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Abstract: The advent of the point-contact transistor is one of the most significant technological
achievements in human history with a profound impact on human civilization during the past
75 years. Although the first transistor was made of germanium it was soon replaced by silicon, a ma-
terial with lower intrinsic carrier mobilities but with a substantially better native oxide. Interestingly,
more than two decades ago, germanium was once again considered as a mainstream microelectronic
material, since the introduction of high-k dielectrics allowed the consideration of channel materials
irrespective of the quality of their native oxide. After about 50 years of limited studies on the defect
processes in germanium, the community once again focused on its applicability for mainstream
electronic applications. Nevertheless, there are some bottlenecks that need to be overcome, and it
was the aim of the present review to discuss the progress in the understanding of the defect processes
of Ge.
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1. Introduction

December 2022 marks the 75th anniversary since the invention of the transistor, which
decisively impacted the evolution of computers and communications and, consequently,
on all life as we know it today.

On 16 December 1947, John Bardeen, Walter Brattain and William Shockley produced
the first successful semiconductor amplifier, a fruit tendered by two years of collaboration
on solid-state physics at Bell Labs. Some of Brattain’s and Shockley’s lab notes, including
the ones recording the day of their presentation as well as those present at that historical
moment, can be seen in [1]. A week later, on 23 December, they presented their invention
to lab officials as a “magnificent Christmas present”, in Shockley’s words. John Pierce
assisted the group by proposing the simple name “transistor” for their invention, which
up to that point they referred to as “the point-contact solid state amplifier”, a device that
could amplify and switch electrical signals and took the form of a tiny bit of germanium,
plastic and gold. Bell Labs presented the transistor to the world a year later, on 30 June
1948, at a press conference held in New York. It was speculated at the time that “it may
have far-reaching significance in electronics and electrical communication”, but perhaps its
actual importance had not been fully envisaged at the time, since it is nowadays regarded
as the most important invention of the 20th century. The magnificent three were awarded
the 1956 Nobel Prize in Physics for this invention, and Bardeen went on to win the prize
again in 1972 along with Leon Cooper and John Robert Schrieffer for their BCS microscopic
theory of superconductivity.
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Bardeen and Brattain published their findings regarding the invention of the transistor
in 1948 [2]. The underlying concept of their work was electron mobility in a semiconductor.
Previously, electric current flow had been controlled by fragile glass vacuum tubes, and
what was sought was an alternative new device that would be smaller and consume less
energy. Tubes had brought on electronic circuits during the first half of the twentieth
century and had been employed in the implementation of radio, television, radar, the
sound recording and reproduction of long-distance telephone networks, and analog and
early digital computers. Transistors exploit the low resistivity of materials, such as silicon
and germanium, conduct electric current in the solid state, and the flow can be controlled
in useful ways by various means, for example by exposure to an electric field or through
doping, i.e., the intentional introduction of impurities into pure semiconductor material
in order to modulate its structural and electrical properties. Hence, the coming of the
transistor literally revolutionised the electronics industry and effectively introduced the
Information Age, where the economy relies primarily on information technology [3]. The
first principles of field-effect transistors (FET), i.e., transistors that employ an electric field
to control the flow of current in a semiconductor, are traced back to Julius Edgar Lilienfeld’s
work in 1925 [4]. Bardeen, Brattain and Shockley’s structure faced the problem of surface
state, where traps on the semiconductor surface hinder electron mobility. An accidental
discovery by Frosch and Derick in 1955 that silicon dioxide prevents dopants from diffusing
into silicon led, later, in 1956, Atalla and Kahng to invent the MOSFET, which shares the
same principles as the original transistor and solves the surface state problem.

The MOSEFET transistor has been used extensively in integrated circuits [5] and plays
a critical role in today’s technological, industrial and market landscape, where the economy
is increasingly digitised and “smart”. Enabling technology such as clean rooms, pho-
tolithography and planar process rendered integrated circuit manufacture fast and low
cost, and since the early 1970s we have witnessed a proliferation of microprocessors. The
MOSFET has been scaled down in size continuously through the years, and while once
channel lengths were several micrometres, modern integrated circuits include transistors
with channel lengths in the order of 10 nanometres. Moore’s law [6] about chip density, i.e.,
that the number of semiconductor components that can be included on a chip increases
exponentially, though undisputed for a number of years in the semiconductor industry, has
recently come under revision [7], and fabrication capabilities and techniques have been
taken into consideration. The promise of GAAFET (Gate All Around FET) devices, where a
2 nm spacing can result in nearly 50 bn transistors in a square cm chip, opens new vistas
for high-performance, lower-fabrication-costs and increased-reliability semiconductors
with great application potential in Al and machine learning (AI/ML) and neuromorphic
computing. It should be noted that many in the industry consider neuromorphic comput-
ing to have greater engineering significance than quantum computing given the latter’s
scores of issues with stability and practical deployment. Pushing against Moore’s Law
and taking into account advancements in enabling technologies, an opportune moment is
offered for reviewing Germanium in the spirit of recalling its original role at the onset of
the semiconductor revolution 75 years ago and its great promise for the future.

In the present review we considered (a) transistors and artificial intelligence and (b)
the key Ge defect-engineering processes and their impact on devices and (c) highlighted
the open issues and perspectives for the future.

2. Transistors and Atrtificial Intelligence

Artificial intelligence applications are mushrooming in the industrial, retail, education,
health care, military, research, resource management, and consumer services sectors. Much
of this growth is enabled by machine learning capabilities, that is, the processing of massive
amounts of data in order to create models that can be used quickly (ideally in real time)
for the accurate classification of newly encountered problems that can subsequently be
solved by applying learned problem-solving approaches. This creates new challenges
for semiconductor design and implementation and new opportunities for growth for the
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semiconductor industry [8]. The global Al market is expected to grow to USD 1811.8 billion
by 2030, and demand for semiconductor chips is expected to reflect this rise. According to
McKinsey, Al accelerator chips will be in demand five times more than semiconductors
used in non-Al applications [9].

All Al applications rely on hardware. First, the amount of data that needs to be stored
and processed requires efficient memory systems through which data can be moved fast.
Second, the integration of nonvolatile memory and processing logic renders “system on a
chip” processors possible in order to meet the requirements of Al algorithms. It is quite
expensive to build special purpose Al chips for each potential application, and a generic
Al platform that could be adapted to the specific features of an application area would be
more cost efficient and provide a common ground for a whole ecosystem of applications.

The semiconductor industry itself can benefit from Al for the reduction in material
loss and production time and increased quality control of the production process and the
final product. Very recently a new type of adaptive transistor, which can be dynamically
switched during run-time to perform different logical tasks, was announced by scientists at
the technical University of Vienna who have been working on adaptive electronics. The new
flexible transistor is based on pure germanium and does not require doping and therefore no
new manufacturing processes [10]. The flexible transistor creates new possibilities for chip
design and for both schools of artificial intelligence, namely symbolic-based approaches,
which can potentially use multivalued logics and life-based approaches that employ neural
networks. The functional diversification of the new transistor is achieved by exploiting the
electronic structure of germanium and modulating circuit behaviour via a control electrode,
for instance to change the behaviour of an NAND gate into an NOR, as the need arises. This
adaptability results in smaller numbers of transistors for the performance of computations,
hence leading to energy and time savings.

3. From Ge to Si and Back

Although in the first breakthrough the point-contact transistor and subsequent devices
were based on Ge, it was Si that soon dominated the technology. This was mainly due to
the requirement of a native oxide on top of the semiconducting material. In particular, ger-
manium dioxide (GeO,) was inappropriate as it is unstable during the processing required
(water soluble) for the formation of microelectronic devices. Conversely, silicon dioxide
(5103), the native oxide of Si, is a material with excellent material properties and dielec-
tric properties that was appropriate for scaling and device (metal-oxide semiconductor
field-effect transistor (MOSFET) etc.) formation for decades.

During the reign of Si, the reports on the material’s properties and the defect processes
of Ge were very limited (refer to [11,12] and the references therein). The community during
this period was focused on Si and the effort to aggressively scale it to follow Moore’s law.
This was interrupted by the advent of high-k dielectric materials that in essence removed
the requirement of a native oxide layer (such as SiO; in Si), and therefore high mobility
materials, mainly Ge, that were plagued by inappropriate native oxides were once more
considered [13-22]. The aim of the community is currently to be able to create Ge-based
microelectronic devices and, in particular, n- and p-channel MOSFETs for higher mobility
complementary metal-oxide semiconductors (CMOS). At this point of the evolution of
microelectronic devices we have reached devices with characteristic dimensions of only
a few nanometers and, therefore, effects at the atomic level are more important than ever.
In particular, it is absolutely necessary to control the intrinsic defects in the lattice, the
placement and the transport properties of dopants. For example, even the migration and
out-diffusion of a few atoms in the doped region will have significant implications in
its conductivity! For numerous years the defect processes in Si have been determined;
however, there have been studies in the defect processes and the applicability of Ge in
microelectronic devices mainly after 2000 [23-75], when the possibility of Ge-based devices
was once more considered.
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4. Defect Processes in Ge
4.1. Intrinsic Point Defects

The first defects that need to be considered are the intrinsic defects, i.e., self-interstitial
and vacancies. These defects always exist in semiconductors for thermodynamic reasons,
and their concentration in equilibrium conditions is dependent upon their formation en-
ergy. Typically, the formation energies of self-interstitial and vacancies in semiconducting
materials are high, and therefore their concentrations are not significant even at higher tem-
peratures. Nevertheless, during growth (the Czochralski crystal growth process), dopant
incorporation (ion implantation) and processing there is a significantly higher concen-
tration of intrinsic defects that forms in the lattice. This non-equilibrium concentration
of intrinsic point defects is typically orders of magnitude higher than the one expected
under equilibrium conditions. The concentration and properties of these intrinsic defects
is important as they are the vehicles of self- and dopant diffusion, and consequently their
control is key in order to be able determine the electrical activation of dopants and the
dopant profile in n- or p-type regions [11,12,27,29].

Although Ge and Si are isostructural, they have a number of key differences. As was
mentioned above, the main reason for the community to revisit Ge is the higher mobility of
electrons and holes (although the electron mobility in some III-V compounds such as GaAs
is even higher). Considering intrinsic point defects, the vacancy in Ge is the key defect,
and this is not the case in Si [11,27,42,43]. This has a profound impact on the diffusion and
deactivation of donor atoms, as will become evident in the coming sub-section.

Studies on point defects and self-diffusion in Ge were performed more than 65 years
ago (for example [76,77]), however, it was the seminal study by Werner et al. [11] that
determined that the vacancies in Ge are the energetically favourable defect with concentra-
tions that were more significant than in Si under equilibrium conditions. This study was
thereafter confirmed by density functional theory (DFT) calculations that predicted that the
formation energy of the vacancies is lower than the formation energy of the self-interstitial
in Ge [11,27,42,43]. Further evidence to support the prevalence of the vacancy self-diffusion
mechanism was derived from experiments concerning copper diffusion in dislocation-free
germanium [78-80]. Concerning that the self-interstitial in Ge under equilibrium conditions
is never of importance and does not practically contribute to self-diffusion (refer to [59] and
the references therein), the charge state of the vacancy in Ge under n-type doping conditions
was determined to be doubly negatively charged [38,44]. Figure 1 is the Arrhenius plot
comparing self-diffusion with dopant diffusion in Ge.

T(Q
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Figure 1. Arrhenius plot for the diffusion coefficients of self-diffusion, n-type dopants (P, As, Sb) and
p-type dopants (B, Al, Ga, In) in Ge [59].



Appl. Sci. 2022,12,11993

50f13

4.2. Donor Atoms

The technologically important donor atoms (D) in Ge are phosporous (P), arsenic
(As) and antimony (Sb). As indicated above, the prevalent intrinsic point defect in Ge is
the vacancy. These occupy substitutional positions in the Ge lattice and, as they can be
easily ionised at room temperature, they readily offer an electron to Ge, thus increasing
its conductivity. What is left behind is a positively charged dopant that can attract the
negatively charged vacancies that diffuse in the lattice if the latter approach it at a nearest
neighbour site. It has been calculated using DFT that there is strong binding between the
dopant and the vacancy [43]. For the donor atom to diffuse in the lattice it is not enough to
just exchange positions with this vacancy, but it has to migrate via the longer-range ring
mechanism of diffusion (refer to Figure 2) [81]. This mechanism is effectively dictated by
the symmetry of the diamond lattice and, in essence, the vacancy has to migrate in a ring
of atoms around the donor atom for the atom to progress to the next lattice position. This
ring has to be repeated for every hop of the donor atom in the lattice [43]. There is good
agreement between the determined activation energies of diffusion and the ones derived
by DFT using the ring mechanism of diffusion for P, As and Sb [42,43].

Figure 2. The ring mechanism of diffusion in a Ge lattice [59].

During the formation of the n-type regions there is a significant concentration of
vacancies that considerably exceeds the concentration of vacancies under equilibrium
condition. This interacts with the donor atoms forming DV pairs, which migrate in the
lattice and can lead to larger clusters of the form D, Vy, with n typically up to 4 (refer to
Figure 3) [32,35]. These larger clusters are practically immobile; however, they can lead to
the deactivation of a significant portion of the donor atoms [35,56].

Codoping strategies were proposed to eliminate or reduce the influence of vacancy
defects that control both the diffusion of n-type dopants and their deactivation [44,45,82,83].
Oversized dopant atoms (such as Sn, Hf and Pb) and carbon reduce the mobility of the
donor atoms; however, they do not solve the problem of the formation of defect-dopant
clusters that lead to deactivation [54,82]. The most effective defect-engineering strat-
egy was proposed using DFT [83] and was thereafter determined to work using experi-
ments [56,84-88]. Interestingly, this prompted Jung et al. [84] to conclude that F passivation
can be used to improve the performance of Ge-based MOSFETs and p-i-n diodes.

For Si, it is established that F can be used to suppress self-interstitial and boron (B)
diffusion [88-92]. How does fluorine solve the problem of diffusion and deactivation for
donor atoms in Ge? The introduction of F atoms in the Ge lattice will result in the saturation
of vacancy dangling bonds. This occurs when the migrating F atom encounters a V in
the lattice, and the predicted binding energy of the resultant FV pair is —1.19 eV [83].
Each vacancy has four dangling bonds, so it can attract up to four F atoms, thus forming
F4V clusters (binding energy —5.00 eV, schematic representation in Figure 4), whereas
every divacancy has six dangling bonds and can form up to the FsV, cluster (binding
energy —8.56 eV) [83]. The binding energies for the formation of fluorine-vacancy pairs is
significantly higher than the binding energies for the formation of donor-vacancy pairs
(—0.52 eV for PV to —0.70 eV for SbV) [83]. This in turn implies that, if there is a sufficiently
high F concentration, the F can attract most of the vacancies in the lattice, thus reducing the
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possibility of the formation of D,V (n = 1-4) defects [83]. Consequently, the donor atoms
do not have vacancies to diffuse into in the lattice, nor do they have the opportunity to
form larger deactivating clusters [83]. Therefore, F codoping solves both problems and is a
defect-engineering way to form n-type doped regions in advances Ge based devices.

Figure 3. A schematic representation of the As,V clusters (n = 1-4). Cubes represent the vacancies,
and white and black circles represent the Ge and As atoms, respectively [35].

Figure 4. The F4V cluster in Ge. The black circle represents the vacancy, the light blue circles F atoms
and the yellow circles Ge atoms.

4.3. Acceptor Atoms

The main difference in acceptor atoms (B, indium (In), gallium (Ga) and aluminum
(Al)) to the donor atoms considered above is that they do not migrate at a fast rate in the
lattice [70,93-99]. This is because B repels vacancies, whereas In, Ga and Al are only weakly
bound to vacancies [43]. For B, it was determined by the proton irradiation experiments con-
ducted by Bracht et al. [94] that an interstitial mechanism is prevalent. Under equilibrium
conditions, self-interstitials have a negligible concentration, but proton irradiation forms
a supersaturation of self-interstitials that enhances B diffusion and suppresses vacancy-
mediated diffusion [94]. These experimental results, in conjunction with the DFT study
by Janke et al. [100], provide evidence for an interstitially mediated diffusion mechanism
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for B. On the other hand, In, Ga and Al can diffuse via the vacancy mechanism but with
considerably higher activation enthalpies of diffusion as compared to the P, As, and Sb
atoms considered above [43,59,101,102]. This is also evident in Figure 3, where the p-type
dopants have considerably lower diffusivities as compared to the n-type dopants.

From a technological perspective, the limited diffusion of B and the acceptable activa-
tion level can lead to the formation of efficient p-type regions for devices, taking advantage
of the higher hole mobility of Ge as compared to Si.

4.4. Carbon and Oxygen Impurities

During crystal growth and the processing of Ge wafers there is an introduction of
defects in the Ge lattice. In particular, during the Czochralski crystal growth process there
is a significant concentration of carbon and oxygen input in the Ge lattice that exceeds the
equilibrium concentration of carbon and oxygen defects [33]. This is again analogous to the
case for Czochralski-grown Si, with the important difference being that there is a higher
content of carbon and oxygen defects that has implications on the defect processes [103-107].
Although there is an impact of these defects on the properties of donor and acceptor atoms
in Si, there is only limited information in terms of Ge. Brotzmann et al. [44] determined that
the diffusion of donor atoms is retarded in the presence of carbon atoms in Ge; however,
there is no benefit for the deactivation of the donor atoms via the formation of D,V clusters.
The related subsequent DFT results supported these findings by predicting that although
carbon atoms result in higher migration energies for DV pairs via the ring mechanism of
diffusion (and thus retard the diffusion of donor atoms), they do not impact the formation
of extended clusters containing donor atoms and vacancies [45]. At any rate, the study of
Liu et al. [86] determined that there is efficient junction control using C co-implanted into P
in pre-amorphised Ge.

Considering the impact of oxygen interstitial atoms on the diffusion of p-type dopants
such as B, it was recently determined by Kipke et al. [70] that a high oxygen concentration
is linked with increased B diffusion. In particular, the diffusion of B was significantly
enhanced in parts of the sample where the oxygen concentration exceeded 10" cm~3
(i.e., it was orders of magnitude higher than the equilibrium dopant concentration) [70].
Nevertheless, such high oxygen concentrations could be possible from the quartz ampule
used in the experiment and from oxidation near the surface [70]. This study prompted the
DFT study by Kuganathan et al. [72], as it was anticipated that oxygen interstitials would
interact with other acceptor dopants such as Ga. This study revealed that the binding
energies required to form Ga substitutional-oxygen interstitial (O;) defects are limited [72].

5. Open Issues and Perspectives for the Future

Here, we will aim to raise a number of open issues and perspectives that will need to
be considered so as to consider the defect processes in Ge as a fairly complete field.

Considering oxygen and carbon defects, what is missing from the literature at the
present time is an understanding of how these defects could attract vacancies in a com-
petitive manner to form CV pairs and VO; (A-centre), in this was reducing the available
vacancies for dopant atoms. This is particularly important for donor atoms because vacan-
cies are their vehicles for diffusion and may cause deactivation via the formation of larger
clusters. The A-centre in Ge and its impact is far less understood in Ge as compared to Si
although they have a similar configuration [52,108-113].

Strain induces changes to the electronic properties of microelectronic mater-
ials [40,114-118]. For example, a significant disadvantage for the implementation of Ge in
optoelectronic applications is its indirect bandgap (0.67 eV), which can be engineered to a
direct bandgap of 2.91 eV upon the application of significant compressive strain [118]. As
was recently demonstrated, strained few-atomic-layer (effectively two-dimensional) Ge
can exhibit blue photoluminescence at room temperature as well as quantum confinement
effects [118]. With respect to nanoelectronic devices, strain can be used to enhance carrier
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mobilities, as was demonstrated by the paradigm of strained Si, SiGe and Ge channels for
MOSFETSs (refer to [119] and the references therein).

Another issue that needs to be determined is the impact of surface and interfaces on
the conductivity and diffusion properties of nanoelectronic devices. It should be stressed
that in nanoelectronic systems where the characteristic dimensions are a few nanometers,
there is a significant percentage of the atoms at the interfaces and surface or at regions in
close vicinity to these. As has been determined in previous studies (for example [120-123]
and the references therein), mainly for oxide interfaces, there will be profound deviations
from the bulk-like defects and electronic properties. Therefore, these need to be investi-
gated for Ge interfaces using both advanced simulation techniques and thermodynamic
methodologies such as the ¢cB() model [124-133]. The absolute limit, of course, for ad-
vanced simulation work on surfaces/interfaces is germanene, the two-dimensional form
of Ge that is analogous to graphene [134-137] where all the atoms are at the surface or
interface, and the use of machine learning or related techniques [138-142]. Finally, it should
be considered that Ge is an important material for quantum technologies, as it may be
employed in devices aiming to encode, process and transmit quantum information [143].

6. Conclusions

Seventy-five years after the invention of the Ge point-contact transistor, there are
still barriers for the acceptance of Ge as a mainstream material for electronic applications.
There was a gap for nearly 50 years on the systematic study of Ge defect processes, which
have once again been studied by the community over the past 20 or so years. The advent
of high-k dielectrics alleviated the problematic oxide issue for Ge. However by that
time, Si-based microelectronics were dominant, with their defect processes and properties
being understood at a level at which we comprehend very few materials, if any. On
the contrary, the early studies concerned cruder experimental work that is not relevant
anymore, whereas the gap in understanding of the properties and control of dopants and
defects requires further work. This is particularly important in the era of nanoelectronics,
where surface/interfacial effects become very important in retaining acceptable active
donor/acceptor profiles and the emergence of quantum effects (i.e., tunneling) that can
impact the properties of devices.

The dominant intrinsic defect in Ge is the lattice vacancy that has a significant impact
on the electronic and diffusion properties of dopants. Concerning acceptors, the situation
is clearer, and p-type regions can be formed with B-doped Ge. Donor atoms in Ge require
further care due to their higher diffusion and deactivation cluster formation. Codoping
strategies with F seem to be appropriate. Other defects need to be investigated in detail,
such as carbon, oxygen and metals. At any rate, the extreme miniaturization of devices
offers opportunities for exciting research on these systems from both a technological and
fundamental science perspective.
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