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Abstract- Dielectric-silicon interfaces are becoming ever more important to device performance. 
Charge inside a surface dielectric layer is neutralized in Si leading to an accumulation or inversion layer 
of free carriers. Additionally, states at the interface are occupied by charges via Shockley-Read-Hall 
carrier statistics. It is accepted that the density of interface charge near midgap, which can only reach 
a concentration as high as the density of states, Dit, has a minor effect on band bending compared to 
the charges in the dielectric for a well passivated interface. Here, we show that it is the state density 
near the band edge what plays the major role. We conclude this by comparing our measurements with 
device modelling of a Si/SiO2 interface. We measure the wafer sheet resistance while applying various 
amounts of positive charge to the passivating dielectric on an n-type Si wafer, and then reproduce the 
measured resistance values using simulations. This modelling indicates that Dit at midgap has indeed 
a minor effect on the changes of the resistance, while tail states have a significant impact on the 
distribution of induced carriers. We test this model on five groups of differently passivated specimens. 
This method allows a sensitive detection of the concentration of donor- and acceptor-like states in the 
unavoidable band-tails. While we report on the Si/SiO2 interface due to its relevance in photovoltaics, 
our method can be generally used to study the properties of other semiconductor-dielectric interfaces. 
As such this work is of importance across various interfaces in optoelectronic devices. 
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1 Introduction 

The interface defect state density is a critical property of semiconductor-dielectric interfaces. Since 
these states have their energy levels in the bandgap, they can therefore act as strong recombination 
centres or store large concentrations of charge, both of which may be detrimental to photovoltaics 
devices [1]. Fundamentally, these states are formed as a result of the breaking of translational symmetry 
when the two bulk materials are brought together to form an interface. However, the precise origin of 
these states and their role in device physics has been the subject of study for many decades (see Ref. 
[2] for a review). The states can be classified broadly as either intrinsic or extrinsic [3]. The extrinsic 
states require the formation of defects such as vacancies, interstitials, or impurities. These defects can 
create bound states whose energies depend precisely on the perturbation to the potential due to the 
structural and/or electronic properties of the defect [4]. In terms of device performance, extrinsic defects 
can give rise to localized states with energies lying towards the middle of the gap and are hence 
problematic [5]. These deep levels act as traps for electrons, greatly increasing the probability of 
recombination and decreasing the carrier density.  

In the intrinsic case, terminating the periodicity of the bulk material leads to a continuum of exponentially 
decaying (evanescent) states whose energies lie in forbidden band gap of the bulk material. These 
states were first introduced in the context of metal-semiconductor junctions [6]. As indicated by the 
name, they are an intrinsic and fundamental property of the material. They can be understood as Bloch 
states of the bulk semiconductor with complex wave vector [7], and can be viewed as having valence 
or conduction band character depending on their energies. Often the large density of these states at 
the interface provides an effective mechanism to pin the Fermi level and explain the energy-level 
alignment at semiconductor interfaces [7]. The effect of intrinsic states on the energy levels at the 
interface, conveniently characterised through the density of states Dit, is more continuous in nature. As 
an illustration, consider the first-principles density-functional theory calculations of layer-resolved 
density-of-states for a defect-free Fe/GaAs interface as reported in [8]. They show how the interface 
broadens the GaAs band edges such that they form tails which decay exponentially with energy towards 
the middle of the gap. A more pertinent example are calculations on model Si/SiO2 interfaces which 
demonstrate the evolution of the band structure as one moves between the Si and SiO2 regions [9,10]. 

Altogether, the interface states have a distribution of energy at different sections of the bandgap [11], 
which affect interface properties in different manners. For example, there is an asymmetry in probability 

for capturing an electron or hole, quantified as cross-section of electron or hole capture, n and p 
respectively, in units of cm2. Near midgap, the Coulomb interaction of charged defect states usually 
dominates the recombination activity in covalently bond semiconductors like silicon. Near the band 
edges on the other hand, the shape of the atomic orbitals often plays a significant role. Whether a defect 

state acts as an effective recombination centre does not only depend on its n and p, but also on the 
Shockley-Read-Hall (SRH) statistics [12,13]. For example, both an electron and a hole must be 
captured for recombination to happen, and the less likely carrier limits the recombination rate. In the 
shallow defects at the band tails the re-emission probability of one carrier is large, deeming these states 
often inefficient for recombination except at very high dopant density, very high injection density, or 
substantial band bending [12,13]. Therefore, interface states at midgap are the primary concern for 
achieving high surface passivation. Such midgap Dit continues to be intensively studied and is 
nowadays widely used as a metric for surface passivation [14–16]. 

The fundamental properties of band-tail states, on the other hand, were only studied experimentally in 
the 1980s and 1990s [11,17–23]. An exponential increase in density towards conduction/valence band 
edge was observed in such works, in agreement with theoretical calculations. A consolidation of known 
Si/SiO2 interface state densities in the literature, including band tails, is shown in Figure 1. It is clear 
that processing conditions can largely affect the interface properties, and that much fewer data exists 
for the true densities in the tails. Due to the relatively low recombination rate in such band-tail states, 
they have not been as prominently studied as the midgap strong recombination states. Despite this lack 
of attention, state density at band-tail can be several orders of magnitudes higher than that at midgap, 
and such band-tail states are able to store large concentrations of charge. These charges can alter the 
carrier distribution close to the interface via field-effect, and therefore influence surface passivation [24], 
and performance of devices involving a field-induced junction like inversion layer cells [25–27], metal-
oxide-semiconductor field-effect transistors (MOSFETs) [28], and field-induced photodiodes [29]. The 
effect of band-tail state density on emitter conductivity of an inversion layer cell, and subsequently cell 
performance, has been evaluated and proved significant by simulations in our previous work [25]. The 
detection of the state density at band-tails is therefore necessary for understanding and manipulating 
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carrier distribution at the interface, and it can point new directions for improvement of devices involving 
field effect.  

Capacitive techniques are reliable for detection of state density at midgap, while lacking sensitivity on 
the states at band-tail [18,30]. Surface photovoltage can be used to acquire state density across the 
whole bandgap, but with compromised accuracy at band-tails where the state density varies 
significantly in terms of energy [18]. Electron paramagnetic resonance spectroscopy is capable of 
detecting the states for such defects that are paramagnetic, for example, silicon dangling bonds at the 
Si/SiO2 interface [31] and the Si/SiNx interface [32], which correspond to the states at midgap rather 
than at band-tails [17]. No technique has yet been developed which can quantify the band-tail states 
with high sensitivity. In this study, we explore the effect that interface states both at midgap and in the 
band-tails have on the distribution of charge-induced electrons near a Si/SiO2 interface. Such 
understanding allows us to propose a novel method of extracting the interface state density at band-
tails from changes in the space charge layer, with the assistance of numerical simulations. 

 

Figure 1. Density of states distribution of various Si/SiO2 interfaces, redrawn from [11,17,20,22,23,33]. 
PMA: post metallization anneal; FGA: forming gas anneal; FG: forming gas. 

2 Sample Preparation and Characterisation 
Two sets of silicon wafers are used in this work with their band-tail state density characterised to 
demonstrate the potential of the interface characterisation method studied here. Set 1 starts with a 200 

µm thick, 1 cm, phosphorus-doped n-type planar float zone, (100) silicon substrate. Three subset 
samples originate from Set 1 for a diversity of interfaces. Subset 1.1 has a 100 nm of thermal oxide 
grown on both sides at 1050 °C in a dry atmosphere. Some of Subset 1.1 wafers were subsequently 
forming gas annealed (FGA) in 5% hydrogen ambient at 425 °C for 30 min for enhanced chemical 
passivation, referred to as Subset 1.2. Subset 1.3 samples have a 10 nm of thermal oxide grown on 
both sides at 950 °C in a dry atmosphere and were annealed in 5% hydrogen in the same way as 

Subset 1.2. Set 2 are 180 µm thick, ~7 cm, phosphorus-doped n-type pyramid textured CZ, (100) 
silicon wafers. Note that due to the alkaline texturing, the final silicon surface is a (111). Subset 2.1 has 
a 5 nm thermal oxide on both sides grown in an industrial oxidation furnace at 900 °C. On the basis of 
Subset 2.1, Subset 2.2 has an additional 60 nm of silicon nitride deposited using Plasma Enhanced 
Chemical Vapour Deposition (PECVD) on top of the oxide. Figure 2 shows the details of processing of 
all subsets. 
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Figure 2. Detailed processing of Set 1 and Set 2 samples. 

In order to record changes in the sheet resistance of a sample as a function of surface charge density, 
we apply corona discharge at 30 kV to the sample surface. This generates an electric field and induces 
an electron accumulation layer in silicon near the interface. The processing method and the structure 
of a corona charge-deposited wafer are shown in Figure 3.a. Details on the corona discharge apparatus 
can be found in [34,35]. For planar Set 1 samples passivated by thermal oxide, Kelvin Probe (KP) 
measurements were used to acquire the surface potential of the specimen. The charge density was 
extracted using the formalism in [35], assuming that charge stays at the surface of the dielectric during 
the measurement period, which has been previously shown to be the case [34]. For textured samples 
with SiO2 and SiO2/SiNx coatings (Set 2), monitoring the corona ion density using KP is inaccurate as 
the recorded contact potential difference is influenced by the effective surface area seen by the KP 
probe. The corona ion density is instead determined by the corona discharge time, with its 
corresponding charge density calibrated on one planar Set 1 specimen. The Van der Pauw method is 
used to monitor sheet resistance of a specimen [36]. Ideally, the size of contact should be infinitesimal 
for accurate measurement. Here we choose a contact size practical for conducting measurements and 
use a correction factor to compensate the influence of the contact size [37]. The sample structure is 
shown in Figure 3.b. Details of the Van der Pauw measurement is included in [25]. The sample was 
first diced into 1 x 1 cm2 squares, before the surface dielectric at the corners removed by a diamond 
scriber. A 100 nm thick aluminium was then deposited for electrical contact at the corners by masked 
thermal evaporation.  

 

Figure 3. (a) Processing method and schematic of a corona ion-deposited n-Si wafer. (b) Sample 
structure for Van der Pauw measurement. 

3 Impact of Interface States on Space Charge Layer 
Resistance 

Figure 4 shows a schematic energy diagram of an n-Si/SiO2 interface at an initial neutral state (a), in 
the presence of charged donor and acceptor interface states (b), and in the presence of dielectric 
charge (c, d). The conduction and valence bands are flat at the initial neutral state. When donor and 
acceptor interface states are considered, electrons will occupy the acceptor states below the Fermi 
level, accompanied by an upward band-bending. In the presence of positive dielectric charge, mirrored 
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electrons will appear close to the interface in bulk silicon, so that the bands bend downwards, and the 
Fermi level moves towards the conduction band edge. This will lead to most acceptor states below the 
Fermi energy being filled with electrons. In the space charge region, charge-induced electrons are free 
carriers in bulk silicon and contribute to additional wafer conductivity. Since the proportion of trapped 
electrons is determined by interface state density, wafer sheet resistance can be used as a metric for 
finding the distribution of interface states near conduction band edge. In the presence of negative 
dielectric charge, the band near the interface will bend upwards. While increasing negative charge 
density, the Fermi level will scan across the middle part of the bandgap and then reach the band tail at 
valence band. This will cause holes to become the dominant carriers, occupying most of the donor 
states that are above the Fermi level. Hole density in the inversion layer, and therefore inversion layer 
conductivity, is determined by both the negative dielectric charge density and the amount of charged 
donor states at the interface. The interface states near valence band edge can be obtained by 
monitoring inversion layer sheet resistance at controlled negative charge density. 

 

Figure 4. Schematic energy diagram at an n-Si/SiO2 interface at (a) an ideal neutral state, (b) in the 
presence of charged donor and acceptor interface states, and in the presence of (c) positive or (d) 

negative dielectric charge. Redrawn from [38]. 

A model was developed in Sentaurus TCAD [39] to better understand the Si/SiO2 interface, which 
accounts for all physical phenomena involved in the formation of the space charge layer. The model 

comprises a 200 µm thick, 1 cm n-Si wafer, with an oxide passivation layer on both sides. Positive 
dielectric charge was defined at the front Si/SiO2 interface. The interface was defined following the 
common parametrisation as reported in [40], with interface state densities at midgap and band tails as 
primary parameters. The interface defect density profile near both band edges follows an exponential 
dependency on energy, as shown in equations (1) and (2): 

𝐷𝑖𝑡(𝐶𝐵, 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟) = 𝐷𝑖𝑡(𝑚𝑎𝑥, 𝐶𝐵, 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟) × 𝑒− (1.1−𝐸)𝐸𝐶𝐵,𝑡𝑟𝑎𝑝     (1) 𝐷𝑖𝑡(𝑉𝐵, 𝑑𝑜𝑛𝑜𝑟) = 𝐷𝑖𝑡(𝑚𝑎𝑥, 𝑉𝐵, 𝑑𝑜𝑛𝑜𝑟) × 𝑒− 𝐸𝐸𝑉𝐵,𝑡𝑟𝑎𝑝     (2) 

where 𝐷𝑖𝑡(𝐶𝐵, 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟)  and 𝐷𝑖𝑡(𝑉𝐵, 𝑑𝑜𝑛𝑜𝑟)  describe the acceptor/donor band-tail interface state 
density. 𝐷𝑖𝑡(𝑚𝑎𝑥, 𝐶𝐵, 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟) and 𝐷𝑖𝑡(𝑚𝑎𝑥, 𝑉𝐵, 𝑑𝑜𝑛𝑜𝑟) are the maximum interface state density at 
conduction/valence band edge, and 𝐸 is the energy of the states from valence band edge in eV. 𝐸𝐶𝐵,𝑡𝑟𝑎𝑝 

and 𝐸𝑉𝐵,𝑡𝑟𝑎𝑝 represent the slope of the tail, indicating its dependence on energy. Here 𝐸𝐶𝐵,𝑡𝑟𝑎𝑝 has been 

set to 0.02 eV and 𝐸𝑉𝐵,𝑡𝑟𝑎𝑝  to 0.024 eV to reflect average values extracted from previous works 

[11,17,20]. Since the energy slope and maximum states of the band tails may vary at different 
silicon/dielectric interfaces [41], we integrate all tail interface states into a single metric Nit 
(acceptor/donor) that describes the total amount of tail interface states available for occupation. To 
allow fast fitting we only vary the maximum interface state density at band edge 𝐷𝑖𝑡(𝑚𝑎𝑥), while 
maintaining the tail slopes, 𝐸𝐶𝐵,𝑡𝑟𝑎𝑝   and 𝐸𝑉𝐵,𝑡𝑟𝑎𝑝 , constant. As an example, Figure 5 shows the Dit 

distribution at Si/SiO2 interface in a model with Dit (midgap) being 1011 eV-1cm-2, 
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𝐷𝑖𝑡(𝑚𝑎𝑥, 𝐶𝐵, 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟) = 1014 eV-1cm-2, and 𝐷𝑖𝑡(𝑚𝑎𝑥, 𝑉𝐵, 𝑑𝑜𝑛𝑜𝑟) = 1014 eV-1cm-2. We calculate the Nit 
(acceptor/donor) as the area under the tail, corresponding to the maximum state occupation the tail can 
take. Nit (acceptor/donor) comprehensively accounts for both the tail maximum value and its slope. In 
this work we will report the Nit (acceptor/donor) as the primary metric for characterising the impact of 
the tail state concentrations. The Inversion and Accumulation Layer Mobility Model (IALMob) reported 
for simulation of MOSFETs was used here to model the mobility throughout the sample bulk and in the 
space charge layer [42,43]. A density gradient quantum-mechanical model was used to account for the 
confined carrier distributions occurring near semiconductor–insulator interfaces [44,45]. Including these 
carrier density and mobility effect is critical to achieve a model that correctly reflected the 
measurements. The equilibrium state was then simulated, and the carrier density and mobility were 
extracted as a function of the distance from the Si/SiO2 interface. Figure 6 shows the extracted carrier 
density and mobility from a simulation with positive charge density of 9x1012 cm-2 at the front dielectric. 
These were then integrated over the entire sample depth to calculate the wafer sheet resistance, 
following equation (3): 𝑅𝑆(𝑤𝑎𝑓𝑒𝑟) = 1∫ (𝑛𝑞𝜇𝑛 + 𝑝𝑞𝜇𝑝)𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠0 𝑑𝑡      (3) 

where 𝑛 and 𝑝 are electron/hole density, 𝜇𝑛 and 𝜇𝑝 are electron/hole mobility, and 𝑞 is the elementary 

charge.  

 

Figure 5. Density of states distribution at Si/SiO2 interface in a model with Dit being 1011, 1014, and 
1014 eV-1cm-2 at midgap, conduction band edge, and valence band edge. 
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Figure 6. Simulated carrier density including (a) electrons and (b) holes. (c) Carrier mobility across the 

whole wafer extracted from a n-type, 1 cm model with positive charge density of 9x1012 cm-2 at the 
front dielectric. Dit is 1011, 1014, and 1014 eV-1cm-2 at midgap, conduction band edge, and valence 

band edge in the model. 

As represented in the energy diagram in Figure 4, increasing the positive charge density will cause the 
Fermi level to scan across first the middle part of the bandgap, and then the band tail at conduction 
band edge. Wafer sheet resistance as a function of positive charge density was simulated to reflect the 
response of the space charge layer while introducing positive charge at the front dielectric. Since 
interface states at midgap and band tails can host field-induced electrons, the wafer sheet resistance 
vs. charge density curve was simulated for a range of Dit at both midgap and conduction band edge. 
We simulate a charge concentration up to 9x1012 q/cm2, which approaches the practical limit of gate 
breakdown field in most thin film materials [46,47]. Figure 7 shows wafer sheet resistance vs. positive 

charge density curves simulated from a 200 µm thick, 1 cm n-Si substrate. For Figure 7.a, the 
maximum Dit at conduction band edge is 1014 eV-1cm-2, and varied Dit (midgap) is applied. For Figure 
7.b, Dit (midgap) is 1011 eV-1cm-2, and Nit (acceptor) near the conduction band edge is varied. In Figure 

7.a, the change in wafer sheet resistance is less than 0.1 /sq for Dit (midgap) below 1012 eV-1cm-2. 
Since this is the case for most passivated wafers [1,48], it is concluded that the variation of Dit (midgap) 
has a minor effect on local carrier distribution, and therefore on the conductivity of the space charge 
layer. This was expected as described in Section 1. The effect of the number of acceptor tail states, Nit 

(acceptor), is depicted in Figure 7.b. Here it is evident that there are large changes in (i) wafer sheet 
resistance and (ii) the dependence of resistance on positive surface charge density. The wafer sheet 
resistance vs. positive charge density curve is therefore useful for determining the distribution of 
interface states, especially for those near the conduction band edge.  
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Figure 7. Simulated wafer sheet resistance vs. positive charge density curves of a 200 µm thick, 1 

cm n-Si substrate at various (a) Dit (midgap), and (b) Nit (acceptor) near conduction band edge.  

We also evaluate the potential of the method to detect the amount of donor tail states near valence 
band edge, Nit (donor). An inversion layer sheet resistance as a function of negative charge density 

was simulated from the same 200 µm thick, 1 cm n-Si substrate. Figure 8 shows the inversion layer 
sheet resistance vs. negative charge density with varied Nit (donor), for charge concentrations up to 
9x1012 cm-2. Dit (midgap) is set to 1011 eV-1cm-2. The thickness of the inversion layer is determined by 
where the electron density exceeds that of holes. The effect of Nit (donor) is shown in Figure 8. Similar 
to the effect of Nit (acceptor) in Figure 7.b, large changes are observed in (i) inversion layer sheet 
resistance, and (ii) the dependence of resistance on negative surface charge density. The parameters 
used to describe the model are listed in Table 1. Based on the analysis above, measurements of Rs in 
combination with simulations make it possible to detect both the acceptor and donor tail states. 

 

Figure 8. Simulated inversion layer sheet resistance vs. negative charge density of a 200 µm thick, 1 

cm n-Si substrate at various Nit (donor) near valence band edge. 

Table 1. Summary of parameters used for simulation of wafer sheet resistance in the presence of 
dielectric charge in Sentaurus TCAD. 

Parameter Value 

Wafer thickness 200 m 

Bulk base resistivity n-type, 0.96-1.04 cm 

SRH bulk lifetime n = 0.371 ms, p = 3.71 ms 

Dielectric charge density -9x1012 - 9x1012 cm-2 

Dit (midgap) 5x1010 - 1013 eV-1cm-2 
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Dit (max, CB, acceptor) 
CB: 1013 – 6x1015 eV-1cm-2 
VB: 1013 – 3x1015 eV-1cm-2 

 

4 Method for Extraction of Interface Properties 
We developed a method to extract Nit (acceptor) of an n-type specimen from a combination of 
measurements and simulation. First, we acquire a wafer sheet resistance vs. positive charge density 
curve of a passivated silicon wafer by recording the wafer sheet resistance while introducing controlled 
amounts of positive corona charges to the sample surface. A series of wafer sheet resistance vs. 
positive charge density curves are then generated by simulations with fine adjustments of wafer 
resistivity and Nit (acceptor) to fit the experimental curve. The combination of wafer resistivity and Nit 

(acceptor) generating the best fitting curve are extracted for the specimen. Examples of Nit (acceptor) 
extraction are given in Section 5. 

Fitting between the simulated and experimental data is determined by two metrics: (i) the wafer sheet 
resistance, which can shift the curve in the y-axis, and (ii) the slope of the curve at high charge densities 
(2 - 9x1012 cm-2), which reflects the dependence of wafer sheet resistance on positive charge density. 
The reliability of this method is evaluated here by calculating the slope of the 2 - 9x1012 cm-2 range of 
the curve as a function of Nit (acceptor). Figure 9 shows the curves extracted from simulations on a 200 

µm thick, 1 cm n-Si substrate. In Figure 9.a, Dit (midgap) is 1011 eV-1cm-2 and Nit (donor) is 3.54x1012 
cm-2. Figure 9.a shows the change in slope as a function of Nit (acceptor), with the slope being more 
sensitive at lower Nit (acceptor). For Nit (acceptor) below 1013 eV-1cm-2, the amount of interface states 
to accommodate the induced electrons is too low to be differentiated by monitoring wafer sheet 
resistance. This method is therefore not applicable for Nit (acceptor) below 1013 eV-1cm-2. Wafer 
resistivity is also varied to show its effect on the simulated dependence. Here it is clear that a change 

of wafer resistivity by 0.04 cm will cause an evident shift of the curve, meaning that the wafer resistivity 
has to be precise in the model for an accurate extraction of Nit (acceptor). Since the non-uniformity in 
wafer resistivity is unavoidable even across a same wafer, along with the slope, the simulated and 
experimental Rs-Q relations require fitting in y-axis for correct base resistance, and subsequent 
extraction of Nit (acceptor). Dit (midgap) is varied in Figure 9.b where it is clear that it has almost no 
effect on the curve. Therefore, interface states at midgap does not affect extraction of Nit (acceptor) 
with this method. According to the analysis above, Nit (acceptor) can be extracted with this method with 
no evident artifacts originating from wafer resistivity variations, or variation in Dit (midgap). 

 

Figure 9. Slope of simulated wafer sheet resistance vs. positive charge density curve on a 200 µm 

thick, 1 cm n-Si substrate at charge density in the range of 2 - 9x1012 cm-2, as a function of Nit 
(acceptor), with varied (a) wafer resistivity, and (b) Dit (midgap). 

To extract Nit (donor), we need to measure sheet resistance of an inversion layer. It is to note that 
inversion layer could not be contacted using the sample structure in Figure 3.b. This is because of the 
discontinuity in inversion layer underneath the Aluminium patches, which can be solved by local doping. 
Due to the lack of local doping tools in our laboratory, the method to extract Nit (donor) is not evaluated 
in this work. 
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5 Extraction of Interface Properties 
The amount of acceptor band-tail states of Set 1 and Set 2 samples is extracted to demonstrate the 
potential of this characterisation method. For Set 1 samples, wafer sheet resistance was recorded as 
shown in the square and circle symbols in Figure 10.a. Wafer resistivity and Nit (acceptor) at the Si/SiO2 
interface were then adjusted in the numerical model. Wafer sheet resistance as a function of positive 
charge density are shown in Figure 10.a. The best fit for each sample is shown as a solid line, and the 
parameters obtained are listed in Table 2. The extracted Nit (acceptor) values for each subset from Set 
1 are compared in Figure 10.b, and are found in agreement with data reported in [11,17,20,38]. It is to 
note that the Nit (acceptor) reported for the 100 nm oxide subsets are at the lower end of the detection 
limit observed in Figure 9. When extracting the Rs-Qf slope from the experimental data, the model would 
seem to require lower Nit (acceptor) to fit the slope more accurately. This condition appears to be due 
to the mobility model chosen here (IALMob). This model has been mainly tested in MOSFETs that use 
base dopant density of the order of >1016 cm-3 [42,43], while a typical dopant density in this work is 
5x1015 cm-3. Better accuracy in extracting Nit (acceptor) would hence require a tested model of 
accumulation and inversion layer carrier mobility for dopant densities commonly used in PV devices. In 
Figure 10.b, no evident drop in Nit (acceptor) is observed for the Si/SiO2 (100 nm) sample after an FGA, 
indicating that the enhanced chemical passivation by FGA is not evident at the band tail. For the two 
subsets with FGA, the subset with 10 nm of oxide presents a lower Nit (acceptor) than the one with 100 
nm of oxide, which may originate from the difference in oxidation temperature (1050 °C for 100 nm vs. 
950 °C for 10 nm specimens). 

Set 2 samples are textured wafers with SiO2 and SiO2/SiNx coatings. In this case the corona charge 
density is determined by the time of corona discharge. The corresponding charge density is pre-
calibrated, as is described in Section 2. The calibration is included in the supplementary material. SiNx 
thin films are known to contain fixed positive charge. Since the electron accumulation layer is induced 
by the charge in the SiNx plus that added via corona discharge, the amount of charge initially present 
in SiNx is required to determine the net charge density. The typical charge density of a SiO2 coating is 
about 1011 cm-2 [49–52], which is negligible compared with the corona charge density, and is therefore 
not considered in this work. Figure 10.e shows wafer sheet resistance as a function of negative charge 
density for the two textured silicon subsets. While adding negative corona charge, the fixed positive 
charge at the dielectric will be compensated, cancelling the electron accumulation layer, before 
depleting and inverting it into p-type at higher negative charge density. The sample structure for Van 
der Pauw measurements has aluminium regions in contact with n-type silicon, where the carrier 
distribution is not affected by corona charge or charge in the SiNx. Since the contacts are made to n-
type Si, fewer charge flow though the depleted and then inverted (p-type) region underneath the 
dielectric. Therefore, increasing the negative corona charge results in an increase in the measured 
wafer sheet resistance, before a plateau is reached at the transition from depletion to inversion. By 
aligning the transition of the two subsets in Figure 10.e, we can determine the extra dielectric charge 
from SiNx, which is characterised to be ~1.2x1012 cm-2. This is in good agreement with data reported in 
[38]. The experimental wafer sheet resistance of Set 2 samples as a function of net charge density is 
shown in Figure 10.c. The recorded Rs plateaued at charge densities exceeding 1013 cm-2, likely as a 
result of the finite breakdown of the dielectric stack. The net charge density does not increase when 
breakdown occurs, as it has been found in previous work [47,53]. Nit (acceptor) and wafer resistivity 
were adjusted in the simulation to fit the experimental data in the range of charge <1013 cm-2. 𝐸𝐶𝐵,𝑡𝑟𝑎𝑝 

was adjusted to 0.022 eV in this model to reflect the fact that the (111) surface has more defect states 
than (100) surfaces in Set 1. The solid lines represent the best fit simulated curves. The fittings are 
again affected by the non-ideal mobility model. The interface parameters extracted for each sample are 
shown in Table 3. A significant drop in Nit (acceptor) is observed due to the 60 nm of SiNx deposition 
on top of the Si/SiO2 (5 nm) structure. This indicates enhanced surface passivation at band tails as a 
product of the PECVD nitride. While we present the extraction of Nit (acceptor) from n-type Si, the 
technique can be used for Nit (donor) detection provided that an electrical contact to the inversion layer 
can be produced. The same applies to a p-type sample. 

Overall, these results clearly corroborate the fact that interface states not only act as recombination 
centres for photo-generated carriers, but also accommodate charge and affect local carrier density. 
Interface states are therefore important for surface architectures based on band bending, for example, 
field-effect passivation, inversion layer cells, MOSFETs, and field-induced photodiodes. The 
characterisation technique studied in this work is shown to allow sensitive detection of interface states 
at band tails and is therefore of importance across various interfaces in optoelectronic devices.  
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Figure 10. (a) Experimental (symbols) and simulated (lines) wafer sheet resistance vs. positive charge 
density curves, and (b) extracted Nit (acceptor) for Set 1 samples. (c) Experimental and simulated 
wafer sheet resistance vs. positive charge density curves, and (d) extracted Nit (acceptor) for Set 2 

samples. (e) Wafer sheet resistance vs. negative charge density curves of Set 2 samples. 

Table 2. Details of parameters used in simulations for best fits with experimental wafer sheet 
resistance vs. charge density curves of Set 1 samples. 

 10 nm oxide, FGA 100 nm oxide 100 nm oxide, FGA 

 Sample 1 Sample 2 Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 

Wafer 
resistivity 

1.053 1.049 1.045 1.044 1.03 1.016 1.01 
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Dit（max, CB, 

acceptor） 

5.5x1013 4x1013 1.02x1014 5x1013 1.44x1014 1.38x1014 9.1x1013 

Nit (acceptor) 3.54x1012 <2.57x1012 6.56x1012 <3.21x1012 9.26x1012 8.87x1012 5.85x1012 

 

Table 3. Details of parameters used in simulations for best fits with experimental wafer sheet 
resistance vs. charge density curves of Set 2 samples. 

 Si/SiO2 Si/SiO2/SiNx 

 Sample 1 Sample 2 Sample 1 Sample 2 

Wafer resistivity 8.65 8.45 8.2 

Dit（max, CB, acceptor） 3.2x1014 2.2x1014 

Nit (acceptor) 2.09x1013 1.44x1013 

 

6 Conclusions 
At a semiconductor-dielectric system, the concentration of charge-induced carriers and therefore 
conductivity of the induced layer is dependent on dielectric charge density and interface state density. 
This work explores the potential to extract interface state density near both band edges from 
measurements of induced layer conductivity at controlled charge density with the aid of simulations. 
Simulations of wafer sheet resistance vs. positive charge density showed changes in Dit (midgap) at 
the n-Si/SiO2 interface have a minor effect on the carrier densities at the interface. On the other hand, 
changes in Nit (acceptor) cause a remarkable shift in both the wafer sheet resistance and the 
dependence of wafer sheet resistance to surface charge density. Such feature was found key in 
extracting the Nit (acceptor) from measurements. Similar effects were observed for Nit (donor) via 
simulating inversion layer sheet resistance in the presence of negative charge, showing the possibility 
of extracting both Nit (acceptor) and Nit (donor) with this method. The sensitive detection of Nit 
(acceptor), and potentially that of Nit (donor) makes this method a powerful complement to current 
interface characterisation techniques. The technique can therefore provide insight in understanding and 
manipulating of carrier distribution at semiconductor–dielectric interfaces, and point to strategies for 
improvement.  

7 Supplementary Materials 
A calibration of positive and negative corona charge density at various corona discharge time at 30 kV 
is included in the online supplementary materials. All experimental data published in this article can be 
downloaded from http://ora.ox.ac.uk.  
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Supplementary materials 
Table S1 and Table S2 show the calibrated positive and negative corona charge density at various 
corona discharge time at 30 kV. 

Table S1. Calibrated positive corona charge density with corona discharge time. 

Positive corona charge calibration 

Positive corona time (s) Surface charge density (q/cm2) 

0 -2.589x1010 

20 1.33x1012 

40 2.69x1012 

60 3.96x1012 

80 5.13x1012 

100 6.27x1012 

130 7.91x1012 

160 9.40x1012 

190 1.11x1013 

 

Table S2. Calibrated negative corona charge density with corona discharge time. 

Negative corona charge calibration 

Negative corona time (s) Surface charge density (q/cm2) 

0 -1.89x1010 

5 -3.86x1011 

10 -7.07x1011 

15 -9.73x1011 

20 -1.21x1012 

25 -1.46x1012 

30 -1.71x1012 

35 -1.96x1012 

                                                      

 

† Corresponding author: sebastian.bonilla@materials.ox.ac.uk  
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40 -2.20x1012 

45 -2.46x1012 

50 -2.71x1012 

55 -2.93x1012 

60 -3.20x1012 

65 -3.42x1012 

70 -3.65x1012 

75 -3.92x1012 

80 -4.13x1012 

85 -4.37x1012 

90 -4.63x1012 
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𝐷𝑖𝑡(𝐶𝐵, 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟) = 𝐷𝑖𝑡(𝑚𝑎𝑥, 𝐶𝐵, 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟) × 𝑒− (1.1−𝐸)𝐸𝐶𝐵,𝑡𝑟𝑎𝑝     (1) 𝐷𝑖𝑡(𝑉𝐵, 𝑑𝑜𝑛𝑜𝑟) = 𝐷𝑖𝑡(𝑚𝑎𝑥, 𝑉𝐵, 𝑑𝑜𝑛𝑜𝑟) × 𝑒− 𝐸𝐸𝑉𝐵,𝑡𝑟𝑎𝑝     (2) 𝑅𝑆(𝑤𝑎𝑓𝑒𝑟) = 1∫ (𝑛𝑞𝜇𝑛 + 𝑝𝑞𝜇𝑝)𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠0 𝑑𝑡      (3) 

Table 1. Summary of parameters used for simulation of wafer sheet resistance in the presence of 
dielectric charge in Sentaurus TCAD. 

Parameter Value 

Wafer thickness 200 m 

Bulk base resistivity n-type, 0.96-1.04 cm 

SRH bulk lifetime n = 0.371 ms, p = 3.71 ms 

Dielectric charge density -9x1012 - 9x1012 cm-2 

Dit (midgap) 5x1010 - 1013 eV-1cm-2 

Dit (max, CB, acceptor) 
CB: 1013 – 6x1015 eV-1cm-2 
VB: 1013 – 3x1015 eV-1cm-2 

 

Table 2. Details of parameters used in simulations for best fits with experimental wafer sheet 
resistance vs. charge density curves of Set 1 samples. 

 10 nm oxide, FGA 100 nm oxide 100 nm oxide, FGA 

 Sample 1 Sample 2 Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 

Wafer 
resistivity 

1.053 1.049 1.045 1.044 1.03 1.016 1.01 

Dit（max, CB, 

acceptor） 

5.5x1013 4x1013 1.02x1014 5x1013 1.44x1014 1.38x1014 9.1x1013 

Nit (acceptor) 3.54x1012 <2.57x1012 6.56x1012 <3.21x1012 9.26x1012 8.87x1012 5.85x1012 

 

                                                      

 

* Corresponding author: sebastian.bonilla@materials.ox.ac.uk  
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Table 3. Details of parameters used in simulations for best fits with experimental wafer sheet 
resistance vs. charge density curves of Set 2 samples. 

 Si/SiO2 Si/SiO2/SiNx 

 Sample 1 Sample 2 Sample 1 Sample 2 

Wafer resistivity 8.65 8.45 8.2 

Dit（max, CB, acceptor） 3.2x1014 2.2x1014 

Nit (acceptor) 2.09x1013 1.44x1013 

 

Supplementary materials 
Table S1. Calibrated positive corona charge density with corona discharge time. 

Positive corona charge calibration 

Positive corona time (s) Surface charge density (q/cm2) 

0 -2.589x1010 

20 1.33x1012 

40 2.69x1012 

60 3.96x1012 

80 5.13x1012 

100 6.27x1012 

130 7.91x1012 

160 9.40x1012 

190 1.11x1013 

 

Table S2. Calibrated negative corona charge density with corona discharge time. 

Negative corona charge calibration 

Negative corona time (s) Surface charge density (q/cm2) 

0 -1.89x1010 

5 -3.86x1011 

10 -7.07x1011 

15 -9.73x1011 

20 -1.21x1012 

25 -1.46x1012 

30 -1.71x1012 

35 -1.96x1012 

40 -2.20x1012 

45 -2.46x1012 

50 -2.71x1012 

55 -2.93x1012 

60 -3.20x1012 
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65 -3.42x1012 

70 -3.65x1012 

75 -3.92x1012 

80 -4.13x1012 

85 -4.37x1012 

90 -4.63x1012 
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Abstract- Dielectric-silicon interfaces are becoming ever more important to device performance.  

 

 

Figure 1. Density of states distribution of various Si/SiO2 interfaces, redrawn from [11,17,20,22,23,33]. 
PMA: post metallization anneal; FGA: forming gas anneal; FG: forming gas. 

 

Figure 2. Detailed processing of Set 1 and Set 2 samples. 

                                                      

 

* Corresponding author: sebastian.bonilla@materials.ox.ac.uk  
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Figure 3. (a) Processing method and schematic of a corona ion-deposited n-Si wafer. (b) Sample 
structure for Van der Pauw measurement. 

 

Figure 4. Schematic energy diagram at an n-Si/SiO2 interface at (a) an ideal neutral state, (b) in the 
presence of charged donor and acceptor interface states, and in the presence of (c) positive or (d) 

negative dielectric charge. Redrawn from [38]. 

 

Figure 5. Density of states distribution at Si/SiO2 interface in a model with Dit being 1011, 1014, and 
1014 eV-1cm-2 at midgap, conduction band edge, and valence band edge. 
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Figure 6. Simulated carrier density including (a) electrons and (b) holes. (c) Carrier mobility across the 

whole wafer extracted from a n-type, 1 cm model with positive charge density of 9x1012 cm-2 at the 
front dielectric. Dit is 1011, 1014, and 1014 eV-1cm-2 at midgap, conduction band edge, and valence 

band edge in the model. 

 

Figure 7. Simulated wafer sheet resistance vs. positive charge density curves of a 200 µm thick, 1 

cm n-Si substrate at various (a) Dit (midgap), and (b) Nit (acceptor) near conduction band edge.  
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Figure 8. Simulated inversion layer sheet resistance vs. negative charge density of a 200 µm thick, 1 

cm n-Si substrate at various Nit (donor) near valence band edge. 

 

Figure 9. Slope of simulated wafer sheet resistance vs. positive charge density curve on a 200 µm 

thick, 1 cm n-Si substrate at charge density in the range of 2 - 9x1012 cm-2, as a function of Nit 
(acceptor), with varied (a) wafer resistivity, and (b) Dit (midgap). 
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Figure 10. (a) Experimental (symbols) and simulated (lines) wafer sheet resistance vs. positive charge 
density curves, and (b) extracted Nit (acceptor) for Set 1 samples. (c) Experimental and simulated 
wafer sheet resistance vs. positive charge density curves, and (d) extracted Nit (acceptor) for Set 2 

samples. (e) Wafer sheet resistance vs. negative charge density curves of Set 2 samples. 

 


