material

Nowadays, almost 95% of all the semiconductors are fabricated on Si material. Si semiconduc-
tors began to be used in the mid-1960s. The silicon devices demonstrate better and stable 
properties at room temperature. Furthermore, generating high-purity silicon wafer can be 
relatively easily achieved by the so-called Czochralski process. This is a method of crystal 
growth used to obtain single crystals of semiconductors, where high-quality silicon dioxide 
can be grown at room temperature [3–8]. From the economic perspective, high-purity Si for 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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device applications is much cheaper due to the fact that Si consists of 25% of the Earth’s crust 
in the form of silica and silicates, which makes Si the second-abundant material after oxygen. 
As of now, Si technology is the leading technology surpassing all other material applications 
combined. However, a preferred choice of material for advanced ICs during the beginning of 
the semiconductor era in 1960 was interestingly Ge over Si after the invention of the first tran-
sistor with Ge in 1947. In the twenty-first century, the return of advanced Ge devices prepar-
ing post-Si device era invites us to look into advantages of Ge advanced devices, which makes 
it only possible with current state-of-art advanced technologies for at least next 50 years.

In 1947, two scientists at the Bell Telephone Laboratories, John Bardeen and Walter Brattain, 
made a triangular insulating wedge where two thin gold contacts with approximately 50-um-
wide gap were glued on. They pressed this wedge into a slab of Ge and made a third contact on 
the bottom of the slab. They applied forward bias between one gold contact and the bottom of the 
Ge slab while applying reverse bias between the other gold contact and the bottom. This turned 
a small signal into a larger signal with the flow of current through this configuration, which had 
changed forever the history of semiconductors by inventing the first transistor—the amplifier 
and switch, arguably the most important invention of the twentieth century (see Figure 1).

At the critical juncture of the post-Si era, serious efforts searching for a new semiconduc-
tor material to replace long-standing Si devices began. In the past 10 years, most of leading 
semiconductor companies have begun to consider a certain change in components of their IC 
design such as the current-carrying channel, which is the very heart of a transistor. The idea is 
to replace the Si with a material that can move current at significantly greater rates. Compared 
to Si channels, alternative transistors with such channels could allow design engineers to 
design faster, denser, and low-power circuits, meaning better and cheaper smartphones, com-
puters, and numerous IoT gadgets and applications in the market.

The existence and properties of such a material were first predicted by Dmitri Mendeleev in 
1869, by filling a gap in the carbon family, in his periodic table of elements, located between 

Figure 1. A stylized replica of the first transistor [2].
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silicon and tin; therefore, it was called eka-silicon (Es), with estimated atomic weight of 72.0, 
which is not far off from 72.630, the standard atomic weight in modern chemistry [2, 9]. 
Although Ge is 50th in the relative abundance of elements in the Earth’s crust, Ge came to be 
known relatively late in the history of chemistry due to the fact that it is rarely discovered in 
high concentration [2]. In 1886, a German chemist, Clemens Winkler was able to isolate it, and 
found it similar to antimony, named in honor of his home country.

Until the late 1930s, Ge was considered to be a poorly conducting metal [10], rather than a 
semiconductor, which made Ge economically insignificant. However, this had changed after 
World War II when Ge’s semiconducting properties of diodes were found. In other words, the 
switching property of Ge diodes initiated the initial development of Ge devices [11, 12]. The 
first application was for the use in radar units as a frequency mixer element in microwave radar 
receivers by producing pure Ge crystal mixer diodes with the point-contact Schottky diode 
structure during the war period. During the post-war period, the development and manufac-
turing of solid-state Ge devices became a major stream in the semiconductor industry. From 
1950 to the early 1970s, the Ge-related market increased for applications in transistors, diodes, 
and rectifiers [13]. For example, in the US, a few hundred pounds of production in 1946 greatly 
grew to more than 45 metric tons until 1960 in order to meet the market demand. However, soon 
after, high-purity silicon began replacing germanium in transistors, diodes, and rectifiers [13]. 
For example, the company that became Fairchild Semiconductor was founded in 1957 with the 
express purpose of producing silicon transistors. Silicon has superior electrical properties, but it 
requires much greater purity and that could not be commercially achieved in the early years of 
semiconductor electronics. Meanwhile, demand for germanium in fiber optics communication 
networks, infrared night vision systems, and polymerization catalysts increased dramatically. 
These end users represented 85% of worldwide germanium consumption in 2000 [12, 13].

Under the standard temperature (273.15 K) and pressure (105 Pa), Ge is a brittle, silvery-
white, semi-metallic element [12]. As pure Ge is not mined as a primary material, Ge can be 
produced as a by-product of base metal refining [14]. Ge can be mostly found in the form of 
sphalerite zinc ores where it is concentrated in amounts as great as 0.3%, argyrodite (a sulfide 
of germanium and silver), and germanite (containing 8% of the element) [14, 15]. With sphal-
erite zinc ores, Ge concentrates are first purified using a chlorination and distillation process 
that produces germanium tetrachloride (GeCl4) [15]. Germanium tetrachloride is hydrolyzed 
and dried, producing germanium dioxide (GeO2), which is reduced with hydrogen to form 
Ge metal powder. Ge powder is cast into bars at high temperatures over 1720.85 F, which are 
treated by the zone-refining process to isolate and remove impurities. After this process, high-
purity Ge metal bars are finally produced. Commercial Ge metal is often more than 99.999% 
pure. Zone-refined Ge can further be grown into crystals, which are sliced into thin pieces for 
use in semiconductors and optical lenses [15].

3. Applications and opportunities of germanium

In general, the United States Geological Survey (USGS) classified Ge applications into five groups 
such as IR optics (30%); fiber optics (20%); polyethylene terephthalate—PET (20%); electronic and  
solar (15%); and phosphors, metallurgy, and organic applications (5%) (see Figure 2).
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As mentioned earlier, zone-refined Ge crystals are grown and sliced to form lenses and win-
dow for IR and/or thermal imaging optical systems [15]. A major developer and customer is 
the military, for the application of advanced weapon systems such as small hand-held and 
weapon-mounted devices.

In fiber optics, telecommunication is possible by confining the light signal to their core, with 
Ge fibers acting as a waveguide for the electromagnetic light wave. Hence, the higher refrac-
tive index of the center of the fibers can improve the confinement of the light signal. Doping 
fused silica with Ge dopants can improve the refractive index in the silica glass of fiber optic 
lines by reducing signal loss (see Figure 3).

Regarding the production of PET plastics, roughly 17 metric tons of germanium dioxide is 
consumed each year as a polymerization catalyst. PET plastic is primarily used in beverage, 
liquid containers, and food.

In recent years, Ge has seen increasing use in precious metal alloys [12, 16]. In sterling silver alloys, 
for instance, it reduces firescale, increases tarnish resistance, and improves precipitation harden-
ing. A tarnish-proof silver alloy trademarked Argentium contains 1.2% germanium [12, 16].

Figure 2. US Ge applications [12].

Advanced Material and Device Applications with Germanium4

As for spintronics, Ge is an emerging material for spin-based quantum computing applica-
tions. After finding the Ge property of spin transport at room temperature in 2010 [17], scien-
tists recently showed very long coherence times of donor electron spins in Ge [16–18].

Soon after the birth of Ge transistors, Si transistors’ replacement of Ge transistor happened in the 
early 1970s due to the reasons mentioned earlier. Today, however, scientists’ efforts to achieve 
lower-power and higher-speed transistors have brought Ge back to the main interest of the semi-
conductor industry. By implementing Ge as current-carrying channel (channel) of the transistor, 
transistors are improved based on a fundamental property, which is the mobility of electrons 
and holes. Electrons move nearly three times as readily in Ge as they do in Si near room tem-
perature. Furthermore, holes move about four times as readily in Ge. This is ultimately related to 
the difference in band structure between Ge and Si. Consequently, the faster these electrons and 
holes can move, the faster the resulting circuits can be. Since less voltage can be applied to draw 
those charge carriers along, circuits can also consume considerably less energy [19].

Since Ge band gap is small, 0.67 eV, Ge is transparent in the infrared wavelengths, which 
makes it possible to employ them in infrared spectroscopes and other extremely sensitive 
optical equipment such as infrared detectors. There are a number of infrared optical applica-
tions for Ge which can be readily cut and polished into windows and lenses [16, 20–22]. In 
particular, military applications rely on Ge optical properties. For instance, Ge is used in the 
front optic of thermal imaging cameras working in the 8–14-μm range for passive thermal 
imaging and for hot-spot detection in the military, mobile night vision, and firefighting appli-
cations (see Figure 4) [16, 20, 23, 24].

Figure 3. A typical single optical fiber, demonstrating core silica (1) with germanium oxide dopants, (2) cladding, (3) 
buffer, and (4) jacket [16].
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fused silica with Ge dopants can improve the refractive index in the silica glass of fiber optic 
lines by reducing signal loss (see Figure 3).

Regarding the production of PET plastics, roughly 17 metric tons of germanium dioxide is 
consumed each year as a polymerization catalyst. PET plastic is primarily used in beverage, 
liquid containers, and food.

In recent years, Ge has seen increasing use in precious metal alloys [12, 16]. In sterling silver alloys, 
for instance, it reduces firescale, increases tarnish resistance, and improves precipitation harden-
ing. A tarnish-proof silver alloy trademarked Argentium contains 1.2% germanium [12, 16].

Figure 2. US Ge applications [12].
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As for spintronics, Ge is an emerging material for spin-based quantum computing applica-
tions. After finding the Ge property of spin transport at room temperature in 2010 [17], scien-
tists recently showed very long coherence times of donor electron spins in Ge [16–18].
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early 1970s due to the reasons mentioned earlier. Today, however, scientists’ efforts to achieve 
lower-power and higher-speed transistors have brought Ge back to the main interest of the semi-
conductor industry. By implementing Ge as current-carrying channel (channel) of the transistor, 
transistors are improved based on a fundamental property, which is the mobility of electrons 
and holes. Electrons move nearly three times as readily in Ge as they do in Si near room tem-
perature. Furthermore, holes move about four times as readily in Ge. This is ultimately related to 
the difference in band structure between Ge and Si. Consequently, the faster these electrons and 
holes can move, the faster the resulting circuits can be. Since less voltage can be applied to draw 
those charge carriers along, circuits can also consume considerably less energy [19].

Since Ge band gap is small, 0.67 eV, Ge is transparent in the infrared wavelengths, which 
makes it possible to employ them in infrared spectroscopes and other extremely sensitive 
optical equipment such as infrared detectors. There are a number of infrared optical applica-
tions for Ge which can be readily cut and polished into windows and lenses [16, 20–22]. In 
particular, military applications rely on Ge optical properties. For instance, Ge is used in the 
front optic of thermal imaging cameras working in the 8–14-μm range for passive thermal 
imaging and for hot-spot detection in the military, mobile night vision, and firefighting appli-
cations (see Figure 4) [16, 20, 23, 24].

Figure 3. A typical single optical fiber, demonstrating core silica (1) with germanium oxide dopants, (2) cladding, (3) 
buffer, and (4) jacket [16].
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4. Summary

We attempt to review germanium elemental materials and summarize the highlights of the 
history of germanium. Although the complete story of germanium would be lengthy, we have 
tried to highlight the material and device aspects of germanium. From the Ge application per-
spective, there are a number of examples; but the main applications could be categorized into 
five areas such as IR optics; fiber optics; polyethylene terephthalate—PET; electronic and solar; 
and phosphors, metallurgy, and organic applications. After the first invention of a transistor 
in 1947, which is arguably perceived as the most important invention in the twentieth cen-
tury, and silicon replacement, germanium in electronics remarkably returns. The steady-fast 
increase of germanium application in IR and fiber optics is interesting as well. Furthermore, 
it is expected that more studies of germanium nanocrystals could contribute to the increased 
attention to research and development of new germanium applications in near future.

5. Outline of this book

As indicated in the title of this book, it will cover the detailed aspects of germanium. In par-
ticular, it is categorized into four sections, which describe critical aspects of germanium appli-
cation in each field, including this first brief introduction of germanium. In the second part, 
this book will describe germanium material property and production from economical and 
engineering perspectives. In the third part, it will discuss germanium optics applications and 
diffusion characteristics during the process. In the final section with two chapters, this book 
will describe germanium microelectronic characteristics, in particular, interface characteristics 

Figure 4. Germanium photodetector comprised of various layers of germanium [21].
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impacted by the process. The contributing authors are experts in their field with great in-depth 
knowledge, which is contained in this book. The authors strongly feel that this contribution 
might be of interest to readers and help to expand the scope of their knowledge.
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Abstract

Germanium (Ge) is considered a critical element due to its many industrial applications; 
Ge is a metalloid used in solar cells, fiber optics, metallurgy, chemotherapy, and polym-
erization catalysis. The main sources of Ge are sulfides ores of Zn, Pb, and Cu, coal depos-
its, as well as by-products and residues from the processing of these ores and coals (e.g., 
smelting flue dust and coal fly ashes). Indeed, over 30% of global Ge consumed come 
from recycling processes. The recovery of Ge from sulfide ores is mostly based on hydro-
metallurgical processes followed by a number of mass transfer techniques to concentrate 
Ge (e.g., solvent extraction). However, environmental-friendly extraction methods of Ge 
from coal fly ashes and copper smelting flue dust have recently been proposed in order 
to reduce environmental impacts. In addition, novel processes based on absorption of 
Ge with ribbon grass have become an interesting option not only to produce Ge but also 
to boost soil decontamination and biogas production. This chapter presents a general 
description of Ge occurrence, associations, and chemistry as well as a review of the cur-
rent and novel recovery processes of Ge. The main sources of Ge and its main industrial 
applications are also discussed.

Keywords: germanium, residues, by-products, hydrometallurgical processes

1. Introduction

Germanium (Ge) was discovered in Freiberg in 1885. One year later, it was isolated from 
the uncommon mineral argyrodite (Ag8GeS6) by the chemist Clemens Winkler [1]. Ge is a 
chemical element with a grayish-white color whose position in the periodic table indicates 
that it has physicochemical properties similar to silicon (Si) and tin (Sn). Germanium has five 
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naturally occurring isotopes, 70Ge, 72Ge, 73Ge, 74Ge, and 76Ge, the latter being slightly radioac-
tive, with a half-life of 1.58 × 1021 years [2]. However, 74Ge is the most common isotope, having 
a natural abundance of approximately 36% [3].

Germanium is a scarce element in the Earth’s crust (about 1.6 ppm Ge crustal average) that 
rarely forms its own minerals [6]. It often appears in the form of the oxide (GeO2) or the 
sulfide (GeS2) and in solution as germanic acid [7, 8]. However, most Ge is dispersed through 
silicate minerals due to the substitution of Ge4+ for the geochemically similar Si4+. Ge is also 
associated with minerals or ores containing graphite (C), zinc (Zn), copper (Cu), iron (Fe), 
tin (Sn), and silver (Ag) [8]. Germanium can be classified either as a semimetal or metalloid 
because it shows both metal and nonmetal properties [4, 5]. As pure element, Ge has a metal-
lic appearance at room temperature and behaves brittle with increasing mechanical deforma-
tion. In addition, Ge has a high refractive index and low chromatic dispersion and ability to 
form extended three-dimensional networks of Ge-O tetrahedra like Si-O [1, 9]. These physical 
properties determine the high economic importance of Ge and compounds in the industry 
sector. In this regard, the European Commission included Ge in a list of raw materials of criti-
cal concern for members of the European Union (EU) not only because of its high economic 
importance [10] but also because its industrial production is focalized in a small number of 
countries (mainly in China), and the world’s demand pressure is increasingly growing.

2. Germanium-bearing minerals and residues

Nearly 30 minerals are known to contain Ge, mostly sulfides (Table 1). Germanium is a substi-
tuting element in Zn-sulfide structures (up to 3000 ppm in sphalerite and wurtzite ((Zn,Fe)S)  
and Cu sulfides (up to 5000 ppm in enargite, tennantite, bornite, and chalcopyrite) [3]. 
Germanium is also present as a substituting element in oxides (e.g., up to 7000 ppm in hema-
tite (Fe2O3)), hydroxides (up to 5310 ppm in goethite (FeOOH)), phosphates, arsenates, vana-
dates, tungstates, and sulfates [3, 11].

Germanium can also occur in rare minerals such as argyrodite (Ag8GeS6), germanite 
(Cu13Fe2Ge2S16), renierite ((Cu,Zn)11(Ge,As)2Fe4S16), or briartite (Cu2(Fe,Zn)GeS4). Germanium-
bearing ores are hosted in a variety of deposit that contains Au, Pb, and Ag, apart from those 
of Cu and Zn. Deposit types that contain significant amounts of Ge include volcanogenic-
hosted massive sulfide (VMS), sedimentary exhalative (SEDEX), Mississippi Valley-type 
(MVT), Pb-Zn (including Irish-type Zn-Pb deposits), Kipushi-type Zn-Pb-Cu replacement 
bodies in carbonate rocks, polymetallic Zn-Sn vein, and coal deposits [9].

The VMS deposits are major sources of Zn, Cu, Pb, Ag, and Au and significant sources for Ge. 
They typically occur as lenses of polymetallic massive sulfides that form at or near the sea-
floor in submarine volcanic environments and are classified according to base metal content, 
Au content, or host-rock lithology [12]. There are close to 350 known VMS deposits in Canada 
and over 800 known worldwide. The most common feature among all types of VMS depos-
its is that they are formed in extensional tectonic settings, including both oceanic seafloor 
spreading and arc environments. Sedimentary-exhalative (SEDEX) deposits, on the other 
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% germanium Mineral name Chemical formula MW

69.41% Ge Argutite GeO2 104.61

53.91% Ge Eyselite Fe+++Ge++++3O7(OH) 401.40

45.27% Ge Otjisumeite PbGe4O9 641.63

35.78% Ge Bartelkeite PbFe++Ge3O8 608.87

31.50% Ge Stottite Fe++Ge(OH)6 230.50

24.49% Ge Carboirite-III Fe++Al2GeO5(OH)2 296.43

23.59% Ge Krieselite (Al,Ga)2(Ge,C)O4(OH)2 230.81

22.36% Ge Carboirite-VIII Fe++(Al,Ge)2O[(Ge,Si)O4](OH)2 292.20

22.31% Ge Brunogeierite (Ge++,Fe++)Fe+++2O4 244.11

18.57% Ge Briartite Cu2(Zn,Fe)GeS4 390.97

16.49% Ge Barquillite Cu2CdGeS4 440.38

13.42% Ge Schaurteite Ca3Ge++++(SO4)2(OH)6•3.(H2O) 541.06

10.83% Ge Carraraite Ca3Ge(OH)6(SO4)(CO3) •12H2O 670.75

10.79% Ge Maikainite Cu20(Fe,Cu)6Mo2Ge6S32 3296.63

10.15% Ge Germanocolusite Cu13V(Ge,As)3S16 1609.66

10.03% Ge Polkovicite (Fe,Pb)3(Ge,Fe)1-xS4 470.48

9.86% Ge Ovamboite Cu20(Fe,Cu,Zn)6W2Ge6S32 3470.24

9.78% Ge Morozeviczite (Pb,Fe)3Ge1-xS4 705.33

9.10% Ge Germanite Cu26Fe4Ge4S32 3192.14

7.89% Ge Catamarcaite Cu6GeWS8 902.31

7.76% Ge Putzite (Cu4.7Ag3.3)GeS6 925.86

7.62% Ge Itoite Pb3[GeO2(OH)2](SO4)2 952.35

7.21% Ge Fleischerite Pb3Ge(SO4)2(OH)6•3(H2O) 1006.40

6.58% Ge Renierite (Cu,Zn)11(Ge,As)2Fe4S16 1655.51

6.44% Ge Argyrodite Ag8GeS6 1127.95

5.60% Ge Calvertite Cu5Ge0.5S4 495.06

2.90% Ge Tsumgallite GaO(OH) 100.05

2.71% Ge Mathewrogersite Pb7(Fe,Cu)Al3GeSi12O36•(OH,H2O)6 2678.79

1.30%Ge Colusite Cu12-13V(As,Sb,Sn,Ge)3S16 1673.29

0.32%Ge Cadmoindite CdIn2S4

MW: molecular weight.
Adapted from [13].

Table 1. Mineral species sorted by the element Ge.
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% germanium Mineral name Chemical formula MW

69.41% Ge Argutite GeO2 104.61

53.91% Ge Eyselite Fe+++Ge++++3O7(OH) 401.40

45.27% Ge Otjisumeite PbGe4O9 641.63

35.78% Ge Bartelkeite PbFe++Ge3O8 608.87

31.50% Ge Stottite Fe++Ge(OH)6 230.50

24.49% Ge Carboirite-III Fe++Al2GeO5(OH)2 296.43

23.59% Ge Krieselite (Al,Ga)2(Ge,C)O4(OH)2 230.81

22.36% Ge Carboirite-VIII Fe++(Al,Ge)2O[(Ge,Si)O4](OH)2 292.20

22.31% Ge Brunogeierite (Ge++,Fe++)Fe+++2O4 244.11

18.57% Ge Briartite Cu2(Zn,Fe)GeS4 390.97

16.49% Ge Barquillite Cu2CdGeS4 440.38

13.42% Ge Schaurteite Ca3Ge++++(SO4)2(OH)6•3.(H2O) 541.06

10.83% Ge Carraraite Ca3Ge(OH)6(SO4)(CO3) •12H2O 670.75

10.79% Ge Maikainite Cu20(Fe,Cu)6Mo2Ge6S32 3296.63

10.15% Ge Germanocolusite Cu13V(Ge,As)3S16 1609.66

10.03% Ge Polkovicite (Fe,Pb)3(Ge,Fe)1-xS4 470.48

9.86% Ge Ovamboite Cu20(Fe,Cu,Zn)6W2Ge6S32 3470.24

9.78% Ge Morozeviczite (Pb,Fe)3Ge1-xS4 705.33

9.10% Ge Germanite Cu26Fe4Ge4S32 3192.14

7.89% Ge Catamarcaite Cu6GeWS8 902.31

7.76% Ge Putzite (Cu4.7Ag3.3)GeS6 925.86

7.62% Ge Itoite Pb3[GeO2(OH)2](SO4)2 952.35

7.21% Ge Fleischerite Pb3Ge(SO4)2(OH)6•3(H2O) 1006.40

6.58% Ge Renierite (Cu,Zn)11(Ge,As)2Fe4S16 1655.51

6.44% Ge Argyrodite Ag8GeS6 1127.95

5.60% Ge Calvertite Cu5Ge0.5S4 495.06

2.90% Ge Tsumgallite GaO(OH) 100.05

2.71% Ge Mathewrogersite Pb7(Fe,Cu)Al3GeSi12O36•(OH,H2O)6 2678.79

1.30%Ge Colusite Cu12-13V(As,Sb,Sn,Ge)3S16 1673.29

0.32%Ge Cadmoindite CdIn2S4

MW: molecular weight.
Adapted from [13].

Table 1. Mineral species sorted by the element Ge.
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hand, occur as tabular Zn-Pb-Ag deposits that contain laminated, stratiform mineralization 
and may be hosted in shale, carbonate, or carbonate- or organic-rich clastic rocks (siltstone 
and less commonly sandstone and conglomerate rich).

Most SEDEX deposits are hosted either by bimodal volcanic and clastic sedimentary sequence 
that is commonly metamorphosed to amphibolite-granulite facies, as at Broken Hill, Australia, 
or by basinal marine, fine-grained sedimentary rocks comprised mostly of carbonaceous chert, 
shales, and siltstones, less commonly by sandstones and conglomerates [14]. Mineralogy of 
the SEDEX deposits includes sulfides, carbonates, barite, and quartz. The most common sul-
fide mineral is pyrite, but the main ore minerals are invariably sphalerite and galena. SEDEX 
deposits account for 50% of the Pb and Zn reserves and about 25% of the global production 
of these metals [14]. There are more than 120 SEDEX deposits worldwide with known grade 
and tonnage figures, and of these 45 have geological resources greater than 20 million tons of 
Pb + Zn [15].

The Mississippi Valley-type (MVT) deposits can be found in the Gordonsville-Elmwood 
Zn-Pb district in Tennessee. These deposits, on average, have grades of 400 ppm Ge in Zn ore 
concentrate, while other MVT deposits in the USA may contain 50 ppm Ge in sphalerite. The 
Huize MVT deposit, which is located in China (Yunnan Province), is one of the largest MVT 
deposits in China and produces zinc-lead and Ag, Ge, and Cd by-products [16].

The most significant carbonate-hosted Zn-Pb-Cu deposits that contain notable amounts of Ge 
are the Kipushi deposit in the Democratic Republic of the Congo and the Kabwe deposits in 
Zambia [9]. Germanium averages 68 ppm in bulk samples in the Kipushi deposit and occurs 
substituted in sulfide minerals, although it sometimes occurs in separate Cu-Fe-Ge sulfide 
minerals [17].

Coal and lignite deposits are also a significant source of Ge. The Lincang lignite mine (Yunnan 
Province) produces 16 metric tons of high-grade GeO2 annually, of which 90% is exported 
[11]. Germanium-rich coal seams are interblended with siliceous rocks that have oxygen and 
carbon isotope characteristics which suggested a hydrothermal origin. However, it has also 
been proposed that hydrothermal fluids were then discharged first as hot springs along fault 
zones into Miocene basins where the Ge was concentrated in lignite seams within stratiform 
siliceous and siliceous-limestone deposits [18].

Among the deposits containing well-constrained Ge reserves, sulfidic Pb-Zn (> 5000 tons) and 
high Ge lignite deposits (> 19,000 tons) constitute the two most important types of known Ge 
deposits [19].

Germanium can exhibit siderophile, lithophile, chalcophile, and/or organophile behavior 
depending on the geologic environment where it is hosted [11]. Thus, Ge shows a siderophilic 
behavior due to its relatively high Ge contents (up to 250 ppm) in Fe oxides such as Fe2O3 and 
Fe3O4 [8]. The lithophile behavior is shown by slight enrichment of Ge in the continental crust 
relative to the oceanic crust and the upper mantle, while the chalcophilic property of Ge is evi-
dent for its economic level in Zn- and Cu-rich sulfide hydrothermal systems. The organophile 
behavior of Ge, one of the highest affinities for organic matter of all the elements commonly 
associated with carbonaceous sediments, is marked from its enrichment in organic matter 
(coal and lignite deposits), which is comparable with some Zn-sulfide ores [2, 8, 11, 20, 21].
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Because Ge occurs in coal deposits, by-products and residues from coal combustion and/or 
gasification should also be considered as Ge sources. Fly ashes (FAs) generated by combustion 
and gasification processes of certain coals may contain important amounts of Ge (Table 2). In 
the same way, Ge is retrieved as a by-product of sulfides ores (e.g., Zn and Cu-Zn-Pb ores); 
therefore, residues obtained from the ore processing, e.g., smelting flue dust, should also be 
considered as a potential source of Ge. By including these sources, the potential supply of Ge 
could exceed its current primary production [22].

3. Germanium production and its main applications

Germanium was initially used industrially in transistors due to its semiconductor properties. 
However, it was later replaced by silicon, which has better behavior with respect to tempera-
ture [9]. In 2016, Ge applications in solar cells, fiber optics, metallurgy, and chemotherapy and 
as catalyst for polymerization of polyethylene terephthalate (PET) comprised in 2016 almost 
80% of the global consumption of Ge [20, 28–30].

Fiber optics are the major use of Ge worldwide since it is used as a doping element in optical 
fibers, which contain approximately 4% Ge, the rest being silicon oxide (SiO2). Germanium 
increases the refractive index of the optical fiber which helps to contain the light within the 
fiber and enables the transmission of the digital signal. Germanium can also be used to make 
lenses and window panes for infrared detectors, infrared devices mainly destined to mili-
tary guidance, and weapon-sighting applications and cameras because of its transparency to 
infrared radiation. It can, therefore, be used in numerous applications such as surveillance, 
night vision, and satellite systems [29–31]. With regard solar cell applications, Ge is used in 
high-performance multi-junction cells (typically III–V cells) in the domain of photovoltaics 
(PV) and in the bottom-cell part of triple junction PV, for the substrate, base, and emitter lay-
ers, because of its lattice constant, robustness, low cost, abundance, and ease of production.

Other diverse uses of Ge could be as an alloying element (0.35%) for Sn, or Al-Mg alloys, to 
increase their hardness; soldering material (12%Ge/88%Au) for gold-based dental prosthesis; 
luminescent material; photographic and wide-angle lenses; ceramics, with Na2O/TiO2 or K2O/
Ta2O5; gamma-ray detector Bi2(GeO3)3; bismuth germanate oxide crystals (BGO- Bi4Ge3O12) for 

Ge-bearing residues/by-products. Ge mineral phases* Ge content (mg/kg) Reference

Zn refinery residue n.d. 3620 [23]

Cu-cake n.d. 700 [24]

coal fly ash GeO2 4986 [25]

Gasification fly ash GeO2, GeS2, GeSnS3 <500 [26]

Cu smelting flue dust n.d. 417 [27]

Waste optical fibers n.r 1100 [28]

*Mineral phases obtained through X-ray diffraction; n.d., not detected; n.r, not reported.

Table 2. Selection of residues and by-products with a high potential for Ge recovery.
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various detection technologies (scintillation, tomography, gamma spectroscopy); fluorescent 
paint (MgGeO3); superconductors (Nb3Ge); thermocouple; and thermoelectricity. Germanium 
dioxide is also used as a polymerization catalyst in the production of PET, giving rise to a 
wide range of PET bottles and containers [29–31].

As explained in last sections, Ge recovery is associated with currently produced Zn and 
Cu-polymetallic ores and coal deposits [11, 31–33]. None of the Ge-bearing minerals is mined 
solely for its content, and most of the recovered Ge is a by-product from ores and coal pro-
cessing [1]. Therefore, the extraction of Ge is mostly carried out through the typical extrac-
tion methods by mining facilities (pyro- and hydrometallurgy) [1, 25]. Figure 1 shows the 
pathway processing for Ge recovering either by Zn refining residues and scrap. In general, 
after physical separation or pyro- and hydrometallurgical processes, a concentrate of Ge with 
around 30% content is obtained. Thus, the Ge concentrate, regardless of its source, is chlori-
nated, distilled, and purified to form the first usable product, GeCl4, which is primarily used 
in fiber-optic cable production [3]. Germanium tetrachloride can be hydrolyzed and dried to 

Figure 1. Germanium processing pathway, modified from Melcher and Buchholz [3].
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produce GeO2, which is used in the manufacture of certain types of optical lenses and as a 
catalyst in the production of PET resin. Germanium metal powder is produced through the 
reduction of GeO2 with hydrogen.

In 2017, the worldwide production of Ge was estimated to be about 134,000 kg that is mainly 
recovered from Zn concentrates, coal deposits, coal fly ashes, and recycled materials [20]. 
While several authors have reported an increase (~30%) of the Ge production in the last 
decade, it is known that Ge reserve is scarce and it is estimated to be 8600 tons [9, 28, 34, 35]. 
The contradiction between the increasing consumption and the scarce reserve of Ge is becom-
ing more notorious and has been contributed to a strong recycling process for Ge. In 2016, 
about 30% of the total Ge consumed was supplied from scrap (recycled materials), e.g., from 
windows in decommissioned tanks and military vehicles. In special, recycling rates for fiber-
optic scrap are reported as high as 80%. As a consequence, about 50% of the Ge metal used for 
electronic and optic are recycled in short cycle [36, 37].

As shown in Figure 2, the worldwide production of Ge is led by China (65.7%) followed 
by Russia (5%) and other countries such as Canada, Belgium, and Germany (30%) [20]. In 
China, Ge use in fiber optics increased substantially from 2012 to 2016 which supposed the 
highest consumption growth of Ge. Moreover, countries such as the USA and China treat Ge 
a strategic reserve, due to important value for the high-tech industry for civilian and military 
purposes [38]. Several authors indicate that reliable information about global Ge prices for 
public domain is very little published [1, 38, 39]. From the point of view of the authors, the last 
statements have partially contributed to the extremely global Ge price fluctuations, exceeding 
in last year 1300 US $/kg for Ge metal only in the USA [20].

Figure 2. Germanium refinery production of (a) global main producers between 2014 and 2017 excluding the USA—* 
includes Belgium, Canada, Germany and others [20, 29, 30, 34]—And (b) of USA between 2009 and 2012.
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4. Current and novel recovery processes for germanium

Several processes have been recommended for Ge recovering based on its content, chemical 
species, and mineral phases that are present in by-products from Zn, Cu, and Pb ores process-
ing and from coal combustion and gasification. In general, hydrometallurgical processes are 
favored, because almost all Ge extracted is mainly concentrated by processes based on mass 
transfer operations. Nevertheless, it is difficult to find extractants which meet the following 
characteristics: (i) selective, (ii) cost-effective, (iii) eco-friendly, and (iv) commercially avail-
able. In the next sections, the authors aboard main extraction methods used for the recovery 
of Ge from different sources and problems associated.

4.1. Recovery of germanium from Zn ore processing

Nowadays, Zn ore processing is the main source of Ge as Zn ores have large and recoverable 
quantities of Ge. Zinc refinery residues, which are the typical by-products of hydrometal-
lurgical zinc processes, usually contain between 0.2–0.5 wt% Ge and 0.3–0.4 wt% Ga with 
Zn, SiO2, Cu, Fe, and Pb as the main components [39, 40]. However, on a global scale, as little 
as 3% of the Ge contained in Zn concentrates is recovered since it can also have a negative 
impact on Zn recovery, detracting from the core business for refineries [20, 41]. As a conse-
quence, except the Chinese refineries, only two Zn refineries currently extract Ge as part of 
their operations [36].

Several studies have been conducted on the behavior of Ge for the effectiveness of its recov-
ering from by-products and residues of Zn processing [23, 42–45]. In 1987, a reductive SO2 
leaching process as an alternative for Ga and Ge recovery from Zn leaching residue was inves-
tigated [42]. Only 57% of Ge was extracted, which was mainly attributed to the formation 
of silica-germanium gel; H4GeO4 and H4SiO4 were shown to hydrolyze the mixed polymers 
[46–48]. A higher yield for Ge was observed with an alkaline process used to treat Zn refinery 
residues. However, the authors also detected that Si, Pb, and Al hinder the recovery and puri-
fication of Ge [44, 49]. Recovery of Ge from zinc refinery residues has more frequently been 
carried out by leaching with H2SO4 being the resulting solution treated with solvent extraction 
(SX). Currently, synergistic SX (SSX) has been proved to increase the yield of Ge recovery 
and purification. Some of SX and SSX processes for Ge recovery studied are summarized in 
Table 3 [50–58].

Chelating extractant Kelex 100 was primarily used for the separation of Ge4+ from Zn, reach-
ing Ge extraction 98% in a solution of 156 g/L H2SO4 [50]. However, slow-phase disengage-
ment and a high concentration of NaOH were required to strip the Ge4+ from the loaded 
organic solution.

Moreover, two studies achieved a good separation of Ge from Cu, Ni, As, Cl, and Fe2+ with 
a H2SO4 solution of 100 g/L by the use of LIX 63 [51, 52]. In 1984, a SX system, consisting of 
LIX 63 and LIX 26, was used for the extraction of Ge from a solution containing Ge4+ (3.5 g/L), 
arsenite (0.8 g/L), and Fe3+ (1.5 g/L) [53]. Over 99% of Ge4+ was extracted with 99% (v/v) LIX 63 
and 1% (v/v) LIX 26 in four stages at lower acidity (50 g/L H2SO4) compared with using LIX 
63 alone (>90 g/L H2SO4).
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Other SX systems consisting of LIX 63 and D2EHPA, M2EHPA, and OPAP were also devel-
oped to recover Ge4+ from H2SO4 solutions (75 g/L) containing Zn2+, arsenate, Cd2+, Sb (V), In3+, 
Cu2+, and Fe2+ using a multistage counter-current process. In this case, over 95% of Ge4+ was 
extracted using a mixture of 25% LIX 63 and 75% D2EHPA [52].

A technology for In3+, Ge4+, and Ga3+ recovery from a H2SO4 leach solutions of Zn residue was 
also proposed [54]. Indium was first separated from the solution using SX with 30% D2EHPA 
in kerosene, while Ge (97%) and Ga (95%) were co-extracted with the SSX system consisting 
of 20% D2EHPA and 1% YW100 in kerosene at low pH values. However, the authors found 
that YW100 is not commercially available and the process is not eco-friendly.

The D2EHPA extractant was also developed for selective extraction of In3+ and Fe3+ and used 
H106 for co-extraction of Ga3+ and Ge4+ from a solution from H2SO4 leach solutions of a cemen-
tation residue in a mini pilot plant scale. Recoveries of 91%, 94%, and 93% for In, Ga, and Ge, 
respectively, were achieved [55].

The extractant G315 was tested to recover Ga and Ge from solutions containing Zn2+ (22.7 g/L), 
Ge4+ (0.1 g/L), Ga3+ (0.3 g/L), and Fe3+ (2.2 g/L), in 40 g/L H2SO4 at an aqueous/organic (A/O) 
phase ratio of 1:2. The extraction of Ge achieved 94.6%, but the structure or type of the extract-
ant was not disclosed [56].

Extractant Main issues of process Reference

Solvent extraction (SX)

Kelex 100 • Good separation of Ge from Zn, Cd, Ni, Co, and As

• Poor phase separation in stripping

• High concentration of NaOH required for stripping

[50]

LIX 63 • Good separation of Ge from Zn, Cu, Ni, As, Fe(II), and Cl

• Low extraction efficiency

• Slow extraction kinetics

[52, 53]

H106 • Ga and Ge co-extraction

• Selective stripping

• H106 is not commercially available

[55]

G315 • 95% Ge extraction efficiency at a low acidity

• G315 is not commercially available

[56]

Synergistic solvent extraction (SSX)

D2EHPA + TBP • TBP improves extraction efficiency and phase separation

• High concentration of NaOH for stripping

[57]

LIX 63 + LIX 26 • Increased Ge extraction by addition of LIX 26 [53]

LIX 63 + O.P • Good selective Ge extraction and high efficiency

• Fast degradation of LIX 63 by the acidity of O.P acid

[58]

O.P: organophosphoric acid.
Adapted from [43].

Table 3. Summary of investigated SX or SSX systems for Ge recovery.
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4. Current and novel recovery processes for germanium

Several processes have been recommended for Ge recovering based on its content, chemical 
species, and mineral phases that are present in by-products from Zn, Cu, and Pb ores process-
ing and from coal combustion and gasification. In general, hydrometallurgical processes are 
favored, because almost all Ge extracted is mainly concentrated by processes based on mass 
transfer operations. Nevertheless, it is difficult to find extractants which meet the following 
characteristics: (i) selective, (ii) cost-effective, (iii) eco-friendly, and (iv) commercially avail-
able. In the next sections, the authors aboard main extraction methods used for the recovery 
of Ge from different sources and problems associated.
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Zn, SiO2, Cu, Fe, and Pb as the main components [39, 40]. However, on a global scale, as little 
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impact on Zn recovery, detracting from the core business for refineries [20, 41]. As a conse-
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(SX). Currently, synergistic SX (SSX) has been proved to increase the yield of Ge recovery 
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Table 3 [50–58].

Chelating extractant Kelex 100 was primarily used for the separation of Ge4+ from Zn, reach-
ing Ge extraction 98% in a solution of 156 g/L H2SO4 [50]. However, slow-phase disengage-
ment and a high concentration of NaOH were required to strip the Ge4+ from the loaded 
organic solution.
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a H2SO4 solution of 100 g/L by the use of LIX 63 [51, 52]. In 1984, a SX system, consisting of 
LIX 63 and LIX 26, was used for the extraction of Ge from a solution containing Ge4+ (3.5 g/L), 
arsenite (0.8 g/L), and Fe3+ (1.5 g/L) [53]. Over 99% of Ge4+ was extracted with 99% (v/v) LIX 63 
and 1% (v/v) LIX 26 in four stages at lower acidity (50 g/L H2SO4) compared with using LIX 
63 alone (>90 g/L H2SO4).
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Other SX systems consisting of LIX 63 and D2EHPA, M2EHPA, and OPAP were also devel-
oped to recover Ge4+ from H2SO4 solutions (75 g/L) containing Zn2+, arsenate, Cd2+, Sb (V), In3+, 
Cu2+, and Fe2+ using a multistage counter-current process. In this case, over 95% of Ge4+ was 
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also proposed [54]. Indium was first separated from the solution using SX with 30% D2EHPA 
in kerosene, while Ge (97%) and Ga (95%) were co-extracted with the SSX system consisting 
of 20% D2EHPA and 1% YW100 in kerosene at low pH values. However, the authors found 
that YW100 is not commercially available and the process is not eco-friendly.

The D2EHPA extractant was also developed for selective extraction of In3+ and Fe3+ and used 
H106 for co-extraction of Ga3+ and Ge4+ from a solution from H2SO4 leach solutions of a cemen-
tation residue in a mini pilot plant scale. Recoveries of 91%, 94%, and 93% for In, Ga, and Ge, 
respectively, were achieved [55].
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Ge4+ (0.1 g/L), Ga3+ (0.3 g/L), and Fe3+ (2.2 g/L), in 40 g/L H2SO4 at an aqueous/organic (A/O) 
phase ratio of 1:2. The extraction of Ge achieved 94.6%, but the structure or type of the extract-
ant was not disclosed [56].
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• High concentration of NaOH required for stripping
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• Low extraction efficiency

• Slow extraction kinetics

[52, 53]

H106 • Ga and Ge co-extraction
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• H106 is not commercially available

[55]

G315 • 95% Ge extraction efficiency at a low acidity

• G315 is not commercially available

[56]

Synergistic solvent extraction (SSX)

D2EHPA + TBP • TBP improves extraction efficiency and phase separation

• High concentration of NaOH for stripping

[57]

LIX 63 + LIX 26 • Increased Ge extraction by addition of LIX 26 [53]

LIX 63 + O.P • Good selective Ge extraction and high efficiency

• Fast degradation of LIX 63 by the acidity of O.P acid

[58]

O.P: organophosphoric acid.
Adapted from [43].

Table 3. Summary of investigated SX or SSX systems for Ge recovery.
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For the separation of Ge4+ from Zn2+, Ga3+, and Fe3+ in solutions with a high acidity (80 g/L 
H2SO4), a SSX system was also used [57]. The process consisted of 30% (v/v) D2EHPA and 
15% (v/v) TBP. The extraction efficiency was 94.3% in two stages, and the strip efficiency was 
almost 100% using 250 g/L NaOH at an A/O phase ratio of 1:2.

A single contact system consisting of 10% LIX 63 and 2% Ionquest 801 to recover Ge from a 
synthetic leach solution of Zn refinery cementation residues was used [43]. Over 68% Ge4+ 
was extracted at a low pH at an A/O ratio of 1:1 and 40°C. Almost 73% Ge4+ was stripped with 
0.5 M NaOH and 1.0 M Na2SO4.

A common disadvantage of the above SX or SSX processes for Ge4+ extraction is the use, for 
instance, of strong NaOH for stripping and of some reagents that are not commercially avail-
able. Therefore, more efficient and effective SX or SSX systems for the recovery of Ge are 
required using commercially available reagents.

4.2. Germanium from coal combustion and gasification fly ashes

Coal plays an essential role in our global energy scheme for power generation. There are 
1,139,331 million tons of proven coal reserves worldwide, sufficient to meet 153 years of 
global production which makes coal a reliable source [59, 60]. However, coal is currently 
a target to accomplish with the Paris climate agreement for both countries and companies 
which has caused a decline in coal production and consumption. Pulverized coal combustion 
(PCC) is the most widely used technology for coal power generation and, in a lesser extent, 
integrated gasification combined cycle (IGCC). In both processes, coal with a proximate Ge 
content <100 ppm can either vaporize totally and then be easily adsorbed on the finest coal 
fly ash (FA) particles during flue gas cooling or vaporize partially and enrich in both the coal 
FAs and, in a lesser extent, bottom ashes or slags (Figure 3). FAs are normally captured in 
particulate control devices with a high efficiency (>90%), but a small fraction of them may 
reach the flue-gas desulfurization (FGD).

Although part of the FA components may dissolve in the aqueous phase of the sorbent slurry 
when the flue gas passes through the sprayers, remaining in the FGD, the content of Ge in the 
FGD by-products (water effluent and FGD-gypsum) is not significant [60, 61]. Coal FAs are 
regarded as the main output stream of Ge.

The current annual production of coal FA worldwide is estimated to be around 750 million 
tons, and this is anticipated to increase in the near future [62]. The average content of Ge in coal 
FA is approximately 18 mg/kg, but as some research showed, it can reach 420 mg/kg [26, 63]. 
Therefore, one attractive source of Ge comes from coal FAs [64–66]. Coal combustion FA is a fine 
powder made up of spherical high Si-Al-Ca-K-Fe-Ti-Mg vitreous particles with Fe oxides and 
Al-Si species and irregular unburned coal and ash particles (Figure 4). It is generally accepted 
that vitreous FA particles consist of a relatively pure Al-Si-Ca-K-Fe glass within on which mull-
ite crystals form a network [67, 68]. Furthermore, other types of particles such as calcite (CaCO3), 
lime (CaO), quartz (SiO2), and gypsum (CaSO4.2H2O) are formed.

During coal gasification, most of the mineral matter of the coal is transformed and melted 
into slag. As opposed to PCC, coal gasification produce very little FA (10–15%), which is 
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characterized by a predominant alumina-silicate glass matrix and a wide variety of crystal-
line-reduced species, mainly sulfides, because of the low levels of O2 during coal gasification. 
Figure 5 shows the typical round morphology of IGCC FA particles [26].

Germanium production from coal FAs usually consists of two stages. The first step creates 
a concentrate and the second is the actual recovery. The first published studies on Ge recov-
ery from coal FAs were those based on pyro-metallurgical practices [70] but at the present 
moment are not applied due to the high economic and environmental cost [1].

Figure 3. Configuration of a PCC power plant and partitioning of Ge.

Figure 4. Scanning electron microscope photomicrographs of (a) FAs from coal and petroleum coke combustion and (b) 
FAs from PCC [61].
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FA is approximately 18 mg/kg, but as some research showed, it can reach 420 mg/kg [26, 63]. 
Therefore, one attractive source of Ge comes from coal FAs [64–66]. Coal combustion FA is a fine 
powder made up of spherical high Si-Al-Ca-K-Fe-Ti-Mg vitreous particles with Fe oxides and 
Al-Si species and irregular unburned coal and ash particles (Figure 4). It is generally accepted 
that vitreous FA particles consist of a relatively pure Al-Si-Ca-K-Fe glass within on which mull-
ite crystals form a network [67, 68]. Furthermore, other types of particles such as calcite (CaCO3), 
lime (CaO), quartz (SiO2), and gypsum (CaSO4.2H2O) are formed.

During coal gasification, most of the mineral matter of the coal is transformed and melted 
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characterized by a predominant alumina-silicate glass matrix and a wide variety of crystal-
line-reduced species, mainly sulfides, because of the low levels of O2 during coal gasification. 
Figure 5 shows the typical round morphology of IGCC FA particles [26].

Germanium production from coal FAs usually consists of two stages. The first step creates 
a concentrate and the second is the actual recovery. The first published studies on Ge recov-
ery from coal FAs were those based on pyro-metallurgical practices [70] but at the present 
moment are not applied due to the high economic and environmental cost [1].

Figure 3. Configuration of a PCC power plant and partitioning of Ge.

Figure 4. Scanning electron microscope photomicrographs of (a) FAs from coal and petroleum coke combustion and (b) 
FAs from PCC [61].
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In 1998, a hydrometallurgical procedure for extracting Ge from coal FAs based on the leach-
ing of FA with H2SO4 and NaOH followed by ion flotation separation of Ge was prompted. 
A recovery of 100 g of Ge per ton of coal FA was achieved between 70 and 200°C [71]. Other 
studies implemented the ion flotation method using a mixed HCl/HNO3 solution and cetyl-
pyridiniumchloride as a surfactant [72]. The authors obtained 95–100% yield of Ge after 
3–5 min of flotation. A research about tannin (poly-hydroxy polyphenols) precipitation to 
extract Ge was proposed in 2008 [73]. The tannins were capable of forming chelates with Ge 
ions, resulting in low grade of precipitated tannin-germanium complex. Currently, research 
is aimed at developing methods for increasing FA utilization focused on reducing the concen-
trations of heavy metals and at the same time obtaining higher added value products.

The occurrence of Ge as water-soluble species such as GeS2, GeS, and hexagonal-GeO2, in the 
FAs generated in an IGCC power plant, prompted the study of Ge recovery from coal FAs 
using pure water in an attempt to develop an extraction process of a low cost and environ-
mentally able to culminate in a commercial Ge end-product [26]. Results revealed high recov-
ery efficiency (up to 86%) at 90°C, indicating that the extraction temperature was the most 
important parameter in the process. These results led authors to conduct research toward 
the study of enrichment and precipitation methods for Ge recovery such as ion flotation, 
adsorption on activated carbon, and/or SX. Adsorption and SX were the methods that allowed 
achieving Ge-bearing solutions with 256 and 1623 mg/L, respectively [74, 75].

In 2006, a study evaluated the selectivity of the process developed by [26] for the recovery 
and purity of Ge by ion flotation tests on the leachates arising from the water extraction of Ge, 
using pyrogallol, catechol, hydroquinone, and resorb in complexing agents at a pH range of 
4–7. Pyrogallol or catechol as complexing agents and dodecylamine as a surfactant showed 
the isolation of the Ge complex recovering 100% of Ge in 30 min [76].

A complex water leaching process consisting of Ge complexation with catechol followed by 
SX system, reaching an extraction yield of 95%, was published [77]. In 2014, same authors 

Figure 5. Scanning electron microscope photomicrographs of IGCC FAs [69].
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optimized Ge and Ga recovery from coal FA using different extractants in a wide range of 
extraction conditions. High extraction yields of Ge (up to 90%) and Ga (up to 82%) were 
obtained using weak oxalic acid and sulfuric acid solution, respectively, within 1–2 h extrac-
tion period [78].

Recently, the recovery of Ge from coal FA using vacuum reduction metallurgical process 
was investigated [38]. Its principle is that the saturation vapor pressure of metal under the 
vacuum condition is lower than normal pressure to separate metals. These authors achieved 
a 94.6% recovery of Ge from the coal FA at a temperature of 900°C, 10 Pa, and heating time of 
40 min. These studies confirm that coal FA can be explored as an alternative source of Ge and 
other valuable elements and minerals. The recovery of Ge from coal FA is suitable, reducing 
disposal costs of coal FA. However, further research is needed to develop adequate results in 
terms of selective recovery and purification.

4.3. Germanium recovery from copper smelting flue dust

Flue dust from Cu smelting has also been suggested as a potential source of Ge, since rela-
tively high contents of this element may be present in Cu-sulfide ores [27]. Copper is extracted 
from the ore through hydrometallurgical and/or pyrometallurgical processes. The selection of 
the process is determined by the Cu minerals bound to ores, being Cu sulfides predominantly 
treated by pyrometallurgical process and Cu oxides by hydrometallurgical process. However, 
the pyrometallurgical process is the most commonly employed technology for Cu [79].

The processing of Cu minerals, associated to sulfides by high temperatures, produces several 
residues [80]. Among the residues, dust generated from physical process, flue dust and slags 
from smelting process, and sludge from electrowinning process are those with potential for 
the Ge recovering.

Although the qualitative and quantitative phase determination of dust from Cu smelting 
depends on the compositional characteristics of the fed into smelting furnaces, temperature 
and oxidative conditions inside the furnace, and equipment, the recovery of rare and precious 
metals such as Ge from flue dusts has not been a widely studied subject in the literature. 
Most of the research on flue dust composition from Cu smelting have been focused on As, 
Zn, and Pb since the main Cu-ores present elevated amounts of As, Zn, Cd, and Pb which are 
potentially hazardous to human health or the environment [27].

Font et al. (2011) evaluated for the first time the potential of Cu smelting flue dust (Cu-SFD) 
as a source of Ge and the possibilities to apply extraction and recovery methods similar to 
those patented for coal gasification FA [81]. These authors reported Ge concentrations ranging 
from 417 to 1375 ppm in flue dust samples with Ge extraction yields from 73 to 99%. In 2017, 
Chilean Cu-SFD was characterized and evaluated for the potential extraction of Li, Rb, and Ge 
with different chemical leaching agents [27]. The authors found high extraction yields for Ge, 
Li, and Rb using pure water as extractant at 25°C. Both studies suggest that Ge may occur in 
the form of highly soluble minerals and that Cu-SFD can be regarded as a promising source 
of elements with high added value such as Ge.
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optimized Ge and Ga recovery from coal FA using different extractants in a wide range of 
extraction conditions. High extraction yields of Ge (up to 90%) and Ga (up to 82%) were 
obtained using weak oxalic acid and sulfuric acid solution, respectively, within 1–2 h extrac-
tion period [78].

Recently, the recovery of Ge from coal FA using vacuum reduction metallurgical process 
was investigated [38]. Its principle is that the saturation vapor pressure of metal under the 
vacuum condition is lower than normal pressure to separate metals. These authors achieved 
a 94.6% recovery of Ge from the coal FA at a temperature of 900°C, 10 Pa, and heating time of 
40 min. These studies confirm that coal FA can be explored as an alternative source of Ge and 
other valuable elements and minerals. The recovery of Ge from coal FA is suitable, reducing 
disposal costs of coal FA. However, further research is needed to develop adequate results in 
terms of selective recovery and purification.

4.3. Germanium recovery from copper smelting flue dust

Flue dust from Cu smelting has also been suggested as a potential source of Ge, since rela-
tively high contents of this element may be present in Cu-sulfide ores [27]. Copper is extracted 
from the ore through hydrometallurgical and/or pyrometallurgical processes. The selection of 
the process is determined by the Cu minerals bound to ores, being Cu sulfides predominantly 
treated by pyrometallurgical process and Cu oxides by hydrometallurgical process. However, 
the pyrometallurgical process is the most commonly employed technology for Cu [79].

The processing of Cu minerals, associated to sulfides by high temperatures, produces several 
residues [80]. Among the residues, dust generated from physical process, flue dust and slags 
from smelting process, and sludge from electrowinning process are those with potential for 
the Ge recovering.

Although the qualitative and quantitative phase determination of dust from Cu smelting 
depends on the compositional characteristics of the fed into smelting furnaces, temperature 
and oxidative conditions inside the furnace, and equipment, the recovery of rare and precious 
metals such as Ge from flue dusts has not been a widely studied subject in the literature. 
Most of the research on flue dust composition from Cu smelting have been focused on As, 
Zn, and Pb since the main Cu-ores present elevated amounts of As, Zn, Cd, and Pb which are 
potentially hazardous to human health or the environment [27].

Font et al. (2011) evaluated for the first time the potential of Cu smelting flue dust (Cu-SFD) 
as a source of Ge and the possibilities to apply extraction and recovery methods similar to 
those patented for coal gasification FA [81]. These authors reported Ge concentrations ranging 
from 417 to 1375 ppm in flue dust samples with Ge extraction yields from 73 to 99%. In 2017, 
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with different chemical leaching agents [27]. The authors found high extraction yields for Ge, 
Li, and Rb using pure water as extractant at 25°C. Both studies suggest that Ge may occur in 
the form of highly soluble minerals and that Cu-SFD can be regarded as a promising source 
of elements with high added value such as Ge.
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4.4. PhytoGerm

Phytomining is an extraction process in which metallic substances in soils or sediments are 
absorbed by plants [82]. With this in mind, PhytoGerm project emerged in the framework of 
the r3-initiative for tech metals and resource efficiency subsidy program of the German Federal 
Ministry of Education and Research whose goal was to find a plant species that concentrates 
Ge in aerial plant biomass, which grows well on poor soils and contaminated industrial sites.

The ribbon grass was selected as suitable for the PhytoGerm project. Ribbon grasses grow well 
on prolific siliceous soil, and due to the similar chemical properties of Ge and Si, the plant 
can also absorb Ge [82]. The concept of PhytoGerm project was to make use of elevated Ge 
levels of tailings from Zn mining sites, thus allowing the plants to accumulate sufficiently high 
amounts of Ge in order to achieve high yields during the extraction process [83]. The case study 
developed by the authors assumed that 13,636 tons/year of ribbon grass would be obtained 
from several cultivation areas, which is the amount needed to utilize an average 500 kW biogas 
plant. Along the process diagram showed in Figure 6, 4112 tons/year of biomass are available 
for Ge extraction. Once Ge is accumulated in ribbon grass plants, the solid biomass is at first 
dried and thermally processed in a biomass power plant. The residuals of the combustion 
process are ashes and FAs, enriched with Ge, with an annual output of approximately 280 
tons. The investigated process route ends with producing 3.9 kg of powdery GeO2 per year.

Figure 6. PhytoGerm process diagram. Adapted from [82].
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5. Conclusion(s)

Nowadays, germanium is considered a critical element and also a strategic reserve for high-
tech industrial applications in several countries. Germanium is used in solar cells, fiber optics, 
metallurgy, chemotherapy, and polymerization catalysis. Mainly sources of Ge are associated 
to sulfide ores (e.g., Zn, Pb, and Cu), coal deposits, and also residues from the processing of 
these ores and coals. Indeed, about one third of global germanium produced come from recy-
cling processes. While the recovery of Ge from sulfide ores presents disadvantages related 
to the hazardous nature of organic extractants and high acidity of extractant solutions, the 
occurrence of Ge as water-soluble chemical species in coal gasification and copper smelt-
ing fly ashes allows the application of novel extraction methods with water at temperatures 
<100°C. This approach appears to be a feasible recovery and less harmful novel extraction 
method for environment, which suggests that both residues are promising sources for Ge. 
PhytoGerm which is based on absorption of Ge with ribbon grass on soils contaminated with 
Zn refinery residues results in an energy-efficient and eco-friendly recovery process for Ge.
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4.4. PhytoGerm

Phytomining is an extraction process in which metallic substances in soils or sediments are 
absorbed by plants [82]. With this in mind, PhytoGerm project emerged in the framework of 
the r3-initiative for tech metals and resource efficiency subsidy program of the German Federal 
Ministry of Education and Research whose goal was to find a plant species that concentrates 
Ge in aerial plant biomass, which grows well on poor soils and contaminated industrial sites.

The ribbon grass was selected as suitable for the PhytoGerm project. Ribbon grasses grow well 
on prolific siliceous soil, and due to the similar chemical properties of Ge and Si, the plant 
can also absorb Ge [82]. The concept of PhytoGerm project was to make use of elevated Ge 
levels of tailings from Zn mining sites, thus allowing the plants to accumulate sufficiently high 
amounts of Ge in order to achieve high yields during the extraction process [83]. The case study 
developed by the authors assumed that 13,636 tons/year of ribbon grass would be obtained 
from several cultivation areas, which is the amount needed to utilize an average 500 kW biogas 
plant. Along the process diagram showed in Figure 6, 4112 tons/year of biomass are available 
for Ge extraction. Once Ge is accumulated in ribbon grass plants, the solid biomass is at first 
dried and thermally processed in a biomass power plant. The residuals of the combustion 
process are ashes and FAs, enriched with Ge, with an annual output of approximately 280 
tons. The investigated process route ends with producing 3.9 kg of powdery GeO2 per year.

Figure 6. PhytoGerm process diagram. Adapted from [82].
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5. Conclusion(s)

Nowadays, germanium is considered a critical element and also a strategic reserve for high-
tech industrial applications in several countries. Germanium is used in solar cells, fiber optics, 
metallurgy, chemotherapy, and polymerization catalysis. Mainly sources of Ge are associated 
to sulfide ores (e.g., Zn, Pb, and Cu), coal deposits, and also residues from the processing of 
these ores and coals. Indeed, about one third of global germanium produced come from recy-
cling processes. While the recovery of Ge from sulfide ores presents disadvantages related 
to the hazardous nature of organic extractants and high acidity of extractant solutions, the 
occurrence of Ge as water-soluble chemical species in coal gasification and copper smelt-
ing fly ashes allows the application of novel extraction methods with water at temperatures 
<100°C. This approach appears to be a feasible recovery and less harmful novel extraction 
method for environment, which suggests that both residues are promising sources for Ge. 
PhytoGerm which is based on absorption of Ge with ribbon grass on soils contaminated with 
Zn refinery residues results in an energy-efficient and eco-friendly recovery process for Ge.
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Abstract

This chapter gives a short review on dopant diffusion in germanium and specifies the
underlying mechanisms of diffusion that involve the point defects. Box-shaped diffusion
profiles are discussed that may be described as the phosphorus diffusion controlled by
doubly ionized vacancies. In this mechanism, the diffusion coefficient depends on the
electron concentration. The particulars of P and Ga diffusion profiles in the Ga-doped
substrate of In0.01Ga0.99As/In0.56Ga0.44P/Ge heterostructures for multilayer solar cells are
discussed. To calculate the diffusion coefficient, two methods were used: the Boltzmann-
Matano (version of Sauer-Freise) and the coordinate-dependent diffusion analysis. It is
established that coordinate-dependent diffusion analysis, which involves drift compo-
nents together with diffusion components for diffusion profile description, is more suit-
able for description of the experimental profiles in such structures near p-n junction.
A strong influence of intrinsic electric field on the dopant diffusivity was detected.

Keywords: P and Ga diffusion in Ge, A3B5/Ge heterostructures, box-shaped diffusion
curve, impurity-vacancy complexes, coordinate-dependent diffusion method

1. Introduction

Impurity diffusion in semiconductors is one of the main processes for electronic device manufa-
cturing, but on the other side, it could badly influence a semiconductor structure in multistage
high-temperature electronic device manufacturing processes. Dopants, as phosphorus, at diffu-
sion temperatures are ionized; therefore they actively interact with ionized lattice defects creating
charged complexes. These complexes are formed and destroyed in the diffusion process that
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leads to the appearance of generation and recombination components in a continuity equation
that describes a diffusion process [1, 2].

Germanium is an important element to development of semiconductor theories and practice,
and also it is a subject of many diffusion process researches. In this chapter, we focus on a
narrow question: phosphorus diffusion in germanium, one of the main dopant of this material.
Descriptions of diffusion processes were developing simultaneously with research of the
crystalline and defect structure of this material and with improving of dislocation-free crystal
growth technology together with development of measurement techniques and mathematical
description of diffusion processes. That is why results that are 40 or 50 years old could be
significantly different from contemporary ones. All these questions are under study and
development. Progress in the first principal calculations together with the development of
experimental techniques such as atomic force and scanning tunneling microscopy that allows
to distinguish individual atoms and their lattice position will lead to the refinement of mech-
anisms and characteristics of diffusion processes. Our goal is to present the available data and
knowledge about diffusion of phosphorus in germanium, possibly noting the problems and
limitations of the representations used.

2. Phosphorus diffusion: first steps

Phosphorus, as a p-element of the group Vof the periodic table, is a shallow donor impurity in
germanium. The first works on phosphorus diffusion are about 1952–1954 years [3–5], and
their review is in [2, 6].

It was previously mentioned that III and V group elements have a smaller diffusion coefficient
than other groups of elements, and changes are mostly due to the frequency factor D0. This
was explained by their smaller ionic radius [5]. However, for elements of V group in germa-
nium, this tendency was not confirmed (unlike that in silicon). Phosphorus, for example,
having smaller ionic radius than any other V group element, has a smaller diffusion coefficient.
For all shallow dopants (except of B), the activation energy is estimated as about 2.5 eV, and it
slightly increased with decreasing diffusion coefficient in the range of As—Sb—P [5].

For a long time, constant diffusion coefficients were used for a fixed temperature [2–6]. These
results were fairly expected, as in the absence of a reliable dopant profile measurement
method, the diffusion coefficient was determined by p-n-junction depth; therefore it is in

DP ¼ 1:2 � exp � 2:5
kT

� �
cm2 � s�1 (1)

[5] and taking into account the semiempirical Langmuir-Dushman formula:

DP ¼ 2 � exp � 2:48
kT

� �
cm2 � s�1 (2)

At the same time, Ref. [5] already mentioned that high phosphorus concentration can lead
to errors in calculations because of a tendency of this element to segregate. The surface
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concentration was not determined in the [5]. Another problem revealed in [5] was deviation of
experimental values of p-n-junction depth in Sb diffusion (as the most studied dopant) from
calculated dependence of p-n-junction depth on time (d � ffiffi

t
p

) at large time values. Therefore
for estimation of the diffusion coefficient, a low diffusion time was used. Decrease of a
penetration depth against expected one was attributed to diffusant evaporation in the diffu-
sion process. These problems connected with the integral nature of a method of D coefficient
determination.

In [7], the phosphorus profiles were determined using layered etching and sheet resistance
measurements. Profiles of P in Ge that were made by vapor phase diffusion process were
obtained for two surface phosphorus concentrations: less than and more than intrinsic carrier
density ni and at four diffusion temperatures—600, 650, 700, and 750�C. This allows to char-
acterize temperature dependence of D. At low surface concentrations, the profile is described
by Fick law, and diffusion coefficient is

D1 ¼ 330 � exp � 3:1
kT

� �
cm2 � s�1 (3)

At high surface concentration profiles which were extended, later [8] a name “box shaped”
appears. For diffusivity calculations, authors applied Boltzmann-Matano method [1]. A depen-
dence of the diffusion coefficient on the local phosphorus concentration was discussed. For the
concentration-independent part, there was an expression obtained:

Dh ¼ 0:01 � exp � 2:1
kT

� �
cm2 � s�1 (4)

Experimental data did not fit well into Arrhenius curves, especially for data at high phosphorus
concentrations. With the temperature increase, the diffusion activation energy also increased.

Similar results were obtained in [8]. SIMS method was used for concentration profile mea-
surements. Phosphorus diffusion was carried out at temperature range 600–910�С. Surface
concentration of phosphorus was higher than 1019 cm�3; therefore all samples were showing
“box-shaped” profiles. Boltzmann-Matano method also was used for evaluating the concen-
tration dependence of P diffusivity. The observed concentration dependence was approxi-
mately in agreement with results of [7]. The strong concentration dependence in D was
attributed to dependence of D on Fermi level or due to strain effects caused by the difference
in ionic radius of P in Ge.

In [8], temperature dependence of phosphorus diffusivity was found as

D1 ¼ 0:009� 0:025ð Þ � exp � 2:1� 0:2
kT

� �
cm2 � s�1 (5)

However the data of the paper allowed to derive another D(T):

D1 ¼ 1:21 � exp � 2:53� 0:2
kT

� �
cm2 � s�1 (6)
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D1 ¼ 330 � exp � 3:1
kT

� �
cm2 � s�1 (3)

At high surface concentration profiles which were extended, later [8] a name “box shaped”
appears. For diffusivity calculations, authors applied Boltzmann-Matano method [1]. A depen-
dence of the diffusion coefficient on the local phosphorus concentration was discussed. For the
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Dh ¼ 0:01 � exp � 2:1
kT

� �
cm2 � s�1 (4)

Experimental data did not fit well into Arrhenius curves, especially for data at high phosphorus
concentrations. With the temperature increase, the diffusion activation energy also increased.

Similar results were obtained in [8]. SIMS method was used for concentration profile mea-
surements. Phosphorus diffusion was carried out at temperature range 600–910�С. Surface
concentration of phosphorus was higher than 1019 cm�3; therefore all samples were showing
“box-shaped” profiles. Boltzmann-Matano method also was used for evaluating the concen-
tration dependence of P diffusivity. The observed concentration dependence was approxi-
mately in agreement with results of [7]. The strong concentration dependence in D was
attributed to dependence of D on Fermi level or due to strain effects caused by the difference
in ionic radius of P in Ge.

In [8], temperature dependence of phosphorus diffusivity was found as

D1 ¼ 0:009� 0:025ð Þ � exp � 2:1� 0:2
kT

� �
cm2 � s�1 (5)

However the data of the paper allowed to derive another D(T):

D1 ¼ 1:21 � exp � 2:53� 0:2
kT

� �
cm2 � s�1 (6)
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In the later works, a diffusion coefficient was called “intrinsic” for material, in which a dopant
concentration n < ni at the growth temperature, and it was called “extrinsic” when n > ni.

In Figure 1, there is the dependence of D on phosphorus concentration from [5, 7, 8]. Data of
[8] were calculated by Eq. (6).

Integral values in [5] are noticeably higher than intrinsicD in [7, 8]; however, it does not exceed
D in [7, 8] for high phosphorus concentrations.

Surprisingly, the experimental papers [7, 8] did not take into account extrinsic diffusion and
dopant diffusion models, suggested in 1968 [9] and developed later [10–21]. Since vacancy in
germanium is mostly acceptor with charge state up to �3, then positively charged phosphorus
ion makes Coulomb-coupled pair with a charged vacancy. Diffusion of such pairs goes faster,
and it was expected that it is in direct proportion to charged complex concentration.

3. Continuum theoretical calculations of dopant diffusion in
semiconductors

The most detailed theory that describes dependence of dopant diffusivities on vacancy con-
centration in different charge states can be found in [10]. Indirect diffusion mechanisms, which
involve vacancies Vk, are described by the following reaction:

PVð Þj þ j�m� kð Þe� ¼ Pm þ Vk (7)

The local equilibrium is characterized by

Figure 1. Diffusivity dependence on phosphorus concentration.
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CPm � CVk

C PVð Þj � nj�n�k ¼ const (8)

where Pm-phosphorus in substitution position, Vk-vacancies in k-ionization state, (PV)j—
vacancy-phosphorus complex in j-ionization state.

Generally, reaction (7) is a fast process compared to time scale of diffusion, which typically
amounts to several minutes up to several hours. For this condition local equilibrium of the
reaction is reached.

For the conditions near equilibrium:

DP ¼
C PVð ÞjD PVð Þj

CPm þ C PVð Þj
(9)

If n ≈CP > ni,

Deff
Pm
s
¼ mþ 1ð ÞD PVð Þj CPm

s

� �m�j (10)

Thus, for m ¼ þ1, j ¼ �1, Deff
P � DPVj � n2, if j ¼ �2, Deff

P � DPVj � n3

In one dimension, the diffusion equation takes the form:

∂Cx

∂t
þ ∂Jx

∂x
¼ Gx, (11)

where Cx and Jx, respectively, are the concentration and flux of point defect X (Pm
s, V

k, P-Vj) as
a function of time t and position x. Possible reactions between X and other defects are taken
into account by Gx. If flux is determined by the diffusion of X, that is,

Jx ¼ �Dx
∂Cx

∂x
(12)

The diffusion equation is given by

∂Cx

∂t
� ∂
∂x

Dx
∂Cx

∂x

� �
¼ Gx (13)

In [10–21], the behavior of P and Sb was consistently explained by means of the double ionized
vacancy mechanism:

PV�1 ¼ Pþ1 þ V2� (14)

If m ¼ þ1, j ¼ �1, then Deff
P � n2

In [17], As, Sb, and P were used for diffusion experiments. A Ge-dopant alloy source with
about 1 at. % dopant content was used. Diffusion anneals were performed at temperatures
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between 600 and 920�C for various times in vacuum. The multiple use of the dopant source
leads to depletion of the source. So the maximum doping level could be changed from the
values that exceed the intrinsic carrier concentration ni to values close or beneath ni at the
diffusion temperature. Doping profiles with penetration depths in the range of 30–150 μm
were measured by spreading resistance method. Secondary ion mass spectrometry was used
to record diffusion profiles with depths of a few microns. It was confirmed that in the range of
low dopant concentration, the intrinsic diffusion with the constant Din has been occurred. The
extra diffusion with “box-shaped” diffusion profiles was observed when dopant concentration
exceeded ni. In this case:

Deff
PVð Þ� ¼ D PVð Þ� nið Þ n

ni

� �2

(15)

Dp nið Þ ¼ 9:1þ5:3
�3:4exp � 2:85� 0:04ð ÞeV

kBT

� �
cm2s�1 (16)

Eq. (16) was calculated from Fickian-like profiles at low P concentrations. Then (15) were used for
continuity equation, and a good agreement between experiment and calculations was achieved.

A “box-shaped” P profile was also detected under ion implantation procedure [18–21]. The
“quadratic model” was used to describe diffusion process.

In [21], the phosphorus distribution in germanium after ion implantation and annealing at
temperatures 523 and 700�C was measured by SIMS method. It was shown that neither
quadratic nor constant diffusion coefficient models cannot be used for profiles at 700�C
annealing and longtime annealing for both temperatures.

Later a cubic dependence of the P diffusivity on the electron concentration was proposed [22].
The equations and dependencies used were.

∂CP

∂t
¼ � ∂JP

∂x
JP ¼ �Deff � ∂CP

∂x
�Deff � CP

n
� ∂n
∂x

(17)

Deff ¼ D2� n
ni

� �2

þD3� n
ni

� �3

(18)

Di ¼ D2� þD3� (19)

Di ¼ 44:3 � exp � 3:01� 0:04
kT

� �
cm2 � s�1

D2� ¼ 11:1 � exp � 2:93� 0:01
kT

� �
cm2 � s�1

D3� ¼ 5:7 � exp � 2:92� 0:02
kT

� �
cm2 � s�1

(20)

There was a satisfactory conformity between experimental data and calculations for results of
these authors and also with experimental data from [17] with this cubic model.

Advanced Material and Device Applications with Germanium36

In Figure 2, a temperature dependence of the intrinsic diffusivity for cubic and quadratic
models, experimental results in intrinsic diffusion regime [5] are presented. Figure 3 demon-
strates concentration dependence D for two models together with experimental dependence
[5] if proposed n = CP. As we can see, calculated by Boltzmann-Matano values of D differ from
estimations of Din from Fickian’s part of diffusion curve, as it was done both in [17] for
quadratic and [22] for cubic diffusion mechanisms.

Figure 2. Intrinsic diffusivity for different models.

Figure 3. Dependencies of diffusivity for cubic and quadratic models. Dashed lines are from experimental results [7].
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4. Diffusion of phosphorus in InGaAs/InGaP/P heterostructures

In [16] co-diffusion of Ga and P was investigated, and it was shown that co-doping strongly
affects the diffusion of phosphorus. The interest to Ga and P co-diffusion appeared with the
developments of multicascade solar cells.

In last two decades, germanium is considered as the most suitable material for the first cascade
of multiple solar cells based on A3B5 compounds that is intended for transformation of the
infrared solar spectrum [23]. Germanium cascade of the multiple solar cells is formed by
phosphorus diffusion into heavily gallium-doped germanium substrates. It was found that
p-n junction depth weakly depends on the diffusion time. In [24, 25], P and Ga profiles in the
heterostructure In0.01Ga0.99As/In0.56Ga0.44P/Ge were investigated. p-n junction of this element
was formed at 635�C by phosphorus diffusion from In0.56Ga0.44P buffer layer having thickness
of about 24 nm to heavily doped of Ga germanium substrate (CGa = 2*10

18 cm�3). The diffusion
time was 2.6 min. SIMS has been applied to obtain profiles of P and Ga in heterostructure.

Figure 4 shows P, Ga, and free carrier concentration distribution in the Ge part of hetero-
structure. To calculate free electron concentration electroneutrality, equation was solved in the
form of

Cþ
P xð Þ þ p xð Þ � n xð Þ � C�

Ga xð Þ ¼ 0 (21)

As dopant concentrations near interface are high, Fermi-Dirac distribution was used [26]:

n ¼ NC � F1=2 ηð Þ, p ¼ NV � F1=2 �η� εið Þ (22)

Figure 4. Profiles of P, Ga, n and p in Ge.
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where Fermi integral of order ½:

F1=2 ηð Þ ¼ 2ffiffiffiffi
π

p �
ð∞

0

ε1=2dε
εε�η þ 1

; ε ¼ E� EC

kT
; η ¼ F� EC

kT
; εi ¼ EC � EV

kT
(23)

where F is the Fermi level and Ec and Ev are bottom of the conduction band and top of the
valence band, respectively.

Numerical calculations of Fermi level were made by Newton method for defined concentra-
tions of P and Ga.

It was found that Ga diffuses insensitive to Ge substrates together with P. The higher solubility
of Ga than P was found on the InGaAs/Ge interface as it was also noted earlier [27] that leads
to formation of two p-n junctions. The shallow p-n junction was formed at a depth of 30 nm
and the second one at a depth of 130 nm. Diffusion part of Ga profile demonstrated Fickian-
shaped curve with DGa = 1.4 � 10�15 cm2/s that exceeds data 6 � 10�17 - 2.3 � 10�16 cm2/s [4].
As it was expected, phosphorus profile has two parts: Fickian type near the surface in p-region
(CGa > CP) and box-shaped between p-n junctions where n > ni. Unfortunately using diffusion
coefficient with quadratic and cubic dependencies, the P profile could not be accurately
described [25].

Two methods of diffusivity calculations were used [28]. The first one was Sauer-Freise (SF)
method based on the Boltzmann-Matano calculation of diffusivity [1]. The second one was
method of the analysis of coordinate-dependent diffusion (CDD) [29].

In the CDD method, two parameters are introduced that describe a probability of hopping
process ϕ(x) and probability that the nearest vacant place for diffusion is empty γ(x). Then
diffusivity D(x) and drift velocity V(x) are expressed through these parameters and average
distance between neighboring places λ. We have taken λ = a = 0.566 nm as a germanium lattice
parameter. Then

D Xð Þ ¼ ϕ xð Þγ xð Þλ2 (24)

V xð Þ ¼ γ xð Þ ∂ϕ xð Þ
∂x

� ϕ xð Þ ∂γ xð Þ
∂x

� �
γ2 (25)

Drift term includes continuity equation:

∂CX

∂t
� ∂
∂x

DX � ∂CX

∂x
� V xð ÞCx

� �
¼ 0 (26)

Figure 5 shows calculated dependencies of P diffusivity on x for both methods. Positions of p-
n junctions are presented. As we can see, diffusivity calculated using SF method is compara-
tively higher than using CDD method. That may be a consequence of existing a strong electric
field in the sample in the p-n junction regions that leads to appearance of a strong drift
component in the charged particle diffusion.
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Both methods of diffusivity calculations show two parts of D on x dependence: when x = 0–
100 nm, diffusivity increases, and at higher values of x, diffusivity decreases. Width of the p side
depletion region of the shallow left p-n junction on the Figure 5 is of the order of 5–8 nm CGajð
�CPj < 1019cm�3); both sides of right p-n junction in Figure 5 are of the order of 50–80 nm
(CGa � Cp < 1017cm�3); therefore an intrinsic electric field exists in the area between p-n junction.
Approximately in the middle of junctions, the electric field changes its direction. Near the surface
the intrinsic electric field accelerates negatively charged particles; when x > 100 nm, it inhibits
diffusion. Outside of depletion regions (x > 160 nm), drift component of diffusion is negligible
and diffusivity calculated by both methods which are equal.

Figure 6 shows dependencies of P diffusivity on n for Sauer-Freise, coordinate-dependent
diffusion calculations, and different diffusion data from the literature.

An expected increase of the diffusivity with the free electron concentration was observed in
both methods. Diffusivity produced by CDD calculation has two regions. The first one belongs
to intrinsic diffusion (n < ni = 3.2 � 1018 cm�3 [24]). As we can see, the lowest values of this part
are equal to intrinsic diffusivity [5, 17, 30]. The second one corresponds to the diffusivity in the
n-side of the p-n junctions and is higher than predicted both cubic and quadratic diffusion
mechanisms. But the highest values ofD = 2� 10�12 cm2/s at the n = 7� 1018 cm�3 well corresp-
ond to maximum values [7], calculated by Boltzmann-Matano method. These values are obse-
rved in the electric field region of p-n-p structure that is formed in the germanium near the
interface. Diffusivity dramatically drops at the ends of this structure in the p-region that may
be connected with the shape of intrinsic electric field that in the case of linear p-n junction
depend on x quadratically and drops sharply in the end of the depletion region. We can
assume that the electric field causes not only the appearance of a drift component in diffusion
but also increases the diffusivity of P-V pairs D PVð Þj .

Figure 5. Diffusivity dependence on depth for T = 635�C.
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There are two regions of weak dependence of D on n. The first one at n < 2 � 1018 cm�3 corres-
ponds to intrinsic diffusivity and is quite expected. The second is observed at high n in the
region where the electric field exists. To understand the weak dependence of DP on n (3–4 on
Figure 6), we shall consider the equations for P-V complexes forming. In Table 1, the equations
and parameters k and j that lead to different dependencies of D PVð Þj on n (see (7)) are presented

for two cases.

The first is the same as in [17] when n = CP+; the second is for the case of CP+ = const as it is in
our samples between p-n junctions (see Figure 6). We propose that D PVð Þj � C PVð Þj [17].

Assumption that n = CP is valid in a material with one type of impurity. In a strongly
compensated material, the concentration of free charge carriers is significantly lower than the
concentration of the impurity. Between p-n junctions in the measured heterostructure, phos-
phorus concentration changes slowly and we may suggest CP+ = const. Phosphorus atoms in
substitution positions are fully ionized, so m = +1; vacancies may be single, double, and triple
ionized, that is, k = 0, �1, �2, and � 3, VP pairs—single and double ionized (j = 0, �1, �2).

Which type of reaction will be realized depends on the position of the Fermi level of the
material, which controls the ratio of the centers in different charge state. The greater the
electron concentration, the greater the charge state of acceptors, that is, for the condition
n = CP+, the most probable dependence of diffusivity of the complex is proportional n or n2. In
our case P-V complex should be charged, that is, j = �1 and �2. For CP+ = const a weak
dependence of the diffusion coefficient on n is possible most likely for the reaction:

PVð Þ�1 ¼ Pþ þ V�2 (27)

Figure 6. Diffusivity dependence on electron concentration for T = 635�C. 1: 0 < x < 25 nm, 2: 25 < x < 33 nm, 3: 33 < x < 60
nm, 4: 60 < x < 100 nm, 5: x > 100 nm.
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Both methods of diffusivity calculations show two parts of D on x dependence: when x = 0–
100 nm, diffusivity increases, and at higher values of x, diffusivity decreases. Width of the p side
depletion region of the shallow left p-n junction on the Figure 5 is of the order of 5–8 nm CGajð
�CPj < 1019cm�3); both sides of right p-n junction in Figure 5 are of the order of 50–80 nm
(CGa � Cp < 1017cm�3); therefore an intrinsic electric field exists in the area between p-n junction.
Approximately in the middle of junctions, the electric field changes its direction. Near the surface
the intrinsic electric field accelerates negatively charged particles; when x > 100 nm, it inhibits
diffusion. Outside of depletion regions (x > 160 nm), drift component of diffusion is negligible
and diffusivity calculated by both methods which are equal.

Figure 6 shows dependencies of P diffusivity on n for Sauer-Freise, coordinate-dependent
diffusion calculations, and different diffusion data from the literature.

An expected increase of the diffusivity with the free electron concentration was observed in
both methods. Diffusivity produced by CDD calculation has two regions. The first one belongs
to intrinsic diffusion (n < ni = 3.2 � 1018 cm�3 [24]). As we can see, the lowest values of this part
are equal to intrinsic diffusivity [5, 17, 30]. The second one corresponds to the diffusivity in the
n-side of the p-n junctions and is higher than predicted both cubic and quadratic diffusion
mechanisms. But the highest values ofD = 2� 10�12 cm2/s at the n = 7� 1018 cm�3 well corresp-
ond to maximum values [7], calculated by Boltzmann-Matano method. These values are obse-
rved in the electric field region of p-n-p structure that is formed in the germanium near the
interface. Diffusivity dramatically drops at the ends of this structure in the p-region that may
be connected with the shape of intrinsic electric field that in the case of linear p-n junction
depend on x quadratically and drops sharply in the end of the depletion region. We can
assume that the electric field causes not only the appearance of a drift component in diffusion
but also increases the diffusivity of P-V pairs D PVð Þj .

Figure 5. Diffusivity dependence on depth for T = 635�C.
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There are two regions of weak dependence of D on n. The first one at n < 2 � 1018 cm�3 corres-
ponds to intrinsic diffusivity and is quite expected. The second is observed at high n in the
region where the electric field exists. To understand the weak dependence of DP on n (3–4 on
Figure 6), we shall consider the equations for P-V complexes forming. In Table 1, the equations
and parameters k and j that lead to different dependencies of D PVð Þj on n (see (7)) are presented
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compensated material, the concentration of free charge carriers is significantly lower than the
concentration of the impurity. Between p-n junctions in the measured heterostructure, phos-
phorus concentration changes slowly and we may suggest CP+ = const. Phosphorus atoms in
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ionized, that is, k = 0, �1, �2, and � 3, VP pairs—single and double ionized (j = 0, �1, �2).
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n = CP+, the most probable dependence of diffusivity of the complex is proportional n or n2. In
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The ionization energies of different charge states must be known to estimate a charge of a
defect. It is obvious that ionization energies of vacancies and vacancy-assisted complexities
depend on the temperature, but there are no reliable data of that energies [15, 31–37]. In [36] it
was shown that at equilibrium conditions, half occupancy of the doubly negatively charged
state of the vacancy-group-V-impurity atom pairs occurs when the Fermi level is situated at the
middle of the forbidden gap. In spite of large phosphorus concentrations, n in the case of our
interest is comparatively small, Fermi level is near the middle of the forbidden gap, and we
may suggest that the (27) is an achievement.

As the electron density increases, the charge state of the pair can change. In the depletion
region of the first p-n junction together with sharp increase of the Fermi level, the amount and
charge of the pairs can be changed drastically, leading to a sharp increase in DP.

5. Conclusions

In spite of numerous P in Ge diffusivity investigations, there are some issues that remain
unclarified. The first one is the discrepancies between intrinsic diffusivities, calculated from
Fickean type of diffusion profile at low phosphorus concentrations and those calculated using
Boltzmann-Matano method from diffusion profiles at high P concentration. If we agree with
vacancy assistant diffusion model, it means that P introduction into Ge increases the total
vacancy concentration.

The formation of a p-n junction for germanium cascade of multiple solar cells due to the
diffusion of phosphorus from the buffer layer In0.56Ga0.44P of In0.01Ga0.99As/In0.56Ga0.44P/Ge
heterostructure leads to co-diffusion of P and Ga. The process was held at 635�C for 2.6 min.

CP = n CP = const

k j k j

n0 �2 0 PVð Þ0 þ e� ¼ Pþ þ V�2 �1 0 PVð Þ0 ¼ Pþ þ V�1

�3 �1 PVð Þ�1 þ e� ¼ Pþ þ V�3 �2 �1 PVð Þ�1 ¼ Pþ þ V�2

�3 �2 PVð Þ�2 ¼ Pþ þ V�3

n1 �1 0 PVð Þ0 ¼ Pþ þ V 0 0 PVð Þ0 ¼ Pþ þ V0 þ e�

�2 �1 PVð Þ�1 ¼ Pþ þ V�2 �1 �1 PVð Þ�1 ¼ Pþ þ V�1 þ e�

�3 �2 PVð Þ�2 ¼ Pþ þ V�3 �2 �2 PVð Þ�2 ¼ Pþ þ V�2 þ e�

n2 0 0 PVð Þ0 ¼ Pþ þ V0K þ e� 0 �1 PVð Þ�1 ¼ Pþ þ V0 þ 2e�

�1 �1 PVð Þ�1 ¼ Pþ þ V�1 þ e� �1 �2 PVð Þ�2 ¼ Pþ þ V�1 þ 2e�

�2 �2 PVð Þ�2 ¼ Pþ þ V�2 þ e�

n3 0 �1 PVð Þ�1 ¼ Pþ þ V0 þ 2e� 0 �2 PVð Þ�2 ¼ Pþ þ V0 þ 3e�

�1 �2 PVð Þ�2 ¼ Pþ þ V�1 þ 2e�

Table 1. Equations and parameters for different dependencies of D PVð Þj on n.
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Solubility of Ga in the InGaP/Ge interface is higher than of P that leads to formation of two p-n
junctions. Co-doping by gallium strongly affects the diffusion of phosphorus in germanium.
We propose that it occurs primarily due to the electric field of the forming p-n junctions. P-type
region is formed in the thin Ge surface layer (30 nm of order) with the depletion region
thickness of 8–10 nm. The electric field of this p-n junction is directed to the Ge surface and
accelerates both negatively charged Ga in interstitial positions and vacancy-phosphorus pairs.
That leads to comparatively high gallium diffusivity DGa = 1.4 � 10�15 cm2/s.

We can point out that in the case of Ga and P co-diffusion, calculations of diffusivity by Sauer-
Freise and coordinate dependence diffusion methods give values an order of magnitude
higher than the values, obtained for quadratic and cubic diffusion model for phosphorus
diffusion. An electric field of a depletion region of p-n junctions leads to the appearance of
drift components of phosphorus diffusion. At low electron concentrations in p-region near Ge
surface in which there is no an electric field, phosphorus diffusivity increases with n from
intrinsic diffusivity values, produced from Fickean-type profiles at low P concentration, to that
one calculated by Boltzmann-Matano method for high P concentrations, while P concentration
sharply decreases. We may suppose the vacancy concentration increasing as the concentration
of Ga and P that occupied the vacancies decreased.

It can be assumed that the electric field causes not only the appearance of a drift component in
diffusion but also increases the diffusivity of P-V pairs. The sharp diffusivity growth and drop
are consistent with the electric field direction. In the first p-n junction, it is directed to the
surface and accelerates negatively charged particles including Ga� and (PV)�. In the second
one, it is directed into the sample that leads to decrease of the D(PV)�.

For a correct description of the Ga and P co-diffusion, it is necessary to take into account both
changes in the concentration of charged centers due to a change in the Fermi level position and
the formation and decay of diffusing pairs. For this, in the continuity equation, it is necessary
to take into account not only the drift component but also the generation-recombination terms
corresponding to the formation and decomposition of the diffusing pairs.
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The ionization energies of different charge states must be known to estimate a charge of a
defect. It is obvious that ionization energies of vacancies and vacancy-assisted complexities
depend on the temperature, but there are no reliable data of that energies [15, 31–37]. In [36] it
was shown that at equilibrium conditions, half occupancy of the doubly negatively charged
state of the vacancy-group-V-impurity atom pairs occurs when the Fermi level is situated at the
middle of the forbidden gap. In spite of large phosphorus concentrations, n in the case of our
interest is comparatively small, Fermi level is near the middle of the forbidden gap, and we
may suggest that the (27) is an achievement.

As the electron density increases, the charge state of the pair can change. In the depletion
region of the first p-n junction together with sharp increase of the Fermi level, the amount and
charge of the pairs can be changed drastically, leading to a sharp increase in DP.

5. Conclusions

In spite of numerous P in Ge diffusivity investigations, there are some issues that remain
unclarified. The first one is the discrepancies between intrinsic diffusivities, calculated from
Fickean type of diffusion profile at low phosphorus concentrations and those calculated using
Boltzmann-Matano method from diffusion profiles at high P concentration. If we agree with
vacancy assistant diffusion model, it means that P introduction into Ge increases the total
vacancy concentration.

The formation of a p-n junction for germanium cascade of multiple solar cells due to the
diffusion of phosphorus from the buffer layer In0.56Ga0.44P of In0.01Ga0.99As/In0.56Ga0.44P/Ge
heterostructure leads to co-diffusion of P and Ga. The process was held at 635�C for 2.6 min.
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Table 1. Equations and parameters for different dependencies of D PVð Þj on n.
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We propose that it occurs primarily due to the electric field of the forming p-n junctions. P-type
region is formed in the thin Ge surface layer (30 nm of order) with the depletion region
thickness of 8–10 nm. The electric field of this p-n junction is directed to the Ge surface and
accelerates both negatively charged Ga in interstitial positions and vacancy-phosphorus pairs.
That leads to comparatively high gallium diffusivity DGa = 1.4 � 10�15 cm2/s.

We can point out that in the case of Ga and P co-diffusion, calculations of diffusivity by Sauer-
Freise and coordinate dependence diffusion methods give values an order of magnitude
higher than the values, obtained for quadratic and cubic diffusion model for phosphorus
diffusion. An electric field of a depletion region of p-n junctions leads to the appearance of
drift components of phosphorus diffusion. At low electron concentrations in p-region near Ge
surface in which there is no an electric field, phosphorus diffusivity increases with n from
intrinsic diffusivity values, produced from Fickean-type profiles at low P concentration, to that
one calculated by Boltzmann-Matano method for high P concentrations, while P concentration
sharply decreases. We may suppose the vacancy concentration increasing as the concentration
of Ga and P that occupied the vacancies decreased.

It can be assumed that the electric field causes not only the appearance of a drift component in
diffusion but also increases the diffusivity of P-V pairs. The sharp diffusivity growth and drop
are consistent with the electric field direction. In the first p-n junction, it is directed to the
surface and accelerates negatively charged particles including Ga� and (PV)�. In the second
one, it is directed into the sample that leads to decrease of the D(PV)�.

For a correct description of the Ga and P co-diffusion, it is necessary to take into account both
changes in the concentration of charged centers due to a change in the Fermi level position and
the formation and decay of diffusing pairs. For this, in the continuity equation, it is necessary
to take into account not only the drift component but also the generation-recombination terms
corresponding to the formation and decomposition of the diffusing pairs.
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Abstract

Metal-semiconductor interfaces are an essential part of any nano-electronic device. One of
the concerns in germanium based technology is the presence of Fermi-level pinning (FLP)
which leads to large Schottky barrier heights (SBH) for electrons. Details of the factors that
pin the Fermi level will be discussed in this chapter. In an Ohmic contact there is an almost
unimpeded transfer of majority carriers across the interface. One way to achieve such a
contact is by doping the semiconductor heavily enough so that tunneling is possible.
Heavy doping is not always advantageous or possible, depending on the type of device
being fabricated. Other ways are to locally incorporate dopant atoms at the metal-
germanium interface or to insert an interlayer into the interface. In practice, however, the
contact resistivity is very sensitive to the interlayer thickness and the temperature of
annealing used during the fabrication process. The latter two ways of achieving an Ohmic
contact are interface control processes as opposed to the first way which is a bulk process.
In this chapter we present the essential theoretical and experimental details required for
the examination of some of the novel interface control processes developed for the fabri-
cation of NiGe/n-Ge and PdGe/n-Ge Schottky and Ohmic contacts.

Keywords: thin film, Schottky barrier, Ohmic contact

1. Introduction

Germanium based nano-electronic technology suffers from two major limitations. In order to
produce high speed devices, n-type germanium is preferred over p-type germanium because
electrons have a higher mobility than holes. However, the doping levels in n-type germanium
are low [1]. The second major limitation is that it is difficult to produce Ohmic contacts on n-
type germanium [2–7] because of Femi-level pinning. One way to achieve Ohmic contacts is by
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doping the semiconductor heavily enough so that tunneling is possible, this will be explained
further in Section 1.1.2. However, heavy doping is a bulk process which is not always possible
in n-type Ge. Other ways of producing Ohmic contacts are interface control processes like the
local incorporation of dopant atoms at the metal-germanium interface or the insertion of an
interlayer into the interface. The contact resistivity is very sensitive to the interlayer thickness
and the temperature of annealing used during the fabrication process.

It has been demonstrated, in earlier studies [8], that NiGe/Ge and PdGe/Ge Schottky contacts
have some of the lowest values of sheet resistivity in Ge-based technology. These contacts were
also observed to remain stable over a wide temperature range during annealing [8, 9]. In this
chapter we present the essential theoretical and experimental details required in order to make
a comprehensive review of some of the interface control processes developed for the fabrica-
tion of NiGe/n-Ge and PdGe/n-Ge Schottky and Ohmic contacts; the review is presented in the
next chapter.

1.1. Theory

Electrons in solids obey Fermi-Dirac statistics. At low temperatures, the distribution of elec-
trons over a range of allowed energy levels at thermal equilibrium is given by,

f Eð Þ ¼ 1
1þ e E�EFð Þ=kBT (1)

where, kB is the Boltzmann constant. The function, f(E) is the Fermi-Dirac distribution function
which gives the probability that an available energy state, E will be occupied by an electron at
temperature, T on the Kelvin scale. The quantity, EF is the Fermi level. Figure 1 shows a
schematic illustration of the dependence of the Fermi-Dirac distribution function on electron
energy at various temperatures.

At T = 0 K, f(E) = 1 for E ≤ EF and f(E) = 0 for E > EF. This means that there is a 100% probability
that all available energy states, up to the energy, EF, will be occupied at absolute zero, i.e., all
energy levels up to EF are occupied at 0 K. As the temperature is increased to T1 and T2 some
energy levels which were occupied will become vacant and some energy levels, above the
Fermi energy, which were vacant at absolute zero will become occupied. The probability, f(E)
at all temperature, T is equal to 0.5 when the energy E is equal to a quantity, μ called the
chemical potential. At T ≈ 0 K, μ = EF and therefore f(EF) = 0.5.

In applying the Fermi-Dirac distribution to semiconductors, we must recall that f(E) is the
probability of occupancy of an available state of energy, E. Thus, if there is no available electron
state at the energy, E (e.g., if E is in the band gap of the semiconductor), there is no possibility
of an electron having that energy. We can best visualize the relationship between f(E) and the
band structure of a semiconductor by turning the f(E) versus E diagram on its side so that the E
scale corresponds to the energies of the energy band diagram as shown in Figure 2.

Figure 2 represents intrinsic materials where the concentration of holes in the valence band is
equal to the concentration of electrons in the conduction band and therefore the Fermi level EF
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Figure 2. Visualization of the relationship between f(E) and a semiconductor band structure by turning the f(E) versus E
diagram on its side so that the E scale corresponds to the energies of the energy band diagram.

Figure 1. Schematic illustration of the dependence of the Fermi-Dirac distribution function on electron energy at various
temperatures.
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lies near the middle of the band gap. In reality the effective densities of states, NC andNV in the
conduction and valence bands respectively are slightly different because they depend on the
effective inertial masses of the electrons and holes respectively, which are not the same. This
causes the intrinsic Fermi level to be slightly displaced from the middle of the gap.

In n-type materials, there is a higher concentration of electrons in the conduction band than the
hole concentration in the valence band. Thus, the Fermi level lies nearer the conduction band
than the valence band, as shown in Figure 3.

In p-type materials there is a higher concentration of holes in the valence band compared with
the electrons in the conduction band. The Fermi level therefore lies nearer the valence band
than the conduction band, as seen in Figure 4.

In metals the valence and conduction bands overlap and there is not band gap. The Fermi level
of a metal therefore lies in its conduction band, this fact will be referred to later on as we
analyze Figure 13 in Section 1.1.3 and Figures 14 and 15 in Section 1.1.4.

1.1.1. Surface and interface states

Allowed electron energy states can be produced in the forbidden band gap of a semiconductor
by the introduction of impurities or defects in the crystal. A metal-semiconductor interface
introduces incomplete covalent bonds and other lattice defects at the semiconductor surface,
which may result in the creation of interface states in the band gap. To explain a way in which

Figure 3. In n-type materials the Fermi level lies nearer the conduction band than the valence band.
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states may be created in the band gap, we could take the example of Ge doped with a donor
impurity such as phosphorus (P) and an accepter like boron (B), as shown in Figure 5.

Phosphorus is in group V of the periodic table and is pentavalent. A P atom in the Ge lattice
has the required number of valence electrons to complete the covalent bonding with four
neighboring Ge atoms. The fifth valence electron of P does not fit into the bonding matrix of
the Ge lattice and is therefore loosely bound to the P atom. Such electrons introduce energy
levels very near the conduction band in the Ge band gap. These levels are occupied with
electrons at 0 K and very little thermal energy is required to free them from the P atom, i.e., to
excite them to the conduction band. At a temperature between 50 and 100 K, virtually all of the
electrons in the impurity P levels are “donated” to the conduction band as shown in Figure 6.

Atoms like B from group III of the periodic table introduce accepter impurity levels in the
Ge band gap near the valence band. B has only three valence electrons to contribute to the

Figure 4. In p-type materials, the Fermi level lies nearer the valence band than the conduction band.

Figure 5. Schematic illustration of Ge doped with a donor impurity such as phosphorus (P) and an accepter like boron (B).
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covalent bonding thereby leaving one incomplete bond. Such levels are not occupied by
any electrons at 0 K. As the temperature is increased the thermal energy increases enough
to excite electrons from the valence band into the impurity levels, leaving holes in the
valence band, which become current carriers when an external field is applied, by the
continuous “hopping” of electron across adjacent incomplete bonds.

The incomplete bonds at a metal-semiconductor interface introduce energy levels in the band
gap in a way similar to those due to accepter impurities. Interface traps, which introduce
energy levels in the Ge band gap, can be caused by a sudden termination of a Ge crystal lattice
at a metal/germanium interface.

1.1.2. Ideal Schottky barriers

A reference energy, E0, called the vacuum energy, is the energy that an electron just “free” of
a material would have in a vacuum. The work function of a semiconductor, Φs is defined as
the energy required to move a unit electronic charge from the Fermi level to the vacuum
level, i.e.,

Φs ¼ E0 � EFS

q
, (2)

where q is the electronic charge and EFS represents the Fermi energy of the semiconductor.
Similarly the work function of a metal is,

Figure 6. A donor level, Ed is occupied with electrons at 0 K and very little thermal energy is required to excite these
electrons to the conduction band. Between 50 and100 K, virtually all of the electrons in the impurity level are “donated” to
the conduction band.
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Φm ¼ E0 � EFm

q
, (3)

where EFm represents the Fermi energy of the metal. The electron affinity, χs of a semiconduc-
tor is defined as the energy required to move a unit electronic charge from the conduction
band edge to the vacuum level, i.e.,

χs ¼
E0 � EC

q
, (4)

Figure 7 is a schematic diagram of the band structures of a metal and a semiconductor before
contact for the case where Φm >Φs, the semiconductor Fermi level, EFS is higher than that of the
metal, EFm.

IfΦm > Φs, the total energy of a metal/n-type semiconductor system could be reduced bymoving
electrons from the n-type semiconductor to the metal. When a metal is placed in contact with the
semiconductor, therefore, electrons diffuse from the semiconductor to the metal in order to
establish equilibrium. The electron diffusion causes the Fermi levels of the metal and the semi-
conductor to align at the same level throughout the interface region. Since the electron diffuse
from the n-type semiconductor into the metal leaves behind uncompensated donor ions, a
depletion region, W of an induced resultant positive charge is developed on the semiconductors
side of the junction. A corresponding negative resultant charge is therefore induced on the metal

Figure 7. A schematic illustration of the band structures of a metal and a semiconductor before contact for the case where
Φm > Φs, the semiconductor Fermi level, EFS is higher than that of the metal, EFm.
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side of the junction. The resultant positive charge from uncompensated donor ions in the
depletion region matches the resultant negative charge induced on the metal, resulting in an
electric field directed from the positive charge in the semiconductor to the negative charge in the
metal. This causes the conduction energy band, Ec and the valence energy band, Ev of the
semiconductor to bend in order to maintain continuity in the semiconductor band structure
across the depletion region W, this is shown in Figure 8.

The electric field builds up to a magnitude where it eventually stops the electron diffusion
across the junction, hence reaching a point of equilibrium. The corresponding induced equilib-
rium contact potential, Vo, across the junction, which prevents further electron diffusion from
the semiconductor into the metal, is the difference in the work function potential energies, Φm

� Φs, of the metal and the semiconductor, i.e., an energy of, q(Φm � Φs) is required for an
electron to cross from the semiconductor to the metal. The barrier Vo can be raised or lowered
by the application of a voltage across the junction.

When a forward-bias voltage V is applied to the barrier the contact potential is reduced from
Vo to Vo � V, as shown in Figure 9. As a result, electrons in the semiconductor’s conduction

Figure 8. When a metal is placed in contact with a semiconductor the conduction, Ec and valence, Ev energy bands of the
semiconductor bend in order to maintain continuity in the semiconductor band structure across the depletion region W.
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band can diffuse across the depletion region to the metal. This gives us the forward current
from the metal to the semiconductor, since the direction of electron flow is opposite to the
associated current direction.

When a reverse-bias voltage Vr is applied to the metal/n-type semiconductor junction, the
contact potential is increased from Vo to a large potential barrier for electron flow from the
semiconductor to the metal of, Vo + Vr as shown in Figure 10. The electron flow from semicon-
ductor to metal becomes negligible.

The reason that Ohmic contacts can be formed by heavy doping of the semiconductor, as
mentioned in Section 1, is that even if this large, Vo + Vr barrier exists at the interface, the
heavy doping reduces the width of the depletion region, W to an extent that is small enough to
allow electrons to tunnel through this barrier.

In both the forward and reverse-bias cases, electrons in the metal need to tunnel through an
energy barrier of height,

qΦB ¼ q Φm � χsð Þ, (5)

in order to get into the semiconductor. The quantity, ΦB, which will often also be labeled as ΦBn

in this chapter, is referred to as the Schottky potential barrier height. This potential barrier

Figure 9. When a forward-bias voltage V is applied, the potential energy barrier from the semiconductor to the metal is
reduced from Vo to Vo � V. Electrons are therefore able to tunnel across the barrier to give a forward current. Notice that
the potential barrier from the metal to the semiconductor, Φm � χS is much larger.
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band can diffuse across the depletion region to the metal. This gives us the forward current
from the metal to the semiconductor, since the direction of electron flow is opposite to the
associated current direction.

When a reverse-bias voltage Vr is applied to the metal/n-type semiconductor junction, the
contact potential is increased from Vo to a large potential barrier for electron flow from the
semiconductor to the metal of, Vo + Vr as shown in Figure 10. The electron flow from semicon-
ductor to metal becomes negligible.

The reason that Ohmic contacts can be formed by heavy doping of the semiconductor, as
mentioned in Section 1, is that even if this large, Vo + Vr barrier exists at the interface, the
heavy doping reduces the width of the depletion region, W to an extent that is small enough to
allow electrons to tunnel through this barrier.

In both the forward and reverse-bias cases, electrons in the metal need to tunnel through an
energy barrier of height,

qΦB ¼ q Φm � χsð Þ, (5)

in order to get into the semiconductor. The quantity, ΦB, which will often also be labeled as ΦBn

in this chapter, is referred to as the Schottky potential barrier height. This potential barrier

Figure 9. When a forward-bias voltage V is applied, the potential energy barrier from the semiconductor to the metal is
reduced from Vo to Vo � V. Electrons are therefore able to tunnel across the barrier to give a forward current. Notice that
the potential barrier from the metal to the semiconductor, Φm � χS is much larger.
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height is unaffected by the bias voltage but any reverse current due to electron injection from
the metal into the semiconductor depends on the size of the Schottky potential barrier height,
ΦB. Electrons may flow from the metal to the semiconductor but the flow is retarded by the
energy barrier, q(Φm � χs). The contact therefore acts as a diode with I–V characteristics of the
form sketched in Figure 11.

The resulting, I–V equation is similar in form to that of the p-n junction diode,

I ¼ Io eqV=kT � 1
� �

: (6)

The reverse saturation current, I0 depends on the size of the energy barrier, q(Φm �
χs) for electron injection from the metal into the semiconductor. This behavior of a
metal/semiconductor contact is referred to as Schottky behavior as opposed to Ohmic
behavior.

Figure 10. When a reverse-bias voltage Vr is applied, the barrier from the semiconductor to the metal is increased from Vo

to Vo + Vr and electron are not able to tunnel across the barrier. Notice that the potential barrier from the metal to the
semiconductor remains, Φm � χS as it was in the forward-bias case.
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1.1.3. Ohmic contacts

In many cases we wish to have an Ohmic metal/semiconductor contact, having linear I-V
characteristics in both biasing directions. In n-type metal/semiconductor contacts, ideal (with-
out Fermi level pinning) Ohmic behavior is observed if Φm < Φs. The separate energy bands for
a metal and a semiconductor in this case are shown, before contact, in Figure 12.

Figure 11. Schottky I–V characteristics where the reverse saturation current depends on the size of the energy barrier, q
(Φm � χs) for electron injection from the metal into the semiconductor.

Figure 12. A schematic illustration of the band structures of a metal and a semiconductor, before contact, for the case
where Φm < Φs. The semiconductor Fermi level, EFS is lower than that of the metal, EFm.
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In many cases we wish to have an Ohmic metal/semiconductor contact, having linear I-V
characteristics in both biasing directions. In n-type metal/semiconductor contacts, ideal (with-
out Fermi level pinning) Ohmic behavior is observed if Φm < Φs. The separate energy bands for
a metal and a semiconductor in this case are shown, before contact, in Figure 12.
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Figure 12. A schematic illustration of the band structures of a metal and a semiconductor, before contact, for the case
where Φm < Φs. The semiconductor Fermi level, EFS is lower than that of the metal, EFm.
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After contact is made between the semiconductor and the metal, in the Φm < Φs (n-type)
case, the Fermi levels become aligned at equilibrium by transferring electrons from
the metal to the semiconductor and not by the transfer of electrons from the semiconduc-
tor to the metal. The energy band structure, at the interface, for this case is illustrated in
Figure 13.

We see in Figure 13 that the conduction band of the semiconductor bends downwards towards
the Fermi level of the metal at the interface, at equilibrium. What this means is that, since the
Fermi level of a metal is in its conduction band as mentioned at the end of Section 1.1, the
electrons in the metal are free to cross from their Fermi level straight into the conduction band
of the semiconductor, i.e., electrons can flow unimpeded across the two conduction bands in
both directions. Unlike in the rectifying contacts discussed earlier, no depletion region, W
occurs in the semiconductor in this case.

Figure 13. After contact is made between a metal and a semiconductor for the case where, Φm < Φs the conduction band
of the semiconductor bends downwards towards the Fermi level of the metal at the interface allowing electrons to flow
unimpeded across the two conduction bands in both directions.

Advanced Material and Device Applications with Germanium58

1.1.4. Practical Schottky barriers

The ideal energy band diagram for a metal semiconductor interface has two main limiting
factors. Firstly, the ideal contact does not take the surface states into account between a metal
and a semiconductor. Secondly, when a practical metal/semiconductor interface is made, a thin
interfacial layer is present on the semiconductor surface. This thin layer could potentially be a
native oxide or processing residue, which contains a large density of surface states (Dit), many
with energies distributed within the band gap of the semiconductor. The physics of the
junction is then no longer governed by the properties of the metal and semiconductor mate-
rials alone but is then largely governed by the properties of the semiconductor surface [10].

The height of the Schottky potential barrier (ΦB) is, in the ideal case, the difference between the
metal work function (Φm) and the semiconductor’s electron affinity (χs). A thin native oxide or
processing residue insulating layer at the metal/semiconductor interface causes an additional
voltage drop (Vi) over the metal/semiconductor interface, which is determined by the charge
(Qs) at the semiconductor surface and the capacitance at the interface layer (Ci). Therefore,

ΦB ¼ Φm � χs � Vi ¼ Φm � χs �
Qs

Ci

� �
: (7)

It is possible to define a neutral level,Φ0 in the interface energy band diagram. When the Fermi
Level differs from the neutral level Φ0, a net charge (Qit) will be present at the semiconductor
surface. Depending on the position of the surface states relative to Φ0, the semiconductor
surface will either be positive or negatively charged. For a very large density of surface states
(Dit), the potential barrier height is only dependent on the band gap of the semiconductor and
the neutral level of the semiconductor. Fermi level pinning then takes place at the interface
making the potential barrier height independent from the metal work function. If the density
of surface states is modeled as being infinitely large then the potential barrier height would be
pinned at (2/3)Eg, which is known as Bardeen’s limit [11]. The formation of surface states is
dependent on the bonding type of the semiconductor material [10]. Covalent semiconductors
such as germanium give rise to a large density of states at the surface due to the unsaturated
bonds at the surface. For ionic semiconductors, the potential barrier height is more dependent
on the metal work function [12]. In the following section we will define a quantity, n called the
ideality factor and the symbol, ΦBn will be used for the Schottky potential barrier height.

The emission of electrons across a Schottky potential barrier can be described by two mecha-
nisms: thermionic emission (TE) and diffusion. In practice, the transport process is a combination
of both. The thermionic emission theory is based on a heat-induced flow of charge carriers from a
surface over a potential energy barrier and is derived from the following assumptions [12, 13]:

1. The energy barrier height (qΦBn) is greater than the thermal energy of the electrons deter-
mined by kBT, where kB is Boltzmann’s constant and T is the absolute temperature;

2. Thermal equilibrium is achieved at the plane that determines the emission;

3. Thermal equilibrium is not affected by the existence of a current flow. The two current
fluxes, from the semiconductor to the metal and vice versa, can be superimposed;
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1.1.4. Practical Schottky barriers

The ideal energy band diagram for a metal semiconductor interface has two main limiting
factors. Firstly, the ideal contact does not take the surface states into account between a metal
and a semiconductor. Secondly, when a practical metal/semiconductor interface is made, a thin
interfacial layer is present on the semiconductor surface. This thin layer could potentially be a
native oxide or processing residue, which contains a large density of surface states (Dit), many
with energies distributed within the band gap of the semiconductor. The physics of the
junction is then no longer governed by the properties of the metal and semiconductor mate-
rials alone but is then largely governed by the properties of the semiconductor surface [10].

The height of the Schottky potential barrier (ΦB) is, in the ideal case, the difference between the
metal work function (Φm) and the semiconductor’s electron affinity (χs). A thin native oxide or
processing residue insulating layer at the metal/semiconductor interface causes an additional
voltage drop (Vi) over the metal/semiconductor interface, which is determined by the charge
(Qs) at the semiconductor surface and the capacitance at the interface layer (Ci). Therefore,

ΦB ¼ Φm � χs � Vi ¼ Φm � χs �
Qs

Ci

� �
: (7)

It is possible to define a neutral level,Φ0 in the interface energy band diagram. When the Fermi
Level differs from the neutral level Φ0, a net charge (Qit) will be present at the semiconductor
surface. Depending on the position of the surface states relative to Φ0, the semiconductor
surface will either be positive or negatively charged. For a very large density of surface states
(Dit), the potential barrier height is only dependent on the band gap of the semiconductor and
the neutral level of the semiconductor. Fermi level pinning then takes place at the interface
making the potential barrier height independent from the metal work function. If the density
of surface states is modeled as being infinitely large then the potential barrier height would be
pinned at (2/3)Eg, which is known as Bardeen’s limit [11]. The formation of surface states is
dependent on the bonding type of the semiconductor material [10]. Covalent semiconductors
such as germanium give rise to a large density of states at the surface due to the unsaturated
bonds at the surface. For ionic semiconductors, the potential barrier height is more dependent
on the metal work function [12]. In the following section we will define a quantity, n called the
ideality factor and the symbol, ΦBn will be used for the Schottky potential barrier height.

The emission of electrons across a Schottky potential barrier can be described by two mecha-
nisms: thermionic emission (TE) and diffusion. In practice, the transport process is a combination
of both. The thermionic emission theory is based on a heat-induced flow of charge carriers from a
surface over a potential energy barrier and is derived from the following assumptions [12, 13]:

1. The energy barrier height (qΦBn) is greater than the thermal energy of the electrons deter-
mined by kBT, where kB is Boltzmann’s constant and T is the absolute temperature;

2. Thermal equilibrium is achieved at the plane that determines the emission;

3. Thermal equilibrium is not affected by the existence of a current flow. The two current
fluxes, from the semiconductor to the metal and vice versa, can be superimposed;
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4. The transfer of electrons across the interface of the metal and the semiconductor is the
current limiting factor;

5. The electron mean-free-path should be bigger than the width of the region over, which a
drop in potential energy, with a value of (kB T), occurs at the barrier.

The total current density for thermionic emission, with an applied voltage, V across the barrier
is given by [12, 14]:

JT ¼ JT0 exp
qV
nkT

� �
� 1

� �
, (8)

where JT0 is the saturation current determined by

JT0 ¼ A∗T2exp
�qΦBn

kT

� �
(9)

and

A∗ ¼ 4πqm∗
nk

2

h3
: (10)

The constant A* is called the effective Richardson constant, q the electron charge, m∗
n the

electron effective mass and h Planck’s constant. The saturation current density (JT0) is
therefore independent of the applied voltage. ΦBn is the zero bias effective Schottky
potential barrier height which can be obtained using the intercepts of the straight lines
obtained by the extrapolation of JT0 in the semi-log forward bias ln J–V characteristics
according to [15, 16]:

ΦBn ¼ kT
q
ln

A∗T2

J0

� �
: (11)

The factor n is equal to 1 for an ideal diode which conforms to pure thermionic emission but
usually has values between 1 and 2. It determines the departure from the ideal diode charac-
teristics and therefore modifies the diode equation, it is called the ideality factor, as mentioned
earlier. The values of n can be calculated from the slopes of the linear regions of the semi-log
forward bias ln J–V characteristics. It can be determined assuming pure thermionic emission
[15, 16] using:

1
n
¼ kT

q
d
dV

ln Jð Þ: (12)

The ideality factor is not a constant as it depends on the bias (V) and can only be specified for a
particular point on a current-voltage characteristic curve.

The diffusion theory is based on the transport of charge carriers across a depletion region and
is derived from the following assumptions [12]:
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1. The energy barrier height (qΦBn) is greater than the thermal energy of the electrons deter-
mined by kBT;

2. The effect of electron collisions taking place in the depletion region is included;

3. The current flow does not affect the carrier concentrations at the interface and in the
semiconductor;

4. The impurity concentration of the semiconductor does not degenerate.

The diffusion current-voltage characteristics can be derived from the current density in the
depletion region:

Jx ¼ qμnn xð ÞE xð Þ þ qDn
δn
δx

: (13)

The diffusion current density in the x-direction depends on the electron charge, q the electron
mobility, μn the electron concentration, n(x), the electric field at the barrier, E(x) and the
diffusion coefficient for electrons, Dn. The current density can only be expressed in this form
if the mobility and diffusion coefficient are independent of the electric field [10]. The total
current density, JD with an applied voltage across the barrier, V and temperature, T can be
expressed, after applying Einstein’s relationship (Dn/μn = kT/q), in the form:

JD ¼ JD0 exp
qV
kT

� �
� 1

� �
, (14)

where the saturation current is,

JD0 ¼
q2DnNC

kT
2q Vbi � Vð ÞND

εrsε0

� �1=2

exp
�qΦBn

kT

� �" #
: (15)

The saturation current density, JD0 is determined by the effective density of states in the
conduction band, NC, the built in potential, Vbi, the donor concentration, ND, the permittivity
of free space, ε0 and the relative permittivity of the semiconductor material, εrs.

We can see that the expressions for the current density are similar for the thermionic emission
and diffusion theory and are based on the saturation current density. However, the saturation
current density for the thermionic emission theory, JT0 is more sensitive to the temperature while
the saturation current density of the diffusion theory, JD0 is more sensitive to the applied voltage
[14]. It should be mentioned that a number of the results discussed in this chapter are for I–V as
opposed to J–V characteristics, in such cases the equations presented in this section are applied
with the incorporation of the perpendicular cross-sectional area of the current’s flow.

If a Schottky diode is connected to electrodes which give a maximum electric field, Em, there is
what is referred to as an image-force which is the interaction due to the polarization of the
conducting electrodes by the charged atoms of the sample. The image-force effect causes the
energy barrier for electron transport across a metal-semiconductor interface to be lowered. The
amount of barrier height reduction, ΔΦB is given by [15, 16],
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current limiting factor;
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[15, 16] using:
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The ideality factor is not a constant as it depends on the bias (V) and can only be specified for a
particular point on a current-voltage characteristic curve.

The diffusion theory is based on the transport of charge carriers across a depletion region and
is derived from the following assumptions [12]:
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1. The energy barrier height (qΦBn) is greater than the thermal energy of the electrons deter-
mined by kBT;

2. The effect of electron collisions taking place in the depletion region is included;

3. The current flow does not affect the carrier concentrations at the interface and in the
semiconductor;

4. The impurity concentration of the semiconductor does not degenerate.

The diffusion current-voltage characteristics can be derived from the current density in the
depletion region:

Jx ¼ qμnn xð ÞE xð Þ þ qDn
δn
δx

: (13)

The diffusion current density in the x-direction depends on the electron charge, q the electron
mobility, μn the electron concentration, n(x), the electric field at the barrier, E(x) and the
diffusion coefficient for electrons, Dn. The current density can only be expressed in this form
if the mobility and diffusion coefficient are independent of the electric field [10]. The total
current density, JD with an applied voltage across the barrier, V and temperature, T can be
expressed, after applying Einstein’s relationship (Dn/μn = kT/q), in the form:
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where the saturation current is,
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The saturation current density, JD0 is determined by the effective density of states in the
conduction band, NC, the built in potential, Vbi, the donor concentration, ND, the permittivity
of free space, ε0 and the relative permittivity of the semiconductor material, εrs.

We can see that the expressions for the current density are similar for the thermionic emission
and diffusion theory and are based on the saturation current density. However, the saturation
current density for the thermionic emission theory, JT0 is more sensitive to the temperature while
the saturation current density of the diffusion theory, JD0 is more sensitive to the applied voltage
[14]. It should be mentioned that a number of the results discussed in this chapter are for I–V as
opposed to J–V characteristics, in such cases the equations presented in this section are applied
with the incorporation of the perpendicular cross-sectional area of the current’s flow.

If a Schottky diode is connected to electrodes which give a maximum electric field, Em, there is
what is referred to as an image-force which is the interaction due to the polarization of the
conducting electrodes by the charged atoms of the sample. The image-force effect causes the
energy barrier for electron transport across a metal-semiconductor interface to be lowered. The
amount of barrier height reduction, ΔΦB is given by [15, 16],
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ΔΦB ¼ qEm

4πεrsε0

� �1=2
: (16)

In Schottky diodes, the depletion layer capacitance, C can be expressed as [15],

C�2 ¼ 2 V0 � Vð Þ
qεsA2ND

, (17)

where A is the cross-sectional area of the diode, V0 is obtained from the intercept of the C�2–V
plot with the voltage axis and ND is the donor concentration of the n-type semiconductor
substrate. The value of ND can be determined from the slope of the C�2–V plot using Eq. (17).
The maximum electric field Em can be calculated using,

Em ¼ 2qNDV0

εrsε0

� �1=2
: (18)

Due to the presence of surface states, an interfacial layer, microscopic clusters of metal-
semiconductor phases and other effects, it is difficult to fabricate junctions with barriers near
the ideal values predicted from the work functions and electron affinity. Therefore, measured
barrier heights are used in device design and fabrication. In some semiconductors like Ge, the
metal/semiconductor interface introduces states in the semiconductor band gap that pin the
Fermi level at a fixed position, regardless of the metal used.

An example of a semiconductor Fermi level, EFS that is pinned well below the conduction
band edge is in n-type GaAs. In this case there is a collection of interface states located at
energy position that are 0.7–0.9 eV below the conduction band. These state are responsible
for pinning the Fermi level as explained later in the next section. The Fermi level, EFS at the
surface of the n-type GaAs is pinned at a position which is 0.8 eV below the conduction
band edge, regardless of the choice of metal used, as shown in Figure 14. The Schottky
barrier height is then determined from this pinning effect rather than by the work function
of the metal. This means that electrons at the Fermi level of any metal in contact will always
have to overcome the 0.8 eV barrier in order to cross over into the conduction band of the
semiconductor.

A somewhat unique case of interest is in n-type InAs were EFS at the interface is not pinned
below but above the conduction band edge of the semiconductor, as shown in Figure 15. The
semiconductor conduction band edge bends downwards at the interface with the metal just as
illustrated for Ohmic contacts by Figure 13 in Section 1.1.3. However, in this case, the bending
of the semiconductor conduction energy band edge goes to a position, at the interface, which is
below the Fermi levels of both the semiconductor EFS and the metal EFm. Regardless of the
metal in contact, the semiconductor Fermi level, EFS remains in the conduction band (above
EC) of both the semiconductor and the metal. Since the Fermi level is the highest energy level
filled with electrons at 0 K, this means that the electrons can freely cross from the metal to the
semiconductor and back, at any temperature. Excellent Ohmic contacts to n-type InAs can
therefore be produced by the deposition of almost any metal as a contact because of this Fermi
level pinning in the conduction band.
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1.1.5. Depinning of the interface

Fermi level pinning can be described by the theory of Metal Induced Gap States or MIGS [10].
In a metal/semiconductor junction the free electron wave function can penetrate into the
semiconductor band gap. This generates band gap states, which consist of donor and acceptor

Figure 14. Notice that the semiconductor Fermi level, EFS, lies 0.8 eV below the conduction band edge at the metal-
semiconductor interface. This is regardless of the choice of metal used as a contact for GaAs, i.e., the Fermi level is pinned
at this position.

Figure 15. A schematic illustration of the case of n-type InAs. The semiconductor conduction band edge bends down-
wards at the interface with the metal, to a position below the Fermi level of the semiconductor, EFS. This is regardless of
the choice of metal used, therefore the Fermi level is pinned at this position above EC.
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ΔΦB ¼ qEm

4πεrsε0

� �1=2
: (16)

In Schottky diodes, the depletion layer capacitance, C can be expressed as [15],

C�2 ¼ 2 V0 � Vð Þ
qεsA2ND

, (17)
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Em ¼ 2qNDV0

εrsε0

� �1=2
: (18)
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like states. As mentioned in Section 1.1.4, there is a charge neutrality level, Φ0 in the band gap
where the gap-state charges are balanced. The Fermi level is pinned close to the charge
neutrality level because of dipole formation. To prevent the Fermi level pinning, the free
electron wave function penetration has to be reduced. This can be done by introducing a thin
dielectric layer. Si3N4 [17–19] has low dielectric constant and moderately high band gap to
prevent the free electron wave function from penetrating into the semiconductor band gap and
hence releasing the Fermi level. Al2O3 [19] has also been reported to reduce the Fermi level
pinning effects.

2. Experimental techniques

2.1. Metallization

There are principally three different methods of depositing metal on a substrate: plating, metal
evaporation and sputtering. Metal plating is generally used to deposit thick layers. Only metal
evaporation and sputtering were used in the work reported on in this chapter.

2.1.1. Metal evaporation

Evaporation techniques are based on heating up a source to a temperature where the material
starts vaporizing. The vaporized material is then deposited on the sample and cools down
forming a thin film. Thermal evaporation can either be achieved by heating the source with a
resistive element or by using an electron beam. Resistive heating takes place by passing a current
through a heating element, often made out of tungsten, which heats up a crucible containing the
source material. Resistive evaporation has the disadvantage of potential contamination from the
crucible if the melting temperature of the crucible is close to themelting temperature of the source
material, resulting in a poor film quality. Electron beam evaporation uses an electron beam
generated from a cathode to heat up the source material locally. The crucibles are water cooled
to minimize contamination. The electron beam is generated by a thermionic emission filament
and is accelerated towards the crucible using a high accelerating voltage. The beam is then
focused into a spot on the surface of the source material and the interaction between the acceler-
ated electrons and the source material will cause the material to start heating up and vaporize.
The combination of local heating and water cooled sources prevents crucible metal contamina-
tion, resulting in a high purity film deposited on the substrate. The evaporation processes take
place under high vacuum (10�3–10�4 mTorr) in order to create a mean free path of the evaporat-
ing flux, which is greater than the distance between the source and the sample.

2.1.2. Sputtering

While evaporation requires a source to be heated to produce a flux of gas, sputtering targets
make use of a physical plasma process rather than heat. The plasma is formed using an inert
gas (normally Argon) and is excited by either a direct current (DC) or radio frequency (RF)
source. The target source is negatively biased and the plasma sputters neutral atoms of source

Advanced Material and Device Applications with Germanium64

material away from the target towards an anode, where the neutral atoms are deposited on the
sample. Since a plasma is required, the working pressures of sputtering systems are relatively
high (≈10�1 mTorr). The sputtering method used for most of the work reported on in this
chapter is RF magnetron sputtering. Radio frequency magnetron sputtering is an enhanced
sputter method which enables a higher deposition rate at low operating pressure together with
the possibility of obtaining high quality films at low as well as high substrate temperatures. A
schematic diagram of the experimental setup for this method is shown in Figure 16.

In the chamber filled with the Ar gas, a high voltage is applied at high frequency between the
target and the sample. The surface atoms of the target material are removed and deposited
onto the substrate by bombarding the target with the ionized Ar atoms. The magnet, located
behind the target, enhances ionization and effectively directs the sputtered atoms towards the
substrate.

2.1.3. Cyclic stacking

To explain the process of cyclic stacked we take the example of the production of an NiGe layer
on a Ge substrate. Multi layers of Ni and Ge are formed by RF magnetron sputtering on an n-
type germanium substrate at room temperature and the average composition of the whole
multi-layers is controlled so as to have a stoichiometric equivalence to the atomic ratio of Ni

Figure 16. A schematic diagram of an RF magnetron sputtering unit.
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and Ge atoms of 1 to 1 as in the phase, NiGe [20]. Figure 17 is a schematic diagram showing
the sample configuration in a cyclically stacked Ni/Ge film.

The idea behind this stacking of layers is to suppress the reaction between Ni and the Ge
substrate upon annealing. In this way it is possible to get a high-quality NiGe film with a
smooth interface on the Ge substrate. It is hoped that this smooth interface would reduce the
Fermi level pinning effects of the interface electron energy states.

2.2. Donor implantation

Implanting atomic species like selenium (Se) into the surface of n-type germanium before
metallization helps to reduce the Schottky barrier height by introducing local interfacial dop-
ing. In order to achieve a reasonable amount of implantation into the surface of the Ge
substrate, the atoms to be implanted need to be energized to around 130 keV. The implantation
is usually followed by heating at a high activation temperature to activate the diffusion of the
dopant atoms further into the semiconductor surface, before metallization.

2.3. Four-terminal sheet resistivity measurement

The results of sheet resistance measurements presented in this chapter were obtained using a
four-terminal resistor structure also known as a Kelvin resistor [21] structure. The structure
consists of four contact pads: two pads are connected to the doped bulk semiconductor
material and two pads contact to the metal used to form the contact. Current is then passed
through two terminals between the semiconductor and the metal and the corresponding
voltage drop is measured using the other two terminals between the metal and the semicon-
ductor. In this way a sheet resistivity, rsh can be extracted.

Figure 17. A schematic illustration of the sample configuration in cyclically stacked Ni/Ge films on an n-type Ge
substrate.

Advanced Material and Device Applications with Germanium66

Acknowledgements

The author would like to thank the Copperbelt University for the use of the institution’s facilities.

Author details

Adrian Habanyama

Address all correspondence to: adrian.habanyama@cbu.ac.zm

Department of Physics, Copperbelt University, Kitwe, Zambia

References

[1] Simoen E, Schaekers M, Liu J, Luo J, Zhao C, Barla K, Collaert N. Defect engineering for
shallow n‐type junctions in germanium: Facts and fiction. Physica Status Solidi A: Appli-
cations and Materials Science. 2016;213(11):2799-2808

[2] Kittl JA, Opsomer K, Torregiani C, Demeurisse C, Mertens S, Brunco DP, Van Dal MJH,
Lauwers A. Silicides and germanides for nano-CMOS applications. Materials Science and
Engineering B. 2008;154–155:144-154

[3] Chawanda A, Nyamhere C, Auret FD, Mtangi W, Diale M, Nel JM. Thermal annealing
behaviour of platinum, nickel and titanium Schottky barrier diodes on n-Ge (100). Journal
of Alloys and Compounds. 2010;492(1-2):649-655. http://dx.doi.org/10.1016/j.jallcom.2009.
11.202

[4] Martens K, Firrincieli A, Rooyackers R, Vincent B, Loo R, Locorotondo S, Rosseel E,
Vandeweyer T, Hellings G, Jaeger BD, Meuris M, Favia P, Bender H, Douhard B, Delmotte J,
Vandervorst W, Simoen E, Jurczak G,Wouters D, Kittl JA. Record low contact resistivity to
n-type Ge for CMOS and memory applications. Technical Digest – International Electron
Devices Meeting (IEDM). 2010. pp. 428-431

[5] Martens K, Rooyackers R, Firrincieli A, Vincent B, Loo R, De Jaeger B, Meuris M, Favia P,
Bender H, Douhard B, Vandervorst W, Simoen E, Jurczak M,Wouters DJ, Kittl JA. Contact
resistivity and fermi-level pinning in n-type Ge contacts with epitaxial Si-passivation.
Applied Physics Letters. 2011;98:013504

[6] Firrincieli A, Martens K, Rooyackers R, Vincent B, Firrincieli A, Martens K, Rooyackers R,
Vincent B, Rosseel E, Simoen E, Geypen J, Bender H, Claeys C, Kittl JA. Study of ohmic
contacts to n-type Ge: Snowplow and laser activation. Applied Physics Letters. 2011;99:
242104

Interface Control Processes for Ni/Ge and Pd/Ge Schottky and Ohmic Contact Fabrication: Part One
http://dx.doi.org/10.5772/intechopen.78692

67



and Ge atoms of 1 to 1 as in the phase, NiGe [20]. Figure 17 is a schematic diagram showing
the sample configuration in a cyclically stacked Ni/Ge film.

The idea behind this stacking of layers is to suppress the reaction between Ni and the Ge
substrate upon annealing. In this way it is possible to get a high-quality NiGe film with a
smooth interface on the Ge substrate. It is hoped that this smooth interface would reduce the
Fermi level pinning effects of the interface electron energy states.

2.2. Donor implantation

Implanting atomic species like selenium (Se) into the surface of n-type germanium before
metallization helps to reduce the Schottky barrier height by introducing local interfacial dop-
ing. In order to achieve a reasonable amount of implantation into the surface of the Ge
substrate, the atoms to be implanted need to be energized to around 130 keV. The implantation
is usually followed by heating at a high activation temperature to activate the diffusion of the
dopant atoms further into the semiconductor surface, before metallization.

2.3. Four-terminal sheet resistivity measurement

The results of sheet resistance measurements presented in this chapter were obtained using a
four-terminal resistor structure also known as a Kelvin resistor [21] structure. The structure
consists of four contact pads: two pads are connected to the doped bulk semiconductor
material and two pads contact to the metal used to form the contact. Current is then passed
through two terminals between the semiconductor and the metal and the corresponding
voltage drop is measured using the other two terminals between the metal and the semicon-
ductor. In this way a sheet resistivity, rsh can be extracted.

Figure 17. A schematic illustration of the sample configuration in cyclically stacked Ni/Ge films on an n-type Ge
substrate.

Advanced Material and Device Applications with Germanium66

Acknowledgements

The author would like to thank the Copperbelt University for the use of the institution’s facilities.

Author details

Adrian Habanyama

Address all correspondence to: adrian.habanyama@cbu.ac.zm

Department of Physics, Copperbelt University, Kitwe, Zambia

References

[1] Simoen E, Schaekers M, Liu J, Luo J, Zhao C, Barla K, Collaert N. Defect engineering for
shallow n‐type junctions in germanium: Facts and fiction. Physica Status Solidi A: Appli-
cations and Materials Science. 2016;213(11):2799-2808

[2] Kittl JA, Opsomer K, Torregiani C, Demeurisse C, Mertens S, Brunco DP, Van Dal MJH,
Lauwers A. Silicides and germanides for nano-CMOS applications. Materials Science and
Engineering B. 2008;154–155:144-154

[3] Chawanda A, Nyamhere C, Auret FD, Mtangi W, Diale M, Nel JM. Thermal annealing
behaviour of platinum, nickel and titanium Schottky barrier diodes on n-Ge (100). Journal
of Alloys and Compounds. 2010;492(1-2):649-655. http://dx.doi.org/10.1016/j.jallcom.2009.
11.202

[4] Martens K, Firrincieli A, Rooyackers R, Vincent B, Loo R, Locorotondo S, Rosseel E,
Vandeweyer T, Hellings G, Jaeger BD, Meuris M, Favia P, Bender H, Douhard B, Delmotte J,
Vandervorst W, Simoen E, Jurczak G,Wouters D, Kittl JA. Record low contact resistivity to
n-type Ge for CMOS and memory applications. Technical Digest – International Electron
Devices Meeting (IEDM). 2010. pp. 428-431

[5] Martens K, Rooyackers R, Firrincieli A, Vincent B, Loo R, De Jaeger B, Meuris M, Favia P,
Bender H, Douhard B, Vandervorst W, Simoen E, Jurczak M,Wouters DJ, Kittl JA. Contact
resistivity and fermi-level pinning in n-type Ge contacts with epitaxial Si-passivation.
Applied Physics Letters. 2011;98:013504

[6] Firrincieli A, Martens K, Rooyackers R, Vincent B, Firrincieli A, Martens K, Rooyackers R,
Vincent B, Rosseel E, Simoen E, Geypen J, Bender H, Claeys C, Kittl JA. Study of ohmic
contacts to n-type Ge: Snowplow and laser activation. Applied Physics Letters. 2011;99:
242104

Interface Control Processes for Ni/Ge and Pd/Ge Schottky and Ohmic Contact Fabrication: Part One
http://dx.doi.org/10.5772/intechopen.78692

67



[7] Janardhanam V, Kim J-S, Moon K-W, Ahn K-S, Choi C-J. Annealing temperature depen-
dency of the electrical and microstructural properties of Ti and Pt contacts to n-type Ge
substrates. Microelectronic Engineering. 2012;89:10

[8] Gaudet S, Detavernier C, Kellock AJ, Desjardins P, Lavoie C. Thin film reaction of transi-
tion metals with germanium. Journal of Vacuum Science and Technology A. 2006;24:474

[9] Chawanda A, Nyamhere C, Auret FD, Mtangi W, Hlatshwayo T, Diale M, Nel JM.
Thermal stability study of palladium and cobalt Schottky contacts on n-Ge (100) and
defects introduced during contacts fabrication and annealing process. Physica B: Con-
densed Matter. 2009;404(22):4482-4484. https://www.sciencedirect.com/science/article/
pii/S0921452609011156

[10] Rhoderick EH, Williams RH. Metal-Semiconductor Contacts. 2nd ed. Oxford: Oxford
Science Publications, Clarendon Press; 1988

[11] Bardeen J. Surface states and rectification at a metal semi-conductor contact. Physical
Review. 1947;71(10):717-727

[12] Sze SM. Physics of semiconductor devices. In: Colinge JP, Colinge CA, editors. Physics of
Semiconductor Devices. New York: John Wiley and Sons; 1981. pp. 520-525

[13] Tiwari S. Compound Semiconductor Device Physics. London: Academic Press; 1992

[14] Troutman RR. VLSI limitations from drain-induced barrier lowering. IEEE Transactions on
Electron Devices. 1979;26(4):461-469

[15] Sharma BL. Metal-Semiconductor Schottky Barrier Junctions and Their Applications.
New York: Plenum Press; 1984

[16] Sze SM. Physics of Semiconductor Devices. 2nd ed. New York: Wiley; 1981

[17] Hu J, Guan X, Choi D, Harris JS, Saraswat K, Wong HSP. Fermi level depinning for the
design of III-V FETsource/drain contacts. In: International Symposium onVLSI Technology,
Systems, and Applications, Hsinchu, Taiwan. Vol. 27-29. IEEE; . April 2009. pp. 123-124

[18] Kobayashi M. Fermi level depinning in metal/Ge Schottky junction for metal source/drain
Ge metal-oxide-semiconductor field-effect-transistor application. Journal of Applied Phys-
ics. 2009;105(2):023702

[19] Hu J, Saraswat KC, Philip Wong HS. Metal/III-V Schottky barrier height tuning for the
design of nonalloyed III-V field-effect transistor source/drain contacts. Journal of Applied
Physics. 2010;107(6):063712

[20] Ishizaka A, Shirali Y. Solid-phase epitaxy of NiSi2 layer on Si(111) substrate from Si/Ni
multi-layer structure prepared by molecular beam deposition. Surface Science. 1986;174
(1-3):671-677

[21] Proctor SJ. A direct measurement of interfacial contact resistance. IEEE Electron Device
Letters. October 1982;3(10):294-296

Advanced Material and Device Applications with Germanium68

Chapter 5

Interface Control Processes for Ni/Ge and Pd/Ge
Schottky and Ohmic Contact Fabrication: Part Two

Adrian Habanyama

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79318

Provisional chapter

DOI: 10.5772/intechopen.79318

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Interface Control Processes for Ni/Ge and Pd/Ge 
Schottky and Ohmic Contact Fabrication: Part Two

Adrian Habanyama

Additional information is available at the end of the chapter

Abstract

We examine the reported interface-based processes used in the modulation of Schottky 
barrier heights at the nickel germanide/n-type germanium and palladium germanide/n-
type germanium junctions. Various sample preparation and characterization methods 
are discussed. Stable Ni/Ge and Pd/Ge structural phases are identified, and their tem-
perature range of stability is established. Current-voltage (I-V) and capacitance-voltage 
(C-V) characteristics are analyzed to study the effect of various interface control pro-
cesses. Sheet resistivity and its stability over various annealing temperature ranges are 
analyzed. The fundamental mechanisms at play in order to achieve ohmic characteristics 
are observed and analyzed using various interface control processes. Some interfacial 
and structural factors that pin the Fermi level are analyzed in relation to experimental 
results. The different interfacial control processes are analyzed, and their effectiveness is 
compared. Recommendations are made for the improvement of Ni and Pd contacts in the 
next generation of n-type germanium-based nanoelectronic devices.

Keywords: thin film, Schottky barrier, ohmic contact

1. Introduction

The fact that ohmic contacts provide an almost unimpeded transfer of majority carriers across 
an interface makes them an essential part of nanoelectronic device fabrication. The interface 
control processes of producing ohmic contacts in germanium-based technology, such as the 
local incorporation of dopant atoms at the metal-germanium interface and the insertion of an 
interlayer into the interface, result in contacts that have values of resistivity which are very 
sensitive to the interlayer thickness and the temperature of annealing used during the fabrica-
tion process. These aspects of the interface control processes will be examined in this chapter. 
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Abstract

We examine the reported interface-based processes used in the modulation of Schottky 
barrier heights at the nickel germanide/n-type germanium and palladium germanide/n-
type germanium junctions. Various sample preparation and characterization methods 
are discussed. Stable Ni/Ge and Pd/Ge structural phases are identified, and their tem-
perature range of stability is established. Current-voltage (I-V) and capacitance-voltage 
(C-V) characteristics are analyzed to study the effect of various interface control pro-
cesses. Sheet resistivity and its stability over various annealing temperature ranges are 
analyzed. The fundamental mechanisms at play in order to achieve ohmic characteristics 
are observed and analyzed using various interface control processes. Some interfacial 
and structural factors that pin the Fermi level are analyzed in relation to experimental 
results. The different interfacial control processes are analyzed, and their effectiveness is 
compared. Recommendations are made for the improvement of Ni and Pd contacts in the 
next generation of n-type germanium-based nanoelectronic devices.

Keywords: thin film, Schottky barrier, ohmic contact

1. Introduction

The fact that ohmic contacts provide an almost unimpeded transfer of majority carriers across 
an interface makes them an essential part of nanoelectronic device fabrication. The interface 
control processes of producing ohmic contacts in germanium-based technology, such as the 
local incorporation of dopant atoms at the metal-germanium interface and the insertion of an 
interlayer into the interface, result in contacts that have values of resistivity which are very 
sensitive to the interlayer thickness and the temperature of annealing used during the fabrica-
tion process. These aspects of the interface control processes will be examined in this chapter. 
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We present a review of some of the novel interface control processes developed for the fabrica-
tion of NiGe/n-Ge and PdGe/n-Ge Schottky and ohmic contacts.

2. Results and discussion

2.1. Phase-formation sequences

There has been a lot of work reported on the solid-state interactions in the Ni/Ge system [1–5] 
but interactions in the Pd/Ge system have not been as extensively reported on [6–8]. The 
available reports agree on the second and the final phase NiGe formed in the Ni/Ge system, 
but there is some disagreement on the first phase. There is agreement that Pd2Ge is the first 
phase to be formed in the Pd/Ge system, the second and final phase to be formed is also 
agreed upon to be PdGe. These phases are generally reported to form sequentially [7, 9]. Our 
results [10, 11] for the phase-formation sequences, formation temperatures, and dominant 
diffusing species (DDS) during reactive diffusion in the Ni/Ge and Pd/Ge systems, obtained 
using in-situ (real-time) Rutherford Backscattering Spectrometry (RBS) and particle induced 
X-ray emission (PIXE) are summarized in Table 1.

We see from Table 1 that in order to produce NiGe at an interface, the annealing temperature needs 
to be above 250°C. Below that temperature, Ni5Ge3 is produced. We also see that PdGe needs to 
be formed above an annealing temperature of 180°C, below which Pd2Ge is formed. One positive 
aspect from these results in terms of device fabrication is that the two phases of interest, which are 
NiGe and PdGe, are the final phases to be formed in the Ni/Ge and Pd/Ge systems, respectively. 
What this means is that annealing at temperatures above 250°C and 180°C in the Ni/Ge and Pd/Ge  
systems respectively would effectively avoid the formation of the other phases of the systems.

Phases observed Ni5Ge3, NiGe, Pd2Ge, PdGe

Phase-formation sequence 1st Ni5Ge3, Pd2Ge

2nd NiGe, PdGe

Phase-formation temperatures Ni5Ge3 150°C

Pd2Ge 140–150°C

NiGe 250°C

PdGe 180°C

Diffusing species Ni5Ge3 Ni

NiGe Ni is the DDS; Ge diffusion observed during the early 
stages of growth.

Pd2Ge 60% Pd and 40% Ge

PdGe 65% Pd and 35% Ge

Table 1. Summary of our results for the thin film couple phase-formation sequences, phase-formation temperatures, and 
dominant diffusing species during the respective phase growths in the Ni/Ge and Pd/Ge systems [10, 11].
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2.2. NiGe contacts

2.2.1. Cyclically stacked NiGe contacts

One of the concerns regarding NiGe contacts on n-type Ge substrates is that other phases 
of the Ni/Ge system apart from NiGe are formed below 250°C. Another concern is the reac-
tion of the deposited Ni film and the Ge substrate, which increases the interface roughness. 
Suppression of this interface reaction by the use of cyclic stacking, as explained in Section 2.1.3 
of the previous chapter, is advantageous in obtaining a flat interface between NiGe and the 
Ge substrates. This was done in an investigation carried out by Motoki [12]. The wafers used 
in this study were n-type Ge (100) with a doping density of 4.0 × 1016 cm−3. These substrates 
were treated with HF after which sets of Ni/Ge (0.5 nm/1.3 nm) layers were cyclically stacked 
eight times using RF magnetron sputtering. The thickness of the layers corresponded to an 
atomic ratio between Ni and Ge of 1 to 1, as in the phase NiGe. As explained in Section 2.1.3 
of the previous chapter, the concept behind this process is to suppress the interface reaction, 
upon annealing, between the deposited Ni and the Ge substrate, hence reducing the number 
of interface electron energy states. The samples configuration is illustrated in Figure 1.

Two samples of cyclically stacked Ni/Ge were produced, one with 8 Ni/Ge cycles (referred to as 
sets in the figures) and the other with 16 cycles. In order to see if cyclic stacking produces improved 
results, two other samples were prepared with Ni films of thickness 3.0 and 5.5 nm respectively 
on Ge substrates without cyclic stacking, for comparison. The four types of samples, including the 
cyclically stacked ones, were annealed in nitrogen (N2) gas at annealing temperatures that ranged 
from 200 to 500°C for 1 min. Four-terminal sheet resistance measurements were carried out on the 
samples as explained in Section 2.3 of the previous chapter. Figure 2 shows experimental results 
of the sheet resistivity (ρsh) of the films as a function of the annealing temperature. We see a large 
decrease in sheet resistivity for the sample with a 3.0 nm-thick Ni film and no cyclic stacking 
within the temperature range from 200 to around 300°C. This is attributed to the formation of the 
NiGe phase. When the annealing temperature is over 350°C, the sheet resistivity shows a large 
increase owing to thermal instability. In the sample with a 5.5 nm-thick Ni layer and no cyclic 
stacking, the temperature range of the NiGe thermal phase stability is wider than that for the 

Figure 1. Cyclically stacked samples to suppress the interface reaction, upon annealing, between the deposited Ni and 
the Ge substrate.
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Figure 3. Current-voltage characteristics of the cyclically stacked NiGe at various annealing temperature from 200 to 
600°C [12].

sample with the 3.0 nm-thick Ni layer. On the other hand, for the samples with cyclic stacking, a 
reduction in ρsh was observed over 250°C, and the value became stable at annealing temperatures 
from 275 to around 500°C. This demonstrates that cyclic stacking produces improved results.

Figure 3 shows the current-voltage characteristics of the cyclically stacked NiGe at various 
annealing temperature from 200 to 600°C. It is seen that the current density profile on a 

Figure 2. Experimental results of the sheet resistivity (ρsh) of Ni/Ge films as a function of the annealing temperature [12].
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semilogarithmic scale in the reverse bias directions (negative anode voltage region) are very 
small compared to those in the forward bias direction, showing that the contacts are rectify-
ing, which is typical Schottky diode behavior.

The height of the Schottky potential barrier, ΦBn and the ideality n-factor were extracted from 
the I-V characteristics of the Schottky diodes at various annealing temperatures using the therm-
ionic emission model, as explained in Section 1.1.4 of the previous chapter. Equations (11) and 
(12), of the previous chapter, were used to extract ΦBn and the ideality n-factor respectively. The 
value of the effective Richardson constant, A* used in this study was 133 A/cm2 K2. The results 
for the sample with a 5.5 nm-thick Ni layer (no cyclic stacking) and the Ni/Ge cyclically stacked 
sample with eight layers are shown in Figure 4, for annealing temperatures up to 600°C.

It is seen in Figure 4 that the determination of both ΦBn and the ideality n-factor was repeated 
a number of times at each temperature, showing some experimental scattering errors, but the 
general trends are clear. The values of ΦBn that are determined for the sample with a 5.5 nm Ni 
film and the cyclically stacked Ni/Ge sample, annealed up to 600°C were within 0.54–0.57 and 
0.53–0.55 eV, respectively. The ideality factor showed values of less than 1.3 for the cyclically 
stacked sample. We see in Figure 4 that in this sample, the ideality factor could be maintained 
at values lower than 1.2 up to a temperature of 500°C, and it increases slightly at 600°C. In the 

Figure 4. Heights of the potential barrier and the ideality n-factors for the Schottky contacts with stacked NiGe and with 
a 5.5 nm-thick Ni film, at various annealing temperatures [12].
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sample with a 5.5 nm Ni film and no cyclic stacking, the values of the n-factor were very large 
for temperatures above 400°C, owing to thermal instability of NiGe films in this sample. This 
result is consistent with the sheet resistivity result presented in Figure 2. In Figure 2, we see 
that the sheet resistivity for this sample rises rapidly around 400°C.

2.2.2. Interface dopant incorporation

A sample with 22 nm of Ni on an n-type Ge substrate and another with 30 nm of Ni3P on an 
n-type Ge were prepared by plasma deposition. Figure 5 shows a schematic illustration of the 
two samples.

Current-voltage characteristics were obtained at various annealing temperatures (for 1 min) 
for the two samples in order to extract the Schottky potential barrier heights, ΦBn using the 
thermionic emission model. The results are shown in Figure 6.

The ideality n-factor for the sample with a 22-nm-thick Ni film was also determined and is 
presented in Figure 6. It can be seen in Figure 6 that the determination of ΦBn and the n-factor 
was repeated a number of times at each temperature, showing some experimental scattering 
error. It is clear that the values of ΦBn for the Ni/n-Ge sample remained almost constant over 
the whole temperature range of annealing. It is however seen that the values of ΦBn for the 
Ni3P/n-Ge sample gradually decreases with increased temperature and the lowest ΦBn value 
is achieved at 600°C, after which the value increases. The ideality factor of the Ni/n-Ge sample 
gradually increases but does not go above the value of 1.5.

Since we see from Figure 6 that the values of ΦBn for the Ni3P/n-Ge sample are the lowest at 
600°C, we now focus on the current-voltage characteristics at this temperature alone for both 
the Ni/n-Ge and Ni3P/n-Ge samples, the results are shown in Figure 7.

We see in Figure 7(a) that the current density profiles on a semilogarithmic scale for the 
forward and reverse bias (negative voltage region) directions are symmetric about the zero 
anode voltage axis for the Ni3P/n-Ge sample, suggesting Ohmic characteristics. On the other 
hand, for the Ni/n-Ge samples, in the reverse bias direction, the current density is very small 
compared to that in the forward bias direction, showing that the contact is rectifying. In 
Figure 7(b), the current density profile is presented on a linear scale. For the Ni3P/n-Ge sample, 
we get a straight line which confirms that this is an ohmic contact. The corresponding result 
for the Ni/n-Ge sample clearly shows that it is not an ohmic contact. It shows Schottky diode 

Figure 5. Schematic illustration of a sample with 22 nm of Ni on an n-type Ge substrate and another with 30 nm of Ni3P 
on n-type Ge.
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characteristics as was illustrated schematically in Figure 11 of the previous chapter. Figure 8 
shows a cross-sectional scanning electron microscope (SEM) image of the Ni3P (30 nm)/n-Ge 
contact in the as-deposited state, (a) and after annealing at 600°C for 1 min, (b).

The SEM micrograph in Figure 8(a) shows a regular thickness of Ni3P in the as-depos-
ited contact. Figure 8(b) shows a much thicker reaction region up to a depth of 77.8 nm 
below the original interface. We saw in Figure 6 that ohmic behavior was not achieved for 
annealing temperatures that were less than 600°C. It appears that at 600°C, the P atoms 
penetrated enough into the n-Ge substrate to form an interface region inside the substrate 
which is heavily doped by P atoms. This facilitates for the ohmic characteristics observed 
at 600°C.

2.2.3. Cyclically stacked NiGe contacts with interface dopant incorporation

A thin 0.68 nm film of Ni3P was plasma deposited on an n-type Ge substrate after which 
sets of Ni/Ge (0.5 nm/1.3 nm) layers were cyclically stacked seven times. Figure 9 shows a 
schematic illustration of the sample.

Figure 6. (a) Potential barrier heights at various annealing temperatures (for 1 min) for Ge Schottky contacts with a 
30 nm-thick Ni3P film and with a 22 nm-thick Ni film. (b) The ideality n-factor for the sample with a 22 nm-thick Ni film 
at various annealing temperatures [12].
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characteristics as was illustrated schematically in Figure 11 of the previous chapter. Figure 8 
shows a cross-sectional scanning electron microscope (SEM) image of the Ni3P (30 nm)/n-Ge 
contact in the as-deposited state, (a) and after annealing at 600°C for 1 min, (b).

The SEM micrograph in Figure 8(a) shows a regular thickness of Ni3P in the as-depos-
ited contact. Figure 8(b) shows a much thicker reaction region up to a depth of 77.8 nm 
below the original interface. We saw in Figure 6 that ohmic behavior was not achieved for 
annealing temperatures that were less than 600°C. It appears that at 600°C, the P atoms 
penetrated enough into the n-Ge substrate to form an interface region inside the substrate 
which is heavily doped by P atoms. This facilitates for the ohmic characteristics observed 
at 600°C.

2.2.3. Cyclically stacked NiGe contacts with interface dopant incorporation

A thin 0.68 nm film of Ni3P was plasma deposited on an n-type Ge substrate after which 
sets of Ni/Ge (0.5 nm/1.3 nm) layers were cyclically stacked seven times. Figure 9 shows a 
schematic illustration of the sample.

Figure 6. (a) Potential barrier heights at various annealing temperatures (for 1 min) for Ge Schottky contacts with a 
30 nm-thick Ni3P film and with a 22 nm-thick Ni film. (b) The ideality n-factor for the sample with a 22 nm-thick Ni film 
at various annealing temperatures [12].
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Figure 8. (a) A cross-sectional scanning electron micrograph of an as-deposited Ni3P/n-Ge contact. (b) A micrograph 
similar to the one presented in (a) but after annealing at 600°C [12].

Current-voltage characteristics were obtained at various annealing temperatures for 1 min. 
The potential barrier heights, ΦBn were extracted using the thermionic emission model, as 
explained earlier. The results are shown in Figure 10, and results for cyclically stacked NiGe 
without a thin 0.68 nm film of Ni3P are also included in Figure 10 for comparison.

It is seen in Figure 10 that the Ni3P film reduces the barrier height by about 0.51 at 500°C. We 
now focus on the current-voltage characteristics at the temperatures of 400 and 500°C for both 
the cyclically stacked samples with and without an Ni3P film. The results are shown in Figure 11.

The sample without an Ni3P film is used as a control to compare with the one with an Ni3P 
film, the results from this sample are therefore labeled as “control” in Figure 11. It can be seen 

Figure 7. (a) Current density profile on a semilogarithmic scale for the forward and reverse bias directions for Ni/n-Ge 
and Ni3P/n-Ge samples. (b) Current density profile of the same samples on a linear scale [12].
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that both contacts are rectifying. Despite the reduction in the barrier height seen in Figure 10, 
the incorporation of a Ni3P film does not result in an ohmic contact in this case.

2.2.4. Interface insertion of a silicon film

A silicon film with a varying thickness, x, is deposited on an n-type Ge substrate after which sets 
of Ni/Ge (0.5 nm/1.3 nm) layers were cyclically stacked seven times. Samples were prepared in 
this way for four different values of the Si film thickness, which are: x = 0.1, 0.3, 0.6 and 1.0 nm. 
Another set of similar samples were prepared with the only difference being the introduction 
of a 0.68-nm-thick Ni3P film between the Si film and the sets of Ni/Ge (0.5 nm/1.3 nm) layers. 
Figure 12 shows a schematic illustration of the two types of sample configuration.

The current-voltage characteristics for samples without P incorporation (w/op) and with P 
incorporation (w/p), annealed at a temperature of 400°C for 1 min, are shown in Figure 13 for 
the different values of Si thickness, x.

It can be seen in Figure 13 that ohmic characteristics are observed for the contact with P 
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Figure 8. (a) A cross-sectional scanning electron micrograph of an as-deposited Ni3P/n-Ge contact. (b) A micrograph 
similar to the one presented in (a) but after annealing at 600°C [12].
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Figure 7. (a) Current density profile on a semilogarithmic scale for the forward and reverse bias directions for Ni/n-Ge 
and Ni3P/n-Ge samples. (b) Current density profile of the same samples on a linear scale [12].
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that both contacts are rectifying. Despite the reduction in the barrier height seen in Figure 10, 
the incorporation of a Ni3P film does not result in an ohmic contact in this case.
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this way for four different values of the Si film thickness, which are: x = 0.1, 0.3, 0.6 and 1.0 nm. 
Another set of similar samples were prepared with the only difference being the introduction 
of a 0.68-nm-thick Ni3P film between the Si film and the sets of Ni/Ge (0.5 nm/1.3 nm) layers. 
Figure 12 shows a schematic illustration of the two types of sample configuration.
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Figure 12. Schematic illustration of two types of cyclically stacked sample configurations with the insertion of a silicon 
film.

were obtained for annealing temperatures between 200 and 600°C. The barrier heights were 
determined at these temperatures of annealing and are presented in Figure 14.

We see in Figure 14 that a silicon thickness of 0.1 nm gives the lowest barrier height for both 
types of samples. However, ohmic characteristics are only observed when P is incorporated 
and at an annealing temperature of 400°C, as seen in Figure 13. An annealing temperature of 
300°C with x = 0.1 nm gives characteristics that are nearly ohmic as indicated in Figure 14.

The four materials, Si, NiGe, n-type Ge, and P doped n-type Ge have different work functions. 
These four materials therefore have individual energy band structures with the respective 
Fermi levels being at different positions relative to the vacuum level. After a contact between 
any of these materials is made, the Fermi level becomes constant throughout the system at equi-
librium, and the energy bands, which should have continuous characteristics, therefore bend.

Figure 11. Current-voltage characteristics at the temperatures of 400 and 500°C for both the cyclically stacked samples 
with and without an Ni3P film [12].
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Figure 13. Current-voltage characteristics for samples without P incorporation (a) and with P incorporation (b), annealed 
at a temperature of 400°C for 1 min and different values of Si thickness, x [12].

Figure 14. (a) Barrier heights at various temperatures of annealing and varying thickness of the Si film inserted, without 
the incorporation of P atoms. (b) A plot of results similar to the ones in (a) but with the incorporation of P atoms [12].
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Figure 13. Current-voltage characteristics for samples without P incorporation (a) and with P incorporation (b), annealed 
at a temperature of 400°C for 1 min and different values of Si thickness, x [12].

Figure 14. (a) Barrier heights at various temperatures of annealing and varying thickness of the Si film inserted, without 
the incorporation of P atoms. (b) A plot of results similar to the ones in (a) but with the incorporation of P atoms [12].
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Figure 15. Schematic energy band diagrams of: (i) an NiGe/n-Ge interface; (ii) an NiGe/n-Ge interface with the 
incorporation of P atoms; (iii) an NiGe/n-Ge interface with the incorporation of P atoms and the insertion of a silicon layer.

Figure 15(i) shows this energy band bending at the NiGe/n-Ge interface. Figure 15(ii) and (iii) 
show the energy band bending at the NiGe:P/n-Ge and NiGe:P/Si/n-Ge interfaces respectively. 
We see the successive reduction in the Schottky potential barrier heights from 0.54 to 0.51 eV 
in Figure 15(i) and (ii) respectively and then 0.42 eV in the ohmic contact of Figure 15(iii). The 
energy band bending due to the doping by diffused P atoms is shown in Figure 15(ii) and 
(iii). Figure 15(i) shows that the Fermi level is pinned. As explained in Section 1.1.5 of the pre-
vious chapter, this Fermi-level pinning is caused by dipole formation due to the large amount 
of interface states. The diameter of a silicon atom is approximately 0.1 nm and the thickness 
of the silicon layer in Figure 15(iii) is also 0.1 nm, meaning that it was essentially a monolayer 
deposition of silicon which released the Fermi-level pinning and achieved an ohmic contact. 
The large modulation of the Schottky potential barrier height due to the insertion of a 0.1-nm-
thick Si monolayer is explainable by considering that the Si atoms caused the formation of 
chemical bonds between NiGe, Si, and n-Ge, thereby reducing the number of dangling bonds 
(valence mending) that are responsible for the dipole formation which is explained in Section 
1.1.5 of the previous chapter.

Advanced Material and Device Applications with Germanium80

2.3. PdGe contacts

Chawanda et al. [13] used n-type Ge(111) doped with antimony (Sb) at a density of 2.5 × 1015 cm−3. 
Pd was deposited onto the substrates by vacuum resistive evaporation as explained in Section 
2.1.1 of the previous chapter. This was done through a mechanical mask which had circular 
windows of diameter, 0.6 ± 0.05 mm. In this way, 24 circular contacts were prepared in a single 
evaporation. The thickness of each deposited layer of Pd was 30 nm. Room temperature forward 
and reverse bias current-voltage characteristics were obtained for five of the Pd/n-Ge contacts, 
which acted as Schottky barrier diodes. The results are shown in Figure 16.

Rectifying characteristics are seen for all samples in Figure 16. The height of the Schottky 
potential barrier, ΦBn and the ideality n-factor were extracted from the forward bias I-V 
characteristics of the Schottky diodes at room temperature using the thermionic emission 
model, as explained in Section 1.1.4 of the previous chapter. This was done for several 
samples and a histogram was produced to show the statistical distribution of the effective 
potential barrier heights from the forward bias I-V characteristics, and this is presented in 
Figure 17.

The effective potential barrier heights obtained from the I-V characteristics varied from 0.492 
to 0.550 eV. A Gaussian distribution function was used to obtain fits to the histogram. The 
statistical analysis yielded a mean Schottky potential barrier height value of 0.529 eV with a 
standard deviation of 0.019 eV.

A histogram was also produced for the values of the ideality factors determined from the I-V 
characteristics. Figure 18 shows the statistical distribution of ideality factors from the forward 
bias I-V characteristics.

Figure 16. Room temperature forward and reverse bias current-voltage characteristics obtained for five of the Pd/n-Ge 
contacts [13].
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(valence mending) that are responsible for the dipole formation which is explained in Section 
1.1.5 of the previous chapter.
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2.3. PdGe contacts

Chawanda et al. [13] used n-type Ge(111) doped with antimony (Sb) at a density of 2.5 × 1015 cm−3. 
Pd was deposited onto the substrates by vacuum resistive evaporation as explained in Section 
2.1.1 of the previous chapter. This was done through a mechanical mask which had circular 
windows of diameter, 0.6 ± 0.05 mm. In this way, 24 circular contacts were prepared in a single 
evaporation. The thickness of each deposited layer of Pd was 30 nm. Room temperature forward 
and reverse bias current-voltage characteristics were obtained for five of the Pd/n-Ge contacts, 
which acted as Schottky barrier diodes. The results are shown in Figure 16.

Rectifying characteristics are seen for all samples in Figure 16. The height of the Schottky 
potential barrier, ΦBn and the ideality n-factor were extracted from the forward bias I-V 
characteristics of the Schottky diodes at room temperature using the thermionic emission 
model, as explained in Section 1.1.4 of the previous chapter. This was done for several 
samples and a histogram was produced to show the statistical distribution of the effective 
potential barrier heights from the forward bias I-V characteristics, and this is presented in 
Figure 17.

The effective potential barrier heights obtained from the I-V characteristics varied from 0.492 
to 0.550 eV. A Gaussian distribution function was used to obtain fits to the histogram. The 
statistical analysis yielded a mean Schottky potential barrier height value of 0.529 eV with a 
standard deviation of 0.019 eV.

A histogram was also produced for the values of the ideality factors determined from the I-V 
characteristics. Figure 18 shows the statistical distribution of ideality factors from the forward 
bias I-V characteristics.

Figure 16. Room temperature forward and reverse bias current-voltage characteristics obtained for five of the Pd/n-Ge 
contacts [13].
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Figure 17. Room temperature Schottky potential barrier height distribution derived from forward bias I-V characteristics 
[13].

The ideality factor ranged from 1.140 to 1.950. A Gaussian distribution function was used to 
obtain a fit to the histogram. The statistical analysis of the ideality factor yielded an average 
value of 1.414 with a standard deviation of 0.270.

It is seen that the experimental effective potential barrier heights and ideality factors differ 
from contact to contact even though they were identically prepared in a single evaporation 
and on the same substrate. A plot of the effective potential barrier heights as a function of the 
respective ideality factors is shown in Figure 19.

The experimental effective potential barrier height decreases as the ideality factor increases. 
We see a linear relationship and the straight line drawn in the figure is the least-squares fit to 
the experimental data.

Five Pd/n-Ge contacts were experimentally examined at room temperature to obtain the 
reverse bias C−2-V characteristics. The results are shown in Figure 20.

We see in Figure 20 that each contact gives a straight line in the C−2-V graphs. The value of the 
capacitance-voltage derived potential barrier height, ΦB (C - V) can be obtained from Figure 20 using,

   Φ  B (C−V)    =  V  D   +  E  F   − Δ  Φ  B    (1)

where EF is the energy difference between the bulk Fermi level of Ge and the conduction band 
edge, VD is the diffusion potential, and ΔΦB is the image-force barrier lowering given by Eq. (16) 
in Section 1.1.4 of the previous chapter, where the maximum electric field Em is calculated using 
Eq. (18) of the previous chapter.

The reverse bias C−2-V characteristics were obtained for several samples and a histogram was 
produced to show the statistical distribution of the capacitance-voltage-derived potential bar-
rier heights, and this is presented in Figure 21.
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The capacitance-voltage potential barrier heights for the Pd/n-Ge (111) Schottky structures 
varied from 0.427 to 0.509 eV. The statistical analysis yields a mean barrier height of 0.463 eV 
with a standard deviation of 0.023 eV. The difference between the mean Schottky potential 
barrier height obtained using the C−2–V characteristics and that from the I-V characteristics 

Figure 18. Statistical distribution of ideality factors from the forward bias I-V characteristics [13].

Figure 19. A linear plot of the Schottky potential barrier heights against the ideality factors [13].
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The capacitance-voltage potential barrier heights for the Pd/n-Ge (111) Schottky structures 
varied from 0.427 to 0.509 eV. The statistical analysis yields a mean barrier height of 0.463 eV 
with a standard deviation of 0.023 eV. The difference between the mean Schottky potential 
barrier height obtained using the C−2–V characteristics and that from the I-V characteristics 
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Figure 19. A linear plot of the Schottky potential barrier heights against the ideality factors [13].
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Figure 21. Schottky potential barrier height distribution derived from reverse bias C−2-V characteristics [13].

is 0.066 eV. Potential barrier heights obtained from the I-V and C−2-V characteristics are not 
always the same [14] because of the different nature of the two measurement techniques.

2.3.1. Interface dopant implantation

Descoins et al. [15] used Ge (001) substrates to form two types of Pd/Ge contacts. In the first type 
of samples the surface of the substrates were implanted with Se atoms at an energy of 130 keV 

Figure 20. Schottky reverse bias C−2-V characteristics for five Pd/n-Ge samples [13].
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as explained in section 2.2 of the previous chapter. The samples were then vacuum annealed at 
a pressure of 4 × 10−5 Torr using a rapid thermal annealing (RTA) setup at 700°C for 30 min. This 
annealing was done to activate some diffusion of the Se dopant atoms further into the semiconduc-
tor surface, before metallization with Pd. A Pd film with a thickness of 20 nm was then deposited 
at room temperature onto the surface of the sample using magnetron sputtering at a base pressure 
of 10−8 Torr. The second type of samples was prepared in exactly the same way as the first type but 
with no Se implantation and activation. All the samples were then vacuum annealed at a pressure 
of 10−6 Torr to induce solid state reactions, resulting in the formation of the PdGe phase. X-ray 
diffraction (XRD) measurements were made in-situ. The heating ramp rate was 5°C per min steps 
and these steps were separated by 5 min-long XRD measurements at a constant temperature.

For the samples which were implanted with Se, the distribution of Se atoms in the surface 
region was determined at three stages of the sample preparation using secondary ion mass 
spectrometry (SIMS). The distribution was first obtained immediately after the Se implanta-
tion (as implanted). It was also obtained after the rapid thermal annealing at 700°C for 30 min, 
which was done to activate some diffusion of the Se dopant atoms. The third SIMS determi-
nation of the Se distribution was carried out after the annealing ramp which resulted in the 
formation and growth of the PdGe phase. All secondary ion mass spectrometry results are 
presented in Figure 22. The Se SIMS profile measured immediately after the Se implantation 
is represented by open triangles. The profile after the activation annealing was performed at 
700°C for 30 min and is represented by the open squares.

The Se SIMS profile measured after the annealing ramp to form PdGe is represented by open 
circles in Figure 22. If we compare this profile to the one obtained after the activation annealing 
was performed at 700°C for 30 min (open squares), we see that Se atoms did not diffuse any 
further into the depth of the substrate during the annealing ramp. The Se profile immediately 
after the implantation corresponds to a Gaussian distribution with a maximum concentration 

Figure 22. Secondary ion mass spectrometry results [15].
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as explained in section 2.2 of the previous chapter. The samples were then vacuum annealed at 
a pressure of 4 × 10−5 Torr using a rapid thermal annealing (RTA) setup at 700°C for 30 min. This 
annealing was done to activate some diffusion of the Se dopant atoms further into the semiconduc-
tor surface, before metallization with Pd. A Pd film with a thickness of 20 nm was then deposited 
at room temperature onto the surface of the sample using magnetron sputtering at a base pressure 
of 10−8 Torr. The second type of samples was prepared in exactly the same way as the first type but 
with no Se implantation and activation. All the samples were then vacuum annealed at a pressure 
of 10−6 Torr to induce solid state reactions, resulting in the formation of the PdGe phase. X-ray 
diffraction (XRD) measurements were made in-situ. The heating ramp rate was 5°C per min steps 
and these steps were separated by 5 min-long XRD measurements at a constant temperature.

For the samples which were implanted with Se, the distribution of Se atoms in the surface 
region was determined at three stages of the sample preparation using secondary ion mass 
spectrometry (SIMS). The distribution was first obtained immediately after the Se implanta-
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which was done to activate some diffusion of the Se dopant atoms. The third SIMS determi-
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presented in Figure 22. The Se SIMS profile measured immediately after the Se implantation 
is represented by open triangles. The profile after the activation annealing was performed at 
700°C for 30 min and is represented by the open squares.

The Se SIMS profile measured after the annealing ramp to form PdGe is represented by open 
circles in Figure 22. If we compare this profile to the one obtained after the activation annealing 
was performed at 700°C for 30 min (open squares), we see that Se atoms did not diffuse any 
further into the depth of the substrate during the annealing ramp. The Se profile immediately 
after the implantation corresponds to a Gaussian distribution with a maximum concentration 

Figure 22. Secondary ion mass spectrometry results [15].
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of about 5 × 1020 atoms cm−3, which is located at around 60 nm below the surface of the sample. 
As a result of the activation annealing, the Se atoms diffused further into the substrate decreas-
ing the maximum Se concentration at a depth of 60 nm from 5 × 1020 to about 1 × 1020 at cm−3.

Figure 23. (a) In-situ X-ray diffractogram obtained from an Se-doped sample. (b) Pd(111), Pd2Ge(002) and PdGe(101) 
integrated and normalized XRD peak data extracted in-situ during the annealing of a sample with Se doping. (c) Integrated 
and normalized XRD peak data for a sample without Se doping [15].
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Figure 23(a) shows the in-situ X-ray diffractogram obtained from an Se-doped sample. This 
diffractogram evolved during the in-situ XRD annealing process. Initially only a single Pd(111) 
diffraction peak is detected at a diffraction angle of 2θ ≈ 40°. Upon annealing, the Pd2Ge(111) 
and Pd2Ge(002) peaks appeared at 2θ ≈ 37.5 and 53.7°, respectively. The intensity of the 
Pd(111) peak decreased during further annealing and that of the Pd2Ge(111) and Pd2Ge (002) 
peaks increased until the Pd(111) peak disappeared after which five new peaks correspond-
ing to the PdGe(101), (111), (211), (121), and (002) planes appeared. The Pd2Ge then starts to 
get consumed, giving way to PdGe growth. This evolution is displayed in Figure 23(b) for 
the sample with Se doping and in Figure 23(c) for the sample without Se doping. To get the 
results in Figure 23(b) and (c), the XRD peak intensities corresponding to various phases were 
integrated and normalized. The normalized integrated intensities were then plotted against 
the temperatures of the ramp annealing. We see from Figure 23(b) and (c) that at the end of 
the experiment we have a layer of PdGe in contact with an Se-doped Ge substrate and another 
in contact with an Se-free Ge substrate. Sheet resistivity measurements were carried out on 
both, the samples with Se interface doping and those without Se doping. The resistivity of the 
PdGe film grown on the Se-free Ge substrate was found to be, ρsh = 13 ± 1 μΩ cm and that on 
the Ge substrate with interface Se doping was, ρsh = 6 ± 0.8 μΩ cm. This means that interface 
Se doping reduces the sheet resistivity by half which should result in a nearly ohmic contact 
because the sheet resistivity is closely related to the contact resistivity.

3. Summary and conclusion

Some of the novel interface control processes developed for the fabrication of NiGe and PdGe 
Schottky and ohmic contacts on n-type germanium have been reviewed.

NiGe grown using the cyclic stacking of Ni/Ge films on an n-Ge substrate showed a stable 
sheet resistivity in the annealing temperature range from 275 to around 500°C. This tempera-
ture range was much wider than the corresponding stable-sheet-resistance annealing tem-
perature range obtained from NiGe grown under similar conditions but without the cyclic 
stacking. The Schottky potential barrier heights for the contacts with cyclically stacked NiGe 
exhibited stable values which were less than 0.54 eV, even after annealing at temperatures of 
up to 600°C. The ideality factors of these contacts were less than 1.2, even after annealing at 
temperatures of up to 500°C. NiGe contacts with the interface incorporation of phosphorus 
atoms and the insertion of a silicon film at the interface were explained. Ohmic characteristics 
have been observed for contacts with substantial P interface incorporation and those with 
minimal P interface incorporation coupled with the insertion of a 0.1 nm-thick Si film, which 
is essentially a monoatomic Si layer.

A linear relationship was observed between the potential barrier heights and corresponding 
ideality factors for Schottky contacts of Pd grown on Sb-doped Ge(111) with a doping density 
of about 2.5 × 1015 cm−3. Current-voltage and capacitance-voltage characteristics were obtained 
at room temperature. The effective potential barrier heights obtained from these I-V charac-
teristics varied from 0.492 to 0.550 eV, while the ideality factor varied from 1.140 to 1.950. The 
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of about 5 × 1020 atoms cm−3, which is located at around 60 nm below the surface of the sample. 
As a result of the activation annealing, the Se atoms diffused further into the substrate decreas-
ing the maximum Se concentration at a depth of 60 nm from 5 × 1020 to about 1 × 1020 at cm−3.

Figure 23. (a) In-situ X-ray diffractogram obtained from an Se-doped sample. (b) Pd(111), Pd2Ge(002) and PdGe(101) 
integrated and normalized XRD peak data extracted in-situ during the annealing of a sample with Se doping. (c) Integrated 
and normalized XRD peak data for a sample without Se doping [15].
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Figure 23(a) shows the in-situ X-ray diffractogram obtained from an Se-doped sample. This 
diffractogram evolved during the in-situ XRD annealing process. Initially only a single Pd(111) 
diffraction peak is detected at a diffraction angle of 2θ ≈ 40°. Upon annealing, the Pd2Ge(111) 
and Pd2Ge(002) peaks appeared at 2θ ≈ 37.5 and 53.7°, respectively. The intensity of the 
Pd(111) peak decreased during further annealing and that of the Pd2Ge(111) and Pd2Ge (002) 
peaks increased until the Pd(111) peak disappeared after which five new peaks correspond-
ing to the PdGe(101), (111), (211), (121), and (002) planes appeared. The Pd2Ge then starts to 
get consumed, giving way to PdGe growth. This evolution is displayed in Figure 23(b) for 
the sample with Se doping and in Figure 23(c) for the sample without Se doping. To get the 
results in Figure 23(b) and (c), the XRD peak intensities corresponding to various phases were 
integrated and normalized. The normalized integrated intensities were then plotted against 
the temperatures of the ramp annealing. We see from Figure 23(b) and (c) that at the end of 
the experiment we have a layer of PdGe in contact with an Se-doped Ge substrate and another 
in contact with an Se-free Ge substrate. Sheet resistivity measurements were carried out on 
both, the samples with Se interface doping and those without Se doping. The resistivity of the 
PdGe film grown on the Se-free Ge substrate was found to be, ρsh = 13 ± 1 μΩ cm and that on 
the Ge substrate with interface Se doping was, ρsh = 6 ± 0.8 μΩ cm. This means that interface 
Se doping reduces the sheet resistivity by half which should result in a nearly ohmic contact 
because the sheet resistivity is closely related to the contact resistivity.

3. Summary and conclusion

Some of the novel interface control processes developed for the fabrication of NiGe and PdGe 
Schottky and ohmic contacts on n-type germanium have been reviewed.

NiGe grown using the cyclic stacking of Ni/Ge films on an n-Ge substrate showed a stable 
sheet resistivity in the annealing temperature range from 275 to around 500°C. This tempera-
ture range was much wider than the corresponding stable-sheet-resistance annealing tem-
perature range obtained from NiGe grown under similar conditions but without the cyclic 
stacking. The Schottky potential barrier heights for the contacts with cyclically stacked NiGe 
exhibited stable values which were less than 0.54 eV, even after annealing at temperatures of 
up to 600°C. The ideality factors of these contacts were less than 1.2, even after annealing at 
temperatures of up to 500°C. NiGe contacts with the interface incorporation of phosphorus 
atoms and the insertion of a silicon film at the interface were explained. Ohmic characteristics 
have been observed for contacts with substantial P interface incorporation and those with 
minimal P interface incorporation coupled with the insertion of a 0.1 nm-thick Si film, which 
is essentially a monoatomic Si layer.

A linear relationship was observed between the potential barrier heights and corresponding 
ideality factors for Schottky contacts of Pd grown on Sb-doped Ge(111) with a doping density 
of about 2.5 × 1015 cm−3. Current-voltage and capacitance-voltage characteristics were obtained 
at room temperature. The effective potential barrier heights obtained from these I-V charac-
teristics varied from 0.492 to 0.550 eV, while the ideality factor varied from 1.140 to 1.950. The 
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barrier heights obtained from the reverse bias capacitance-voltage (C−2-V) varied from 0.427 
to 0.509 eV. A Gaussian distribution function was fitted over the experimental potential bar-
rier height distributions, resulting in average values of 0.529 and 0.463 eV from I-V and C−2-V 
characteristics, respectively.

The sheet resistivity of PdGe grown by Pd reactive diffusion on Ge substrates which had 
their surfaces implanted with Se atoms was two times lower than that for samples grown 
under the same conditions but without Se implantation. This result suggests that Se atoms 
at the Pd/n-Ge interface may be used to produce efficient PdGe contacts. The presence of the 
Se atoms does not modify either the phase-formation sequence or the phase growth kinetics 
during the Pd reactive diffusion with the Ge substrate, as seen in Figure 23.

The three interface control processes analyzed, namely the interface incorporation of P atoms, 
the thin film insertion of Si at the interface, and the implantation of Se atoms into the surface 
of the semiconductor substrate, have been demonstrated to be effective, and are therefore 
recommended for the improvement of Ni and Pd contacts in the next generation of n-type 
germanium-based nanoelectronic devices.
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barrier heights obtained from the reverse bias capacitance-voltage (C−2-V) varied from 0.427 
to 0.509 eV. A Gaussian distribution function was fitted over the experimental potential bar-
rier height distributions, resulting in average values of 0.529 and 0.463 eV from I-V and C−2-V 
characteristics, respectively.

The sheet resistivity of PdGe grown by Pd reactive diffusion on Ge substrates which had 
their surfaces implanted with Se atoms was two times lower than that for samples grown 
under the same conditions but without Se implantation. This result suggests that Se atoms 
at the Pd/n-Ge interface may be used to produce efficient PdGe contacts. The presence of the 
Se atoms does not modify either the phase-formation sequence or the phase growth kinetics 
during the Pd reactive diffusion with the Ge substrate, as seen in Figure 23.

The three interface control processes analyzed, namely the interface incorporation of P atoms, 
the thin film insertion of Si at the interface, and the implantation of Se atoms into the surface 
of the semiconductor substrate, have been demonstrated to be effective, and are therefore 
recommended for the improvement of Ni and Pd contacts in the next generation of n-type 
germanium-based nanoelectronic devices.
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