<]
TUDelft

Delft University of Technology

Opto-Electrical Properties of Group IV Alloys
The Inherent Challenges of Processing Hydrogenated Germanium

de Vrijer, Thierry; Bouazzata, Bilal ; Ravichandran, Ashwath ; van Dingen, Julian E.C.; Roelandschap, Paul
J. ; Roodenburg, Koos; Roerink, Steven J. ; Saitta, Federica; Blackstone, Thijs; Smets, Arno H.M.

DOI
10.1002/advs.202200814

Publication date
2022

Document Version
Final published version

Published in
Advanced Science

Citation (APA)

de Vrijer, T., Bouazzata, B., Ravichandran, A., van Dingen, J. E. C., Roelandschap, P. J., Roodenburg, K.,
Roerink, S. J., Saitta, F., Blackstone, T., & Smets, A. H. M. (2022). Opto-Electrical Properties of Group IV
Alloys: The Inherent Challenges of Processing Hydrogenated Germanium. Advanced Science, 9(18), Article
2200814. https://doi.org/10.1002/advs.202200814

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1002/advs.202200814
https://doi.org/10.1002/advs.202200814

RESEARCH ARTICLE

W) Check for updates

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

Opto-Electrical Properties of Group IV Alloys: The Inherent
Challenges of Processing Hydrogenated Germanium

Thierry de Vrijer,* Bilal Bouazzata, Ashwath Ravichandran, Julian E. C. van Dingen,
Paul J. Roelandschap, Koos Roodenburg, Steven J. Roerink, Federica Saitta,

Thijs Blackstone, and Arno H. M. Smets

In this paper the opto-electrical nature of hydrogenated group IV alloys with
optical bandgap energies ranging from 1.0 eV up to 2.3 eV are studied. The
fundamental physical principles that determine the relation between the
bandgap and the structural characteristics such as material density, elemental
composition, void fraction and crystalline phase fraction are revealed. Next,
the fundamental physical principles that determine the relation between the
bandgap and electrical properties such as the dark conductivity, activation
energy, and photoresponse are discussed. The unique wide range of IV
valence alloys helps to understand the nature of amorphous (a-) and
nanocrystalline (nc-) hydrogenated (:H) germanium films with respect to the
intrinsicity, chemical stability, and photoresponse. These insights resulted in
the discovery of i) a processing window that results in chemically stable Ge:H
films with the lowest reported dark conductivity values down to 4.6:10* (Q
-cm)”! for chemical vapor deposited Ge:H films, and ii) O, C and Sn alloying
approaches to improve the photoresponse and chemical stability of the

with each valence electron covalently
bonded, requiring no other element for
neutral, intrinsic processing. This is unlike
other major semiconductor technologies
which require elements from different
groups for intrinsic processing. Examples
are semiconductors based on elements
from groups III and V and chalcogenides,
which use elements from groups II-VI
or I-III-VL. These elements have different
properties; different radii, electronegativ-
ity, and melting points, which inherently
introduces complexity. This complexity is
predominantly expressed in two ways.
First, processing chemically stable ma-
terials is fundamentally more challenging.
The relation between the complexity of the
global chemical system and chemical stabil-
ity of chalcogenides, for example, has been

a/nc-Ge:H alloys.

1. Introduction

Semiconductors based on group IV elements are the workhorse
of the modern electronics industry. Elements like silicon, carbon,
and germanium are used for a range of applications in the fields
of micro-electronics,!!! optics,?! photonics,** and photovoltaics
(PV).

There are some inherent advantages to the processing of group
IV alloys. Group IV elements can form tetrahedral structures,
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well documented.> 8] A similar struggle for

chemical stability is ongoing in the rela-

tively novel field of the chemically complex
perovskites.”12] A result of the inherent chemical instability of
these materials are either potential trade-offs between perfor-
mance and stability, or more complex and expensive encapsula-
tion on a device level.

Secondly, the inherent complexity is expressed in the pro-
cessing of these materials. Processing is generally accomplished
by exerting great control, using techniques such as molecular
beam epitaxy or metal-organic chemical vapor deposition, used
for the processing of III-V’s, or atomic layer deposition which
is used for the processing of certain layers in perovskite solar
cells.[1314 Alternatively, if deposition techniques are used dur-
ing which less control is exerted, such as the evaporation-based
techniques or sputtering used for chalcogenides, a high temper-
ature anneal step is often required for obtaining a device grade
material.l®”1>16] Either route can result in time and/or energy in-
tensive, and therefore relatively expensive, processing.

Additionally, with the expected upscaling of certain semicon-
ductor applications, such as PV, in mind, there is elemental abun-
dance to consider. Si and C are among the 12 most abundant el-
ements in the lithosphere, in terms of molar abundance, with Si
ranked second.l'”] Ge and Sn are also more abundant than ele-
ments used for alternative PV technologies, such as indium and
arsenic used for III-V’s, cadmium, tellurium, and selenide used
for chalcogenides and elements such as cesium, rubidium, io-
dine, and bromine used for metal halide perovskites.[1%18.19]

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Deposition conditions of the films presented in this work.
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Per p TS SiH, GeH, CH, Sn(CH,), H, co,
[mW-cm~2) [mbar] [°q] (scem) (scem) (scem) (duty cycle () (scem) (scem)
SiC:H 20.8 3.6 180 5 10 200
SiO:H 20.8 3.6 180 5 200 5
a-Si:H-19 69.3 9 130 1.5-5 200
a-Si:H-2" 18-20.8 0.7 130-180 40
nc-Si:Hb) 277.8 4 180 33 120
SiGe:H 13.9-56 2-6 150-210 30 0.4-5.3 150-200
GeO:H 20.8 3.6 180 2-4 200 20-70
GeC:H 20.8 3.6 180 2 20-60 200
Ge:H 12.4-248.7 0.5-6 200-350 0.5-2 100-200
GeCSn:H 14.9-29.8 1-5 210-290 1-2 20-12000 200
best a-Ge:H 14.9 4 290 2 200
best nc-Ge:H 24.8 1 290 1 200

2 No distinction is made between the two sets of conditions in the following figures; ® Processed at 40 MHz.

In light of the inherent advantages, a range of plasma en-
hanced chemical vapor deposition (PECVD) processed hydro-
genated (:H) group IV alloys are presented in this work, demon-
strating a wide range of bandgap energies. These alloys are based
on carbon, silicon, germanium and tin and their alloys with oxy-
gen. The fundamental relation between material elemental com-
position, density, and the opto-electrical properties of the group
IV alloys are discussed, based on the 400+ films presented in this
work. In particular, the processing of a low bandgap group IV
Ge:H material is discussed, in reference to other group IV alloys.
Based on our experience processing over 230 Ge:H films, three
main challenges are identified, related to the material intrinsicity,
stability, and photoresponse. Finally, two potential pathways are
discussed for tackling these challenges.

2. Experimental Section

The Ge:H and GeCSn:H films are simultaneously processed on 4
inch, 500um thick monocrystalline silicon wafers cut in quarters
for Fourier Transform Infrared (FTIR) spectroscopy measure-
ments and on 10cm x 2.5cm Corning Eagle XG glass for all other
measurements. The Ge:H and GeCSn:H films were processed
in the Cascade RF-PECVD reactor, which has a circular electrode
with a diameter of 160 mm and an electrode spacing that is varied
between 10 and 20mm. Cascade is a laminar flow reactor, where
germane (GeH,) and molecular hydrogen are used as precur-
sor gasses. In addition to these precursors, tetramethyltin (TMT)
(Sn(CH,),) is used for the GeCSn:H depositions. The TMT, a
liquid at room temperature, is evaporated in a separate canister
at 70 °C. For a fraction of the GeCSn:H samples the TMT flow
was diluted in He. Injection of TMT into the reactor is controlled
through a valve, similar to those used for atomic layer deposi-
tion. For the samples presented in this work, the open time of
the valve was varied between 5 and 10 ms while the close time
was varied between 100 ms and 60 s. The ratio of the close time
to the open time is referred to as the duty cycle. More detailed ex-
perimental information regarding the GeCSn:H films is reported
elsewhere.[?0]
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All other films are processed in a separate PECVD reactor, with
a flat 12 cm x 12 cm shower-head electrode, on 10 cm x 2.5 cm
Corning Eagle XG glass. The films presented in this work have
a thickness of 80-180nm. The deposition conditions of the pro-
cessed films, including the applied radiofrequenci power (Pgg),
depostion pressure (p), substrate temperature (Ts) and precursor
gas flow rates in standard cubic centimeters per minute (sccm),
are reported in Table 1.

FTIR spectra were obtained using a Thermo Fisher Nicolet
5700 spectrometer. The FTIR spectra were fitted using the Fityk
freeware.l?!l The background was subtracted manually. The ab-
sorption coefficient of the summed Ge-O, and Ge-C, bonds in
the 650-1000cm™® wavenumber range («,.,) is used in this work
as a thickness independent metric for sum of the relative Ge-O
and Ge-C peak intensities. The method for obtaining this metric,
as well as examples of representative FTIR and Raman measure-
ments, are reported elsewhere.[??]

The thickness, real part of the refractive index at a wavelength
of 600nm (ngenm) and optical bandgap energies were deter-
mined through spectroscopic ellipsometry (SE). The SE mea-
surements were fitted using a Cody—Lorentz model. Determining
the electrical bandgap energy (E) of the amorphous and nano-
crystalline stoichiometric and non-stoichiometric hydrogenated
group IV alloys presented in this work is a non-trivial and po-
tentially arbitrary process. For that reason, the optical bandgap
energy (Ey,) is used in this work to describe trends in the opti-
cal absorption of the films. E,, was determined by calculating the
photon energy at which the absorption coefficient equals 10*cm™.
Based on mean square error analysis, the E,, has an error margin
of +£0.004 eV. Additionally, the Cody-Lorentz optical bandgap en-
ergy (E., ) was obtained from the fitted SE model. The relation
between E,, and E, is shown in Figure 1, from which it can be
observed that the trend, as a function of elemental composition,
islargely similar and that the E.; isroughly 0.2 eV lower than Ey,.
The larger spread for the Ge:H films and alloys is likely a results
of the large degree of heterogeneity between samples in terms of
oxidation and carbisation states and amorphous and crystalline
(c-) material phase fractions.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. Cody—Lorentz bandgap energy as a function of the Ey, optical
bandgap energy of a range of hydrogenated group IV alloys

For the dark- and photo-conductivity measurements, parallel
500 nm Al electrodes were evaporated onto the films. The dark
conductivity at room temperature (o4) was determined by mea-
suring the current at a fixed voltage of 10 V, in a dark environ-
ment, at different temperatures ranging from 130°C to 60°C in
5°C decrements. From this measurement the activation energy
(E,o) of the films was also calculated, using the Arrhenius equa-
tion. The photoconductivity (c,,) was calculated by measuring
the current at a fixed voltage of 10V, using an AM1.5G solar simu-
lator at an illumination of 100 mW-cm~2 and a controlled temper-
ature of 25 °C. For the ¢4 and o, measurements, 4 different sets
of contacts were measured on a single film. The resulting dark
conductivity values showed a maximum error margin of about
+11%, while the E, , values showed a maximum error margin of
+9 meV.

3. Why Different Group IV Alloys

With the hydrogenated group IV alloys presented in this work
a wide range of E, are achieved, ranging from about 0.9 eV
for the high 14440, Ge:H films to about 2.2 eV for the low
Nasoonm SIO:H film, as presented in Figure 2. The refractive in-
dex can be considered a metric for material density, as was previ-
ously demonstrated for hydrogenated silicon.?’] Consequently,
the films with the highest density are those with the lowest
bandgap energy.

The opto-electrical properties of hydrogenated group IV ele-
ments are the result of the structural characteristics of the films,
which in turn are a result of the parameters like the substrate
type used for deposition, deposition technique and deposition
condition. In this section, the high level relations between the
structural and opto-electrical characteristics are addressed. For
the films presented in Figure 2 more information about the re-
lation between the processing conditions and structural charac-
teristics, as well as more detailed structural investigation of the
films, is provided for GeCSn,[?°] Ge,[2224-26] SiGe,[2227] SiQ.12]

From these collective works, three structural characteristics
through which a change in density can be realized. For two of
these mechanisms trendlines have been added in Figure 2. The
first effect, indicated by trendline I, involves the elemental com-
position. The use of larger, higher-period elements will result
in lower bandgap energies. This effect, long established in III-V
semiconductors,!?8%] occurs because larger elements generally
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Figure 2. ngeoonm (top) and o4 (bottom) as a function of the Eo, optical
bandgap energy of a range of hydrogenated group IV alloys. Trendlines |
and Il in top plot are referenced in text. GeO samples represented by black
squares in top plot for improved identification.

results in larger averaged bond lengths (lattice constants) result-
ing in smaller overlap of the orbital of the valence electrons. As a
consequence, splitting of the sp3 anti-bonding and bonding level,
the chemical origin of the bandgap, is reduced and bandgap en-
ergies are decreased. Considering group IV elements, it can be
observed that the bandgap energy of SiC > Si > SiGe > Ge >
GeCSn. Similar, more detailed, observations have been reported
before in relation of the stoichiometry of two-element group IV
alloys such as SiGe:H[?73031 and SiC:H.[3%33]

The second set, trendlines II, indicate a change in the 1 g0
and E,, as a function of void fraction, or porosity. In these hydro-
genated amorphous (a-) materials, nano-sized voids are present
in the material at sites where multiple C, Si or Ge atoms are
missing. We have reported before on the relation between void
fraction and bandgap energy in Ge:H and SiGe:H!??! as well as
in a-Si:H.** Tt should be noted that the relation between the
void fraction, or porosity, and E, in amorphous materials is
often reported as a relationship between the hydrogen concen-
tration and the bandgap energy. Indeed, the two properties are
often related; as the void fraction is increased more dangling
bond sites are available for hydrogen to attach to. Moreover, the
void fraction is often determined using specific hydrogen vibra-
tional modes as a metric.[2223303536] However, using a-Si:H it
was demonstrated®”] that for similar hydrogen concentration dis-
similar void fractions, bandgap energies and absorptive behav-
ior can be realized. The volumetric compressive nature of the
amorphous matrix as a function of the density, distribution and
size of nano-sized voids determines the absorptive nature, and by
extension the bandgap energy, of amorphous materials.[** The

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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fraction of dangling bonds occupied by hydrogen, and conse-
quently the hydrogen concentration, will influence this compres-
sive nature. The notion that trendlines II in Figure 2 is the re-
sult of a change in hydrogen concentration would therefore be
an oversimplification.

Finally, the third mechanism for realizing a change in E, in-
volves the crystalline phase fraction. This is essentially an exten-
sion of the previous observation, as the crystalline phase is the
most dense bonding configuration for atoms and consequently
has the lowest bandgap energy. This can be observed consider-
ing the dashed circles in Figure 2 (top), where the nanocrystalline
(nc-) Si sample at around 1.25 eV has a bandgap energy of about
0.75 eV below that of its porous a-Si:H counterpart. The pres-
ence of a crystalline phase results in a heterogeneous material
in which the amorphous phase and crystalline phase each retain
their respective opto-electrical properties, making interpretation
more challenging.

In Figure 2 (bottom), the o4 can be observed to decrease with
increasing E,. In fact, the o4 of the most silicon rich SiGe:H sam-
ples and Si:H samples is about 10 orders of magnitude lower than
that of most of the Ge:H samples. This relation is not unexpected.
The o, is a result of the charge carrier concentration and mobil-
ity. At a given temperature, the intrinsic carrier density (n;) will
increase with decreasing E, as described in Equation (1). Low Eg
materials will therefore have a higher o,. Alternatively, the rela-
tion between the E; and o4 can be understood through Equation
(2). For intrinsic materials, where E, , = 0.5E, the o4 will exhibit
an exponential increase with decreasing E;. Despite this inher-
ent relation between E, and ¢4, for the GeCSn:H films o, values
are obtained that are 2-3 orders of magnitude below that of the
Ge:H films, for similar E,. Considering the Ge:H sample size
and extent of variations in processing conditions, this indicates
some inherent challenges in the processing of Ge:H films.

—E
2 G
1 exp(—ka> (1)

_ _Eact 2
0q = 0y €Xp ka ( )

4. The Challenges of Processing Ge:H

4.1. Intrinsicity of Ge:H

Ideally, group IV elements used as absorber materials in p-i-n or
n-i-p junctions should be intrinsic. In intrinsic materials the con-
centration of electrons and holes are roughly equal. If the concen-
tration of one charge carrier type exceeds the other, the recom-
bination probability of minority charge carriers increases and
consequently the probability of successful electron-hole pair col-
lection decreases. It should be noted that for optimal operation,
when used in a PV device, the absorber could be made slightly p-
type to compensate for the lower hole mobility in reference to the
electron mobility for these amorphous materials.*®] The activa-
tion energy of the group IV alloys are shown in Figure 3. The E,
in this work is defined as the difference between the Fermi level
and the nearest band edge. An intrinsic material is one where
the Fermi level is positioned halfway the bandgap, so with E, , ~
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Figure 4. o4 as a function of the o, /o4 ratio, of a range of hydrogenated
group IV alloys

0.5E. Two lines are plotted in Figure 3, indicating the E, , of an
intrinsic film based on the E,, and E.;. It can be observed that
not all of the Si(Ge,O):H films are intrinsic. The non-intrinsic be-
havior in these undoped films is the result of the energetic nature
of the defects and has been linked to the fraction of nano-sized
voids in the material and the hydrogen concentration.**#) Ad-
ditionally, the elemental composition of the alloys can influence
the type and presence of majority charge carriers.?®*!l Nonethe-
less, for all Si(Ge,O):H alloys, films are presented that either are
intrinsic, or very close to intrinsic. This is unlike Ge:H. None of
the 200+ Ge:H films, processed under a wide range of conditions,
are intrinsic. Rather, the films have an n-type nature.[2#4243]

4.2. Photoresponse of Ge:H

An additional challenge is related to the low 0, /o, of the Ge:H
films in reference to the other group IV alloys. The ¢,/ ratio
of the Ge:H films does not exceed a value of 5, as can be observed
in Figure 4. This is in line with the few other reports of CVD
processed Ge:H films the authors are aware of, where the 6, /0,
ratio did not exceed 1.1.3144]

The low 0., /0, is largely a fundamental effect. As discussed
earlier, upon a decrease of E. the o, is increased exponentially.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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If we assume intrinsic materials with E,, = 0.5E; and E. g
_Eau

= 1.8, and E;, . = 0.9eV, the exp(kb—T) term in Equation (2)
would increase by 8 orders of magnitude. o, which is basi-
cally o, augmented by conductivity that is the result of photo-
generated charge carriers, will undergo a similar increase. Addi-
tionally, when E is decreased, a larger fraction of photons can
be absorbed from the solar spectrum, which affects the photo-
conductivity. This effect is less and less however, when the E is
further decreased, since the solar spectral irradiance decreases
exponentially for E; >1.82 eV, as described by Planck’s law. If,
for example, the E is decreased from that of a-Si:H to that of
a-Ge:H, the photon flux available in the AM1.5g solar spectrum
is increased from 1.3x10%'s™'-m~2 to 3.3x10*'s~!-m~2, by a fac-
tor of about 2.5. As the exponential increase of both ¢, and o4
far exceeds the individual near-linear increase of o, by orders of
magnitude, the ratio of the o, to o, will decrease strongly with
decreasing Eg. The low 6, /04 of Ge:H can fundamentally be un-
derstood to be lower than that of Si(Ge,C,0):H. Itis unlikely how-
ever that o, /0, is fundamentally limited to the degree observed
in Figure 4 and.’**] Improvement could potentially be achieved
through improved intrinsicity and decreased defect density, as
will be discussed in Section 5.1.

4.3. Stability of Ge:H

A final challenge is related to the chemical stability of the Ge:H
films. It was demonstrated in earlier work that for the majority
of the processed samples, for a very large part of the processing
window, a signature in the FTIR spectra appeared within minutes
after deposition, that is related to the post-deposition oxidation of
the Ge:H films.[?*) We argued that this post-deposition reaction
is related to the microscopic properties of the Ge:H films. In sub-
sequent work, we found that post-deposition not only an oxida-
tion reaction occurred, but also a carbisation reaction,[?22% which
likely involves some form of catalytic CO, reduction. We demon-
strated that the rate of oxidation is directly related to the density
of the material and specifically the fraction of nano-sized voids in
the material.l?] These collective works have also provided some
insight into possible routes to processing stable Ge:H films with
favorable opto-electrical properties.

5. Potential Solutions for Processing Ge:H

In processing over 230 Ge:H films, using the wide range of de-
position conditions reported in Table 1, three main challenges
were identified. These challenges for processing device quality
Ge:H are related to the intrinsicity, photoresponse, and stability
of the films. In this section, two potential pathways are consid-
ered to resolve these challenges. The first pathway concerns a very
specific processing window, while the second involves alloying of
Ge:H.

5.1. The Right Processing Window
In Figure 5 the 1400,y is plotted as a function of ,,, the metric

used to indicate chemical instability in the processed films. As ex-
pressed in Section 2, a,,, is a film-thickness independent metric,
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obtained from infrared measurements, that indicates the absorp-
tion by oxide and carbide bonds that are formed post-deposition.
The figure shows that with increasing neonm, With increasing
material density, the stability of the material is increased, as re-
ported earlier.?2242] More importantly, the figures show that a
decrease of the electrode distance (ep), an increase of Ty and a
decrease of the Py each result in the processing of denser, and
consequently more stable, films. Moreover, the most stable films,
with a,,; 0 and #1609, >5.2 are processed when all three con-
ditions are met.

The relation between increased deposition T and improved
stability is one we reported on in more detail in earlier work.!??]
In that work, a mechanism was proposed in which tempera-
ture induced densification is achieved through a process that in-
volves the retroactive restructuring and densification of the (sub-
)surface region during material growth, under influence of a high
temperature plasma. The region undergoing restructuring has
been referred to as the growth zone.[*>* Growth zone densifi-
cation is likely the result of the virtual movement of small voids
toward the surface upon continued plasma exposure, and has ear-
lier been observed amorphous silicon.[*78]

A clear correlation can be observed between the e, and the
chemical stability. Two observations can be made in this regard.
The first observation is related to the fraction of samples with
N@eoonm <44, which are predominantly samples processed at e,
>15 mm. This observation is likely related to the fact that a much
larger deposition parameter space (e.g., a wider range of Py, p
and precursor gas flows) was explored at e >15 mm, resulting
in a larger fraction of samples processed at sub-optimal condi-
tions and more porous unstable films.

The second observation is related to the highest 1 449n, val-
ues obtained for stable films, with a,, roughly <50cm™, at e
>15 mm with respect to those obtained at e, <15 mm. The largest
N@eoonm atlarger ey, is just over 4.9, while that of a smaller ey, is al-
most 5.4. This relation between a,,; and #4699, Will be addressed
in more detail further along this section.

The relation between the ¢, and increased 7 599ny, s an indi-
rect one. For three sets of samples where e, was decreased with
all other conditions kept constant, instead of an increase, 1y e0onm
was observed to decrease slightly with decreasing e, as can be
observed in the inset in Figure 5 (Top). Smaller e, allows for pro-
cessing at lower P and higher pressure, in a regime referred
to as the high pressure depletion regime.[*] It is apparent from
Figure 5 that processing at relatively low power is a prerequisite
for dense and stable Ge:H films.

As to the relation between P and ng oo, there are three
main ways in which Py can affect material growth. The first two
are related to precursor gas dissociation. An increase of deposi-
tion power results in more effective precursor gas dissociation
and consequently in a larger GeH, growth flux. This generally
results in a higher deposition rate and more porous growth. Ad-
ditionally, if more than one precursor gas is used, the balance
of radicals in the growth flux could be upset by a change in de-
position power. Stronger bonds require more energy for disso-
ciation. As a consequence, with increasing Py the dissociation
of stronger bonds is increased, in relative terms, in reference to
the dissociation of weaker bonds. For Ge:H processing H, and
GeH, are used. The former has a bond dissociation energy of
436 kJ/mol,1% while breaking the bond of a single hydrogen atom

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. @, as a function of ngeoom for all Ge:H films. Closed icons and open icons indicate samples processed with ep, <15mm and ep>15mm,
respectively. Color indicates Ts (top) and Pge (bottom). Inset shows nggoonm as a function of ep for three sets of samples, processed under different
conditions. Deposition conditions within each set, indicated by the dashed lines, are kept constant.

from the latter only takes about 340-360 kJ/mol.>}3] A relative
increase of atomic hydrogen in the growth flux, in reference to
GeH, radicals, can therefore be expected with increasing Pgg.
Both these mechanisms can also be realized through changes
in other deposition conditions. An overall growth flux increase
can be realized through an increase of p and changes in the
growth flux composition can realized by varying the ratio of the
germane flow rate (Fg.;y4) to the hydrogen flow rate (Fy,). Both
of these mechanisms undoubtedly play a role. Indeed in earlier
work an improvement of the stability of Ge:H films was demon-
strated by tuning the ratio of the precursor gasses Fg../Fi,
and p.[?*) However, the most dense and stable films in Figure 5,
with ngeoonm >, are processed at a relatively large range of
p, from 1 to 4 mbar, and Fgy,/Fyy,, from 0.25% to 1%. As
these two conditions are not indicative of a dense film, and
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Prp is, the relevant mechanism in this range is likely energetic
ion-bombardment. The processing of dense films under low-
energetic ion-bombardment conditions is not in line with earlier
reports on Ge:H!** and SiGe:H!?’! films, where the beneficial ef-
fect ion-bombardment induced densification was reported.

From this we conclude that the most dense Ge:H films are
processed under conditions that result in low-energetic ion bom-
bardment, where densification is achieved through temperature
induced restructuring of the growth zone. These conditions are
facilitated by a small electrode distance, as a power-threshold is
required for a stable plasma and a smaller electrode facilitates a
stable plasma at lower powers.

A relation has been established between the nggum, and by
extension the material density, and stability of Ge:H films. In ad-
dition to being stable, the films should be intrinsic and have a low

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. Ey, as a function of nggoonm for all Ge:H films. Color indicates
E

act*

E. In Figure 6 the relation between #g40onm, Eos and E,, is pre-
sented for all Ge:H films. A decrease of E, can be observed with
increasing nggonm for the Ge:H films, similar to the trend ob-
served in Figure 2 for all hydrogenated group IV alloys. The E, .
can be observed to generally increase with increasing #ggoonm-
This trend is somewhat counter-intuitive, since the difference
between an intrinsic Fermi energy level and the nearest band-
edge logically decreases with decreasing E;. The increasing E,
with increasing #14600nr, iS the result of two reactions. First, the
activation energy of Ge:H films decreases upon post-deposition
oxidation,?*! as the GeO, has a strong n-type nature.>* This ef-
fect is predominantly visible for samples with 14, <4.9. Ad-
ditionally, in earlier work it was demonstrated that the n-type de-
fect density, and consequently E, ., scales with the concentration
of nano-sized voids in Ge:H.[?2] A smaller concentration of nano-
sized voids therefore results in denser films with higher E, ,, de-
spite lower E,.

Only for samples with nge,m 5.2, in the absence of the
post-deposition oxidation and negligible void fractions, is the in-
tuitively understood decrease of E,, with E,, reflected. The de-
crease of E, in this range is predominantly the result of varia-
tions in the crystalline phase fractions, as discussed in more de-
tail elsewhere.[??]

The right processing conditions, reported in Table 1, yield
dense and stable a/nc-Ge:H films. Additionally, it can be observed
that the o4 generally decreases with decreasing Py and increas-
ing T. This effect can predominantly be observed in the inset of
Figure 7 (top), in which unstable films are omitted. The dashed
lines in Figure 7 indicate the position where o, /o,=1. The con-
ductivity values of most films are positioned near this line, indi-
cating that o, scales with ¢,. Surprisingly, the improved ¢, for
the dense Ge:H films o4 does not result in higher o, /0.

Low o4 values are realized by stable as well as oxidized Ge:H
films. Moreover, the largest 6, /o4 ratios, those that deviate most
from the dashed line, are achieved by oxidized Ge:H samples,
as can be observed in the inset of Figure 7 (bottom). The higher
photoresponses, and relatively low o, for certain oxidized sam-
ples, are achieved despite much lower E, .

The o4 can be considered a function of the defect density, rep-
resented by the recombination parameter ¢, in Equation (2), and
the position of the defect energy levels with respect to the near-
est band edge, represented by E, . The fact that low o4 values

act®
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are achieved for oxidized Ge:H samples, with much lower E,
than the stable Ge:H samples, must mean that even the densest
Ge:H samples have a relatively high defect density. A defect den-
sity that is much decreased in the oxidized Ge:H samples. This
effect, a reaction in which oxygen introduced in the material post-
deposition results in the passivation of defects, decreasing the de-
fect density as well the E, ,, has been discussed in more detail in
earlier work.[?4]

A relatively large defect density in the Ge:H films would also
explain the poor photoresponse of the Ge:H films and improve-
ment of 6, /o4 upon oxidation. The low photoresponse indicates
that only a small fraction of photo-generated charge carriers are
collected. This means that the carriers recombine between the
generation and collection event. The recombination process is
a defect-assisted recombination process, considering the amor-
phous nature of the materials. A decrease of the defect density
would consequently facilitate an increase of the o, with respect
to the oy.

In amorphous silicon, hydrogen is responsible for the passi-
vation of defects. The germanium films in this work are hydro-
genated and the Ge:H films with #4409, >5.0 have a hydrogen
concentration in the range of 3-5%. This is in the same range as
the hydrogen concentration in relatively dense Si:H films.[2*>°1 If
the concentration of hydrogen in both materials is similar, why
then is the degree of defect passivation not? A potential explana-
tion is provided by studies concerning the nature of defects in
c-Ge and the behavior of hydrogen in c-Ge. Several studies show
that the dangling bonds in Ge, unlike in silicon, are exclusively
negatively charged.’*>”] Interstitial hydrogen in germanium is
also exclusively negatively charged,®®>”] or at least never posi-
tively charged, ! which is also unlike silicon. As a consequence,
hydrogen passivation of the germanium dangling bond is very in-
effective. It should be noted that these studies are performed on
c-Ge, not on a/nc-Ge:H. Nevertheless the described behavior is
in good agreement with the trends observed in this work, related
to the hydrogen concentration and defect passivation behavior
of hydrogen in Ge:H inferred from the o, and o, trends. Addi-
tionally, the results suggest that oxygen, unlike hydrogen, readily
passivates the Ge dangling bonds.

Considering i) the poor passivation behavior of atomic hydro-
gen in Ge:H, ii) the observed change in conductive behavior upon
oxidation of Ge:H films and iii) the increase of E, for denser
Ge:H films, a decrease in defect density is the most likely cause
for changes in ¢4 in chemically stable a-Ge:H films. A low o,
can therefore be considered indicative of good intrinsic a-Ge:H
films. It should be noted that the lowest o4 values reported in Fig-
ure 7 are 1-5 orders of magnitude lower than those reported for
all other known a/nc-Ge:H films,[*14259-62] processed by chemi-
cal vapor deposition techniques, to the best of the authors knowl-
edge.

5.2. GeX Alloys

The notion that oxygen is able to passivate defects in Ge:H al-
lows for another approach to tackling the intrinsicity, stability
and photoresponse related challenges in the processing of Ge:H,
namely alloying. The results of the preceding section indicate
that through alloying, through the introduction of elements or

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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compounds that can passivate Ge-defects, the photoresponse can
be improved. Similar improvements to the photoresponse can
be observed through alloying with carbon and silicon, although
these effects can at least partly be ascribed to the relation between
Eg, B, and 0y, /04, described in Section 4.2, as alloying with O,C
and Si inevitably results in an increase of E.

To investigate the influence of Ge:H alloying on the stabil-
ity, a number of GeX:H and SiX:H alloys were stored in de-
ionized (DI) water and the evolution of the opto-electrical prop-
erties were monitored over time. The electrical properties, which
proved most sensitive to degradation, of the films are presented
in Figure 8. The figure shows o, of the films, measured after 1-
10-100-1000 h in DI water, in reference to the initial measure-
ment prior to water exposure. It can be observed that a decrease
of the o, upon water exposure occurs exclusively for the a/nc-
Ge:H samples. For Si:H and the different alloys o, increases over
time. This indicates that exclusively for a/nc-Ge:H the oxidation
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improves the electrical characteristics of the films, as discussed
in.[2224] Moreover, the a/nc-Ge:H films are fully etched in DI wa-
ter in the 10-100 hrs period. The reactions involved in the Ge:H
consumption and the relation between material density, etch rate
and type of reaction are discussed in detail elsewhere.’]

Figure 8 also shows that the stability of the Ge:H films is
strongly improved when alloyed with O and C. A similar improve-
ment of the stability of o4 can be observed in the Si:H films,
when alloyed with C. The Ge(C,0):H films are no longer con-
sumed within the 1000 hrs measured time-frame and 6. In fact,
the o4 of GeO:H remains very stable over time, while GeC:H
continuously increases, with about an order of magnitude over
the measured time-frame. While Ge(C,0):H alloys exhibit higher
Ey, than unalloyed Ge:H, a similar improvement in chemical
stability could potentially be achieved in GeSn(C):H alloys, for
which lower bandgap energies can potentially be realized. Con-
sequently, potential pathways toward the successful processing
of GeSn(C):H are currently being investigated.!?]

6. Conclusion

In this work over 400 PECVD processed films are presented,
based on hydrogenated group IV alloys, exhibiting an E,, range
of over 1.3 eV. Based on these results the fundamental rela-
tions between the material density, as a function of the elemen-
tal composition, void fraction and crystalline phase fraction, and
bandgap energy are discussed. Moreover, the relation between
the bandgap energy and electrical materials characteristics such
as the dark conductivity, activation energy, and photoresponse
are considered.

Additionally, based on 230 a/nc-Ge:H films, 3 inherent chal-
lenges are identified related to the PECVD processing of hydro-
genated germanium. These are related to the intrinsicity, chem-
ical stability and photoresponse of the films. Two pathways for
tackling these challenges are presented. The first involves a very
specific processing window, at relatively high temperature and
low RF power at a small electrode distance. Using this process-
ing window chemically stable Ge:H films are processed with o4
values down to 4.6x10* (Q -cm)~! and o, /64 values up to 2.3,
which are the best achieved for chemical vapor deposition pro-
cessed Ge:H films, to the best of the author’s knowledge. The
second pathway involves the alloying of Ge:H. Improved chem-
ical stability is demonstrated for Ge:H films alloyed with O and
C. While these alloys exhibit higher E,, than unalloyed Ge:H, a
similar improvement in chemical stability could be achieved in
GeCSn:H alloys, for which E | values aslow as 0.7 eV are demon-
strated.

Acknowledgements

The authors would like to gratefully acknowledge the financial support
from the Netherlands Organization for Scientific Research (NWO) Solar to
Products grant awarded to Arno Smets and the support provided by Shell
International Exploration & Production New Energies Research & Technol-
ogy Dense Energy Carriers Program.

Conflict of Interest

The authors declare no conflict of interest.

Adv. Sci. 2022, 2200814

www.advancedscience.com

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

chemical stability, germanium tin GeSn, group IV alloys, hydrogenated ger-
manium Ge:H, plasma enhanced chemical vapor deposition

Received: February 10, 2022
Revised: April 4, 2022
Published online:

2200814 (9 of 10)

[1] T. Ando, X.-A. Fu, Sens. Actuators, A 2019, 296, 340.

[2] M. Ordu, S. N. Basu, Infrared Phys. Technol. 2020, 111, 103507.

[3] C.Mishra, G. Palai, Optik 2017, 137, 37.

[4] R. Soref, Nat. Photonics 2010, 4, 495.

[5] D. Colombara, H. Elanzeery, N. Nicoara, D. Sharma, M. Claro, T.

Schwarz, A. Koprek, M. H. Wolter, M. Melchiorre, M. Sood, N. Valle,

O. Bondarchuk, F. Babbe, C. Spindler, O. Cojocaru-Miredin, D. Raabe,

P.). Dale, S. Sadewasser, S. Siebentritt, Nat. Commun. 2020, 11, 3634.

K. Pal, P. Singh, A. Bhaduri, K. B. Thapa, Sol. Energy Mater. Sol. Cells

2019, 7196, 138.

T. Ratz, G. Brammertz, R. Caballero, M. Ledn, S. Canulescu, J. Schou,

L. Giitay, D. Pareek, T. Taskesen, D.-H. Kim, J.-K. Kang, C. Malerba, A.

Redinger, E. Saucedo, B. Shin, H. Tampo, K. Timmo, N. D. Nguyen,

B. Vermang, J. Phys.: Energy 2019, 1, 042003.

J.-F. Guillemoles, L. Kronik, D. Cahen, U. Rau, A. Jasenek, H.-w.

Schock, J. Phys. Chem. B 2000, 104, 4849.

[9] H.). Snaith, P. Hacke, Nat. Energy 2018, 3, 459.

[10] T. Leijtens, K. A. Bush, R. Prasanna, M. D. McGehee, Nat. Energy
2018, 3, 828.

[11] W. Xiang, S. F. Liu, W. Tress, Energy Environ. Sci. 2021, 14, 2090.

[12] S.D. Stranks, H. ). Snaith, Nat. Nanotechnol. 2015, 10, 391.

[13] K.O. Brinkmann, T. Gahlmann, T. Riedl, Sol. RRL 2020, 4, 1900332.

[14] W. Zhao, Y. Duan, Adv. Photonics Res. 2021, 2, 2100011.

[15] S. Giraldo, Z. Jehl, M. Placidi, V. Izquierdo-Roca, A. Pérez-Rodriguez,
E. Saucedo, Adv. Mater. 2019, 31, 1806692.

[16] S. Delbos, EPJ Photovoltaics 2012, 3, 35004.

[17] P. Stewart, Educ. Chem. 2003, 40, 23.

[18] Z.Fan, K. Sun, |. Wang, J. Mater. Chem. A 2015, 3, 18809.

[19] Q. A. Akkerman, G. Raind, M. V. Kovalenko, L. Manna, Nat. Mater.
2018, 17, 394.

[20] T.de Vrijer, K. Roodenburg, F. Saitta, T. Blackstone, G. Limodio, A. H.
M. Smets, Appl. Mater. Today 2022, 27, 101450.

[21] M. Wojdyr, J. Appl. Crystallogr. 2010, 43, 1126.

[22] T. de Vrijer, J. E. van Dingen, P. J. Roelandschap, K. Roodenburg, A.
H. Smets, Mater. Sci. Semicond. Process. 2022, 138, 106285.

[23] A. H. M. Smets, W. M. M. Kessels, M. C. M. van de Sanden, Appl.
Phys. Lett. 2003, 82, 1547.

[24] T.de Vrijer, A. Ravichandran, B. Bouazzata, A. H. Smets, J. Non-Cryst.
Solids 2021, 553, 120507.

[25] T.de Vrijer, A. H. M. Smets, Phys. Chem. Chem. Phys.: under review.

[26] T.de Vrijer, B. Bouazzata, A. H. M. Smets, Vib. Spectrosc.: under review.

[27] T. de Vrijer, H. Parasramka, S. J. Roerink, A. H. Smets, Sol. Energy
Mater. Sol. Cells 2021, 225, 111051.

[28] R. L. Moon, G. A. Antypas, L. W. James, J. Electron. Mater. 1974, 3,
635.

[29] M. A. Humayun, M. A. Rashid, F. A. Malek, A. N. Hussain, J. Russ.
Laser Res. 2012, 33, 387.

[6

[7

[8

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(3]
(31]
(32]
(33]

(34]

(35]
(36]
(37]
(38]
(39]

[40]

[47]
[42]
[43]

(44]
[45]

Adv. Sci. 2022, 2200814

L. Veldhuizen, C. van der Werf, Y. Kuang, N. Bakker, S. Yun, R.
Schropp, Thin Solid Films 2015, 595, 226.

T. Matsui, K. Ogata, M. Isomura, M. Kondo, J. Non-Cryst. Solids 2006,
352, 1255.

M. Li, L. Jiang, Y. Sun, T. Xiao, P. Xiang, X. Tan, J. Alloys Compd. 2018,
753, 320.

W. Sah, H. Tsai, S. Lee, Appl. Phys. Lett. 1989, 54, 617.

A. H. M. Smets, M. A. Wank, B. Vet, M. Fischer, R. A. C. M. M. van
Swaaij, M. Zeman, D. C. Bobela, C. R. Wronski, M. C. M. van de
Sanden, IEEE Photovoltaic Spec. Conf., 37th 2011, 003342.

K. Eberhardt, G. Bauer, J. Non-Cryst. Solids 1993, 164-166, 19.

Y.-P. Chou, S.-C. Lee, J. Appl. Phys. 1998, 83, 4111.

A. H. M. Smets, W. M. M. Kessels, M. C. M. van de Sanden, J. Appl.
Phys. 2007, 102, 073523.

S. Dinca, G. Ganguly, Z. Lu, E. A. Schiff, V. Vlahos, C. R. Wronski, Q.
Yuan, Mater. Res. Soc. Symp. Proc. 2003, 762, A7.1.

J. Melskens, A. H. M. Smets, M. Schouten, S. W. H. Eijt, H. Schut, M.
Zeman, IEEE J. Photovolt. 2013, 3, 65.

J. Melskens, M. Schouten, R. Santbergen, M. Fischer, R. Vasudevan,
D. van der Vlies, R. Quax, S. Heirman, K. Jager, V. Demontis, M. Ze-
man, A. Smets, Sol. Energy Mater. Sol. Cells 2014, 129, 70.

T. Matsui, K. Ogata, C. Chang, M. Isomura, M. Kondo, J. Non-Cryst.
Solids 2008, 354, 2468.

T. Nakashita, A. Inoue, S. Hagiwara, F. Uehara, K. Kohno, Jpn. J. Appl.
Phys. 1992, 31, 1730.

M. Stutzmann, J. Stuke, H. Dersch, Phys. Status Solidi B 1983, 115,
141.

W. Paul, J. Non-Cryst. Solids 1991, 137138, 803.

Y. Toyoshima, K. Arai, A. Matsuda, K. Tanaka, J. Non-Cryst. Solids 1991,
137-138, 765.

[46]
[47]
48]
[49]
[50]
[51]
[52]

[53]
[54]

[55]
[56]
[57]
(58]

[59]

(60]
(67

(62]

www.advancedscience.com

C. C. Tsai, G. B. Anderson, R. Thompson, B. Wacker, J. Non-Cryst.
Solids 1989, 114, 151.

A. H. M. Smets, W. M. M. Kessels, M. C. M. van de Sanden, Appl.
Phys. Lett. 2005, 86, 041909.

A. H. M. Smets, M. C. M. van de Sanden, Phys. Rev. B 2007, 76,
073202.

A.H. M. Smets, T. Matsui, M. Kondo, J. Appl. Phys. 2008, 104, 034508.
S. ). Blanksby, G. B. Ellison, Acc. Chem. Res. 2003, 36, 255.

Y. Luo, J. Am. Chem. Soc. 2004, 126, 982.

M. Decouzon, |. Gal, ). Gayraud, P. Maria, G. Vaglio, P. Volpe, J. Am.
Soc. Mass Spectrom. 1993, 4, 54.

I. Alkorta, ). Elguero, Chem. Phys. Lett. 2006, 429, 58.

B. Schréder, A. Annen, T. Driisedau, H. Freistedt, P. Dedk, H. Oech-
sner, Appl. Phys. Lett. 1993, 62, 1961.

A. H. M. Smets, M. A. Wank, B. Vet, M. Fischer, R. A. C. M. M. van
Swaaij, M. Zeman, D. C. Bobela, C. R. Wronski, R. M. C. M. van de
Sanden, IEEE J. Photovolt. 2012, 2, 94.

C. Van de Walle, ). Weber, A. Janotti, Thin Solid Films 2008, 517, 144.
J. R. Weber, A. Janotti, C. G. Van de Walle, Phys. Rev. B 2013, 87,
035203.

S. K. Estreicher, D. M. Maric, Phys. Rev. Lett. 1993, 70, 3963.

M. Moreno, N. Delgadillo, A. Torres, R. Ambrosio, P. Rosales, A.
Kosarev, C. Reyes-Betanzo, |. de la Hidalga-Wade, C. Zuniga, W.
Calleja, Thin Solid Films 2013, 548, 533.

F. H. Karg, H. Bohm, K. Pierz, J. Non-Cryst. Solids 1989, 114, 477.

I. Chambouleyron, C. F. Graeff, A. R. Zanatta, F. Fajardo, M. Mulato,
R. Campomanes, D. Comedi, F. C. Marque, Phys. Status Solidi B 1995,
192, 241.

E. V. Johnson, P. Roca i Cabarrocas, Mater. Res. Soc. Symp. Proc. 2007,
989, 04.

2200814 (10 0‘F10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



