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The Relation Between Precursor Gas Flows,
Thickness Dependent Material Phases, and
Opto-Electrical Properties of Doped
a/nc-S10x>o:H Films

Thierry de Vrijer

Abstract—Doped layers are a determining factor for the per-
formance of photovoltaic devices such as silicon heterojunc-
tion and thin film silicon solar cells. The material properties
of doped hydrogenated amorphous/nanocrystalline silicon-oxide
(a/nc-SiOx >o:H) films processed by plasma-enhanced chemical
vapor deposition generally exhibit a tradeoff between optical and
electrical performance. The optoelectrical properties are the re-
sult of different material phases in these heterogeneous films,
such as hydrogenated amorphous silicon and silicon-oxide tissue,
nanocrystalline silicon grains, their corresponding fractions and
extent of doping. In this article, all the precursor gas flows are
varied to achieve a wide range of doped a/nc-SiOx>o:H phases. A
material phase diagram is introduced to clarify the complex inter-
play between processing conditions, dominant growth mechanisms,
a/nc-SiOx > :H phases, and the resulting optoelectrical properties.
In addition, it is discussed that material properties are strongly
dependent on the thickness of the films, as the mix of different
material phases is not uniform along the growth direction.

Index Terms—Doped silicon, material growth, material phases,
nanocrystalline silicon, PECVD, precursor gas, silicon oxide.

1. INTRODUCTION

HE efficiency of photovoltaic devices in which thin film
T silicon layers are integrated is strongly influenced by the
properties of the doped layers. Such devices include silicon het-
erojunction solar cells [1]-[3], hybrid amorphous silicon/CIGS
tandem devices [4], micromorph solar cells [5]-[7] and hybrid
perovskite/c-Si tandem devices [8]. The doped silicon layers
have a variety of multifunctional applications in these devices.
Generally, the functionalities require optically transparent doped
layers with high transverse conductivity. There exists a tradeoff
however between the optical and electrical properties of the
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layers [9]-[11]. Which particular property should be prioritized,
such as a high optical bandgap for a window layer, the refractive
index for an intermediate reflective layer, or the transverse
conductivity in a tunnel recombination junction, depends on the
particular application.

It was previously demonstrated that the optoelectrical tradeoff
in doped silicon films results from an interplay between the
development of a crystalline phase and oxygen integration in
the amorphous phase [12], [13], as well as the density of the
amorphous phase [14], [15]. An in-depth understanding of the
material growth of the doped layers is, therefore, crucial for the
production of an optimal device.

In this article, we have investigated the influence of the pre-
cursor gas flow rates and thickness on the properties of p- and
n-doped hydrogenated amorphous and nanocrystalline silicon
and silicon-oxide (a/nc-SiOx>¢:H) films.

II. EXPERIMENTAL DETAILS

The doped films are deposited on Corning Eagle XG glass,
cutin 10 x 2.5 cm strips. For processing, a radiofrequency (RF)
plasma enhanced chemical vapor deposition (PECVD) cluster
tool, operating at a frequency of 13.56 MHz is used. In this
cluster tool p-doped films and n-doped films are processed in
separate dedicated chambers. Recipes were developed earlier
for the doped hydrogenated silicon oxide (SiOx:H) layers such
that the films provide adequate initial performance in terms of
both their optical and electrical performance for window layer
applications in thin film solar cells [14], [16]. Based on this,
in this article, the material properties of the doped films are
further characterized within a relatively small optimal range.
The deposition parameters of the doped silicon layers and the
ranges used for the precursor gas flow rates are given in Table I.
The reported films have a thickness of ~60-80 nm, unless
specifically mentioned otherwise. The deposition rates given in
Table I are the result of the full set of deposition conditions
and indicates the range of deposition rates for all p-doped and
n—doped films presented in this article. The diborane (BoHg)
and phosphine (PH3) precursors are diluted in Ho, such that the
reported BoHg gas flow rate consists of 0.02% diborane and the
PH3 flow rate consist of 2% phosphine.
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TABLE I
DEPOSITION PARAMETERS OF THE DOPED FILMS. FOR THE GAS FLOW RATES
THE RANGE INVESTIGATED IN HIS WORK IS INDICATED. THE DEPOSITION
RATES ARE A RESULT OF THE DEPOSITION CONDITIONS AND INDICATE THE
HIGHEST AND LOWEST DEPOSITION RATE FOR THE P-DOPED AND N-DOPED
SAMPLES PRESENTED IN THIS ARTICLE, RESPECTIVELY

H, (sccm) 170-200 100-120
CO; (sccm) 0-2.3 0-2.4
B2Hg (200ppm in Hy) 10-40 -

(sccm)

PH;3 (2% in H,) - 1.2-3.6
(sccm)

Pressure (mbar) 2.2 1.5
Substrate 180 180
Temperature (°C)

Power density 90.3 69.4
(mW/cm?)

Depostion rate 0.015-0.047 0.011-0.019
(nm/s)

Incorporation of oxygen happens during processing through
addition of a CO;y precursor gas, and it not a postdeposi-
tion oxidation process. Energy-dispersive X-ray spectroscopy
measurements of a few p-doped SiOx:H (p-SiOx:H) samples
indicated an atomic fraction of carbon in the films of below
1%, as a result of the CO5 precursor. It is, therefore, assumed
that carbon integration does not play a significant role in the
presented results.

To perform dark conductivity measurements, parallel elec-
trodes consisting of 500-nm-thick aluminium bars were de-
posited onto the films using electron beam evaporation. These
measurements were performed by measuring the current con-
ducted between two electrodes at a fixed voltage of 10V and
temperature in a dark environment. By repeating this measure-
ment at 5 °C intervals, from 130 °C to 60 °C, the activation
energy (E..¢) and dark conductivity at room temperature can be
calculated using the Arrhenius equation

kT = —Eoe In 22 2.1
ag

Here, o is the conductivity, oo is the material dependent
conductivity constant, kg is Boltzmann’s constant and 7 is the
temperature in Kelvin. The E,.; and dark conductivity at room
temperature (o 4) showed very similar trends, with high o 4’s at
low E,’s. This is shown in Fig. 1, where the o 4 of all measured
samples is plotted as a function of the E .. The E, is, therefore,
used in this article as a metric for the electrical performance of
the doped a/nc-SiOx>¢:H films.

A J.A. Woollam spectroscopic ellipsometer was used to de-
termine the refractive index and the optical bandgap (Ey4).
The spectroscopic ellipsometry (SE) measurements were fitted
to an effective medium model using the Bruggeman analysis
mode. a/nc-SiOx>¢:H is a heterogeneous material consisting
of an amorphous structure of hydrogenated amorphous silicon
(a-Si:H), amorphous silicon-oxide (a-SiOx:H) and crystalline
grains. Therefore, the material properties of SiO, and a-Si:H
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Fig. 1. Dark conductivity (o 4) at room temperature plotted as a function of

activation Energy (Eact) on a semilogarithmic plot, for all processed samples.

are used to mimic the a-SiOx:H and a-Si:H tissue and poly-
crystalline silicon is used to mimic the crystalline grains. Con-
sequently, the model uses the material properties of SiO5, ob-
tained from [17], a-Si:H, obtained from in-house measurements
(Cody-Lorentz oscillator: Amp = 122. Br = 2.55, Ey = 3.59,
E, =162, E, = 1.94, E, = 0.00, and E, = 0.5) and poly-
crystalline silicon (poly-Si_g2) that is available in the material
library of the CompleteEASE software offered for Woollam,
to approximate the optical properties of doped a/nc-SiOx>o:H
material. This is approach is similar to [18] and to [6] with
a minor modification. Through this approach the silicon-oxide
phase fraction (Rgjox) is obtained indirectly. In [18], the oxy-
gen content obtained through this approach was found to be
consistent with the content deduced from X-ray photoelectron
spectroscopy. In this article, the observed trends in Rgjox, as a
function of deposition conditions, were found to be consistent
with trends observed in the peak intensity of the stretching
modes related to silicon-oxide bonds obtained from Raman
spectroscopy measurements.

In this article, the Ey4 optical bandgap is used to describe
trends in the optical absorption of the films. The different phases
in the heterogeneous a/nc-SiOx>o:H material each retain their
own respective electrical bandgap energy. The E(,4 can therefore
be considered an effective optical bandgap, reflecting variations
in the material phase fractions and quality of the amorphous
phase. This definition is often used for heterogeneous mixed
phase materials [10], [14], [18]-[20], for which determining a
single electrical bandgap energy is non-trivial and often arbi-
trary. The Ey4 was determined by calculating the photon energy
level at which the absorption coefficient equals 10* cm™!.

Additional structural analysis was performed through Raman
spectroscopy, using an inVia confocal Raman microscope with
a laser operating at a wavelength of 514 nm. The crystallinity
of the films was obtained from these measurements by fitting a
Gaussian distribution with a peak at a Raman shift of 520 cm ™!
corresponding to the crystalline silicon phase and by fitting
Gaussians at 160, 320, 390, and 480 cm™' corresponding to
transverse acoustic (TA), longitudinal acoustic (LA), longitu-
dinal optic (LO), and transverse optic (TO) amorphous silicon
phonon modes, respectively. The crystallinity (y¢) in this article
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is defined by
Icfsi
Iesi+7-Tasi

Here, I..s; is the integrated area under the Gaussian dis-
tribution at 520 cm~! corresponding to the crystalline silicon
phase and I,_g; for the peak at 480 cm™~! corresponding to the
amorphous phase. 7y is a correction factor for the difference
in cross section for phonon excitation of c-Si with respect to
a-Si and equals 0.8, similar to [21], [22]. Consequently, the x ¢
indicates the crystalline fraction of the silicon phase and does not
take the amorphous silicon-oxide phase into account. This means
that the total fraction of the doped a/nc-SiOx>¢:H material that
is crystalline, so the crystalline phase fraction (R._s;) is equal to

R. si = xc (1 — Rsioz) - (2.3)

Regarding Experimental Error: The thickness, Rgi0, and Egy
are extracted from SE measurements. All model fits have a mean
square error between 2 and 7. For these fits, the thickness has an
error margin between 0.1%-0.9%, the SiO-, a-Si:H and poly-Si
material fractions have an relative error margin of 0.1%-2%.
For a number of selected samples five points were measured
on a single film. Based on these measurements a maximum
error margin of & 0.02eV can be reported for the Epq, £2.2 nm
for the thickness and 4+0.15% absolute for the SiO5 material
fraction. Similarly, multiple Raman measurements on a single
sample showed an error margin of 3.13% absolute for the
crystallinity values reported in this article. A similar procedure
was performed for the dark conductivity measurements, for 4
different sets of contacts on a single film. The resulting E,
values showed an maximum error margin of + 7 meV.

These reported values give insight into the combined error
introduced by the measurement setups, model fits and sample
uniformity. As to error in reproducibility, although each sample
with its unique combination of deposition conditions and depo-
sition time was produced only once, the very large sample size
of over 75 films is a testament to the reproducibility and validity
of the reported trends.

Xc = (2.2

III. RESULTS AND DISCUSSION

A. Influence of Precursor Gas Flow Rates

We start with the influence of the precursor gasses on the
properties of p-doped films. All precursor gas flow rates are
reported relative to the silane flow rate (Fgas/sim4). Changes in
the deposition parameters of the films, such as the relative precur-
sor gas flow rates, influence the plasma conditions. The plasma
conditions in turn affect the growth of the doped a/nc-SiOx~¢:H
material. This becomes apparent through changes in properties,
such as the crystallinity, the active dopant concentration, the
density of the amorphous silicon phase, and the oxygenation of
the amorphous phase. The material growth in turn influences the
optoelectrical behavior of the doped films. Therefore, to properly
understand the complex influence of the relative precursor gas
flow rates, we first look at the grown material. Using the the
silicon-oxide phase fraction (Rgjox), obtained from SE mea-
surements, and the crystalline phase fraction (R._g;), obtained

Crystalline phase
% a-Si0, phase

Y
E
B amorphous phase

€O,/SiH,

Fig. 2. Material phase diagrams of p-doped silicon materials as a function of
the relative Ho and BoHg flow rates (top), CO2 and Ha flow rates (middle),
and CO2 and BoHg flow rates (bottom). The blue/white areas indicate an
amorphous silicon oxide phase. The grey areas indicate an amorphous silicon
phase. The white areas with red dots indicate a crystalline silicon phase.
The plain arrow with solid fill indicates direction of increasing Fco2 /SiHA4-
The plain arrow with gradient fill indicates effect of increasing Fpame/sifa.
The widening arrow with solid fill indicates the effect of increasing Fr2/siH4..
These conventions are similar to those in Figs. 3-5. Each plot is the result of
connecting 12 parts, a 4x3 matrix. For each part the Rsjo , obtained from SE
measurements was used to determine the a-SiOx phase, while the R ._g;, obtained
from Raman measurements, was used to determine the c-Si phase. The red dots in
the crystalline phase represent the dopants, while the density of red dots indicates
the active dopant concentration. The active dopant concentration is not obtained
from direct measurement, but rather indicates an educated guess of the active
dopant concentration relative to the other processed samples. This estimation
is based on trends in the dark conductivity measurements and R_gj, operating
under the assumption that the measured dark conductivity is a function of the
R._si and active dopant concentration. The potential effect crystalline grain
connectivity and grain passivation are consequently not considered.

from Raman measurements, of the films, material phase plots are
developed and presented in Fig. 2, to qualitatively visualize the
effects of the relative gas flow rates on the a/nc-SiOx>o:H mate-
rial growth. Even though the extent of oxidation of the a-SiOx:H
can vary, the a-Si and a-SiOx:H are shown as separate material
phase fractions as these phases can coexist in the heterogenous
material [12], [13]. Moreover, it supports visualization of both
the level of oxidation and the transition from an a/nc-Si:H to an
a/nc-SiOx:H material.

Fig. 2 shows that, as a function of the precursor gas flow rates,
the a-Si:H, a-SiOx:H, and crystalline silicon phase fractions
present in the material can change significantly.

The middle plot for instance shows that when Fra/sins is
decreased and Fcosz/sina is increased, the material changes
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from high crystallinity nanocrystalline silicon to predominantly
amorphous silicon oxide. If we look at the effect of Fco2/sina
in particular, in Fig. 2 (middle, bottom), we see that an increase
of Fcoz/sina results in an increase of the Rsiox, while crys-
talline growth is suppressed. For instance, when Fcoz2/sin4 is
increased from O to 2.3 Rsjox is increased from 15%-28% to
41%-52%, depending on Fg2ne/sin4 and Frua/siga. Anincrease
of Fua/sina, on the other hand, generally results in a higher
crystallinity, which can also be observed in Fig. 2 (top, middle).
This relation between the Hy flow rate and crystallinity will be
discussed in more detail later.

The effect of the relative dopant flow rate Fone/sim4 is rather
more complex, as observed in Fig. 2 (top, bottom). For one, the
dopant precursor suppresses crystalline growth [12], [23], [24].
Raman measurements show that the crystallinity continually
decreases with increasing Fane/sina. At Fua/sing of 170 for
instance, depending on the relative CO, flow rate, the R._s;
of the silicon phase decreases 18%—-20% when Fpang/sina 1S
increased from 10 to 40. Increasing the Fpaone/sina also leads to
adecrease of the relative a-SiOx :H material phase. The Rs;o , of
the films with Fcoz/sina~1.4 and F2/sin4 = 170, for instance,
decreases from 46% to 17% when Fgane /sina is increased from
10 to 40.

We have briefly discussed the effect of changes in the plasma
conditions, through variations in the precursor gas flow rates, on
the material phases in the doped a/nc-SiOx>o:H films. We can
now consider the effect these material phase changes have on
the optoelectrical properties. These effects can be observed in
Fig. 3. The material growth is a result of the delicate interplay
between the different precursor gas flows. For that reason a
single plot has been developed for the E,.; and for the Eq4,
to visualize a large number of data points, rather than a large
number of plots with fewer data points. The various data points
are the result of variations in the relative BoHg, Ho, and CO,
flow rates. Variations in the BoHg are indicated by the depth of
color, variations in the Hy flow rate are indicated by the icon size
and open/closed symbol nature, while the relative CO5 flow rate
is plotted on the x-axis. This means that the effect of varying
a single deposition parameter can be observed by considering
symbols of a certain size/color at a fixed x-axis position. As a
visual aid, arrows of different styles have been introduced in
the figure to describe different trends. Please note that the arrow
style and fill used for certain Fg,s/sina in Fig. 2 match those
used in Figs. 3 5.

First, an increase of Fooa/sina increases both the E.cq (see
Fig. 3 11) and the Ey4 (see Fig. 3 12) of the doped layers. The
increase of the Ey, is clearly visible for each combination of gas
flow rates. The increase of Ey4 with increasing Rs;o, has been
widely reported [13], [14], [19], [20], [25], [26]. The influence
of Fcoz/sima on the electrical properties is less pronounced,
though still significant at relatively high Hy flow rates. The p-
doped hydrogenated nanocrystalline silicon (p-nc-Si:H) samples
for instance, deposited without CO5 precursor, have an E,
of around 35 meV, which is increased to around 60 meV at
Fco2/sira~1.7 and between 80 and 160 meV for Fcoz/sing =
2.33. These trends are the result of an increase of the Rs;o, and
decrease of the R._g;.

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 11, NO. 3, MAY 2021
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Fig. 3.  E,ct (top) and Egq (bottom) of p-doped a/nc-SiOx>o:H films as

a function of the relative CO2 flow rate (Fcoz2/sin4)- The brightness/depth
of color of the markers indicates the relative doping flow rate (FBQHG/SiH4)
while the size of the markers and their open/closed nature indicates the relative
hydrogen flow rate (Fy2/siH4). Arrows, added to indicate trends in the data, are
referenced in the article. 11-2 indicate the influence of Fcoz2,/sin4. 13 indicates
the influence of Fr2/sim4. T4-6 indicate the influence of Fpane/sin4.
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Fig. 4. Eact (left, circles) and Eg4 (right, squares) n-doped a/nc-SiOx>q:H

films as a function of Fcoz/sin4. The brightness/depth of color of the markers
indicates the Fpu3/sima while the size of the markers and their open/closed
nature indicates Fry2/sin4. Arrows, added to indicate trends in the data, are
referenced in the article. 11-2 indicate the influence of Fcoz2,/simn4. 13 indicates
the influence of Fpy3/sin4. T4 indicates the influence of Fr2/sin4.

An increase of the hydrogen flow rate generally results in a
lower E, . (see Fig. 3 13), which is a consequence of the increas-
ing R._gi. A higher R _g; likely indicates an improvement of the
macroscopic conductive properties of the film as a result of more
or larger crystalline grains with better grain-interconnectivity.
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Fig. 5. Deposition rate of n-doped (red, squares) and p-doped (blue, circles)

a/nc-Si0x>o:H films, as a function of Fco2/sina. The brightness/depth of
color of the markers indicates the Fpps/sina while the size of the markers
and their open/closed nature indicates the Fr2/sig4. Arrows, added to indicate
trends in the data, are referenced in the article. 71-2 indicate the influence of
FBQHS/SiH4 and FPHS/SiH4‘ 13 indicates the influence of FHQ/SiH4.

This is in line with reports from [27] and [28]. The influence of
Fr2/si14 on Egy is not conclusive from the presented results.
Fpone/sina significantly affects the material growth. For the
electrical properties, two different trends are visible. Increasing
the doping flow rate significantly increases the E, of the films
(see Fig. 3 14). The E,. increases from 110 to 443 meV at
Fcoz/sina = 1.4 and from 173 to 470 meV at Fcoz/sina = 2.2
when Fpong/sina is increased from 10 to 40. However, in the
deposition regime where a relatively high CO, and H, flow rate
are used (see Fig. 3 15), a higher Fgone/sin4 actually leads to
a decrease of the E,.;. We believe that the doping flow rate has
two competing effects. For one, the dopant precursor suppresses
crystalline growth. If, on the other hand, the films are relatively
crystalline, an increase of Fgane,/sina can lead to a more con-
ductive film through a larger active dopant concentration.
Understanding this requires some insight into the integration
and ionization behavior of boron in a mixed phase material. For
one, the doping efficiency in the amorphous phase is very low,
since no substitutional doping occurs in a material lacking long
range order [29], [30]. Instead, a small fraction of dopants in an
amorphous network result in ionized defects, as a consequence
of induced structural disorder [31], [32]. In the crystalline phase,
a boron atom is much more likely to be active, as it substitutes
a silicon atom in the lattice. It has been reported however that
boron preferentially resides at the boundary of crystalline grains
in an amorphous matrix, where it is predominantly inactive
[33], [34]. At higher crystalline fractions, both the ratio of
the crystalline to amorphous phase as well as the crystalline
grain bulk versus grain surface ratio is increased. We speculate
that this larger fraction of crystalline silicon sites, with respect
to c-Si grain boundaries and amorphous sites, makes it more
likely that boron integrated in the mixed phase growth results
in an active dopant. For most films an increase of Fpane/siHa

suppresses crystalline growth, thereby deteriorating the macro-
scopic conductive properties of the films and hardly increasing
the active dopant concentration in the largely amorphous films.
A decreased E,c; with an increased Fpane/sina 18, therefore,
only observed for the films with a high Fyz/sins. For these
films the nucleation suppressive behavior of the dopant gas
is compensated by the nucleation promoting behavior of the
hydrogen. The macroscopic conductive properties are hardly
affected and the active dopant concentration in these relatively
crystalline films is increased.

Finally, an increase of Fpong/sinsa decreases the Epy (see
Fig. 3 16), regardless of the other precursor gasses. Increasing
Fane/sin4 from 10 to 40, for example, decreases the Eys from
2.03 to 1.95 eV at Fcoz/sina~1.8 and from 2.25 to 2.10 eV
at Fcoz/sina~2.3. This is most likely a result of the decreased
oxygenation of the material with increasing Fpaue/sita. How-
ever, a decrease of Eg, as a result of a decreasing hydrogen con-
centration with increasing FBane/siH4, as observed in p-doped
amorphous silicon in [35] and [36], cannot be excluded.

The n-doped films generally show the same trends, although
higher optical bandgaps and lower activation energies are
achieved. For the samples with a relatively high F2/sin4 the
E. ¢ increases significantly by about 40-60 meV when CO.
is introduced during deposition (see Fig. 4 11). The E,. of
the films deposited at lower Fy2/sin4 ratio are not significantly
influenced by the Fcoz/sina. The Eg4 increases with increasing
Fco2/sina (see Fig. 4 12) as expected. As with the p-doped
films, an increase of the relative doping flow rate decreases the
Eoq4 of the films (see Fig. 4 13). An increase of Fr2/sin4, finally,
significantly decreases the E,¢ of the nc-Si:H films (see Fig. 4
T4), within a certain range. It should be noted that at a relative
flow rate of Fyy2/sin4 = 140 the films became highly transparent
with activation energies of 500 meV and higher.

The precursor gas flow rates also influence the deposition
rate of the doped films. An increase of the diborane gas flow
rate, for instance, strongly increases the deposition rate (see
Fig. 5 11), which is in line with earlier reports [16], [37], [38].
Diborane easily dissociates. Created radicals could have two
possible effects resulting in the deposition rate increase. Enhance
the dissociation of silane in the plasma, thereby increasing the
flux of SiHx radicals to the surface. Increase the dangling bond
density at the surface, thereby increasing the amount of growth
sites for silicon radicals. It has been proposed that the increased
dangling bond density at the surface is a result of the ability
of Hydroboron BHj radicals, that are readily formed in the
plasma from the BoHg precursor, to strip the surface of hydrogen
through the formation of metastable BHj reactive intermediates
[39], [40]. This increases the SiH3 adsorption rate and therefore
the silicon growth flux. An increase of the relative phosphine
flow has the opposite effect (see Fig. 5 12). The mechanism
behind this is unclear.

An increase of the relative Hy flow rate decreases the growth
rate (see Fig. 5 13). This is most likely a result of atomic
hydrogen induced etching, which is enhanced with respect to the
silicon growth flux under higher hydrogen dilution conditions.
Indeed it has been reported for p-type a-Si:H films the void
fraction decreases with increasing Fua/sina [37]. Moreover,
since the low growth rate conditions are accompanied by a
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Fig. 6. Eact as a function of Eg4 for all doped a/nc-SiOx>q:H samples

(bottom) and exclusively p-type a/nc-SiOx>q:H samples (top). nc-Si:H samples
are represented by open symbols, while SiOx:H samples are represented by
closed symbols. P-doped samples are represented by circles, while n-doped
symbols (bottom plot) are represented by triangles. In the top plot, the color
and brightness of the symbols indicates Rgijox, while the size of the symbols
indicates R ._g;. In the bottom plot both symbol color/brightness and size indicate
Resi.

larger atomic hydrogen flux to the substrate, the crystallization
of the silicon phase is enhanced. This explains the nucleation
promoting behavior of an increased relative Hy flow rate.
Manipulation of doped silicon material growth is achieved
through the relative gas flow rates. Naturally, the extent of ma-
nipulation is limited. In Fig. 6 (bottom), the tradeoff between the
E..t and Ey4 of all doped films is shown. A few things are appar-
ent from this Fig.. 1. The lowest activation energies are achieved
for the doped nc-Si:H samples. For Rs;ox >0 both E,.¢ and Egy
increase. This is directly related to R._g;, which is indicated in
Fig. 6(bottom) through icon size and color. Although they have
similar Fcoz/sina, the Eg4 of n-doped samples is higher than that
of their p-doped counterparts. This is a result of higher Rg;ox
with respect to the p-doped samples. The mechanism behind
this is unclear. 3. Despite the high Rgjox and Eg4of the n-doped
SiOx:H samples, they retain relatively low E,.;. This is unlike
the p-doped samples where small changes have a strong effect
on the optoelectrical performance. We can therefore reflect that
the nature of the a/nc-SiOx>o:H material is such that it favours
n-type doping. This could be result of the fact that undoped
amorphous silicon tissue by itself is slightly n-type and becomes
more n-type when oxygen is introduced [41], [42]. Alternatively,
it could be the result of the deposition-rate-decreasing effect of
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TABLE II

PRECURSOR GAS FLOW RATES OF FILMS USED IN FIG 7

p-SiOx:H | p-SiOx:H2 | p-nc-Si:H | p-nc-Si:H 2
SiHy (sccm) | 0.8 0.8 0.8 0.6
BaHe (sccm) | 10 20 20 32
H, (sccm) 170 170 170 200
CO; (scem) | 2.3 2

phosphine with respect to diborane, as shown in Fig. 5, resulting
in a denser, less defective material. Or perhaps that phosphine
favourably resides inside crystalline grains, as reported in [33],
as opposed to near the grain boundaries or in the amorphous
phase, resulting in a higher doping efficiency. Regardless of
the reason, the results show that optimization of the p-doped
layer, often crucial for device performance due to its placement
between the absorber layer and incident light, is challenging. For
this reason, Fig. 6(top) shows the p-doped samples in particular,
with the additional information of the Rs;ox.

From Fig. 6(top) it is again clear that increased oxygenation
inevitably leads to higher activation energies. The lowest E,
are achieved by the p-nc-Si:H samples, which also have the
lowest Eyy4, ranging from ~1.96-2.06 eV. This range of op-
tical bandgap energies is likely because in the spectral range
where the Ey, is determined, the absorption is dominated by
the amorphous phase in the doped a/nc-SiOx>o:H material.
The Eg4 therefore provides information on the quality of the
amorphous tissue between the nanocrystalline phase. The band
gap of this amorphous tissue is determined by two factors. First,
the optical bandgap energy will increase with increased porosity
of amorphous phase. Second, the optical gap will increase with
increased oxygenation. This is demonstrated in Fig. 6, since
Ey, is only increased above ~2.1eV when the amorphous phase
becomes increasingly oxygenated.

B. Investigation of Thickness

We have described the complex interplay between crystalline
growth, oxygenation, and dopant integration in the doped a/nc-
SiOx>0:H films. The material properties of the doped films,
when integrated in devices, does not exclusively depend on the
deposition conditions, however. The optoelectrical properties of
the doped layers are not uniform in the growth direction.

Fig.7 (left) shows the E, ., and E4 of p-nc-Si:H and p-SiOx:H
films deposited at different thicknesses and two sets of deposi-
tion conditions. The deposition conditions are given in Table II
It can be observed that the E,.; decreases with increasing film
thickness for both the oxygenated and oxygen-free doped silicon
films. This is directly related to the crystallinity. The Raman
shift of the p-doped films is plotted in Fig. 7 (right). There
are four amorphous silicon peaks indicated, corresponding to
the TA mode at 160 cm~!, the LA mode at 320 cm™', the LO
mode at 390 cm™~! and the TO mode at 320 cm™!. It can be
seen that with increasing thickness, the intensity of the Raman
shift peak at 520 cm™!, which corresponds to the crystalline
silicon phase, increases with respect to the amorphous silicon
peaks. This observation, the increased crystallinity in the growth
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direction, is in line with earlier reports, where development of
crystalline filaments in the growth direction was demonstrated
[11], [13], [43], [44].

The thickness of the films also influences the optical bandgap
energy. For the p-SiOy:H films the Ey4 decreases with increasing
thickness. This is likely the results of a decreased silicon-oxide
phase fraction. The Rsijox obtained from SE measurements
decreased from 64% to at 23 nm to 47% at 104 nm. This decrease
of the Rsiox can also be observed in Fig. 7 (top, right), by a
decrease of the silicon-oxygen bond related Raman shift peaks.
These peaks are the Raman shift peak at 795 cm™! related to
Si-O stretching [45], the broad peak at roughly 900—1100 cm™!
related to Si-O-Si stretching modes [46], [47] and the peak at
2250 cm™!, related to the Si-O-H stretching modes [46], [48].
All these SiOx related Raman peak intensities decrease with in-
creasing thickness, while the amorphous silicon peaks increase.
It should be noted that some influence of the glass substrates
on the Raman spectra cannot be excluded. This said, the trends
are confirmed with SE measurements where the influence of the
substrate is excluded.

The Eyy of the p-nc-Si:H samples on the other hand in-
creases with increasing thickness. This is likely the result of the

amorphous phase growing more porous along the growth di-
rection. More precisely, the density of the amorphous phase is
related to the organization of the silicon-hydrides in the amor-
phous network. When distributed monohydrides are increas-
ingly organized in multivacancies and small voids, the density
of the network decreases and the optical bandgap increases
[49], [50]. This can be corroborated by a distinct signature
in the Raman spectrum in the 1800-2200 cm~! range. This
range, related to the silicon-hydride stretching modes, can be
simplified into a low stretching mode (LSM) peak at roughly
2000 cm~! and a high stretching mode peak (HSM) at roughly
2100 cm™! [46]. The LSM corresponds to mono configurations,
while the HSM corresponds to silicon-hydrides and di-hydrides
organized in small vacancies and voids [15], [S1]. In addition in
the 21002103 cm~! range a narrow signature of the extreme
high stretching modes (NHSMs) [46].These stretching modes
reflect the mono- and di-hydrides on the surface of crystalline
silicon grains. Fig. 7 (bottom, right) shows that with increasing
p-nc-Si:H thickness the NHSM peak strongly increases with
respect to the LSM peak, indicating an increase of hydrogenated
¢-Si grain boundaries not passivated by a-Si:H tissue. Subse-
quently the amorphous tissue between the grains becomes more
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porous. This increased porosity of the amorphous phase along
the growth direction is similar to the development of a-Si bulk
properties in the growth direction [52].

IV. SUMMARY

In this article, we have investigated how the optoelectrical
properties of doped silicon films are determined by the different
phases, and their relative fractions, present in the doped het-
erogeneous a/nc-SiOx>o:H material. Using a material phase
diagram, we have visualized how the relative nanocrystalline
silicon, amorphous silicon and amorphous silicon-oxide frac-
tions can be manipulated through changes in the precursor gas
flow rates. Moreover, we discussed how these material phases,
in combination with the density of the a-SiOx>(:H phase and
the extent of doping, influence the optoelectrical properties of
the processed films.

An increase of the relative CO5 flow rate leads to increased
oxygenation of the amorphous phase, which predominantly re-
sults in a higher optical bandgap. An increase of doping gas flow
rate suppresses crystalline growth, decreases the oxygen content
and, if the material is sufficiently crystalline, increases the active
doping concentration. Sufficient crystallinity can be achieved by
increasing the relative hydrogen flow rate, which decreases the
deposition rate, resulting in denser and more crystalline material
growth. However, if the relative hydrogen flow rate exceeds a
certain threshold, the balance between the silicon growth flux
an atomic hydrogen etching is upset, resulting in poor electrical
properties with activation energies of 500 meV and up.

We also demonstrate that the optoelectrical properties are not
uniform along the growth direction. For p-doped a/nc-SiOx>¢:H
films the activation energy decreases with increasing film thick-
ness, as a function of the crystalline fraction. The optical
bandgap energy of p-SiOx:H films decreases with thickness,
as a result of a decreased amorphous silicon oxide material
phase fraction. The optical bandgap energy of the p-nc-Si:H
films increases with thickness due to increased porosity of the
amorphous phase along the growth direction.
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