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FEATURE ARTICLE
Recent Progress in Understanding the Properties of
the Amorphous Silicon/Crystalline Silicon Interface
Jean-Paul Kleider,* Jos�e Alvarez, Rudolf Brüggemann, and Marie-Estelle Gueunier-Farret
The authors review experimental and modeling approaches developed at
GeePs to have a better knowledge and understanding of the interface
between hydrogenated amorphous silicon (a-Si:H) and crystalline silicon
(c-Si) in heterojunction solar cells. The authors emphasize the existence of a
strong inversion layer at the c-Si surface for both (n) a-Si:H/(p) c-Si and (p)
a-Si:H/(n) c-Si heterojunctions. Conductive probe atomic force microscopy
reveals the existence of a conductive channel at the c-Si surface. The analysis
of complementary lateral planar conductance and capacitance measurements
allows for a better description of the band diagram in both types of
heterojunctions especially through the determination of band offset values.
Furthermore, the passivation properties of the (i) a-Si:H buffer layer are
studied by modeling the volume defects in a-Si:H with the defect-pool model.
In particular, the DOS in the very thin (i) a-Si:H layers is much larger than in
bulk (i) a-Si:H because the Fermi level position favors defect creation. Surface
defects in c-Si at the a-Si:H/c-Si interface are then quantified and the general
trends of effective lifetime measurements with the (i) a-Si:H layer thickness
can be explained, notably the increase of the effective lifetime in c-Si with
increasing the (i) a-Si:H buffer thickness.
1. Introduction

While crystalline silicon (c-Si) has been studied and developed
since the 1950s for both microelectronics and photovoltaics
(PV),[1] studies on hydrogenated amorphous silicon (a-Si:H) have
gained momentum in the 1970s.[2,3] With the possibility of
fabricating thin-film transistors on large areas, they have led in
the 1980s to the development of LCD flat panel display
applications.[4] However, as far as PV is concerned and despite
substantial improvement in efficiencies and stability of thin film
a-Si:H solar cells,[5] this technology only reached a very small part
of the PV market that is largely dominated by mono- and
multicrystalline Si technologies.[6] The two worlds of amorphous
and crystallinematter and their application in PV have gone their
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own way with their own physics until the
Sanyo laboratories took up previous ideas[7]

and demonstrated that a-Si:H/c-Si inter-
faces could replace the traditional diffused
junctions in c-Si photovoltaics and lead to
very high energy conversion efficiencies.[8]

As a matter of fact, the highest efficiency
reached so far for a c-Si based solar cell
employs an n-type c-Si substrate with
bottom electron and hole extracting con-
tacts using (n) a-Si:H and (p) a-Si:H layers,
respectively.[9]

Interface recombination is a key issue
for these PV applications. It has been
recognized that an undoped a-Si:H buffer
layer � so called intrinsic, (i) a-Si:H,
inserted between the doped crystalline
absorber and the doped a-Si:H layer plays
a beneficial role, improving the open circuit
voltage of silicon heterojunction (Si-HET)
cells.[10] This improved passivation is
related to a reduction of interface recombi-
nation, which has been attributed to a
reduction of interface states, sometimes
referred as chemical passivation.[11] How-
ever, the interface states density could
never be measured, and the quality of the
device is generally assessed through the open circuit voltage of
the cell or the effective lifetime in the c-Si wafer, measured from
various techniques like photoluminescence, photoconductivity
decay or from other techniques.[12] We here give a summary of
our knowledge of the a-Si:H/c-Si interface in terms of device
physics. We emphasize the role of strong inversion of the silicon
surface in both (p) a-Si:H/(n) c-Si and (n) a-Si:H/(p) c-Si
heterojunctions. We review the approaches developed in our
laboratory to determine band offsets and analyze interface
recombination through measurements from various characteri-
zation techniques and modeling based on the defect-pool model
in a-Si:H.
2. Determination of Band Diagrams at Silicon
Heterojunctions

Band offsets at the a-Si:H/c-Si heterojunctions are fundamental
parameters to understand the physics of Si-HETdevices and they
are necessary input parameters for device simulation. This is
why a lot of efforts have been deployed to accurately determine
these parameters using various characterization techniques. In
019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the following, the (n) a-Si:H/(p) c-Si and (p) a-Si:H/(n) c-Si
heterojunctions will be denoted N/p and P/n.

The equilibrium band diagrams of the N/p and P/n
heterojunctions are shown in Figure 1 and Figure 2, respectively.
The total electrostatic potential drop, called built-in or diffusion
potential Vd can be separated into the part in a-Si:H, Va�Si:H

d , and
that in c-Si, Vc�Si

d . Due to the large density of states (DOS) at the
Fermi level EF in the bandgap of doped a-Si:H, Va�Si:H

d is much
smaller than Vc�Si

d . The position of the Fermi level is separated
from themajority carrier band by δc-Si in c-Si and δa-Si:H in a-Si:H.
The conduction and valence band offsets at the interface are
defined as ΔEC ¼ Ea�Si:H

C � Ec�Si
C , and ΔEV ¼ Ec�Si

V � Ea�Si:H
V :

The c-Si wafers used for solar cell applications have
resistivities of the order of 1Ω cm, corresponding to room
temperature values of 0.2–0.25 eV for δc-Si. The doped a-Si:H
layers have typical values δa-Si:H of 0.2 eV for (n) a-Si:H and
0.35 eV for (p) a-Si:H. The values of Va�Si:H

d and Vc�Si
d are

typically found around 0.05 and 0.85V, respectively. In both N/p
and P/n heterostructures the Fermi level at the interface is very
close to the edge of theminority carrier band of the c-Si wafer: the
strong band bending in c-Si is related to a strong inversion layer
at the c-Si surface.

We here briefly review how the presence of the strong
inversion layers could be evidenced by the results obtained in our
group from a set of complementary experimental techniques:
lateral conductance, conductive probe atomic force microscopy
(CP-AFM) and capacitance measurements. This also led us to
estimate the conduction and valence band offsets to about
ΔEC¼ 0.15 eV and ΔEV¼ 0.4 eV for the structures we analyzed.
However, it has to be mentioned that the bandgap of a-Si:H
depends on deposition conditions. In particular, larger hydrogen
content leads to larger bandgap,[13] which in turn leads to larger
band offsets.[14]
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2.1. Lateral Conductance

Measurements of the lateral conductance have been performed
both on (n) a-Si:H/(p) c-Si structures,[15,16] and on (p) a-Si:H/(n)
c-Si structures,[17,18] using the schematic principle given in
Figure 3.

The a-Si:H layer was deposited onto flat c-Si wafers after some
cleaning step (HF dip), and in the same run onto glass
substrates. While for solar cell applications the thickness of the
a-Si:H layer is typically less than 20 nm, thicker layers (up to
200 nm) were also deposited in order to have reliable
conductance measurements on glass. Top coplanar electrodes
are then deposited onto the a-Si:H surface. It is interesting to
have several identical electrodes with various values of the gap,
between them, for example, in the range of 0.5–5mm, in order
to check that the contact resistance is negligible compared to the
resistance of the a-Si:H/c-Si structure (TLM method). The
length, h, and width, w, of the electrodes is not so important,
typical widths of a few mm and lengths of 5–20mm can be used
in order to have aspect ratios h/w and h/L of the electrode design
significantly larger than one such as to minimize edge effects.
From the measurement of the current as a function of bias one
can check the linearity and extract the conductance, G. For both
N/p and P/n heterojunction structures, the conductance is
Phys. Status Solidi A 2019, 1800877 © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800877 (2 of 16)
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Figure 2. Schematic equilibrium band diagram of the (p) a-Si:H/(n) c-Si
heterojunction. The dashed red line indicates the vacuum level and the
potential drops in a-Si:H and c-Si, Va�Si:H

d and Vc�Si
d , respectively.

Figure 3. Measurement principle of the planar lateral conductance.

Figure 1. Schematic equilibrium band diagram of the (n) a-Si:H/(p)
c-Si heterojunction. The dashed red line indicates the vacuum level and
the potential drops in a-Si:H and c-Si, Va�Si:H

d and Vc�Si
d , respectively.
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several orders of magnitude larger than for the corresponding
a-Si:H layers deposited on glass (Figure 4).

We considered three possible paths for the current flow
between two coplanar top electrodes, as indicated in Figure 5.
The first path is simply through the a-Si:H layer. However, the
much lower conductance observed when a-Si:H is deposited on
glass proves that it gives a negligible contribution in the
heterostructures. Also, the conductance of the samples on glass
was found to scale with the a-Si:H thickness, while the
conductance of the samples on c-Si was almost independent
of the a-Si:H thickness. It might be argued that the structure of
a-Si:H might be different when deposited on glass or on c-Si.
However, this could hardly explain the observed orders of
magnitude changes. In addition, transmission electron micros-
copy (TEM) clearly shows that the deposited silicon layer was
amorphous.[19] Also, we changed the deposition conditions of
a-Si:H, turning to a polymorphous type material[20] for the first
deposited nanometers without strong change in the measured
heterostructure conductance.[15] The second path is through the
c-Si wafer. However, the current starting from one top electrode
has to go through the thickness of the a-Si:H layer, cross the N/p
heterojunction, move in the c-Si toward the second electrode,
and then cross the p/N heterojunction and the a-Si:H layer in
order to reach the second top electrode. Crossing both the N/p
and p/N heterojunctions means that, whatever the bias applied
between the two electrodes, the current is then limited by one of
the heterojunctions that is reverse biased. Therefore, this path
should also bring a negligible contribution to the overall planar
heterostructure conductance. One might argue that the
heterojunction could be locally shunted, so that the reverse
bias would not induce strong limitation of the current. To prove
Phys. Status Solidi A 2019, 1800877 1800877 (3
that this is not the case, we dry etched the a-Si:H layer using the
metal electrodes as a mask. Figure 5 compares the conductance
for the two structures. The conductance after etching was found
orders of magnitude lower and the corresponding activation
energy Ea becomes much larger (0.72 eV), as expected from the
current in a reverse biased heterojunction. Finally, the only
remaining explanation for the large planar heterostructure
conductance is a high interface conductance Gint that is due to a
strongly inverted layer at the c-Si surface, as can be seen in
Figure 1 and 2.

For the N/p heterostructure, the band bending forms an
electron channel at the c-Si surface, 2DEG (2D electron gas) and
electrons can then flow from one electrode to the other without
strong energy barrier to overcome. A similar channel exists for
holes (2D hole gas, 2DHG), which explains the much larger
conductance obtained in the P/n heterostructure compared to
that of the sample with a-Si:H on glass.

In order to normalize the conductance with respect to the
geometry of the electrodes, one can define sheet conductance,
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 16)
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Figure 4. Arrhenius plots of the lateral conductance measured on
samples of (n) a-Si:H and (p) a-Si:H deposited onto (p) c-Si and (n) c-Si
wafers, respectively, or onto glass. Lines are linear fits to extract activation
energies around room temperature.
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GS ¼ G� ðL=hÞ ð1Þ

The sheet conductance is proportional to the sheet carrier
density in the 2D gas, for example, the sheet electron density NS

in the 2DEG in the N/p heterostructure,

GS ¼ qμnNs ð2Þ

or sheet hole density PS in the 2DHG in the P/n heterostructure:

GS ¼ qμpPs; ð3Þ

where q is the unit charge and µn (µp) is the electron (hole)
mobility. The sheet electron density in the 2DEG of the N/p
heterostructure is related to the integral of the electron
concentration n(x), x being the distance from the heterointerface:
Figure 5. Arrhenius plots of the lateral conductancemeasured on a sample of
layers. The schematic view of the sample before and after etching also indica
corresponding to the various possible paths for current flow, and the N/p

Phys. Status Solidi A 2019, 1800877 1800877 (4
NS ¼
Zdc�Si

0

nðxÞdx ð4Þ

and dc-Si being the thickness of c-Si. Similarly, the sheet hole
density in the 2DHG of the P/n heterostructure is related to the
integral of the hole concentration p(x):

PS ¼
Zdc�Si

0

pðxÞdx ð5Þ

At a given temperature, the sheet carrier density only
depends on the band bending and on the doping density in c-Si.
The band bending in c-Si also depends on the a-Si:H
parameters through the overall charge neutrality and Poisson’s
equation. Moreover, the sheet carrier density is basically
activated with temperature, and the activation energy basically
reflects the position of the Fermi level at the interface that is, to
a certain extent, pinned by a-Si:H. The most influent parameter
on the position of the Fermi level at the interface and on the
activation energy of the sheet carrier density is the conduction
band offset between a-Si:H and c-Si.[21] This is shown in
Figure 6 for the N/p heterostructure.

This allowed us to give a good estimate of the conduction band
offset by comparing the results of Figure 6 to experimental data.
Indeed, from the measured conductance, one can calculate the
sheet carrier density through Equation (2) for the N/p
heterostructure. To this purpose, one has to use the electron
mobility in c-Si and its temperature dependence. While this is
well known in the bulk, it is less well clear in a 2DEG channel.
This is why we used two cases for the temperature dependence of
the mobility that we considered as extreme cases: either the bulk
dependence, μn¼ 1500 (T/300)�2.4 cm2V�1 s�1 (with T the
temperature in kelvin) or a temperature independent value
μn¼ 500 cm2V�1 s�1. Starting from the experimentally mea-
sured temperature dependence of the conductance of the N/p
heterostructure, one can then obtain two curves for the sheet
electron density (Figure 7).
(n) a-Si:H deposited onto (p) c-Si, before and after dry etching of the a-Si:H
tes a simplified electrical equivalent circuit with the various conductances
diodes. Data from Ref. [15].

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 16)
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Figure 6. Arrhenius plots of the sheet electron density in c-Si calculated
for various values of the conduction band offset. The insert shows the
corresponding values of the activation energy determined from these
plots. Data from Ref. [21].
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We can extract the activation energy around room tempera-
ture corresponding to these two curves. Since the activation
energy is related to the conduction band offset, these two values
lead to two boundary values for the conduction band offset, as
shown in Figure 8. This lead us to an estimate of ΔEC¼ 0.15�
0.04 eV.[21] A deeper analysis where the influence of other
a-Si:H parameters (position of the Fermi level, density of states at
the Fermi level, characteristic temperature of the band tail) was
taken into account, together with additional experimental data,
which resulted in a slightly larger estimate of ΔEC¼ 0.18� 0.05
eV.[22] The effect of interface states was also considered. It was
Figure 7. Arrhenius plots of the experimental sheet conductance (dots,
left axis) and of the corresponding sheet carrier density calculated for two
different temperature dependences of the electron mobility in c-Si:
μn¼ 500 cm2V�1 s�1 independent of T (open squares, right axis) and
μn¼ 1500 (T/300)� 2.4 cm2 V�1 s�1 (full squares, right axis).

Phys. Status Solidi A 2019, 1800877 1800877 (5
shown that they could only have a significant impact on the band
bending for values of the interface states density larger than
1012 cm�2.[22]

Similarly, the conductance of P/n heterostructures was shown
to be very sensitive to the valence band offset. From measure-
ments performed on a significant number of samples and from a
statistical analysis, the valence band offset was estimated at
ΔEV¼ 0.36� 0.04 eV.[18] The possible effect of quantum con-
finement in the 2DHG was also taken into account and it was
shown that it does not significantly change the extracted values
of band offset.[18]
2.2. Conductive Atomic-Force Microscopy (CP-AFM)

Conductive and Kelvin probe atomic force microscopy (CP-AFM
and KP-FM) techniques have proven to be powerful tools for
carrier/dopant and junction profiling which are currently
engineered in microelectronics.[23,24] In a natural way the
capabilities of these techniques have also gained the interest of
the photovoltaic community in particular to analyze material,
interfaces, and junction properties.[25–27]

In this study, the properties of the a-Si:H/c-Si interface were
investigated by CP-AFM using a Nanoscope IIIa Multimode
AFM with the homemade electrical extension named Resi-
scope.[28] This extension is used in contact mode and applies a
stable DC bias voltage to the device. It allows one to
simultaneously measure the surface topography and the local
current flowing through the AFM tip. For this purpose a
conductive diamond coated AFM tip (CDT-FMR) was used, the
applied force being in the range 100–500 nN. Figure 9
schematizes the studied sample with the CP-AFM setup. The
sample has a symmetric configuration where the same a-Si:H
layer was deposited first on both sides of the c-Si wafer followed
by ITO, the sample was thereafter cleaved before measurements.
Figure 8. Dependence of the activation energy of the sheet electron
density in c-Si for the N/p heterojunction as a function of the conduction
band offset, ΔEC between a-Si:H and c-Si. Data from Ref. [21].

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 16)
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Figure 9. Sketch of the sample configuration under DC bias during the
CP-AFMmeasurement. Both (n) a Si:H/(p) c Si/(n) a Si:H and (p) a Si:H/
(n) c Si/(p) a Si:H were probed.[29] The c-Si wafer thickness was about 200
mm, while the a-Si:H thickness was 300 nm thick, deliberately thicker than
in solar cells. Results in Figure 10 and 11 are shown for (n) a Si:H/(p) c Si/
(n) a Si:H structures.

Figure 11. Local resistance (left ordinates) and height (right ordinates)
profiles across the (n) a Si:H/(p) c-Si interface. Data from Ref. [29].
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The thickness of the a-Si:H was deliberately chosen thick
(�300 nm) to facilitate the identification of the interface. Several
pieces of cleaved samples were analysed pointing out the
disruptive effects of the oxidation process taking place after
cleaving or during the CP-AFM scan due to the presence of the
well-known water meniscus between the tip and the surface. The
optimized measurement conditions were found after a de-
oxidation of the cross-section surface by an HF 1% dip and
performing the AFM scans under a nitrogen atmosphere.[29]

Both (n) a-Si:H/(p) c-Si and (n) a-Si:H/(p) c-Si have been probed,
we here report results obtained on (n) a-Si:H/(p) c-Si samples.

Figure 10 illustrates the topography and the local resistance
mapping on the cross-section after an HF dip and for an applied
voltage of 1V. The scanned area shows, from top to bottom, the
n-type a-Si:H layer (�300 nm) and the p-type c-Si substrate. The
ITO contact is not observable here since it has been partially
removed from the top edge with the HF treatment.

The electrical image clearly reveals a much lower resistance at
the interface between the a-Si:H and the c-Si substrate. More
precisely, this conductive channel is located within the c-Si
substrate. Cross-sectional profiles are illustrated in Figure 11,
where the height and local resistance values were obtained from
the average of a number of AFM profiles (performed over a
Figure 10. CP-AFM image of a cleaved section of an (n) a-Si:H/(p) c-Si het
measured after HF dip. Data from Ref. [29].

Phys. Status Solidi A 2019, 1800877 1800877 (6
horizontal width of 0.5 μm in Figure 10). The profiles along the
heterointerface show a flat cleavage surface (topographical
variations lower than 5 nm) and a high electrical contrast
between the conductive channel (<100 nm) and both the a-Si:H
layer and the c-Si substrate. In addition to the conductive
channel in the c-Si side it is also possible to identify a region with
a decreasing conductivity of about 1 micron in width. This is the
order of magnitude of the width for a depleted space charge
region in c-Si. Due to the low surface roughness of the cross-
section it remains important to note that the observed conductive
layer cannot result from an experimental artefact. The same CP-
AFM observations were also evidenced on other samples with
different thicknesses of a-Si:H.[29]

The CP-AFM analysis clearly reveals a more conductive layer
between the c-Si substrate and the a-Si:H film, which
corresponds to the predicted strong inversion layer in (n or p)
a-Si:H/ (p or n) c-Si heterojunctions (see also Figure 1 and 2).[15]

However, the quantitative results of the inversion layer
conductivity extracted from CP-AFM measurements have to
be considered carefully. Indeed, the reliability of the latter is
affected by the quality and nature of the contact between the
conductive AFM tip and the sample surface. In addition, the
sample surface roughness, the AFM tip radius, shape, and
pressure are well-known factors driving the local electrical
erojunction. Left: topography; right: resistance image (logarithmic scale)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 16)
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measurements. Surface states can also induce additional band
bending at the tip-surface junction modifying significantly the
conductance values. Many of these limiting points have been
mitigated here, thanks in particular to the HF treatment applied
after cleaving which enabled to remove the native oxide on the
c-Si and at the same time to temporarily passivate it.[30] The very
low roughness of the surface cross-section and the nitrogen
atmosphere while measuring were very beneficial in providing
experimental evidence of the strong inversion layer in crystalline
silicon heterojunctions.
Figure 12. Voltage dependence of the inverse square capacitance (per
unit area) measured on both types of heterojunctions, (n) a-Si:H/(p) c-Si
and (p) a-Si:H/(n) c-Si. Full lines are linear fits to the experimental data. In
each case, the slope yields the correct doping density Ndop that
corresponds to the acceptor or donor density in c-Si, respectively.
2.3. Capacitance Measurements

Capacitance techniques are used to get insight into doping and
defect properties in semiconductors. It was proposed that
capacitance measurements could be used to determine band
offsets in heterojunctions. Indeed, the space charge layer
capacitance of a heterojunction depends on the doping density in
the semiconductors and on the diffusion potential. In the
depletion approximation and for uniform doping densities, the
inverse square capacitance should vary linearly with the applied
voltage. For instance, in an abrupt pn heterojunction between
two semiconductors having permittivities e1 and e2 and doping
densities Na1 (acceptor density of the p side) and Nd2 (donor
density of the n side):[31]

1

C2 ¼
2
q

e1Na1 þ e2Nd2ð Þ Vd � Vapp
� �

e1e2Na1Nd2ð Þ ð6Þ

where C is the capacitance per unit area, Vd is the total diffusion
voltage and Vapp the applied voltage (in a refined analysis Vd

should be replaced by Vd� 2 kBT/q, but this will be neglected in
the following). Thus, the extrapolation of the linear dependence
of 1/C2 to the voltage axis yields an intercept voltage value Vint

that should be equal to Vd. Then, for the case of the N/p
heterojunction, according to the band diagram of Figure 1, one
could deduce the conduction band offset from

ΔEC ¼ δa�Si:H þ δc�Si � Ec�Si
g þ qVd ð7Þ

since δc-Si is known from the doping density of the wafer and
δa-Si:H can be measured from the coplanar conductance
technique for a-Si:H deposited on glass. Similarly, for the case
of the P/n heterojunction, according to the band diagram of
Figure 2, one could deduce the valence band offset from

ΔEV ¼ δa�Si:H þ δc�Si � Ec�Si
g þ qVd ð8Þ

Such determination of band offsets from the C-V technique
has been proposed and used for III–V compounds.[32] However,
for the a-Si:H/c-Si heterojunction, two major issues have to be
considered: i) in a-Si:H the space charge density is not
determined by the doping concentration but by the density of
localized states at and close to the Fermi level; ii) depending on
the measurement frequency, there might be a response of
localized states due to capture and emission processes. The
consequence on the C–V curve has been discussed in detail
Phys. Status Solidi A 2019, 1800877 1800877 (7
elsewhere.[33] It turns out that, due to the large DOS at the Fermi
level in doped a-Si:H (whatever n- or p-type) and at moderate
doping of the c-Si wafer (as it is the case in solar cell
applications), the extent of the space charge layer in a-Si:H is
much smaller than in c-Si. Thus P/n or N/p a-Si:H/c-Si
heterojunctions behave like one-sided abrupt pþ/n or nþ/p
junctions, respectively. At low frequency the 1/C2 curve follows a
linear dependence as predicted by depletion layer capacitance of
a one-sided abrupt junction:

1

C2 ¼
2

qeNdop
Vint � Vapp
� � ð9Þ

e and Ndop being the permittivity and the doping density in c-Si,
respectively. Examples are shown in Figure 12 for both N/p and
P/n heterojunctions. In both cases the slope of the curve yields
the expected doping density of the c-Si wafer (Na� 7.5� 1014

cm�3 for the N/p structure, andNd� 1.5� 1015 cm�3 for the P/n
structure). However, if one uses the intercept voltage as the value
of the diffusion potential in Equation (7) or (8), and considering
the values of δc-Si and δa-Si:H that are either known from the
doping of c-Si or extracted from the activation energy of the
planar conductance of a-Si:H deposited on glass, one gets much
lower values of band offsets than found from the lateral planar
conductance analysis. For the N/p heterojunction, δc-Si� 0.25 eV,
δa-Si:H� 0.2 eV, and Vint� 0.65V, so that Equation (7) yields a
value ΔEC� 0.03 eV if one assumes that Vd¼Vintþ 2 kBT/q,
which is significantly lower than the estimate of ΔEC¼ 0.18
� 0.05 eV from the coplanar lateral conductance analysis. For
the P/n heterojunction, δc-Si� 0.25 eV, δa-Si:H� 0.35 eV, and
Vint� 0.55 V, so that Equation (8) yields a value ΔEV� 0.08 eV,
which is even more significantly lower than the estimate of
ΔEV¼ 0.36� 0.04 eV from the coplanar lateral conductance
analysis.
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 16)
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Figure 13. Calculated total diffusion voltage Vd (dashed lines), diffusion
voltage in c-Si Vc�Si

d (plain lines) and intercept voltage of the linear fit of
1/C2 (symbols) for an N/p heterojunction, for two Fermi level positions in
the bandgap of (n) a-Si:H, δa-Si:H¼ 0.2 and 0.4 eV, as a function of the
conduction band offset. The horizontal dashed and plain lines indicate the
strong inversion band bending approximations from Equation (10) and
Equation (11), respectively.
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The lower band offsets obtained from the C–V technique with
the use of Equation (7) or Equation (8) have been explained by
the presence of the strong inversion layer at the c-Si surface.[34]

Indeed, it has been shown that, when a strong inversion region
exists at the c-Si surface, the capacitance reflects only the
depleted part of the space charge region. Therefore the value of
Vint extracted from Equation (9) does not correspond to the total
diffusion potential but only to the potential drop in the depleted
part of the space charge in c-Si, or, in other words, to the band
bending, ψinv, corresponding to strong inversion. An approxi-
mate expression based on the definition that the minority carrier
concentration at the limit of strong inversion should be equal to
the majority carrier concentration in the bulk is[35]

ψinv ¼
2kBT
q

ln
Ndop

ni

� �
ð10Þ

Another approximate expression has been proposed by
Lindner[36] as

ψinv ¼
kBT
q

2:1 ln
Ndop

ni

� �
þ 2:08

� �
ð11Þ

For given values of δc-Si and δa-Si:H, Equation (7) predicts that
the diffusion potential should increase linearly with the
conduction band offset in the N/p heterojunction (and similarly
for the valence band offset using Equation (8) in the P/n
heterojunction). However, above a given value of band offset the
strong inversion region appears and the intercept voltage then
saturates at a value which is found to be between the
approximate expressions of ψinv given by Equation (10)
and (11). This can be seen in Figure 13 where Vd, Vc�Si

d and
Vint were calculated for a N/p heterojunction at 300K using a
constant DOS of 1019 cm� 3 eV� 1 in a-Si:H and a doping density
Na¼ 1015 cm�3 in c-Si. For δa-Si:H¼ 0.4 eV, which would
correspond to moderately doped (n) a-Si:H, we observe that
Vd, Vc�Si

d and Vint are almost identical and increase linearly with
ΔEC up to a value of 0.2 eV. This corresponds to the situation
where no strong inversion exists, the junction behaves like an
nþ/p junction, the potential drop in a-Si:H is negligible, the
depletion approximation works well in c-Si and Vint is almost
equal to Vd� 2kBT/q as predicted by the depletion layer theory.
For ΔEC> 0.2 eV, the silicon surface becomes strongly inverted,
the potential drop in a-Si:H becomes non negligible so that Vc�Si

d
departs from Vd, and Vint saturates at a value corresponding to
ψinv. For δa-Si:H¼ 0.2 eV, which better corresponds to highly
doped (n) a-Si:H, as found experimentally from planar
conductance measurements, the total diffusion potential is
increased by 0.2 eV compared to the case where δa-Si:H¼ 0.4 eV
because this corresponds to a lower work function in a-Si:H by
0.2 eV. Strong inversion along with the saturation of Vint then
also appears for a lower value of ΔEC by 0.2 eV (�0 instead of
�0.2 eV). Note that the saturation value is the same as before
since it only depends on the c-Si doping which has been kept
constant, and it corresponds to the value obtained experimen-
tally on (p) type c-Si with similar doping (Figure 12). Using a
more realistic DOS in a-Si:H (made of two exponential band tails
and deep defect distributions) does not change the dependence
on ΔEC nor the saturated value of Vint, and the influence of
Phys. Status Solidi A 2019, 1800877 1800877 (8
interface defects was found to be significant only for densities
above 1012 cm�2.[34] In conclusion, the C–V technique fails to
extract the correct band offset value due to the presence of the
strong inversion layer, however, the value of Vint can indicate the
presence of such a layer by comparing it to the value of ψinv
calculated from Equation (10) or (11).

Finally, the presence of a strong inversion at the c-Si surface
could also be emphasized from the temperature dependence of
the capacitance. Indeed, it was found that the capacitance of both
P/n and N/p heterojunctions increases with temperature more
rapidly than predicted from the depletion layer approxima-
tion.[37] A comprehensive study of the capacitance was
presented,[38] and a full modeling was developed, based on
analytical and numerical calculations, where the influences of
the thickness and DOS in the doped a-Si:H, as well as that of
introducing a very thin undoped a-Si:H buffer layer has been
studied.[39] In order to make the link with the voltage
dependence, one can consider the effective diffusion voltage:

Vef f
d ¼ qeNdop

2C2 ð12Þ

In the depletion approximation, Vd
eff should be equal to Vd at

zero applied bias, as obtained from Equation (9). The
temperature dependence should then be principally related to
the shift of the Fermi level with temperature in c-Si, since the
shift of the Fermi level in a-Si:H is much smaller. However, the
temperature dependence obtained in the depletion approxima-
tion is much weaker than observed experimentally. This is
shown in Figure 14 for the P/n heterojunction. On the contrary,
the full calculation of the capacitance, including the contribution
of holes in c-Si, that become majority carriers in the strong
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 16)
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Figure 14. Effective diffusion voltage at zero DC bias, Vd
eff, as a function

of temperature, in a P/n heterojunction. Experimental data (full dots) are
compared to the band bending at the strong inversion limit, ψinv from
Equation (10) (full line) and to the values obtained from the calculation
using the depletion approximation (dotted lines) or from a full calculation
including the contribution of carriers in the strong inversion layer for two
values of valence band offset, ΔEV¼ 0.3 eV (open diamonds) and
ΔEV¼ 0.5 eV (crosses). All data have been normalized to their values at
300 K. Data from Ref. [37].
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inversion layer at the c-Si surface, is able to better reproduce this
stronger temperature dependence. One can see that calculations
assuming a valence band offset of 0.3 and 0.5 eV nicely fit the
experimental data above 250K. Below 250K, these are framed by
the two calculated curves, which gives an estimate of the valence
band offset in good agreement with that obtained from the
lateral planar conductance measurements. One can also observe
that the curve calculated with ΔEV¼ 0.5 eV is very close to that
calculated with the simple expression of Equation (10). The
reason is that, for such a large value of the valence band offset (all
other parameters being kept constant), strong inversion almost
exists at any temperature. When ΔEV is decreased, strong
inversion progressively disappears at low temperature, which
creates a weaker temperature dependence, as for the curve
calculated in the depletion approximation. However, when the
strong inversion layer is formed, the curve becomes independent
of ΔEV and is well described by Equation (10).
Figure 15. Scheme to illustrate the principle of the defect-pool model
based on the chemical equilibrium between the weak Si-Si bonds in the
valence band tail (VBT) and the dangling bonds formed with a distribution
function P(E) centered at Ep.
3. The Role of the (i) a-Si:H Buffer Layer

As mentioned in the Introduction, one major step in the
fabrication of silicon heterojunctions is the insertion of a very
thin undoped (i) a-Si:H buffer layer between the doped a-Si:H
layer and the c-Si wafer to passivate the a-Si(H)/c-Si interface.[8]

Although post-deposition treatments like post-annealing or post-
hydrogenation also play a role,[40] it has been demonstrated in
previous studies that the performance of silicon heterojunction
solar cells depends on the (i) layer thickness.[41–43] An optimized
buffer layer thickness was generally found in the range 3–8 nm.
The effect of the buffer layer has been considered by several
Phys. Status Solidi A 2019, 1800877 1800877 (9
authors,[44] the main role being to reduce the defect density at the
a-Si:H/c-Si interface, attributed to silicon dangling bonds (DB),
and thus decrease the interface recombination.

In the defect-pool model,[45,46] the bulk DB density in a-Si:H
depends on the Fermi level position which leads to a non-
uniform spatial DB distribution in an a-Si:H/c-Si heterojunction
due to the band bending and spatially varying Fermi level.

We have developed a software which self-consistently
calculates the DOS in both doped and undoped a-Si:H layers
of a Si heterojunction by using the defect-pool model. We show
here that, due to the Fermi level position dependence of the a-Si:
H defect density, the thin (i) a-Si:H layer underneath the doped
a-Si:H film exhibits high DB density, as had been pointed out by
De Wolf.[47] We used our calculation results to extrapolate the
(i) a-Si:H/c-Si interface defect density. This model allowed us to
explain the increase of the effective lifetime in c-Si with the
(i) a-Si:H layer thickness, as observed experimentally.
3.1. Density of States Calculated in the Defect-Pool Model

3.1.1. Defect-Pool Concept

The density of gap states in a-Si:H results from a chemical
equilibrium between the weak Si-Si bonds at the origin of tail
states and the dangling bonds (DB) at the origin of defect states.
The DB can be formed by a chemical reaction with different
mechanisms according to the hydrogen contribution to the
breaking of weak Si-Si bonds in the valence band tail.[45,48] The
resulting DB densityD(E) is composed of positively, neutral, and
negatively charged defects at a range of energies E with
respective densities D+, D0, and D�. These defects are formed
with a probability described by a distribution function for
potential defect sites P(E), also called the defect-pool function.
P(E) is a Gaussian centered at the energy Ep which corresponds
to the most probable energy for the DB. This principle of the
defect-pool model is illustrated in Figure 15.
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 16)
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Figure 16. Calculateddensity of dangling bondstatesD(E)withdefect-pool
parameters[46] in undoped a-Si:H (a), n-type a-Si:H (b) and p-type a-Si:H
(c) at T¼ 300K (Teq¼ 500K). In n-type (p-type) a-Si:H, the Fermi level
EF is shifted by 0.3 eV (0.5 eV)-orange, 0.4 eV (0.6 eV)-blue and
0.5 eV (0.7 eV)-green from its position in undoped a-Si:H leading to a
strong increase of theD� (Dþ) density. For clarity of the figures, theD�,D0,
and Dþ components with smaller densities are only shown for one
position of the Fermi level in doped a-Si:H.
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Two key elements are inherent to the defect-pool model: i)
D(E) is frozen in at an equilibration temperature Teq (usually
taken equal to 500K)[45,49] and does not change with Tas soon as
T is lower than Teq; ii) D(E) depends on the Fermi level position
and a shift of the Fermi level EF closer to the conduction band
(valence band) edge leads to an increase of the D� (D+) density.
Figure 16 shows the density of DB states D(E) calculated with
defect-pool model parameters from Powell and Deane[46] for
undoped,
n-type and p-type a-Si:H and the influence of the Fermi level shift
on D(E).

This Fermi-level dependence is also shown on Figure 17
where the one-electron density of states Ng is presented,
integrated over energy as a function of the Fermi level position,
with Ng given by

Ng ¼
Z Ea�Si:H

C

Ea�Si:H
V

gðEÞdE ð13Þ

The one-electron DOS g(E) corresponds to the conversion of
the DB distribution into monovalent states and is approximated
by g Eð Þ � D E þ kBTln 2ð Þð Þ þD E �U � kBTln 2ð Þð Þ;[46] where
kB is the Boltzmann constant andU the correlation energy taken
equal to 0.2 eV in our calculation. Ng(E) presents a minimum
around midgap and increases exponentially as the Fermi level is
shifted from midgap. Another important feature illustrated in
Figure 17 is the dependence of Ng(E) with the valence band tail
Urbach energy EU, which is a key parameter in the defect-pool
model.
3.1.2. The Non-Homogeneous DOS in the (i) a-Si:H Layer in
a Solar Cell

Studying qualitatively and quantitatively the influence of the
interface defects on the (p) a-Si:H/(i) a-Si:H/(n) c-Si or (n) a-Si:H/
(i) a-Si:H/(n) c-Si solar-cell performance can be complex and is
usually done with the help of numerical modeling tools. In the
Figure 17. One-electron density of states Ng integrated over energy as a
function of the Fermi level position for three values of the valence band tail
Urbach energy Eu.
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Figure 18. (a) (p) a-Si:H/(i) a-Si:H/(n) c-Si band diagram; (b)One-electron
density of states in a-Si:H calculatedusing thedefect-poolmodel at different
pointsof thebanddiagramin(a): topof the (p)a-Si:H layer (pt1), (p)a-Si:H/
(i) a-Si:H interface (pt 2) and (i) a-Si:H/(n) c-Si interface (pt 3). The deep
defect density has been deduced from the DB distribution calculated using
the defect-pool model with parameters from Powell and Deane.[46] The
Urbach energy of the valence band tail has been taken equal to 86meV in (p)
a-Si:H (pt1), and 68 meV in (i) a-Si:H (pt2 and pt3). Data from Ref. [52].
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following, (p) a-Si:H/(i) a-Si:H/(n) c-Si and (n) a-Si:H/(i) a-Si:H/
(n) c-Si structures will be written P/I/n and N/I/n, respectively.

Despite some discussions regarding spatial variation of the
defect density in a-Si:H along the film growth axis due to
inhomogeneities of the material,[50] and because the layers are
considered thin, the density of states (exponential tails and deep
defects) in both the doped and undoped a-Si:H layers is generally
taken homogeneous in the whole of each layer.[51] This
approximation is quite good for a thick a-Si:H layer, but band
bending in a-Si:H close to the a-Si:H/c-Si interface in a
heterojunction solar cell results in a non-uniform spatial DB
distribution which canmake this approximation inaccurate. This
is precisely the case for the (i) a-Si:H buffer layer. Indeed, the
defect density of the (i) a-Si:H buffer layer is usually thought to
be very low but the presence of the doped a-Si:H layer imposes a
Fermi level position in (i) a-Si:H much closer to the band edge
(valence band edge for a P/I/n heterojunction; conduction band
edge for a N/I/n heterojunction) than in a bulk undoped a-Si:H
layer, leading to high DB densities. Figure 18a shows the DOS in
a-Si:H at different points of the band diagram of a P/I/n
structure: top of the (p) a-Si:H layer (pt1), (p) a-Si:H/ (i) a-Si:H
interface (pt2), (i) a-Si:H/ (n) c-Si interface (pt3). The DOS in
both the doped and undoped a-Si:H layers has been calculated
according to the defect-pool model using a software developed in
our group which self-consistently solves Poisson’s equation and
calculates the DB distributions.[52] We used the standard model
parameters proposed by Powell and Deane,[46] except for the
Urbach energy of the valence band tail that was taken equal to
86meV in (p) a-Si:H, and 68meV in (i) a-Si:H. The bandgap of
a-Si:H and the valence band offset with c-Si were taken equal to
1.7 and 0.4 eV, respectively. We introduced an acceptor doping
density in (p) a-Si:H that gives a Fermi level position
δa�Si:H ¼ EF � Ea�Si:H

V ¼ 0.3 eV at pt1 (we note here that the
doping density is not a good indicator for the doped a-Si:H
properties, since it cannot directly reflect the free hole
concentration: the Fermi level, being determined by charge
neutrality, strongly depends on the DOS distribution, so the
position of the Fermi level and the DOS are much better
indicators). It can be observed in Figure 18b that the total density
of deep defects in the (i) a-Si:H layer reaches values of 1019 cm�3

or larger, which is much higher than in thick bulk undoped a-Si:
H where values are in the range 1015–1017 cm�3.[53] However, the
DOS in (i) a-Si:H remains lower than in the (p) a-Si:H layer such
that the defect density at the a-Si:H/c-Si interface is expected to
be lower than when no buffer layer is inserted.
3.2. Surface Passivation

In light of the (i) a-Si:H buffer-layer defect properties described
above, we can wonder if the defect-pool model can explain
interface recombination and dependence upon (i) a-Si:H layer
thickness in silicon heterojunctions. To bring answers, we have
used our calculation program to determine the a-Si:H DB
density profiles in an a-Si:H/c-Si heterojunction from which a
surface state density Dit at the a-Si:H/c-Si interface has been
deduced.We then studied the influence ofDit and of the (i) a-Si:H
layer thickness on the effective carrier lifetime in symmetrical
structures using the modeling software Silvaco-Atlas.[54]
Phys. Status Solidi A 2019, 1800877 1800877 (1
3.2.1. Extrapolated Surface State Density

Recombination at the hetero-interface can be considered as
volume recombination taking place in a very thin c-Si layer at the
interface. Actually, c-Si wafer sawing can lead to not completely
planar surfaces even after chemical cleaning, and a-Si:H and c-Si
atoms bond in a disordered way on the c-Si non planar surface
during the a-Si:H deposition. Thus, to model the a-Si:H/c-Si
interface, we have considered a thin defective c-Si layer with a
volume density of states Nit(E). The surface defect density Dit is
then given by

Dit ¼ dint �
Z Ec�Si

C

Ec�Si
V

NitðEÞdE ð14Þ

where dint is the c-Si defective layer thickness we have taken
equal to 0.5 nm.
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Therefore, the first step in the extrapolation of the
surface state density is to determine Nit(E). To do so, we
calculated the density of states in the doped and undoped
a-Si:H layers of a silicon heterojunction using the defect-pool
model. The DB distribution is then modeled by
monovalent states (g(E)) and the total density of states N(E)
is the sum of the deep defect DOS (g(E)) and the exponential
DOS of the valence and conduction band tails. Nit(E) is
obtained by the projection on the hetero-interface of the bulk
states in (i) a-Si:H which are close to the interface. Since
Ea�Si:H
g > Ec�Si

g , the projection is limited to the gap of
c-Si which means that

Nit Eð Þ ¼
0; E < Ec�Si

V

NðE; x ¼ 0Þ; Ec�Si
V < E < Ec�Si

C

0; Ec�Si
C < E

8>><
>>:

ð15Þ

where x¼ 0 is the position of the a-Si:H/c-Si interface.
Figure 19 shows the density of monovalent states in

(i) a-Si:H at the (i) a-Si:H/c-Si interface, (N(E, x¼ 0)), for
values of the Fermi level positions that are typical of a P/I/n
heterojunction (EF�EV¼ 0.5 eV at the a-Si:H/c-Si interface)
and an N/I/n heterojunction (EF�EV¼ 1.45 eV at the a-Si:H/
c-Si interface). The density of states at the interface Nit(E) is
given by the restriction of N(E, x¼ 0) to the c-Si bandgap with
a band offset ΔEV taken equal to 0.4 eV.[22] Note that the model
predicts larger defect density at the c-Si surface of P/I/n
structures compared to N/I/n structures. This had already
been discussed in terms of Fermi-level induced defect
formation and Si–H bond rupture to explain better passivation
properties.[47]
Figure 19. One-electron density of states in a-Si:H at the a-Si:H/c-Si
heterointerface (N(E), x¼ 0) for two Fermi level positions. The deep
defect density has been deduced from the DB distribution calculated
using the defect-pool model with parameters from Powell and
Deane[46] and the Urbach energies of the valence and conduction
band tails have been taken equal to 68 and 40meV, respectively. The
density of states at the interface Nit is determined by restricting the
distribution (N(E), x¼ 0) to the energy interval of the c-Si bandgap
(white background).
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3.2.2. Effect of the (i) a-Si:H Layer Thickness: Experimental
Trends and Simulations

The effective lifetime in c-Si was measured by photoconductivity
decay on symmetrical P/I/n/I/P structures with varying the
(i) a-Si:H layer thickness di from 0 to 50 nm. The results are
presented in Figure 20. There is a clear trend of an increasing
effective lifetime with the increase of di.

We have compared these experimental results with simu-
lations using Silvaco-Atlas for equivalent heterostructures with
the density of monovalent states in the a-Si:H layers deduced
from the defect-pool model and a surface defect density at the
heterointerface calculated as described in Section 3.2.1. In all
simulations, we took Ea�Si:H

g ¼ 1.7 eV,ΔEV¼ 0.4 eV, and δa-Si:H¼
0.3 eV. More details about the simulation parameters can be
found in Reaux’s PhD thesis.[54]

The simulated effective lifetime results shown in Figure 21
exhibit a different trend from the experimental measurements
since the effective lifetime first increases and then decreases
with di.

Regarding the (i) a-Si:H/(n) c-Si interface, the increase of the
(i) a-Si:H layer thickness leads to an increase of the potential
drop Va�Si:H

d and a shift of the Fermi level position closer to
midgap. Thus, according to the defect-pool model, the density of
states at the interface decreases (passivation by decreasing of the
surface state density, so-called chemical passivation). Neverthe-
less, this increase of Va�Si:H

d also implies a decrease of the so-
called field-effect passivation. Indeed, the band bending in c-Si
will become weaker, meaning that the strong inversion layer at
the c-Si surface, that was observed in structures without (i) a-Si:H
buffer layer, gets weaker or disappears. Therefore, the
concentration of minority carriers in c-Si at the a-Si:H/c-Si
interface (electrons) then increases, which consequently leads to
an increase of the recombination rate. For our experimental
structures, the effective lifetime measurement trend shows that
chemical passivation predominates over field-effect passivation
Figure 20. Effective lifetime in c-Si measured by photoconductivity decay
on (p) a-Si:H/(i) a-Si:H/(n) c-Si/(i) a-Si:H/(p) a-Si:H structures with
different (i) a-Si:H layer thickness di.
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Figure 21. Simulated effective lifetime in c-Si for (p) a-Si:H/(i) a-Si:H/(n)
c-Si/(i) a-Si:H/(p) a-Si:H structures equivalent to those studied
experimentally.

Figure 22. Exponential variation law of the Urbach energy with the
(i) a-Si:H layer thickness that was integrated into our model.

Figure 23. Simulated effective lifetime in c-Si for (p) a-Si:H/(i) a-Si:H/(n)
c-Si/(i) a-Si:H/(p) a-Si:H structures equivalent to those studied
experimentally taking into account the exponential variation law of the
Urbach energy with thickness in the (i) a-Si:H layer.
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as suggested by De Wolf et al.[55] In fact, the higher DB densities
of a very thin (i) a-Si:H layer (a few nm) compared to thicker
layers[56] can explain that a better a-Si:H/c-Si passivation quality
is obtained with thicker (i) a-Si:H films. It is noted that this
cannot be reproduced by our simulations, which means that the
decrease of defects with the increase of (i) layer thickness
calculated from the defect-pool model is not sufficient to
counterbalance the decrease of the field-effect passivation. One
could then argue that the defect-pool model is unable to explain
the dependence of passivation quality on the (i) a-Si:H layer
thickness. However, we also observed previously that the
dangling bond density predicted by the model strongly depends
on the Urbach energy or characteristic width of the valence
bandtail. Since very thin a-Si:H layers could be more disordered
than thicker layers, we implemented a thickness dependent
Urbach tail in the (i) a-Si:H layer by a variation law of the Urbach
energy according to

EU dið Þ ¼ Edoped
U þ E1

U � Edoped
U

� 	
� 1� exp � di

dtype

� �� �
ð16Þ

where E1
U is the Urbach energy in a thick (i) a-Si:H layer, Edoped

U is
the Urbach energy in the doped a-Si:H layer and dtype is the
characteristic distance of the Urbach tail width with thickness.
This variation law is represented in Figure 22. For di¼ 0 nm, the
Urbach energy is taken equal to 75meV for (n) a-Si:H and
85meV for (p) a-Si:H and for a thick (i) a-Si:H we have chosen a
value of 45meV. These are typical values than can be found in the
literature.[53,57] Figure 23 shows the calculated effective lifetime
taking into account the variation law of the Urbach energy with
the buffer layer thickness. We can observe that the experimental
trend with (i) layer thickness is now better reproduced. We are
not aiming at producing the best fits to experimental data,
however we want to indicate which parameters could be changed
tomake the calculated curves get closer to the experimental ones.
We notice that the calculated effective lifetime values are too high
Phys. Status Solidi A 2019, 1800877 1800877 (1
compared to our experimental data (Figure 23 compared to
Figure 20), which means that interface recombination is too low
with the model parameters that have been taken to calculate the
results of Figure 23.

There are basically two ways to increase interface recombina-
tion. The first one is to increase the interface defect density.
Thus, we took larger values of Urbach energy in both doped and
undoped a-Si:H layers: E pð Þa�Si:H

U ¼ 100meV and an exponential
variation law in (i) a-Si:H with E1

U ¼ 65meV. The electronic
properties of very thin a-Si:H layers are not well known and even
though these values appear quite high, they can be compatible
with an increased disorder in very thin layers compared to
thicker ones.[58] Calculations taking into account these larger
values of Urbach energy are shown in Figure 24a.

Another way to increase the interface recombination is to
increase the capture cross sections of the Gaussian defect
distributions. It has been demonstrated elsewhere[59] that the
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 16)
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Figure 24. Simulated effective lifetime in c-Si for (p) a-Si:H/(i) a-Si:H/(n)
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experimentally taking into account the variation law of the Urbach energy
given in Equation (16) with (a) EU

(p)a-Si:H¼ 100meV, EU
1¼ 65meV,

σn
þ¼ 1.3� 10�14 cm2; (b) EU
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1¼ 45meV,
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þ¼ 1.3� 10�13 cm2.
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capture of electrons by the donor Gaussian distribution
(Dþ þ e� ! D0) is dominating in the recombination process.
Thus, to calculate the data shown in Figure 24b we took the same
Urbach energy parameters as for Figure 23, E pð Þa�Si:H

U ¼ 85meV,
E1
U ¼ 45meV, thus yielding the same interface defect density,

but we multiplied the capture cross section of electrons of the
donorGaussianstates, σþn , by a factorof ten (σ

þ
n ¼ 1:3� 10�13 cm2

instead of 1:3� 10�14 cm2, the other capture cross sections
being unchanged, σ0n ¼ 2:7� 10�15 cm2, σ0p ¼ 8:0� 10�15 cm2;
σ�p ¼ 2:0� 10�14 cm2Þ.

Comparing Figure 24a and Figure 24b with Figure 23, we first
observe that the trend of increasing effective lifetime with
increasing (i) layer thickness, as observed experimentally, has
not been changed because this is related to the thickness
dependence of the Urbach tail parameter as proposed by
Equation (16) and Figure 22. As expected, we observe that the
effective lifetime values have been decreased either by increasing
the Urbach energy (Figure 24a) or by increasing the electron
capture cross section for positively charged dangling bonds
Phys. Status Solidi A 2019, 1800877 1800877 (1
(Figure 24b), and that they are now closer to our experimental
values (Figure 20).

In conclusion of this section, the defect-pool model predicts a
much higher density of dangling bond states (>1018 cm�3) in the
thin (i) a-Si:H buffer layer of a (p) a-Si:H/(i) a-Si:H/(n) c-Si or (n)
a-Si:H/(i) a-Si:H/(n) c-Si structure than the usual low defect
values (�1016 cm�3) of thick undoped a-Si:H layers. Using the
defect-pool model to describe the volume deep defects in both
the doped and undoped a-Si:H layers we have extrapolated the
volume defect density in the (i) a-Si:H layer to the surface defect
density at the a-Si:H/c-Si interface. This enabled us to reproduce
the trend of experimental effective lifetime data in c-Si as a
function of the (i) a-Si:H buffer layer thickness in doped a-Si:H/
(i) a-Si:H/ c-Si structures. However, to do so, it was necessary to
take into account a change of the width of the valence band tail in
(i) a-Si:H with the buffer layer thickness. Such a change could be
justified in terms of changes in the disorder in the material.

Regarding the relevance of the defect-pool model to explain
passivation properties of the c-Si surface in silicon hetero-
junction solar cells, previous works by other groups also
emphasized the asymmetry in the Fermi-level induced defect
formation in P/n and N/n silicon heterojunctions,[47] or a
correlation between passivation of the c-Si surface and the
Urbach energy of the (i) a-Si:H layer in I/n or P/I/n structures.[60]

Although the environment of dangling bonds at the interface
could be different than that of bulk dangling bonds, the effects of
Fermi level position and disorder (weak Si-Si bonds) seem to be
mostly relevant. In some recent works, other authors obtained
better surface passivation, for example, larger effective lifetimes
in P/I/n structures when the (i) a-Si:H layer exhibited a larger
hydrogen microstructure factor R�.[61] This might seem to
contradict results obtained from other groups, as previously
mentioned. However, a larger hydrogen microstructure factor
does not necessarily imply a larger Urbach energy. We have seen
in our modeling that increasing the Urbach energy also
increases the surface defect density, thus decreasing the effective
lifetime. Similarly, decreasing the Urbach energy would produce
larger effective lifetimes. One could also argue that the larger
hydrogen microstructure factor could indicate changes in the
local environment of dangling bonds that could decrease the
capture cross section, and thus increase the effective lifetime.
Moreover, hydrogen also affects the bandgap of a-Si:H.
Increasing the microstructure and the bandgap of a-Si:H has
not been discussed here in the frame of the defect-pool model. A
shift of the pool position with increased bandgap energy could
also result in a lower defect density. Such argument was for
instance used to explain experimental results of better surface
passivation of highly doped c-Si by a-Si:H deposited at lower
temperatures, having larger bandgap.[62]
4. Concluding Remarks

The a-Si:H/c-Si heterointerface has been a matter of intensive
research in the past decade. Thanks to combined experimental
and modeling work, it has been possible to have a reliable
picture of the band diagram at the heterojunction and to deduce
values for the band offsets. Technological progress has led to
outstanding device performance in solar cells with record
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 16)
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conversion efficiencies. This has been possible thanks to the
introduction of a thin undoped a-Si:H buffer layer. The
common thought is that undoped a-Si:H has a very low density
of deep defects compared to doped a-Si:H, and thus leads to low
interface defect density and low interface recombination for
carriers generated in the c-Si absorber. Based on the defect-pool
model, we have demonstrated that this common idea is not
true. Indeed, due to the low band bending in the doped a-Si:H
layer, the position of the Fermi level in the thin (i) a-Si:H buffer
is much closer to the band edge than it would be in the bulk of
thick (i) a-Si:H, leading to a much larger DOS than generally
assumed. Nevertheless, increasing the (i) a-Si:H thickness
screens the presence of the doped a-Si:H by increasing the
potential drop in the (i) layer and shifting the Fermi level to a
position closer to midgap than in the doped a-Si:H, thus
inducing a reduction of the DOS at the a-Si:H/c-Si interface and
therefore a reduction of the interface defect density. Simu-
lations have shown that experimental data of effective lifetime
in c-Si as a function of the (i) buffer thickness can be
reproduced in the frame of the defect-pool model only if the
width of the valence band tail also decreases when the (i) buffer
thickness increases. This could reflect a lower density of weak
Si-Si bonds and a lower degree of disorder as the (i) buffer
thickness is increased, which also results in a lower deep defect
density due to the equilibrium between weak bonds and deep
defects. A full description of the chemistry and physics of the a-
Si:H/c-Si interface (taking into account hydrogen microstruc-
ture at the interface as well as the effects of post-annealing and
post-hydrogenation treatments) is not directly integrated at the
moment in the defect-pool model, and we observed that some
recent experimental results published in the literature regard-
ing the link of disorder and hydrogen microstructure in the (i)
a-Si:H buffer layer to c-Si surface passivation might seem
contradictory. This could deserve further work in order to
identify to which degree changes in the bandgap energy and
pool position in the model could solve this issue. Nevertheless,
the overall general idea of the model can at least provide a
theoretical support to explain major experimental data and
technological improvements of the a-Si:H/c-Si based solar cell
properties.
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