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Amorphous and nano-crystalline germanium is of potential interest for a wide range of electronic, optical, opto-
electronic and photovoltaic applications. In this work the influence of deposition temperature on hydrogenated
germanium (Ge:H) films was characterized, using over 200 Ge:H and over 70 SiGe:H films. The demonstrated
temperature-induced densification of Ge:H films resulted in more stable films with a lower bandgap energy
and dark conductivity and higher activation energy.

1. Introduction

Amorphous (a-) and nano-crystalline (nc-) germanium (Ge) is of
potential interest for a wide range of applications. The use of a/nc-Ge
has been investigated for thin film transistors [1] and novel com-
plementary metal-oxide semiconductor devices [2]. It has been con-
sidered a promising material for sensitive detectors for near infrared
light [3], gamma radiation [4] and infrared sensing in microbolome-
ters [5]. More generally, it is of potential use as a low dielectric
constant material for the micro-electronics industry [6]. Additionally,
it has been investigated as a low bandgap material for photovoltaic
applications [7-9].

The processing of device quality germanium is not without chal-
lenges. In earlier work, a full exploration of the processing window
for plasma enhanced chemical vapour deposition (PECVD) processed
hydrogenated (:H) Ge films at an electrode gap of 20 mm was per-
formed [10]. It was observed that the occurrence and level of post-
deposition oxidation had a dominant influence on the opto-electrical
properties of the films. Consequently, the performed exploration of in-
dividual deposition conditions, such as the RF power, reactor pressure,
substrate temperature and the dilution of the germane (GeH,) gas flow
rate in molecular hydrogen (H,), on the Ge:H films largely reflected on
the influence of deposition conditions on post-deposition oxidation. In
an effort to produce films that are more resistant again post-deposition
oxidation, a processing window with a reduced electrode gap of 10 mm
is explored. A reduced electrode gap could reportedly yield an im-
provement of film quality [7]. A reduced electrode gap allows for the
processing at higher pressure. This results in reduced ion bombardment
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energy of the growth surface due to more ion-neutral collisions in the
plasma sheet. This processing regime is sometimes referred to as the
high pressure depletion regime [11].

2. Experimental section

The (Si)Ge:H films are PECVD processed on c-Si substrates for opti-
cal and vibrational analysis as well as on glass substrates for electrical
analysis. The PECVD processing conditions and film thickness ranges
are listed in Table 1. A list with the full set of deposition conditions
used for each individual film can be found in the supplementary
information. The Ge:H and SiGe:H films are processed in two separate
radiofrequency PECVD reactors. More information about the specific
reactor design used for processing Ge:H films can be found in [10] and
for SiGe:H processing can be found in [12].

The methods for obtaining the activation energy (E,.), the dark
conductivity at room temperature (¢4) and photoconductivity (aph) are
similar to those used in earlier work [10]. Spectroscopic Ellipsometry
(SE) was used to determine the refractive index at a wavelength of
600 nm (n@gn nm)> as well as the thickness and optical bandgap energy
(Eg4), which is the energy at which the absorption coefficient of the
film equals 10* cm™l. The SE measurements were fitted using a Cody-
Lorentz model. Typical examples of the imaginary pseudo dielectric
function of stable a-Ge:H, porous a-Ge:H and nc-Ge:H films resulting
from these fits, as well as selected fitting parameters, can be found in
the supplementary information.
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Table 1
Deposition conditions and thickness range of (Si)Ge:H films presented in this work.
Ppg p Tg eq SiH, GeH, H, Thickness
(mW cm?) (mbar) ()] (mm) (scem) (scem) (scem) (nm)
Ge:H Fig. 2 12.4-49.7 4-5 200-275 10 - 0.5 200 70-200
Ge:H Fig. 3 12.4-248.7 0.5-6 200-350 10-20 - 0.5-2 100-200 40-350
SiGe:H Fig. 4 13.9-56 2-6 150-210 10 30 0.4-5.3 150-200 40-500

Raman shift (cm'1) Raman shift (cm'1)
100 200 300 100 200 300

nc-Ge:H ;
a-Ge:H ‘

1200 1600
Wavenumber (cm'1)

Fig. 1. Typical Raman and FTIR spectra of Ge:H films post-oxidation. On the top left,
typical Raman spectra of an amorphous and nano-crystalline Ge:H film are shown.
For the Raman spectrum (top right) and FTIR spectrum (bottom) the individual
fitted Gaussian’s (red), sum of the fitted Gaussian’s (black) and measurements after
background subtraction (green, dashed) are shown. The amorphous and crystalline Ge
vibrational modes are indicated in the Raman plot, while the Ge-H wagging mode
at 560 cm!, Ge-H low stretching mode (LSM) and high stretching mode (HSM) and
the broad collection of Ge-C, and Ge-O, vibrations in the 650-1100 cm™ range are
indicated in the FTIR plot.

A Thermo Fisher Nicolet 5700 spectrometer and an inVia confocal
Raman microscope were used to obtain the Fourier-transform infrared
spectroscopy (FTIR) spectra and Raman spectra. The spectra were
fitted using the Fityk freeware [13]. The background was subtracted
manually. Examples of typical Raman and FTIR spectra, including the
identification of peaks relevant for the characterization performed in
this work, are presented in Fig. 1. The Raman spectroscopy measure-
ments were used to determine the crystallinity (X.). The method for
determining crystallinity is reported elsewhere [10].

Two material characteristics were determined from the fitted FTIR
spectra. The first metric is related to the Ge-C, and Ge-O, vibrations
that have peaks in the 600-1100 cm’! wavenumber range. These
vibrations are the results of post-deposition oxidation and carbisation of
the films, and are therefore indicative of a chemically unstable material.
To quantitatively express the cumulative peak intensity in this range,
the absorption coefficient of the sum of the Ge-O and Ge-C vibrational
peaks (&) is used. This approach to obtain a thickness independent
metric for the chemical stability of the Ge:H films is similar to the
one used in [10], except that the Ge-C vibrations at 760 cm! and
830 cm! are now added to the summation as well. Consequently, o
is determined by:

Aot = d_] - In(10) - Z<Aabs Ge-O+Ge-C(w) : w_] ) W

The second metric obtained from the FTIR spectra is related to the area
under the Gaussian distributions fitted to the Ge-H peak at 1980 cm’!,

referred to as the high stretching mode (HSM), and to the area of the
Ge-H peak at 1875 cm’!, referred to as the low stretching mode (LSM).
The ratio of HSM area to the LSM is referred to as the micro-structural
parameter R.

3. Results and discussion
3.1. Effect of Tg at a small electrode gap

In an effort to produce stable, intrinsic films with a low bandgap
energy and good electrical properties, deposition conditions were var-
ied at the smallest possible electrode gap, for our reactor, of 10 mm.
These conditions include the RF power (Pgg), pressure (p) and germane
flow rate Fg.p4 at a constant hydrogen flow rate (Fjy,) of 200 sccm. The
explored ranges are presented in Table 1. The resulting combinations of
depositions conditions were processed both at a substrate temperature
(T) of 200 °C and 275 °C. Additionally, two sets of conditions were
chosen, one resulting in the growth of an a-Ge:H film, the other in the
growth of an nc-Ge:H film. These films were then exposed to a post-
deposition hydrogen plasma treatment, for which power and duration
were varied. With all these variations, a single dominant parameter
becomes apparent, namely the influence of Tg on the processed films.
This effect is visualized in Fig. 2, where the optical bandgap energy
Eg4; Eqcrs 04 and the ratio of the photo-conductivity to o4 (op,/04) are
plotted as a function of nggy ,m- These metrics are plotted twice, with
the icon fill and colour indicating the Tg in the left column and .,
the selected metric for instability, in the right column.

The figure shows that the full set of conditions results in the growth
of Ge:H films with a ngggo,, ranging from about 4.2 to over 5.2.
However, for this particular processing window, none of the films
processed at a temperature of 200 °C has an nggy,m Over 5 and
none of the film processed at 275 °C has an nggym below 4.65.
This means that irrespective of deposition power, pressure, dilution
and post-deposition treatment, the films with the highest refractive
index are processed at a temperature of 275 °C. If we consider the
opto-electrical properties as a function of ngggy ,m, a direct relation is
apparent. The refractive index can be considered a metric for material
density, with higher ngggo ,m indicating higher material density. This
relationship has been established in a wide range of materials including
inorganic solids [14], SiO, [15,16] and other thin evaporated glass
films [17] and most importantly in hydrogenated silicon [18,19]. With
increased material density a decrease of E,, and increase of the E,
can be observed. The E, indicates the difference between the Fermi
energy level and the nearest band edge, which is the conduction band
edge for these Ge:H films. The decrease of E,, in combination with the
increase in E, therefore indicates that the E, is shifted towards that
of an intrinsic film, for which E, = 0.5Eg.

Additionally, it should be noted that the nggq ,m values achieved at
the reduced electrode gap are considerably higher than the maximum
4.9 achieved in our earlier work [20], where Tg of over 300 °C were
also used. This suggests that the reduced electrode gap allows for the
processing of denser materials. In tandem with the increased density,
the Ey4 of 1.07 eV and E, of over 300 meV are also improvements
over the values achieved at the larger electrode gap.

Considering the conductivity of the films, o4 is also lowest for the
samples with a high nggy .m, Processed at elevated Tg. It should be
mentioned that the lowest o4 values presented in this work are 1-5
orders of magnitude lower than those reported for all other known
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Fig. 2. Selected opto-electrical properties as a function of the nggy,, Of the initial sample set processed at an e; of 10 mm. In the left column icon colour and fill indicate T.
In the right column icon colour and size indicate a,,, and small green symbols represent films for which no significant Ge-O or Ge-C signature was detected. The full range of
deposition conditions of samples in this figure can be found in Table 1. No significant thickness dependence is evident in the 70-200 nm thickness ranges presented in this figure.
An additional plot indicating the thickness of each sample is presented in the supplementary information.

a/nc-Ge:H films, processed by chemical vapour deposition techniques,
to best of the authors knowledge [5,9,21-24]. Remarkably, the in-
creased intrinsicity and decreased o4 of the material do not result in
improved photoresponse opy,/04. If we consider the stability of the
Ge:H films, with small, green icons representing a stable film in the
right column in Fig. 2, its clear that denser films are generally more
stable. Moreover, opto-electrical properties such as the Ey4, E, and
o4 show a near linear relation to the level of oxidation and carbisation,
as previously reported [10].

3.2. The effect of Tg on Ge:H and SiGe:H

For the parameter space detailed Table 1, temperature emerges as
a dominant parameter for the deposition of dense Ge:H films. This
observation raises two questions: 1. is this observation limited to this
particular parameter space and 2. is this observation also valid for Ge:H
alloys, such as SiGe:H. We will first consider whether the dominant
influence of Tg holds when the processing range of the used deposition
parameters is widened. In Fig. 3, the Ey, of over 250 Ge:H films
processed in our reactor are plotted as a function of ngggo,m, With
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Fig. 3. The E,, plotted as a function of ngg,, for all Ge:H samples processed in
our reactor. Ty is indicated by the colour of the icons. The full range of deposition
conditions of samples in this figure can be found in Table 1.
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Fig. 4. The E,, plotted as a function of nggy,, for a large set of SiGe:H samples.
T is indicated by the colour of the icons. Icon size indicates the Fgey, flow during
deposition. Fgy, is kept constant at 30 sccm. The full range of deposition conditions
of the samples in this figure can be found in Table 1.

temperature indicated by the icon colour. The range of used deposition
parameters is reported in Table 1. Its clear that while films grown at
elevated temperature do not necessarily have a high nggo nm> With-
out elevated temperature nggy,, values over 5.2 are not achieved.
Moreover, a near linear relation between ngggy,, and Ey, is clearly
evident. The only films with a Ey, < 1.1 eV are those with nggy nm =
5, indicating that the processing of dense films is a prerequisite for
obtaining a low bandgap energy film.

The second question is whether this observation is limited to the
PECVD processing of Ge:H films, or whether it extends to Ge:H alloys as
well. For that reason, over 70 SiGe:H films were processed. The Ey, as
a function of nggy ,m Of these films is plotted in Fig. 4. For these films a
range of deposition conditions were varied, including Py, p, Ts and the
ratio of Fgjyyy to Fgepg, as indicated in Table 1. The ratio of precursor
gasses has a strong effect on the optical bandgap energy, as reported
in [12]. The Fgepyy is therefore indicated by the icon size in Fig. 4,
while Fgjyy is kept constant at 30 sccm. The icon colour indicates Tg.
For the SiGe:H films, as with Ge:H, irrespective of power, pressure and
even stoichiometry, the densest films with lowest Ey, are processed at
elevated temperatures. Also in the SiGe:H films this is likely the results
of densification, as Ty did not have a significant effect on the material
stoichiometry [12].

3.3. Detailed effect of T on a/nc-Ge:H films

To characterize the effect of Tg in more detail, and investigate the
mechanism involved in the temperature induced densification of the
films, 3 series of films were processed in the 250-300 °C Ty range.
The results are shown in Fig. 5, with the exact deposition conditions
indicated in the caption. The first series of films was processed at
conditions resulting in porous nc-Ge:H films (red squares), another
resulting in dense nc-Ge:H films (blue triangles) and the third series
results in dense a-Ge:H films (black circles).

The nc-Ge:H films are considered first. For both series, the nggygnm
increases with increasing Ty, indicating a densification of the films. This
densification is accompanied by an increase of the crystallinity of the
films. The crystalline phase is much denser than the amorphous phase,
so this correlation is not unexpected. The increased densification results
in a decrease of the Ey,. For the dense nc-Ge:H films this is likely a
results of the decreased amorphous phase fraction. For the porous nc-
Ge:H films it could additionally be the result of a decreased a-GeO or
a-GeC phase fraction, as indicated by the decrease of a,,;. The decreased
¢ also results in a decrease of the o4 and increase of the E,, as the
dominant defect type in Ge:H is positioned further from the conduction
band edge in reference to the GeO:H or GeC:H phase [5,10,25].

Materials Science in Semiconductor Processing 138 (2022) 106285

For the dense nc-Ge:H films the E,. and o4 remain relatively
unchanged as a function of Tg. This seems to indicate that there are
no significant changes in the defect density and dominant defect type,
despite changes in the crystallinity and a slight increase of a, for
the samples processed above 280 °C. The «, increase is somewhat
surprising, as we have generally observed an increase in stability with
increasing Tg. The low values for «, seems to indicate however that
the oxidation does not reach into the bulk. Rather it is likely that the
oxidation is limited to the surface of crystalline grain boundaries on
or near the surface. It has been observed in the processing of nc-Si:H
that the crystalline phase fraction increases with thickness [20,26—
28]. Moreover, for very high crystallinity values the amorphous phase
fraction, or density of the amorphous phase, is insufficient to properly
passivate the crystalline grain boundaries [29]. It is therefore likely that
the slight increase of «, is the result of the oxidation of crystalline
grains on and near the surface of the films. For certain applications,
such as for a p-i-n photovoltaic device architecture, the nc-Ge:H layer
would be positioned between doped films, and likely encapsulated.
Therefore, the slight increase of «,, does not necessarily eliminate
this high temperature deposition regime, where the lowest bandgap
energies are achieved.

Also for the a-Ge:H films an overall increase of nggng, With in-
creasing Ty can be observed. This increased densification is not the
result of any changes in the oxidation or crystallinity, as can be deduced
from a,,; and X.. The only parameter that continuously decreases with
Ts is the micro-structural parameter R. R is a metric for the ratio of
high stretching mode Ge-H vibrations in the FTIR spectra, positioned
at 1980 cm™ to the low stretching mode Ge-H vibrations positioned
at 1875 cm’!, as indicated in Fig. 1. Drawing a parallel to silicon
processing [18,30], low stretching mode Ge-H vibrations are the result
of hydrogen atoms positioned in small volume deficiencies at sizes
of vacancies with one or two Ge atoms absent from the lattice. High
stretching mode vibrations on the other hand are related to hydrogen
bonded to germanium in a more porous material phase. The hydrogen
resides at the surface of larger nano-sized voids. A decrease of R
therefore indicates a decrease of the nano-sized void fraction. This
decrease of the void fraction with increasing Ty is in line with earlier
reports [22,31]. The increase in nggy n, i therefore not the result of a
change in material phase fractions, but rather of a densification of the
amorphous germanium phase. It should be noted that for this particular
series, the hydrogen concentration also decreases with increasing tem-
perature, which could also contribute to he observed changes. Notably,
the nc-Ge:H films do not exhibit this HSM, resulting in a constant R
value of 0. This indicates that the nc-Ge:H films are free of nano-sized
voids. As with the porous nc-Ge:H films, the densification results in an
increased E,. and decreased oy.

This behaviour provides some insight. The photoresponse oy;,/04
does not change significantly. As argued before [10], as the large flux
of photo-generated charge carriers does not result in an increase of the
measured photo-current, the carrier mobility must be relatively poor.
Considering the n-type nature of the Ge:H material [10,22,32], hole
mobility is likely limiting. The poor mobility is the result of defect-
facilitated Shockley—Read-Hall recombination, which indicates that the
overall defect density is still significant. However, with Tg, the defect
density, or the concentration of different types of defects, does change.
The E, increases while the Ey, does not, so the density of defects with
n-type nature decreases. This increase of E, results in the observed o4
decrease, according to:

)
04 = 0g exp( kb;ft) 2

Moreover, R continuously decreases as E,; continuously increases.
This indicates that the density of n-type defects is related to the con-
centration of nano-sized voids in the Ge:H material. If we extrapolate
the trend in R, and further reduce R to 0, an E, of about 350 meV
could potentially be achieved for the a-Ge:H films. This means that most
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Fig. 5. The effect of substrate temperature on selected material properties. Porous nc-Ge:H samples (red squares) are processed at Fg.ys = 0.5 sccm, 5 mbar and 49.7 mW cm™.
Dense nc-Ge:H films (blue triangles) are processed at Fgeys = 1 scem, 1 mbar and 24.9 mW cm™. Dense a-Ge:H samples (black circles) are processed at Fgeys = 2 scem, 4 mbar

and 14.9 mW cm?. Fyy, is maximum for all samples at 200 sccm.

dense a-Ge:H films, the E,. remains well below half of the bandgap
energy. The same is true for the E, of the nc-Ge:H films. Assuming
that the crystalline phase is predominantly responsible for conduction
in the high crystallinity Ge:H films, an E,. of about 330 meV, half
the bandgap energy of c-Ge, could be expected. This indicates that the
presence of a certain n-type defect persists. As to the nature of this
defect, whether some interaction of hydrogen with Ge, or a certain
Ge-defect results in the observed donor behaviour, remains unsure.

3.4. Temperature induced densification

Finally, we reflect on the underlying mechanism of the temperature
induced densification of the Ge:H films. There are roughly two ways
in which deposition conditions can result in changes in the grown
material. The first is by affecting changes in the plasma that result in
changes in the growth flux composition. A straightforward example of
this is varying the precursor gas flow ratios. It has been speculated that
an increase of temperature could alter the flux composition through
the dissociation of larger Ge,Hy and Ge3Hg plasma phase polymers at
elevated temperature [33].

The second way involves restructuring of the grown, or growing,
surface, under influence of plasma exposure. The growing surface, or
sub-surface, region undergoing restructuring upon continued plasma

exposure has been referred to as the growth zone [34,35]. An exam-
ple of this is the densification of the growth zone under the influ-
ence of physical ion bombardment. A more relevant mechanism is the
temperature dependent void integration, which has been observed in
amorphous silicon [30,36] and which we discussed previously [10].
This mechanisms involves the restructuring and densification of the
amorphous network, resulting in the virtual movement of small voids
towards the surface. This process requires energy, that is increasingly
available when the deposition temperature is increased. This means
that at elevated temperatures, under influence of the plasma, small
voids can diffuse out of the growth zone.

There is a distinction between the temperature facilitated densifi-
cation of the films through compositional changes in the growth flux
on the one hand, and retroactive restructuring of the growth zone
on the other hand. This distinction is that from the former a certain
material uniformity in the growth direction can be expected, while the
latter could potentially result in the formation of two distinct regions.
A porous top region on top of a dense bulk region could occur for a
certain temperature range, since when the RF generator is turned of, the
growth zone will not have had the time required for the densification
process.

Lacking in-situ measurements to evaluate the composition of the
plasma or growing surface, some post-deposition measurements have
been performed. We reasoned earlier [10] that water is responsible for
the observed post-deposition oxidation of the Ge:H films. The oxidation
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Fig. 6. FTIR spectra of 3 Ge:H samples, processed at Tg = 200 °C (top), Tg = 250 °C
(middle) and Ty = 300 °C (bottom). Samples are measured before (black curve) and
after 30 s dip in de-ionized water (red curve).

is resisted in dense Ge:H but occurs readily in porous Ge:H, as water
can penetrate into the bulk. A number of samples, processed at different
temperatures, were placed in de-ionized (DI) water for 30 s. FTIR
measurements were performed before and after the exposure to DI
water. The plots of three of the samples are shown in Fig. 6. It can
be observed that the sample processed at 300 °C does not show any
significant changes, while the sample processed at 200 °C shows the
changes that can be expected of a sample undergoing oxidation. These
are a decrease of the Ge:H phase, indicated by Ge-H wagging vibrations
at 560 cm™! and the LSM at 1875 cm™! and HSM at 1980 cm™! and an
increase of the Ge-Oy related vibrations in the 600-900 cm™! region.
Particularly, a strong decrease of the HSM can be observed, as the
porous regions that facilitate the in-diffusion of water oxidize first. It
should be noted that all samples had an initial thickness of 150-200 nm
and that the 200 °C sample was fully etched away after 3 h in DI water.

The sample processed at 250 °C shows a different effect however.
After 30 s in water, the Ge-O, related vibrations are strongly reduced,
while the Ge-H wagging mode is reduced only slightly and the LSM
and HSM are unchanged. This suggests that the film initially consists
of a porous top region, that readily oxidizes after deposition, on top
of a dense bulk region. The oxidized region is consecutively etched
away when exposed to DI water. This observed oxidation and etching
behaviour, and the presence of two distinct regions it indicates, are in
support of the retroactive restructuring and densification mechanism.
This process is likely to occur with increasing effectiveness as tempera-
ture is increased, resulting in the fully dense and stable film processed
at 300 °C in Fig. 6.

4. Conclusion
In this work the effect of processing hydrogenated amorphous and

nano-crystalline germanium films at a reduced electrode gap is ex-
plored. It has been observed that a smaller electrode gap facilitates the
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processing of denser films, indicated by a higher refractive index, with
lower Ey, and higher E, in reference to the best values obtained at a
larger electrode gap.

Moreover, it was observed that the deposition temperature has
a dominant effect on the material properties. Consequently, in the
first two sections the effect of deposition temperature is demonstrated
irrespective of other deposition conditions, such as power, pressure,
electrode gap and the precursor gas flow ratios, using over 200 Ge:H
and over 70 SiGe:H films.

A closer inspection of the 250-300 °C temperature range yields
some differences between amorphous and nano-crystalline germanium
samples. The crystalline fraction of the nc-Ge:H samples increased with
increasing Tg, resulting in lower bandgap energies and denser films, but
no significant changes in the E, . and o4. In the stable a-Ge:H films the
nano-sized void fraction, absent in the nc-Ge:H samples, decreases with
Ts. The void density decrease results in an increased E,  and decreased
04-

Additionally, a change in post-deposition oxidation and etching
behaviour in de-ionized water was observed as a function of deposition
temperature. This behaviour indicates an Ge:H growth mechanism that
involves the retroactive restructuring and densification during material
growth, under influence of a high temperature plasma.

The temperature-induced densification of Ge:H films was demon-
strated that resulted in more intrinsic and stable films with a lower
bandgap energy and dark conductivity. These developments improve
the attractiveness of a/nc-Ge:H for a variety of electronic, optical,
opto-electronic and photovoltaic devices.
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