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Abstract - The Si-SiO: interface has and will continue to play a major role in the development
of silicon photovoltaic devices. This work presents a detailed examination of how charge at
or near this interface influences device performance. New understanding is identified on the
effect of charge-induced potential fluctuations at the silicon surface. Such fluctuations have
been considered in Si-SiO2 recombination models previously, where a universal value of
electrical potential deviation was used to represent the effect. However, the approach
disregards that the variation occurs in the charge concentration rather than the potential. We
modify the models to accurately reflect fluctuations in external charge, allowing a precise
representation of surface recombination velocity, with self-consistent D;, a,, and g,
parameters. Correctly accounting for these parameters can provide insights into the
passivation mechanisms which can aid the development of future devices. Using the
corrected model, we find that the effect of charge fluctuation at the Si-SiO2 interface is
significant for the depletion regime to the weak inversion regime. This indicates that surface
passivation dielectrics must operate with charge concentrations in excess of 2x10'? g/cm? to
avoid these effects. TCAD device simulations show that the efficiency of future PERC cells
can improve up to 1% absolute when optimally charged dielectric coatings are applied both
at the front and rear surfaces.
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1. Introduction

The physics of the Si-SiO:> interface has regained substantial attention in recent years. This
interest has mainly been sparked by the development of tunnel oxide passivating contacts.
The advances reported in the use of SiO2 nanolayers, most prominently in the work of
Fraunhofer ISE [1-3] and ISFH [4-6], has made such layers a prime component in high
performance silicon photovoltaic devices. The TOPCon or POLO cell architectures, as they
are known in the field, have enabled efficiencies as high as 26% [1-6]. These have been
possible by a strong reduction in contact recombination, primarily thanks to the Si-SiO>
interface. In addition to passivating contacts, Si-SiO2 has been reported to be vital for
aluminium oxide passivation of p-type surfaces [7-9]. An interfacial SiO: is required for the
alumina layer to build substantial negative charge [10], and in some cases it has been used
to control the total negative charge concentration [11,12]. This negative charge in AlOx
passivation layers have made them key in minimising surface losses on p-type Si at the cell’s
rear, and have thus enabled the ongoing industrial shift to Passivated Emitter and Rear Cell
(PERC) technology [13—15]. Most significantly, a thin thermal oxide is nowadays widely used
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for passivation in the front of the cell by many Chinese manufacturers. A SiO2 nanolayer is
grown to reduce the interface state density, and thus enhance the surface passivation of
PERC cells prior to silicon nitride deposition. This dielectric stack was proposed in the 90s in
ISFH [16,17], and it came to prominence as it enabled the development of >24% front contact
cells [13,18]. The understanding of the Si-SiO2 interface has therefore been pivotal for the
continuing progress of silicon photovoltaics [19]. These SiO2 nanolayers will remain a subject
of increasing importance among the PV community as higher cell efficiencies are sought.

Despite the significant progress in understanding the Si-SiO:z interface, many aspects of the
charge dynamics at and across this interface remain unknown. In this work, we revise the
understanding of the effect of charge at and near a Si-SiO: interface. Specifically, new
insights are identified on the effect of charge-induced potential fluctuations at the silicon
surface. This phenomenon is especially important as it impacts the carrier recombination rate
at the Si-SiO:2 interface. Previous reports have stated that such fluctuations arise from (i)
charged interfaces states, (ii) random point charges, or (iii) inhomogeneous dielectric fixed
charge. Although the effect of potential fluctuations has been widely used in modelling Si-
SiO2 recombination, we find that it has been accounted for wrongly. Experimental results can
only be consistently explained by fluctuations in charge, rather than surface potential. We
demonstrate this by first examining the effect of charge in interface recombination, particularly
its dependence on acceptor- and donor-like states. We then propose a new model to account
for the charge fluctuations, and use this model to explain experimental results, in the
framework of Shockley-Read-Hall (SRH) theory of recombination.

Measurements of effective lifetime have been largely reported as a useful proxy for interface
recombination in silicon. To demonstrate the effectiveness of the revised model, we have
studied and modelled lifetime experiments in typical oxide and oxide-nitride surface
passivation schemes, both from the authors work and from previous reports in the literature.
We find that the model of charge fluctuations explains the effect of charges in as-deposited
dielectric layers. We also conclude that the effect of charge non-uniformities at the Si-SiO2
interface is only significant for the depletion to weak inversion regime. This is in contrast to
the previous model of potential fluctuations which affects all space charge conditions in a Si
surface. Finally, we use Sentaurus TCAD simulations to study how charge fluctuations impact
both the front and the rear surfaces of future >23% industrial PERC cells. We see that charge
non-uniformities can promote losses in cell performance, and thus optimal surface
passivation should operate outside of depletion/inversion regime. We establish the range of
charge concentrations that must be present in the dielectrics for the devices to be unaffected
by charge non-uniformities.

2. Charge in the SRH model of surface recombination
Following SRH theory [20,21], the surface recombination velocity (SRV) at an interface with
a defect distribution Dit(E) can be expressed with Girisch’s well-known formalism [22]:
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assuming energy-independent capture cross sections g,, and a,. SRV depends on the trap
states factors n,(E) and p;(E), and on the concentration of carriers at the interface, n, and
ps- These concentrations can be controlled by the presence of external charges near the
semiconductor surface in the form of (i) charge trapped in the interface defects Q;;, (ii) a fixed
charge in the dielectric layer, Q,, or (iii) a biased electrode on top of the dielectric, Qgq¢-
Figure 1 illustrates how these mechanisms can control the surface carrier concentrations ng




and p. In the presence of acceptor and donor-like interface states, pictured in Figure 1.b, a
population of electrons is built at the interface such that Q;; < 0. This in turn induces a mirror
space charge from holes near the surface, p;> pp.ix, thus a silicon surface charge Qg; > 0 for
restoring quasi-neutrality.

Figure 1.c pictures the effect of a large concentration of positive charge fixed inside the
dielectric layer, @ > 0. This leads to a mirror charge in the form of an interface Q;; < 0 and
near surface Qg; < 0 electron build-up. In an n-type semiconductor as pictured in Figure 1,
this corresponds to a heavy accumulation regime (ng >> p,). A metal gate can finally be used
to establish a bias potential and further modify ng and p,. For example, a negative gate bias
can counteract the positive @, and drive the surface into depletion, or onset inversion (n; ~
ps), as illustrated in Figure 1.d. If the negative bias is sufficient, the surface can be driven into
inversion as shown in Figure 1.e, with (n, < py). It is lastly noted that the surface potential
parameter i, pictured in Figure 1, can be used to link the bulk ny,;x, Ppuk, @and surface
concentrations, ng and p,via the simple relationship [23,24]:
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where the constantc = 2¢y¢,/qf,and § = q/kT in units of eV, assuming low recombination
rates such that the quasi-Fermi energy levels are constant in the band-bent region.
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Figure 1. Schematic energy diagram of charge in the semiconductor near surface and interface states, as a
product of dielectric and gate charge. (a) The initial neutral state, (b) in the presence of charged donor and
acceptor interface states Q;, (c) in the presence of dielectric charged Q, (d) effect of charge from a negatively
biased metal gate Q,4., and (e) when the gate bias drives the semiconductor surface into inversion. 1, denotes
the surface potential.

The charge control of ng; and p, allows the minimisation of SRV via the dependence given in
Equation (1). This is known as the field effect or charge assisted passivation mechanism, and
its minimum occurs when ngo,, = p,0,. If the charge effects are considered as in Figure 1, an
exact analytical solutions of the recombination velocity cannot be obtained. A solution can be
obtained, however, by an iterative algorithm by Girisch et al. [22] and Aberle et al [25]. This



procedure is used here to study how SRV is affected by charge-induced changes to ;. Since
measurements of effective lifetime 7., are now widely reported, we also calculate the lifetime

T.rr Of @ symmetric specimen by solving:
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following Luke and Cheng’s [26] formalism, where W is the specimen width and D is the
ambipolar carrier diffusion coefficient. In this work we assume Richter's bulk lifetime
parametrisation [27], and Klaassen’s mobility model [28] (which can be extended to
compensated material by Ref [29]), as implemented in PV Lighthouse [30].

Figure 2 illustrates the calculated SRV and 7, as a function of @, for two values of mid-gap
interface state density D;;, and typical other parameter values of a Si-SiO: interface. Note
that the effect of charge in band tail states has been included via the D;,c.z and D;:p
parameters. This follows early reports on the existence of such states [31,32], and recent
work pointing out their importance [33,34]. From Figure 2 it is clear that charge at and near
the Si-SiO: interface can control the surface concentration of carriers, and thus the extent of
surface recombination. The ability to control n; and pg is limited by the amount of charge
stored at the interface Q;;. When the available states are increased by an order of magnitude,
from 10'° to 10" eV-'cm?, the recombination velocity not only increases, but has a lesser
dependence on Q. This is evident in the broadened peak/valley of Figure 2. a/b. These
characteristics point to the importance of fluctuations in interface trapped charge as it can
prevent the effective exploitation of field effect passivation, and therefore must be correctly
accounted for.
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Figure 2. Calculated (a) surface recombination velocity and (b) effective lifetime as function of dielectric charge

for typical parameters in a Si-SiO2 interface, for 1 Qcm n-type silicon. Insets illustrate the energy band diagrams
for the different regimes, highlighting interface charge and carrier concentrations.



3. From potential fluctuations to charge fluctuations

Glunz et al. later complemented Girisch and Aberle’s model by introducing a term that
accounts for random point and inhomogeneous charges [35]. Such nonuniform charge has
been attributed to oxide or interface trap states, and a detailed report on the origin of this
phenomenon can be found in Nicollian and Brews’ book [36]. Glunz accounted for charge
non-uniformities using a Gaussian distribution of surface potentials with standard deviation
05"
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This addition has been later adopted to describe recombination at other dielectric-
semiconductor systems, e.g. in [37—40]. It is most relevant when surface passivation is
controlled using external surface charge, caused by either the dielectric or a gate electrode.

(4)

The results of adding this component to the model is shown in Figure 3 for a typical Si-SiO2
interface. A value of 0,=2kT/q is chosen following that reported in [35]. It is clear that
variations in the surface potential, using the approach in [35-37], strongly influence the
recorded SRV and lifetime behaviour. If the inhomogeneity in potential is high, the
dependence of lifetime on surface charge is largely reduced (dotted lines). This reduced
dependence is predicted by Glunz et al for both small and large charge densities, and the
maximum achievable lifetimes at high charges are much reduced.

However, the origin of the fluctuations is not a fluctuation of vy, but fluctuations of the fixed
charge @ and, to a far smaller extent, of the trapped charge Q. Figure 2 shows that, for a
given fluctuation of @, the induced fluctuation of 1, is smaller when the average Q; is large.
Hence, s cannot be a constant in Glunz et al.’s model. By assigning a single, universal value
of o, this aspect is overlooked and leads to a strong widening of the observed lifetime-to-
charge dependence. To alleviate this, we propose that the fluctuation is instead assigned to
the external charge Qf, and not to 15, and is computed for each iteration of Girisch and
Aberle’s algorithm using a standard deviation o,:
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The calculations are illustrated by the dashed lines in Figure 3. Here, a standard deviation in
charge g, =5x10"" g/cm? is used since it reflect a typicial charge density in oxide-nitride
passivation films [41]. The main difference to Glunz et al. is that the broadening is now only
observed for low charge concentrations where the surface is in depletion/inversion. This
occurs near the maximum recombination, which makes this effect important when using the
lifetime minima as a measure of the amount of change in chemical passivation, as has been
done e.g. in [8,39,42—-44]. Most importantly, it does not influence the maximum attainable
lifetimes for the charge concentrations often attained in dielectric coatings (1-6x10'2 g/cm?).



T T T T p= 1Q.cm

W= 200 im
100 (@
(@) An=10" cm™
o =1000 =10""4cm?
@ 10¢ DD =105 om?
£ e~ -ive™ 0 oM
L 1 Dn=1010 cmZeV!
N L
(h'd
o N\ e
04 N e ]
-2 ‘
10 ' ' ' ' L L
0
©
£ |
XS} 10 E
o
=
"g —— No fluctuation
S . U R o _=2kT/q (Glunz et al)
o—q=5x1011 q/cm2
T

-8 -6 -4 -2 0 2 4 6 8
Dielectric Fixed Charge (10 12 q/cm2)

Figure 3. Calculated (a) SRV and (b) effective lifetime as function of dielectric charge using the traditional model
of Glunz et al. [35] and our new model of charge fluctuations, for the indicated settings of surface model
parameters.

4. Modelling silicon lifetime data

The modelling approach introduced in Sections 2 and 3 is used now to experimentally
evaluate the extent to which surface potential fluctuations can affect the recombination at the
Si-SiO2 interface. For this, 200 uym thick n-type, 1 Qcm float-zone silicon wafers were oxidised
in a dry atmosphere to ~100 nm thickness, followed by a forming gas anneal (FGA), and
PECVD SiNy deposition. The surface recombination at each stage: (a) after oxidation, (b)
after FGA, and (c), after SiNx deposition, was monitored by using a transparent PEDOT:PSS
gate electrode to control ¥, and modulate ng and pg. Effective lifetime was acquired as a
function of the surface potential applied to the gate electrode on the front and rear dielectrics,
using a Sinton WCT-120 instrument. This methodology is described in detail in [45].

Figure 4.a showst,;, at An=10" cm- for these three specimens. The solid lines represent
the least-square fits obtained following our new model including the effect of charge in the
band tails [33]. The model parameters are listed in Table 1. From the fits it is clear that an
accurate description of the measurements is possible with this analytical model. The least
square fit to Glunz et al.’s model is represented by the dashed line. It requires a reduction in
the band tails well below values reported in the literature [33,34], and results in a rather poor
model for a; between 0.5 to 3 kT/q, primarily due to the overestimated effect for large band-
bending conditions. As expected, from the model fit we observe that a thermal oxide-silicon
interface exhibits a reduction in interface state density upon FGA and nitride deposition due
to hydrogenation [46—49]. These reductions are largely responsible for the lower capture
rates observed, as the cross sections decreased marginally, considering S,,, = v, D;;:0,,, and

Spo = venDir0,. The broadening of the curves observed can be explained by the fluctuations

in charge given by g,. Correctly accounting for this effect can provide insights into the
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passivation mechanisms. For example, at the Si-SiO2 an improvement in chemical
passivation was observed, and with this model it could primarily be linked to reductions in
interface state density, with a minor contribution from lower capture cross sections.

To demonstrate the effectiveness of this model, we have also simulated SRV data reported
by Schmidt [43] and Dingemans [8]. The original data and the fits are shown in Figure 4.b,
with the parameters listed in Table 1. The key advantage of accounting for fluctuations in
charge instead of band bending is that the model parameters used are self-consistent with
values of D;, g,, and a,, previously studied using impedance spectroscopy measurements
[17,37,50-52]. These models show that charge fluctuations in both nitride and alumina films
can be severe, and thus the final charge in the film should promote band-bending outside of
the depletion regime. Table 1 also lists the found capture ratios k = g, /0,,. The difference in
k-factor of SiO2 among the three experiments in this paper and that in [8] can be explained
by the Um defects [32]. They dominate after hydrogenation over the P. defects and have a
higher k-factor [53], which can be explained by spin-induced triplet recombination [54], which
slows the relaxation during DLTS measurements [55]. The difference in k-factor of SiNx
between [43] and [8] can be explained by the prevalence of defect A or B [56].
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Figure 4. (a) Measured effective lifetime as a function of gate potential on the surface of the oxide, or
oxide/nitride passivation layers (symbols). Solid lines indicate fits obtained using new model. Dashed line
indicates the best fit using the old model. (b) Previous reports of SRV as a function of surface charge fitted with
the model here developed.



Table 1. Model parameters used to fit empirical data in this work, and that of references [8,43]. Last row lists
the parameters that best fit observations in SiO, using the old model.

Si0,  SiO#+FGA Siezs';;xGA SiNc[43]  SiNg[8]  SiOy[8] AIOx[43]  AIOx[8]
D;; (cmZeV) 10 5x101 107 107 107 4xio" 107 107
o, (105 cm?) 11 0.576 174 65.5 196 0327 17.4 262
o, (106 cm?) 8.7 7.7 105 436 5.24 0.87 4.36 0.7
k= oula, 7.9 13.4 6.0 0.67 265 266 0.25 0.26
Q0 (10" glem?) 22 22 26 22 26 7 -38 48
o, (10" glem?) 2 1 12 2 5 1 6 6
Dicyg Dircp 8, 20 8, 20 10, 30 10,10 200,80 80,80 80,100 80,100
(10 cm)
g, (g/cm?) 2kT/q

Dyyp:Dicp(10™cm?) 08,2

5. Effect of dielectric charge fluctuations on cell performance

We quantified the effects of charge and its fluctuations in the performance of PERC cells with
simulations in Sentaurus TCAD [57]. The cells parameters were adapted from those
reported in the literature to model the expected performance of ~23.5-24% in future PERC
cells [58-60]. A full account of the cell parameters is provided in the online supplementary
materials. Figure 5 illustrates the results of such simulations. Figure 5.a plots the conversion
efficiency degradation occurring as a result of reduced front and rear dielectric charge. In
high efficiency cells, the lack of charge can account for a loss in performance of 1.2 %
absolute due to front recombination, and as much as 4% absolute due to rear recombination.
It is therefore clear that optimal surface passivation dielectrics must provide a substantial
concentration of charge in order to mitigate surface recombination losses. Such charged
dielectrics must provide a silicon surface space charge in excess of 2x10'? g/cm?. When
industrial dielectrics with Q~10'? g/cm? are optimised to concentrations ~10'® g/cm?, top-right
region in Figure 5.a, they can provide gains in efficiency of ~1% absolute.

When fluctuations in charge are considered, the dependence of efficiency on charge is
modified, as indicated by the dashed lines in Figure 5.a. For the front surface this effect is
primarily beneficial in the low charge concentrations Q < 5x10"" g/cm?, since the fluctuation
into higher charge will promote passivation. For higher charges like Q > 5x10"" g/cm? in the
front surface, the efficiency is negligibly lower than that in the absence of charge non-
uniformities. For the rear surface the effect is stronger. Similarly, for low charge Q < 10"
g/cm? the net effect is an increased efficiency. However, when the total charge continues to
increase at the rear, fluctuations will hinder the passivation and lower the efficiency in the
range 10" < Q < 2x10"2 g/cm?. It is sometimes observed in mass production of PERC cells
that the rear charge drops below 2x10'? g/cm? and then leads to substantially lower cell
efficiencies. This provides a second reason for the dielectric charge to be optimised to values
Q > 2x10" g/cm?. In such range excellent field effect passivation is provided, without
hinderance from charge fluctuations. The importance of enhancing the field effect passivation
has also been increasingly reported in the literature [61-64].

Figure 5.b illustrates the current-voltage (IV) characteristics of the modelled cells for three
points indicated in Figure 5.a. These IV curves evidence the loss in different performance



metrics when the front and rear charge are removed. In absence of front charge the
performance loss is primarily related to a lowering in the open-circuit voltage due to increase
front surface recombination. For the rear surface, lack of charge causes reductions both in
the open-circuit voltage and short-circuit current. This indicates a reduction not just in the
quasi-fermi level separation, but also the collection efficiency of the device because high
recombination rates at the rear hinder carrier collection from the rear to the front junction.
Optimal PERC cells must accomplish large concentrations of charge both in the front and
rear surfaces.
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Figure 5. (a) Sentaurus Device simulations of PERC cell performance as a function of front and rear dielectric
charge. Charge in Sentaurus is fully mirrored as space charge Qg hence the x-axis has been labelled
correspondingly. When front charge is varied, the rear charge is constant at Qg; =10" g/cm?, and vice versa.
(b) Current-voltage characteristics for the cells at points A, B and C in figure (a). Inset pictures the schematic
structure of the cell modelled in this work.

6. Conclusions

This work presented new insights into the physics of the Si-SiO: interface, especially with
regards to the effects of charge fluctuations at or near this interface. While fixed charge has
been known to play an important role in the performance of Si devices, the effect of charge-
induced potential fluctuations has been previously misinterpreted. Here, the non-uniformities
are accounted for by introducing a model for fluctuations in charge, rather than surface
potential. This model is used then to explain consistently experimental results on lifetime and
recombination in passivated silicon specimens. It is concluded that the effect of charge non-
uniformities is significant for the depletion regime to weak inversion regime, and thus final
devices should aim to operate outside of such regime with Q>2x10'? g/cm?. In addition, the
physical importance of this model must be taken into account when effective lifetime
measurements are used to extract interface recombination parameters, .e.g. for calculating
the S, = v, D;;0 term. Charge fluctuations can blur the identification of the weak inversion
regime and thus render erroneous interpretations. This model must also be included in
interface  characterisation using the conductance-voltage method of Nicollian and
Goetzberger [36,65,66]. Lastly, Senturus TCAD simulations show that charge fluctuations
can impact both the front and the rear surfaces of high efficiency PERC cells, with the most
important dependence in the rear surface. Excellent dielectric field effect passivation using
Q~10"3 g/cm? can lead to improvements of 1% absolute in PERC cell efficiency.



7. Supporting materials

All details of the Sentaurus TCAD simulations and the Girisch/Aberle algorithm are described
in the online supplementary materials. The Matlab scripts for calculation of surface
recombination and effective lifetime are openly available on
https://github.com/OxfordInterfacesLab. All experimental data published in this article can be
downloaded from http://ora.ox.ac.uk.
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