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ABSTRACT

This paper presents an advanced measurement method for controlling the surface charge carrier density of passivated silicon wafers during
photoconductance and photoluminescence measurements, by employing semitransparent poly(3,4-ethylenedioxythiophene)-poly(styrene-
sulfonate) electrodes with an applied bias voltage. This is employed to study and analyze charge carrier dynamics in dielectric layers by mea-
suring their direct influence on effective lifetime. With this method, the carrier population at the surface and the effective carrier lifetimes of
n- and p-type samples can be investigated, from which the fixed charge carrier density Qf of the passivation can be extracted. Additionally,
the defect density Dit can also be derived from the minimum lifetime values at flatband voltage. In SiO2/Al2O3 stacks with varying SiO2

interlayer thickness, it was shown that by changing the SiO2 thickness, the carrier density Qf can be tuned to a wide range of values, which
corresponds to the results obtained in other studies. An increase in interlayer thickness resulted in a decrease in Qf. Varying the SiO2 thick-
ness, the behavior of the respective effective lifetime under bias voltage also changes, exhibiting hysteresis-like effects, which are attributed
to additional charges getting trapped at the surface during bias-voltage application. This effect is much more pronounced for samples with a
thinner SiO2 layer as well as for the n-type samples. Additionally, the doping type also influences the magnitude of Qf, with p-type samples
generally reaching lower absolute values. It was also shown that aging of the samples had a significant effect on the measured Qf, which was
increased compared to the initial Qf of the passivation. This effect was more pronounced for the n-type samples. The measurements were
realized by a cost-effective and easy-to-use microcontroller-based potentiostat, which can be used as a simple add-on to existing photocon-
ductance or photoluminescence measurement setups.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153204

INTRODUCTION

In the 21st century, silicon surface passivation has gained
major importance in being the limiting factor for device efficiency
of silicon solar cells.1–5 Many improvements in the production
process of pure silicon have led to a decrease in defect density in
the silicon bulk, increasing the influence of surfaces and interfaces
of solar cell structures. These constitute abrupt discontinuities of
the crystal lattice, which introduce defect states in the forbidden

bandgap. These states then facilitate recombination of charge carri-
ers via the Shockley–Reed–Hall mechanism, which lowers the effi-
ciency of the solar cell. Surface passivation is the technique to
reduce the amount of recombination. In practice, this is done
mainly by applying a dielectric layer to the cells surface. This layer
lowers the defect density (Dit) by saturating the so-called “dangling
bonds.” Additionally, the passivation layer can introduce a fixed
charge density (Qf ) at the interface, which can influence the
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amount of recombination at the interface. The fixed charges gener-
ate a mirror charge in the substrate by establishing an electric field
that penetrates the interface, modifying the charge carrier density
at the interface. The fixed charge density can increase or decrease
the ratio of carrier concentrations and, thus, lower the amount of
surface recombination.5

As the fixed charge density Qf greatly influences the perfor-
mance of silicon devices, determining its exact value and gaining
insight into the precise mechanisms of charge formation and
charge dynamics is of great interest. However, accurate determina-
tion of Qf is often a difficult task, as it requires the control of the
charge carrier concentrations in the space charge region. The most
commonly employed measurement techniques for this task are
capacitance–voltage measurement (C–V)6 or corona charge deposi-
tion.7 For C-V measurements, the sample must be made into a
metal–insulator–semiconductor (MIS) structure, using metal con-
tacts on both sides. A range of DC bias voltages is then applied to
the sample and the capacitance is measured by a superimposed
small AC signal.8 This method has the disadvantage of requiring
specific, time-consuming sample preparation, which inhibits
further determining the charge carrier lifetime by photoconduc-
tance measurements of the same sample. Corona charge deposition
works by applying a strong voltage between the sample and a sharp
metal electrode that rests above the sample, resulting in chain ioni-
zation of the air and charge deposition on the dielectric.9 The
amount of charge is then measured with a Kelvin probe and the
lifetime of the sample is determined in dependence of the depos-
ited charge. This measurement process has the disadvantage of
consisting of multiple steps, during which charge leakages can
occur. This makes it relatively cumbersome if a larger range of
surface charges are to be investigated. It also suffers from large
errors in determination of charge as certain dielectrics do not hold
charge for a long enough period of time to complete successful
measurements. Both methods suffer greatly from such dielectric
conduction, making them not suitable for all types of dielectrics.

One alternative method is to add a very thin metal gate on top
of the dielectric layer, thus creating a metal–insulator–semiconduc-
tor (MIS) structure and then testing the sample by photoconduc-
tance. Applying a bias voltage to the metal gate can then be used to
control the surface charge density, and thus drive the device into
the accumulation, depletion, or inversion regimes. This so-called
Bias-Voltage Photoconductance (Bias-PCD) method with semi-
transparent electrodes was first introduced by Jellett and Weber,10

using an ultra-thin aluminum layer on both sides of the sample.
The metal gate, however, lowers the amount of light that can enter
the device, impeding charge carrier injection and, therefore, hin-
dering the characterization of the sample via photoconductance
measurements. This can be overcome by very finely tuned deposi-
tion of extremely thin metal gates as done in Ref. 10, keeping them
semitransparent. Other more novel methods exist, like a dual
mercury probe setup,11 but these are based on assumptions of the
charge dynamics inside the samples or suffer from similar prob-
lems as the aforementioned methods.

An alternative approach was developed by Bonilla,12 using a
conductive organic polymer, poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS), as a gate electrode of the MIS
structure instead. The latter technique is based on a simple, cheap,

and reliable sample preparation and measurement technique. It can
be used to easily extract information about the fixed charges at the
interface and even about the defect density via modeling of
the measured dependence of the charge carrier lifetime or surface
recombination velocity over the bias voltage.13 In this paper, an
advanced version of this method is presented. It is realized in the
form of a low-cost add-on device for the Sinton WCT-120 photo-
conductance measurement unit,14 which can be connected via
universal serial bus (USB) to the same measurement computer.
With this device, external voltages of up to ±14 V can be applied
to samples prepared with semitransparent electrodes. This voltage
is used to control the surface charge carrier concentration, allow-
ing for a quick and easy determination of the fixed charge density
Qf at the silicon–dielectric interface for many different passivation
layer configurations. The defect density Dit can also be estimated
based on the minimum lifetime values at flatband voltage. With
precise modeling following the Girisch-Aberle algorithm,15,16

implemented in Matlab,13 these values can be determined with
high precision.

In this report, we present the results obtained by using our
advanced implementation of the Bias-PCD method with a set of
crystalline silicon samples with dielectric layers applied by plasma
enhanced atomic layer deposition (PEALD). A capping layer of
20 nm of aluminum oxide (Al2O3) combined with an interlayer of
silicon dioxide (SiO2) with thicknesses between 0 and 10 nm was
used. This sample configuration was chosen as Al2O3 passivation
layers are known to exhibit excellent passivation properties17–19

with defect densities as low as Dit � 1011 eV�1 cm�2 and high neg-
ative fixed charges of up to Qf � �1013 cm�2. The exact mecha-
nism of charge formation in Al2O3-passivated samples is an area of
intense research. Most studies conclude that these negative fixed
charges form at the interface during the ALD growth process.2 A
very thin interlayer of SiOX forms between the c-Si substrate and
the Al2O3 layer, which is crucial for the charge injection from the
substrate into the dielectric. It was previously shown that growing a
SiO2 interlayer before depositing Al2O3 weakens this charge injec-
tion. This can be exploited to tune Qf to a desirable value.20,21 This
way, the passivation can be adjusted to different substrates or for
different device applications. This set of samples serves as a robust
example to demonstrate the working principle of the Bias-PCD
method.

The focus of this study is on presenting an advanced charac-
terization technique and using it to gain new insights into the
changes in the passivation mechanisms as Al2O3 is combined with
a SiO2 interlayer. The impact of the interlayer thickness on the
results is furthermore discussed in detail.

Preliminary tests on samples prepared with PEDOT:PSS
showed large differences between samples tested at different times
after their preparation. As studies have reported the
humidity-related effects of aging on PEDOT:PSS layers,22 a part of
the samples was tested 1 month after the application of the
PEDOT:PSS electrodes, to study whether similar effects can be
observed with the gate electrodes. Additionally, the use of the
device for Bias-Voltage Photoluminescence (Bias-PL) measure-
ments is showcased. This can be used to obtain voltage-dependent
PL images for the inspection of passivation uniformity or detection
of inhomogeneous bulk defects.
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BIAS-VOLTAGE MEASUREMENTS

The experimental setup developed in this work is illustrated in
Fig. 1(a). The appropriately prepared sample rests on the sample
stage of a Sinton WCT 120 lifetime tester,14 which contains the
sensor used for the photoconductance measurements. The bias-
voltage device is connected to the electrode and silicon/wafer bulk
contacts on the sample via spring-loaded probes and a pressure
contact to a copper foil. This way voltage is applied between the
passivated sides of the sample and the bulk silicon.

The device is designed as a simple and cost-effective potentio-
stat that can apply voltages up to ±14 V to a sample, while simulta-
neously logging the bias voltage and leakage current in real time.
The design is based on Ref. 23 and expanded to meet the demands
of the Bias-PCD method. Central to the hardware is an Arduino
Nano microcontroller,24 which serves as the USB connection to the
PC, and via which the Inter-Integrated Circuit (I2C) communica-
tion to the digital-analog converter (DAC) and analog-digital con-
verter (ADC) is established. The DAC is configured to output a
signal between 0 and 5 V, which serves as a set point for the
desired voltage of up to ±14 V at the passivation layer. A combina-
tion of multiple operational amplifiers compares this signal and the
measured potential, driving the output until the measured potential
reaches the desired value. Figure 1(b) gives an overview of the
employed circuitry.

The accompanying Bias-PCD software is designed to run in
parallel to the Sinton Instruments Photoconductance Software.25

While it is running, it constantly logs, displays, and controls the
bias voltage and leakage current between the substrate and the gate
electrodes. Photoconductance measurements at a certain bias
voltage can be executed by inputting the appropriate voltage value,
which is then held steadily by the device, followed by executing a
measurement using the Sinton Instruments software. As the
Bias-PCD software controls the Sinton Instruments software, no
further modification of the original software is required. During
this study, all photoconductance measurements were taken in tran-
sient mode with a flash time of 1/64 s, considering that all samples
showed a sufficiently high effective lifetime before a voltage was
applied. It must be noted that multiple measurements resulted in
lifetimes below 200 μs, especially around the lifetime minimums,
where the transient mode produces less reliable results. For the
exact determination of Dit, additional measurements with the gen-
eralized mode and a flash time of 1 s should be performed, which
was not in the scope of this work.

To facilitate measurements over a large range of different volt-
ages, the software provides the automated “voltage sweep” method.
A start and end value as well as the step width can be defined,
which determines at which voltage values photoconductance mea-
surements will be conducted. Various other measurement options
are also available, for example, defining whether the sweep should
be repeated with opposite polarity.

SAMPLE DETAILS

To verify the practicability of the presented Bias-PCD setup,
n- and p-type 1Ω cm float-zone (FZ) silicon wafers of 200 and
250 μm thickness, respectively, were studied. The samples were
shiny-etched on both sides. They were subject to a standard RCA

cleaning step,26 before being oxidized at 1050 °C in dichloroethy-
lene, oxygen, and argon to grow a 100 nm thermal silicon dioxide
(SiO2) layer on both sides, to deactivate FZ defects.27 Before appli-
cation of the final passivation layer, this SiO2 layer was again
removed by a buffered oxide etch. The dielectrics were then applied
by means of plasma enhanced atomic layer deposition (PEALD)
with a FlexAL system by Oxford Instruments at 140 °C. First, the
SiO2 interlayer was deposited with a thickness varying between 0
and 10 nm, using bisdiethylaminosilane (BDEAS) as a precursor.
The samples were then all capped with a 20 nm layer of Al2O3,
with trimethylaluminum (TMA) as the precursor. After the deposi-
tions, a forming gas anneal was performed at 425 °C for 25 min to
activate the passivation on all samples. Passivation was always
applied symmetrically on both sides of the sample.

Following the anneal, the wafers were broken into quarters
and a layer of poly(3,4-ethylenedioxythiophene) polysterene sulfo-
nate (PEDOT:PSS) was applied. The samples were spin-coated at
1000 rpm for 120 s with the solution F HC Solar,28 after which they
were left drying for 10 min at room temperature, and finally baked
out on a hotplate for 120 s at 120 °C. This process was repeated on
both sides of the sample. During the spin coating on the top side
of the samples, the innermost corner was covered with a piece of
adhesive foil. The adhesive foil was then peeled off and the passiv-
ation underneath was removed with a diamond scratcher to expose
the substrate. Painted-on conductive silver varnish was then used
to contact the substrate as well as the PEDOT:PSS gate electrodes.

Two sets of identical samples were prepared, of which the first
set was tested by Bias-PCD immediately after having the semitrans-
parent electrodes applied. A second set was prepared with PEDOT:
PSS electrodes but tested at a later point in time, with a delay of
approximately one month. This was done to investigate whether
the aging of the PEDOT:PSS film might influence the charge
dynamics at the interfaces.

EXPERIMENTAL DETAILS

To calculate the fixed charge density Qf of the dielectrics, a
simple parallel plate capacitor approximation was assumed. First,
the surface charge density present at the gate contact QGate is calcu-
lated via

QGate ¼ C (VGate � ΔV), (1)

where C ¼ ε0εr/d is the surface capacitance with the vacuum per-
mittivity ε0, the relative permittivity of the dielectric εr
(εSiO2 ¼ 3:9,29 εAl2O3 ¼ 9:3430), and the thickness of the dielectric
d. VGate is the voltage at the gate electrode (applied and measured
by the Bias-PCD device) and ΔV is the work function difference. A
nominal work function of 4.85 eV is assumed for the PEDOT:
PSS,31 which results in ΔVn ¼ 0:58 V and ΔVp ¼ �0:13 V for
n- and p-type substrates, respectively.32 To calculate the surface
capacitance of the dielectric stacks consisting of part SiO2 and
Al2O3, the layers are considered capacitors connected in series.

To derive Qf from the measured lifetime-over-voltage curve, it
is assumed that the minimum represents the flatband condition.
The voltage induced charge accumulation exactly cancels out the
fixed charge density in the dielectric and Qf can be readily
extracted from the curve,
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Qf ¼ �QGate(Vmin), (2)

with Vmin as the voltage at which the effective lifetime reaches its
local minimum. To obtain Qf , it is therefore necessary that the life-
time curve shows a minimum and it must be assumed that a higher
charge concentration at the surface impacts the lifetime positively.

It is also important to note that this approximation assumes
that all charges are found directly at the dielectric/c-Si interface,
which can be an oversimplification. However, the sum of charges
in the dielectric can be characterized via an effective fixed charge
density assuming the charge centroid being at the interface. It is
this effective charge that influences the band bending and, conse-
quently, the passivation properties. In the following, Qf always
stands for the effective charge density.

In this study, the samples were submitted to positive bias volt-
ages of up to 12 V. The applied voltage was increased by 0.25 V
between each lifetime measurement. After the measurement at the
maximum value of 12 V, the voltage was again decreased stepwise,
until reaching 0 V again. Figure 2(a) depicts this stepwise voltage
increase over multiple measurements. This mode of operation was
chosen to gain insights into the charge trapping in the dielectric33

and to uncover the influence the voltage sweep itself might have on
the sample.

Negative voltages were not applied to the samples. Preliminary
tests of Al2O3-passivated samples showed a significant decrease in
effective lifetime after being subject to negative voltage biases. This
was also observed in similar studies.12,34 All samples exhibited a

lifetime minimum in the positive voltage region, making negative
voltages unnecessary for the determination of Qf with the method.

In addition to the experimental determination of Qf, a matlab
simulation software,13 based on the Girisch-Aberle algorithm15,16

was used to fit the lifetime curves over the full voltage range. The
simulation uses a corrected model regarding the charge-induced
potential fluctuations at the silicon surface, taking into account the
fluctuations of charge concentrations.13 This was used to generate a
set of accurate fits for the determination of Qf as well as defect
density Dit. The obtained Qf was used as a verification for the Qf

obtained directly from the flatband voltage.

RESULTS AND DISCUSSION

Figure 2(a) shows some exemplary Bias-PCD lifetime curves
of one of the n-type samples, with a SiO2 interlayer thickness of
2 nm. The results show that the charge carrier concentration at the
interface can readily be controlled via the applied gate voltage. By
changing the voltage, the effective lifetime can be manipulated due
to changes in the recombination occurring at the surface, controlled
by the access that charge carriers have to defects in the bandgap.
This way, the specimen can be examined in different states from
accumulation to depletion and inversion. As the bias voltage is
increased, the curves shift to lower lifetimes until reaching a
minimum at +2.5 V, after which the lifetimes increase again toward
higher voltages. This implies a transition from inversion to deple-
tion at the flatband voltage of approximately +2.5 V. The increase
afterward represents the sample being driven into accumulation.

FIG. 1. (a) Schematic overview of the Bias-PCD measurement setup. The sample is prepared with a dielectric passivation layer and semitransparent PEDOT:PSS elec-
trodes. Spring-loaded probes are used to apply a voltage while the PCD measurement is taking place. (b) Electronic circuitry of the voltage supply and logging unit. WE,
SE, RE, and CE are the working, sensing, reference, and counter electrodes where the sample gets connected. A1-C2 are the operational amplifiers. On the right side,
the digital-analog converter (DAC), reference voltage (REF), and the analog-digital converter (ADC) are visible. The parts of the circuit for measuring voltage and current
are marked in blue and red, respectively.
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After the maximum voltage of +12 V is reached, the sweep is
repeated in reverse. The lifetime decreases again until reaching its
second minimum at +4 V, implying depletion. As the voltage is
decreased further toward 0 V, the interface reaches inversion again
with an increase in lifetime, recovering to its original value.
Figure 2(b) shows the effective lifetimes at a minority carrier
density of Δn ¼ 1015 cm�3 for all bias voltages, to give a better
overview of the data. A hysteresis effect is evident by a shift of the
minimum to a higher voltage and lower lifetime, as well as the
broadening of the curve. It can be concluded that the bias-voltage
sweep has led to additional charges being trapped in the dielectric
layers and a large level of non-uniformity, which is in line with
observations made in similar studies.33 The lower effective lifetime
of the minimum means the defect density is higher after the sweep.
Furthermore, it is apparent that the sample has a higher maximum
lifetime in inversion than in accumulation, seen at the lower life-
time values toward maximum voltage.

The device used for the application of the bias voltage can
also be used to perform Bias-Voltage Photoluminescence (Bias-PL)
measurements.35,36 For this, a photoluminescence measurement
system was used as reported in Ref. 37. The employed setup can be
seen in Fig. 3(a). The voltage was applied to the sample in the same
way as with the Bias-PCD measurements. Bias-PL measurements
were done every 0.5 V while the voltage was increased from 0 to
12 V. The result of one such voltage sweep can be seen in Fig. 3(b),
together with the Bias-PCD measurement results for the same
sample.

The Bias-PL lifetime data [purple curve in Fig. 3(b)] follow
the same trend observable for the Bias-PCD measurement. With an
increase in voltage, the lifetime decreases until a minimum is
reached at flatband voltage, after which it increases again toward
accumulation. The same behavior can be observed in the PL
images in Fig. 3(b), with brighter hues representing higher

lifetimes. Our advanced instrumentation to carry out the Bias-PCD
method has allowed to evidence a change in charge concentrations
in the observed dielectrics. This is proof that our tool enables an
additional technique to investigate charging mechanisms while
avoiding the previously mentioned challenges posed by other
methods. It is noted, however, that a rather large offset in lifetime
is visible over the whole voltage range. This is mainly attributed to
an artifact of the PL measurements, which were being conducted at
a slightly different carrier density than the PCD measurements.

Figures 4(a)–4(d) show the effective lifetimes at
Δn ¼ 1015 cm�3 over the whole range of voltages for samples with
SiO2 interlayers of 0, 1, 2, 4, and 10 nm thickness obtained by
Bias-PCD. This gives an overview of the lifetime-to-voltage charac-
teristics. The sample shown in Fig. 2 can be found as the yellow
curve in Fig. 4(a). The first part of the measurement during which
the voltage is increasing is marked with an arrow of the same color.

Figures 4(a) and 4(b) show the voltage-dependent lifetime
curves for the n- and p-type samples, which were tested immedi-
ately after having the semitransparent gate electrodes applied.
Nearly all of them show a clear course of inversion–depletion–
accumulation, apart from the sample without SiO2 interlayer in
Fig. 4(a), which shows some irregularities. It is obvious that the
positions of the lifetime minima shift toward lower positive voltages
with an increase in interlayer thickness. This indicates a higher
concentration of effective charge at the interface for a layer stack
with thinner SiO2. Also, the minima show a higher effective life-
time with increasing interlayer thickness. This indicates that Dit is
lower for higher interlayer thicknesses, which fits the results
observed in Ref. 21. The differences between n- and p-type samples
also become obvious: n-type samples generally show a higher life-
time, which could be attributed to either a higher bulk lifetime or a
better passivation quality. Higher negative fixed charges are also
observed in the n-type samples. The hysteresis-like effect is more

FIG. 2. Effective lifetime measurements of n-type samples with 2 nm SiO2 interlayer and 20 nm Al2O3 capping layer. (a) Bias-PCD effective lifetime curves at some exem-
plarily chosen voltage values and (b) lifetimes at Δn = 1015 cm−3 for all measured bias-voltage values. The arrows indicate whether the voltage was being increased or
decreased.
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pronounced for the n-type samples than for the p-type samples.
For the n-type sample without SiO2 interlayer, some scatter and
sudden drops in lifetime are observable while the voltage is being
increased. This might be due to sudden shifting or formation of
charges at the Si–Al2O3 interface, as also seen for samples with
AlOX/SiNX passivation in Ref. 12. These effects are not yet fully
understood and further investigation can be carried out using an
advanced Bias-PCD instrument as the one here reported.

In Fig. 4(a), the strong shift of the minimums toward higher
voltages after the sweep is visible. It can be concluded that for
recently prepared n-type samples, applying a positive gate voltage
modifies the charge density at the interface or in the dielectric
stack, resulting in a larger amount of fixed negative charges after
testing. As this effect is strongest for samples with a thinner SiO2

interlayer, it seems to be influenced most by the interaction
between the Al2O3 dielectric layer and the c-Si substrate. In the
absence of an interlayer SiO2, this charge transfer seems to be
enhanced, allowing electron injection from silicon into the dielec-
tric. This hysteresis-like effect is less pronounced for the aged
samples and for the p-type samples in general.

The lifetime minimums of the p-type samples in Fig. 4(b) lie
at comparably lower bias voltages, meaning the passivation layers
have a lower negative Qf . The hysteresis-like effect of the voltage
sweeps is also much less prominent than with the n-type samples.

Figures 4(c) and 4(d) show the results for the aged samples.
Nearly, all curves exhibit pronounced minimums and much less

scattering. The hysteresis is much less pronounced for these
samples. This can be due to a saturation of the trap states able to
acquire and retain charge levels after bias-voltage testing.
Advantageously, there does not seem to be a large degradation of
such additional interface charges in the SiO2/Al2O3 layer stack,
indicating that they could promote improvements in the passiv-
ation of silicon surfaces when used on device structures. It is also
observable that lower interlayer thicknesses show a higher lifetime
in accumulation than in inversion. Higher interlayer thicknesses
result in a higher lifetime when electrons are the majority charge
carriers. It is immediately obvious that for all aged samples, the life-
time minima were obtained at considerably higher voltages,
meaning the Qf of the samples increased by aging. For the n-type
sample without interlayer (dark green in 4c), no minimum is
observable. If a minimum would be observable at higher voltages,
this would mean that this sample has accumulated more than
3.0 × 1013 q/cm2 negative fixed charges.

Figures 5(a) and 5(b) show the Qf values derived via
Eqs. (1) and (2) from the minimum positions of all tested
specimens. Qf is displayed vs the SiO2 interlayer thickness for all
prepared samples. The initial samples are represented by open tri-
angles and the aged samples by closed triangles. Upwards or down-
wards pointing triangles signify Qf while the voltage was being
increased or decreased, respectively. The Qf data from Ref. 21 are
displayed as a comparison. Additionally, the results for Qf obtained
via the simulation are displayed.

FIG. 3. Bias-Voltage Photoluminescence (Bias-PL) setup and results for an aged sample with a 2 nm SiO2 interlayer. (a) The setup used for the Bias-PL measurements.
The device was added to the modulum photoluminescence system.38 (b) Comparison of lifetime data obtained by Bias-PCD and Bias-PL. Exemplary photoluminescence
pictures at selected voltages are displayed and highlighted in the graph. Brighter hues signify higher effective lifetimes.
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The overall trend is a continuous decrease in negative fixed
charges with growing interlayer thickness for all types of samples.
Except for the samples without a SiO2 interlayer, all n-type samples
show a higher negative Qf than the p-type samples. This suggests
that the availability of electrons is involved in the mechanism of
fixed charged formation in these dielectrics. Of the initially tested
set of samples, the highest Qf values are observable when Al2O3 is
applied directly onto the c-Si substrate, reaching approximately
−1.1 × 1013 q/cm2 for n-type and −1.4 × 1013 q/cm2 for p-type
samples. With an increase in interlayer thickness to 10 nm, the neg-
ative Qf values decrease to −1.4 × 1012 q/cm2 for the n-type

samples and as far as approximately −7.4 × 1011 q/cm2 for the
p-type samples.

The initial n-type samples in Fig. 5(a) are in good agreement
with the results obtained in Ref. 21 and with the values obtained
with the simulation. After being subject to an increasing voltage
sweep however, the Qf values are increased by a factor of approxi-
mately 2, deviating strongly from the comparison data in Ref. 21.
Applying a positive bias voltage has a very pronounced impact on
the amount of fixed charges at these interfaces, with values as high
as −2.6 × 1013 q/cm2 being reached. The amount of trapped
charges that can be activated by the voltage sweep is proportional

FIG. 4. τeff evaluated at 10
15 cm−3 as a function of applied bias gate voltage. Results for n- and p-type samples with a SiO2 interlayer of 0, 1, 2, 4, and 10 nm thickness

and a Al2O3 capping layer of 10 nm. (a) and (b) show results obtained directly after applying the semitransparent gate electrodes (open) and (c) and (d) were obtained for
aged samples (filled). The faint line at 2 × 10−4 s represents the lifetime value below which the exact lifetime values are less reliable due to the application of transient
measurements. The arrows indicate the direction of voltage increase (first)/decrease (second) for samples with a pronounced hysteresis.
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to the amount of fixed charges already present in the dielectric.
These findings correlate well with the findings in Refs. 33 and 34.
However, an inversion of the fixed charges for higher SiO2 thick-
nesses could not be observed here as it was in Ref. 21. It can be
concluded that the thickness of the SiO2 interlayer impedes charge
formation during sample preparation as well as during the
Bias-PCD measurement process. This is in good accordance with
the findings of similar studies.20,21,33,39,40

Also visible in Fig. 5(a) is the influence of aging on the n-type
samples. The application of the PEDOT:PSS gate electrodes seems
to initiate a process by which the amount of interface charges gets
increased. This effect was not visible with reference samples where
the PEDOT:PSS was applied directly before the first measurements.
This process, however, seems to take place over multiple weeks, as
it is only visible with the samples measured approximately 1 month
after the PEDOT:PSS was applied. This process also seems to
change the way in which further voltage sweeps affect the samples:
nearly all aged samples show a decrease in Qf after the sweep to
+12 V, rather than an increase. This decrease in Qf , however, is
much less drastic than with the initial samples.

It must be noted that a minimum for the aged sample without
SiO2 was not obtainable before or after the sweep. This could be
due to the sample exhibiting an unusual high amount of fixed
charges, which would result in a minimum at a voltage value
beyond +12 V, which would thus not be acquirable with the
current Bias-PCD setup. The possibility of the actual voltage devi-
ating strongly from the applied voltage was ruled out by a set of
voltage measurements at the gate electrodes during measure-
ments. These showed a maximal deviation of ±0.5 V, so even
under conservative assumptions Qf must either be lower than
−3.0 × 1013 q/cm2 or simply must not be obtainable on this
sample with the Bias-PCD method.

Figure 5(b) shows the results for the p-type samples. The
general trend is overall the same as for the n-type samples, with Qf

becoming less negative with increasing SiO2 thickness. Qf values
are generally lower for p-type, lining up with what similar studies
have found.21,33 The hysteresis-like effect is much less pronounced
for this set of samples and there is no clear visible tendency of
increased or decreased Qf after the sweep. This was also observed
in Ref. 34 but is contrasting with what was found in Ref. 33, requir-
ing further studies. While the effect of aging is observable, it is
much less intense than for the n-type substrates. The data from a
study of a similar set of samples measured via capacitance–
voltage21 found much more positive Qf values for the p-type
samples [as seen in Fig. 5(b)], but very similar Qf for the n-type
samples. Another similar study, however, showed a similar overall
trend as seen here.20 It must be noted that the differences between
the sample types could also stem from the fact that the doping level
varied by approx. a factor of three between the n- and the p-type
samples (approx. 5.0 × 1015 cm−3 for n-type and 1.5×1016 cm−3 for
p-type). Further studies are needed to verify whether the carrier
density might influence the susceptibility of the samples to
hysteresis-like effects.

To obtain the Dit values for the different curves and to verify
the Qf values obtained above, a simulation software by Bonilla et al.
was used to fit the sweep data.13 Only the part of the measurements
during which the voltage was being increased was fitted.
Figure 6(a) shows the fits obtained for n- and p-type samples
with interlayer thicknesses of 1 and 10 nm together with the
respective Bias-PCD data. The resulting Dit midgap values are
shown in Fig. 6(b), together with the comparative capacitance–
voltage data from Ref. 21. For both types of samples, an overall
trend of decreasing Dit is observable for an increase in SiO2 thick-
ness. p-type samples showed a higher defect density at all

FIG. 5. Fixed charge densities as a function of SiO2 interlayer thickness. Open triangles represent samples tested directly after the application of the PEDOT:PSS gates.
Filled triangles represent the samples tested approximately 30 days later. The shapes represent if voltage was increasing (upwards triangle) or decreasing (downwards
triangle) at this minimum. The colored areas signify the range of values measured in Ref. 19. Stars show results obtained via simulation.
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thicknesses. Both observations are in line with the results from Ref.
21 and also conform to the observation that SiO2 generally is the
passivation material, which forms interface layers with the lowest
defect density Dit on c-Si substrates.2 At most thicknesses, the
samples show a higher Dit than the comparison data; however, it
must be noted that the Dit obtained in Ref. 21 were surprisingly
low in comparison to other studies,13 possibly because of an under-
estimation of Dit in the C–V data. It must also be noted that all fits
resulted in capture ratios k ¼ σn/σp of approximately 0.25, as was
also observed by Bonilla et al.13 An additional possible explanation
for the deviation of the data could be the potential fermi-level
dependence of the Dit of the samples. Additional research is
needed to verify or refute this, as this dependence was not consid-
ered in this work.

CONCLUSIONS

The Bias-PCD method is shown to be a cost-effective and
easy-to-use expansion of the established and widespread photocon-
ductance lifetime measurement setup. It can be used to extract Qf

of adequately prepared n- and p-type c-Si samples in a wide range
of values, while also granting insight into more detail of charge
dynamics at the interface. By expanding it to a fully automated
measurement method, a large number of samples can be character-
ized in a short time, providing key insights into the passivation
mechanisms obtained for different dielectric thin films. The device
employed in this work can be used as a simple add-on to an exist-
ing photoconductance measurement setup with the industry stan-
dard WCT-120.

The properties of n- and p-type samples with stack passivation
of PEALD SiO2/Al2O3 were shown to be highly dependent on the
thickness of the SiO2 interlayer. Very high (−1.4 × 1013 q/cm2)

fixed charge densities Qf were observed when no SiO2 interlayer
was present. Qf decreased with an increase in interlayer thickness.
As this decreases the influence of the field-effect passivation, life-
times also declined. n- and p-type samples showed relatively
similar Qf values in the initial state, with the values for n-type
being generally slightly higher. Subjecting the n-type samples to the
+12 V Bias-PCD voltage sweeps resulted in an increase in Qf at the
interface. This hysteresis-like effect was much less pronounced for
the p-type samples. Both n- and p-type samples showed an increase
in Qf after aging, as well as a change in response to further voltage
sweeps. n-type samples, in particular, showed a reverse in hysteresis
behavior, with positive voltage sweeps lowering Qf at the interface.

Crucial charge dynamics are taking place at this important
interface, and so the electrical history of the interface is of key
importance when assessing its passivation performance and poten-
tial deployment to device architectures.
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