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Abstract — Silicon dioxide (SiO2) has played a critical role in the development of high-efficiency silicon (Si)-based photovoltaic devices. 
Recently, it has experienced a renaissance as an interlayer in many of the new contact passivating structures. Studies have extensively 
investigated the recombination process at the Si-SiO2 interface, however, only little is known about the impact of temperature on the 
surface recombination. In this study, we investigate the recombination at the Si-SiO2 interface by varying the temperature, excess carrier 
density, and dielectric fixed charge. An improved lifetime is observed with increasing temperature. A forming gas anneal is used to 
improve the passivation quality, however, at higher temperatures, the hydrogenated interface passivation degrades due to increased 
surface state density. The degradation is stronger for corona-charged SiO2, due to the instability of the corona charge within the dielectric. 
Using the extended Shockley-Read Hall recombination model, the Si-SiO2 interface defects’ parameters are extracted. Most importantly, 
we determine the value and the temperature-dependence of the capture cross-sections at this interface. 
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I. INTRODUCTION

The energy conversion efficiency of silicon (Si) solar cells 
strongly depends on carrier recombination in the bulk and at 
their surfaces [1]. Extensive effort has been devoted to the 
improvement of the bulk quality via refined control of the 
crystallization process [2], gettering [3], and hydrogenation [4]. 
Thus, the performance of many Si solar cells is now more 
sensitive to interface recombination [5]. Furthermore, as the 
current photovoltaics (PV) industry tends towards thinner Si 
substrates and higher cell performance [6], reducing interface 
recombination by surface passivation is extremely important 
[7]. 

The Si surface features an abrupt discontinuation of the 
crystal lattice, resulting in a significant density of states being 
present within the bandgap, leading to large surface 
recombination rates [8]. Surface passivation reduces this 
undesirable recombination [8]. This is commonly achieved by 
the combination of two approaches, referred to as ‘chemical 
passivation’ and ‘field-effect passivation’ [8]. As pointed out 
by Cuevas et al [9,10], the term ‘field-effect passivation’ is 
misleading, as the electric field cannot repel excess minority 
carriers away from the surface, and instead modifies the surface 
carrier concentration to reduce recombination rates. Hence, this 
approach can be referred to as charge-assisted population 
control [9,10]. Chemical passivation is obtained by reducing the 
surface state density (Dit) and lowering the capture 
probabilities, while charge-assisted population control is 
achieved by the deposition of charge to reduce the 
concentration of one type of carriers available at the surface [8]. 
Often a dielectric layer is used to simultaneously reduce Dit and 
provide a fixed charge density (Qf) [8]. 

Silicon dioxide (SiO2) is the first and most studied dielectric 
for surface passivation of Si [11]. It has played a key role in the 
development of Si photovoltaics, leading to the first 20% 
efficient Si solar cells [11,12]. Although the current industry 
standard surface passivation materials are silicon nitride 
[13,14] and aluminum oxide [15], a thin SiO2 or silicon oxide 
(SiOx) film is often included in the stack to enhance the 
passivation quality [11,16]. Recently, SiO2 is experiencing a 
renaissance as an indispensable component for various types of 
passivating contacts [10,11]. 

The electrical properties of the Si-SiO2 interface, usually 
described by Dit, Qf, and the capture cross-sections for electrons 
and holes (σn and σp), have been studied extensively in the past 
[17–25]. A majority of the measurements have been performed 
on metal-oxide-semiconductor (MOS) structures using deep 
level transient spectroscopy (DLTS), and capacitance-voltage 
(CV) measurements [17–25]. A relatively low density of 
positive Qf (in the range of 1010-1011 cm-2, depending on the 
process) has been reported in the as-grown SiO2 films [8,11]. 
Therefore, it appears that the passivation quality provided by 
SiO2 mainly relies on reducing Dit. Although Dit strongly 
depends on the fabrication process [24], it seems to be above 
1011 cm-2eV-1 for as-oxidized layers and can be further reduced 
by a forming gas anneal [8]. Extremely low Dit, in the range of 
109 cm-2eV-1, have been achieved by a post-metallization 
annealing, often referred to as alneal [23]. Note that Dit has been 
found to be independent of the doping type and doping 
concentration of the silicon wafers, for doping concentrations 
below 1016 cm-3 [26]. Regarding σn and σp, there is a large 
uncertainty of 1-2 orders of magnitude in their values as 
determined by DLTS measurements [8], [27]. However, most 
studies have found σn to be larger than σp [28,29]. 



Depositing corona charge can enhance the passivation quality 
of SiO2 via population control [30][31]. The additional charge 
manipulates the surface potential and the interface band 
bending to reduce the surface recombination. Glunz et al. [32] 
used corona charge to study interface properties of Si-SiO2 on 
both lifetime structures and solar cells. They found that the 
surface recombination is significantly reduced when the 
dielectric is highly charged either with negative or positive Qf, 
with better results being obtained for positive charge since σn > 
σp. However, as the corona charge was not stable and dissipated 
with time, this method has not been utilized for industrial solar 
cells. Recently, Bonilla et al. [33] proposed a technique to 
stabilise the charge by a chemical treatment. Surface 
recombination velocity (SRV) below 7 cm/s for three years 
with a decay time constant of 8.7 years has been demonstrated 
[33]. However, the stability of the charge has not been studied 
under realistic operating temperatures. 

Despite the large amount of studies regarding the Si-SiO2

interface, most of them provide information only at standard 
testing conditions (STC). Recent studies [34–37] have shown 
that it is increasingly necessary to characterize solar cells at 
various temperatures, as temperature has a critical impact on 
the electrical properties of the cell. Therefore, it is of utmost 
importance to study the temperature dependence of the Si-SiO2

interface properties to improve our predictions regarding the 
device performance under realistic operation conditions. In this 
study, we investigate the recombination at the Si-SiO2 interface 
under a wide range of variables, including temperature, excess 
carrier density (∆n), and Qf. 

II. EXPERIMENT

A. Sample preparation 

Phosphorus-doped, 4’’ n-type float zone (FZ) Si wafers 
(planar surfaces, crystal orientation [100]) with a resistivity of 
1±0.1 Ω.cm and thickness of 200±10 µm are used in this study 
to fabricate symmetrical lifetime structures. All wafers 
underwent a Radio Corporation of America cleaning before 
thermal dry oxidation at 1050 °C, producing 100 nm thick SiO2

on both sides. A subset of the wafers received a forming gas 
(5%H2 diluted in 95%N2) annealing (FGA) at 425C for 25 
minutes. Chemical treatment was then used to produce a SiO2

hydrophobic surface and thus, stabilize the corona charge as 
reported in [33,38]. Each wafer was then cleaved into four 
tokens. Corona charge was deposited using a custom-built 
corona discharge setup with a point-to-plane configuration [33] 
on three tokens from each wafer (from both FGA and non-FGA 
groups) with charging time (CT) of 10, 20 and 40 sec. The 
corona rig used 30 kV applied to the point electrode, which 
stood at a distance of 20 cm from the sample. It is noted that the 
bulk defects reported in [39], that may exist in high-quality FZ 
wafers, were eliminated by the thermal oxidation process. 

B. Characterization setup 

A modified lifetime tester [40] based on the Sinton WCT-120 
instrument is used in this study. In particular, a cryostat is used 
to vary the sample temperature in the range of 223 K to 473 K. 
Moreover, the system is equipped with two different light 
sources, a Xenon flash and an 810 nm light-emitting diode 
(LED) to allow a lifetime measurement under a wide injection 
level range. The photoconductance-based injection dependent 
effective lifetime (τeff) is measured using both the quasi-steady-
state (QSS) [41] and transient modes in the temperature range 
from 223 K to 473 K. The generation rate is calibrated by 
comparing the QSS and transient measurements at each 
temperature (in the ∆n range around 1015-1016 cm-3). The 
temperature-dependent carrier mobility model of 
Klaassen et al. [42] is used to calculate ∆n.  

III. MODELLING

A. Surface recombination 

To gain insights into the recombination mechanisms at the 
Si-SiO2 interface under different operating conditions, the 
extended Shockley-Read-Hall (SRH) formalism, first 
introduced by Grove and Fitzgerald [43] and later improved by 
Girisch et al.[28], Aberle et al. [29] and Bonilla et al. [44] is 
used. The surface recombination (Us) is described by a 
distribution of interface states: 

�� = �
(���� − ��

�)

[�� + ��(�)]
�������(�)��

+
[�� + ��(�)]
�������(�)��

��
��

��
(1) 

�� = ����� �
�� − ��
���

� , �� = ����� �
�� − ��
���

� (2) 

where ni is the Si intrinsic carrier concentration [45], vthp (vthn) 
is the thermal velocity of hole (electron) [46,47], Et is the defect 
energy level, Ei is the intrinsic Fermi level, kB is the Boltzmann 
constant, T is the temperature, and ns and ps are the carrier 
concentrations at the surface defined as 
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where n0 (p0) is the equilibrium electron (hole) concentration 
and Ψs is the surface potential. The exact solution of Ψs requires 
solving the Poisson and continuity equations for electrons and 
holes dynamics imposed by the surface properties and the 
operating conditions [8]. As proposed by Girisch et al. [28], Ψs

can be solved using an iterative approach assuming constant 
quasi-Fermi energy levels throughout the surface space charge 
region. This approach is based on the charge neutrality: 



��� + ��� + �� + �� = 0 (4) 

where QSi is the charge induced in the silicon, Qit is the charge 
in the surface defect states, Qf is the fixed charge in the 
dielectric layer, and Qg is the charge induced in the gate 
electrode (not relevant for this study). More information 
regarding these methods can be found in [28,29,44]. 

B. Modelling procedure 

In this section, we present the method used to determine the 
interface defects’ parameters by temperature- and injection-
dependent lifetime spectroscopy (TIDLS). The method is based 
on previous frameworks [28,29,44] and has been extended to 
take the temperature dependence into consideration. 

The experimentally obtained τeff can be expressed as: 
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where τs τAug, τRad, and τSRHbulk represent the surface, Auger [48], 
radiative [49,50] and SRH bulk [51,52] lifetimes, respectively. 
It is noted that τeff quantifies the recombination occurring 
simultaneously within the bulk and at the surfaces. It is 
challenging to obtain τSRHbulk and τs from the measured τeff. As 
will be shown below, comparing the same wafers with and 
without corona charge allows us to confirm that τeff of the non-
charged samples is dominated by the surface recombination 
(τbulk of the used wafers is above 3 ms). Hence, for the 
uncharged samples, it can be assumed (with a relative error 
< 2% for the non-FGA wafers and <6% for the FGA wafers) 
that: 

1

����
≈

1

��
+

1

����
+

1

����
(6) 

To extract the interface parameters, τs are fitted using the 
SRH recombination model and the formalism proposed by 
Girisch et al. [28] to determine Ψs for any combination of Dit, 
Qf, σn and σp. Here we assume Dit to be temperature-
independent but energy-dependent, as the band tail states are 
critical for determining the surface potential [53]. The energy 
dependence is described by [44]: 

���(�) = ���_�� + ���_��
������� + ���_��

������� (7) 

where Dit_mg is the density of states at the middle of the band 
gap, mC (mV) and E0C (E0V) determine the rate that the tail of 
states approaches Dit_C (Dit_V) at the conduction (valence) band 
edge. 

Constant capture cross-sections over the bandgap are 
assumed since: (a) it has been demonstrated that the capture 
cross-sections are only weakly dependent on the energy 
[25,54,55], (b) Bonilla et al. [44] shows that the surface 
recombination is insensitive to the energy dependence of 
surface recombination velocity of electrons and holes 
(Sn=vthn Dit σn and Sp=vthp Dit σp), particularly when most of the 
recombination activity is mediated by deep-level defects, (c) 

previous studies have demonstrated that it is not required to 
include the energy dependence of the capture cross-sections 
into the model [56,57]. The capture cross-sections’ temperature 
dependence is considered using [58]: 
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where σn0 (σp0) are the temperature-independent pre-factors of 
capture cross-section of electron (hole) and E∞ is the thermal 
barrier that a free electron in the conduction band has to 
overcome to be captured by the defect level. This temperature 
dependence is further discussed in Section IV-C. 

We use the intrinsic lifetime parameterization proposed by 
Richter et al. [48], while the radiative recombination coefficient 
is taken from [49,50]. Note that the temperature dependence of 
all the parameters in the intrinsic lifetime model [48] has been 
considered in this study, except for the temperature dependence 
of the Auger coefficients. Although Wang and MacDonald [59] 
have evaluated the ambipolar Auger coefficient at different 
temperatures (243 K to 473 K), their parameterization is valid 
only for the very high ∆n of 5×1016 cm-3 and is not suitable for 
the samples investigated here. Since temperature independent 
Auger coefficients are assumed, discrepancy is expected to be 
larger at high ∆n. Note that a recent study [60] has demonstrated 
measured lifetimes that are higher than the intrinsic lifetime 
limit [48], indicating the urgent need to update the intrinsic 
model and to extend it to a wider range of temperatures. 

The fit quality is evaluated using the residual: 
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where τfitted is obtained from the discussed fitting procedure and
τmeasured is the experimentally obtained τeff. The number of 
measured temperatures is represented by j, while i is the number 
of ∆n points where the fit is evaluated.  

Inspired by the defect parameter solution surface (DPSS) 
procedure [61], the values of σn0 and Qf are fixed, while the 
other parameters (σp0, E∞, Dit in the middle of the band gap and 
band tails) are fitted and the fit quality is recorded. By sweeping 
σn0 and Qf across the expected range of values and repeating the 
fitting, parameter sets that provide low fitting residual are 
identified. This procedure provides not only the interface defect 
parameters, but also the associated uncertainty by calculating 
the standard deviation of all the sets of fitting parameters that 
provide relatively good fits and low residual values (<0.9). An 
example of a residual map and more details are provided in 
Appendix A. 

For corona-charged wafers, the assumption that τeff is 
dominated by the surface recombination is no longer valid. The 
temperature- and injection-dependent τSRHbulk impacts τeff, 
especially when τs is large (as for highly charged dielectrics). 



To eliminate the impact of τSRHbulk, the lifetime difference 
(∆τcharge) between charged and uncharged wafers is calculated: 

Δ������� =
1

1
����������

−
1

��������

(10) 

where τuncharged (τcharged) is the measured lifetime of the 
uncharged (charged) wafer interpolated to the same ∆n. Here, 
it is assumed that ∆τcharge represents variation in τs due to the 
increase of Qf, while Dit, σn and σp are considered to remain 
unchanged during the corona charge deposition [38,62]. 
Furthermore, τSRHbulk of charged and uncharged samples are 
assumed to be identical, as these samples originate from the 
same wafer. ∆τcharge is then fitted by the modelled τs difference 
by varying Qf. 

In many cases, the decrease in recombination occurring at the 
Si-SiO2 interface from corona charge reaches a plateau, in 
contradiction to theoretical expectations [32]. Glunz et al. [32] 
suggested surface potential fluctuations, originating from the 
inhomogeneous corona charge distribution, to explain this 
deviation between measurements and theory. Recently, 
Bonilla et al. [63] demonstrated that using a ‘charge 
fluctuations’ model rather than surface potential fluctuations, 
provides a better fit. Although considered in this study, we did 
not include spatial fluctuations of the surface charge (or 
potential) since the polished wafers (both uncharged and 
charged samples) demonstrate uniform photoluminescence 
images and as the sensed region in the modified lifetime system 
is smaller than the standard system (with a radius of 7 mm). 

IV. RESULTS AND DISCUSSION

A. Temperature- and injection- dependent lifetime 
measurements 

Figure 1 shows TIDLS measurements of five representative 
wafers passivated with (a) SiO2, (b) SiO2 + FGA, (c) SiO2 + 
FGA + corona charge (10 sec), (d) SiO2 + FGA + corona charge 
(20 sec), and (e) SiO2 + FGA + corona charge (40 sec) acquired 
as the temperature increases from 223 K to 473 K. Two 
methods are used for the presentation of τeff: different scales of 
the z-axis are used to optimise the display of each individual 
figure, while the same colour scale is used to clearly 
demonstrate the different values. Across the entire temperature 
range, τeff of the wafer passivated with SiO2 + FGA is higher 
than τeff of the wafer passivated with only SiO2. As FGA leads 
to hydrogen passivation of the interface dangling Si bonds, Dit

is expected to be reduced after this process [8]. 
The effectiveness of corona charge for improving the 

passivation quality of SiO2 is clearly demonstrated in 
Figs. 1c-e. A significant increase of τeff, by more than one order 
of magnitude, is observed after the corona charge deposition. 
An outstanding τeff above 4 ms at ∆n of 1×1015 cm-3 (at room 

temperature) is achieved after 40 sec of corona charging. The 
improvement due to the additional charge is more noticeable at 
low ∆n as τeff at higher ∆n is dominated by Auger 
recombination. 

As illustrated in Figs. 1a and 1b, wafers without corona 
charge show a complex temperature dependency. At low 
temperatures (223 K - 303 K), τeff is found to decrease with 
increasing temperature at high to medium ∆n, whereas the 
opposite trend is observed at low ∆n. At higher temperatures 
(303 K - 473 K), τeff increases with increasing temperature for 
the entire ∆n range. However, it is noticeable that τeff of the 
wafer passivated with SiO2 + FGA drops at temperatures above 
373 K, as indicated by an arrow in Fig. 1b. This is probably due 
to τs degradation at high temperatures, in particular due to the 
instability of the interface hydrogen passivation. This is 
evidenced by the reduction of τeff remeasured at 303 K after the 
high-temperature measurements (not shown here). The thermal 
instability of the Si-H bonds has also been  observed by others 
[64]. Note that no variation of τeff occurs after the completion of 
the temperature scan of the SiO2-only passivated wafer, 
indicating that the observed change in the FGA-passivated 
sample is not due to the loss of Qf or bulk degradation. 

In contrast to the uncharged wafers, all the charged wafers 
show a consistent temperature behavior for low to moderate 
temperatures, where τeff is found to improve with increasing 
temperature for the entire ∆n range. This temperature 
dependence appears to be much stronger at low ∆n. However, 
the change of τeff is not monotonic at higher temperatures, where 
a ‘valley’ (indicated by arrows) is observed in Figs. 1c-e. We 
assign it to the degradation of the interface hydrogen 
passivation (as discussed before), as well as the leakage of 
corona charge at high temperatures (as will be discussed in 
Section IV-B). Since the hydrogen-induced passivation 
degrades and corona charge leaks at high temperatures, τeff is 
expected to drop continuously with increasing temperature. 
However, it is interesting to note that τeff recovers and then 
peaks at the highest measured temperature of 473 K 
(Figs. 1b-e). This could be explained by a trade-off between the 
reduced recombination activity of the interface defect at higher 
temperatures (as will be discussed in Section IV-C) and the 
increase of Dit and reduction of Qf at the same temperature 
range. 

B. Stability of hydrogen passivation and corona charge at high 
temperatures 

In this section, the impact of high temperatures on the SiO2

passivation quality is investigated. Wafers are dark annealed at 
different temperatures and monitored by in-situ lifetime 
measurements using a Sinton WCT-120TS lifetime tester. 
Fig. 2 shows the normalized τeff obtained at ∆n of 1×1015 cm-3

as a function of dark annealing duration at 373 K. The initial 
lifetime (τ0) of each wafer at 373 K is given in the figure’s 
caption.



Fig. 1. Temperature and injection dependent τeff for n-type Si wafers passivated with (a) SiO2, (b) SiO2 + FGA, (c) SiO2 + FGA + corona charge 
(10 sec CT), (d) SiO2 + FGA + corona charge (20 sec CT), and (e) SiO2 + FGA + corona charge (40 sec CT). 



No clear change in τeff can be observed for the wafer 
passivated with only SiO2, indicating that: (1) the intrinsic 
oxide charge is stable at these temperatures, (2) no degradation 
in the chemical passivation quality (obtained without FGA) 
occurs at high temperatures, and (3) the bulk lifetime (τbulk) does 
not degrade. The last point has also been confirmed by similar 
τeff measured for both annealed and un-annealed samples after 
10 sec deposition of corona charge. 

While examining the wafer that is passivated with SiO2 and 
corona charge (40 sec without FGA), a degradation is observed 
(in the range of 10%), indicating a loss of charge at high 
temperatures. Worsening of the chemical passivation quality or 
the bulk quality is less likely as it has not been observed for the 
SiO2-passivated wafer. 

A decrease of up to 5% of τeff is observed during the dark 
annealing for the wafer passivated by SiO2 + FGA. We assign 
this change of τeff to the instability of hydrogen passivation at 
high temperatures that increases Dit and thus, increases surface 
recombination. It seems that the thermal instability of the 
corona charge at high temperatures has a stronger impact on the 
degradation compared to the instability of the hydrogen 
passivation.  

Fig. 2. Evolution of τeff as a function of the dark annealing (at 373 
K) time for different wafers. τ0 are 783, 3150126, 30112, 
5755230 µs for wafers passivated with SiO2, SiO2 + charge (40 sec 
CT), SiO2 + FGA and SiO2 + FGA + charge (40 sec CT), respectively. 

As expected, the fastest degradation rate with the highest 
degradation extent is obtained for the wafer passivated with 
SiO2 + FGA + corona charge (40 sec), as it combines two 
instability mechanisms. 

Figure 3 displays the evolution of the normalized τeff

(extracted at ∆n of 1×1015 cm-3) for wafers passivated with SiO2

+ FGA + corona charge (40 sec) under dark annealing at 
different temperatures. No significant degradation is observed 
at 323 K. The degradation extent is found to increase with 
increasing temperature. Moreover, the degradation rate shows 
a strong temperature dependence where a faster degradation 
rate is observed at high temperatures. A similar observation is 
made on all the corona-charged wafers (not shown here). 

Fig. 3. Evolution of τeff for wafers passivated with SiO2 + FGA + 
corona charge (40 sec CT) under dark annealing at different 
temperatures. τ0 are 4303172, 4627185, 5755230, 6188247 µs at 
323, 348, 373 and 423 K, respectively. 

C. Modelling lifetime measurements 

To extract the electrical parameters of the Si-SiO2 interface 
defects, the TIDLS measurements of the wafer passivated with 
only SiO2 are fitted using the method introduced in Section III. 
Fig. 4 presents both measured and simulated temperature-
dependent τeff. The black error bars represent the measurement 
uncertainty calculated as the sum of the different uncertainties 
associated with lifetime measurements [65]. For visibility 
reasons, the error bars are shown only for representative 
injection levels and temperature. A great fit is obtained for all 
the temperatures. From the fit, the Si-SiO2 interface defect 
parameters are determined to be: Qf = (10.5)1010 q/cm2, Dit

= (1.30.2)1011, (2.11.4)1015, (2.61.8)1015 cm-2eV-1 for 
the middle of the band gap, valence band and conduction band, 
σn = (20.4)10-16 exp[(-101) 10-3 /kT] cm2 and σp = 
(10.4)10-16 exp[(-101)10-3 /kT] cm2. A comparison 
between the interface defects’ parameters obtained from this 
study and literature values will be discussed below. 

Please note that the lifetime measurements in this study are 
not affected by the edges of the wafers. The size of the wafers 
was selected such that the edges are at least three diffusion 
lengths long (considering the maximum estimated diffusion 
length) from the photoconductance coil sensing area (of a 
radius of 7 mm). 

The experimental data could not be satisfactorily reproduced 
if temperature-dependence of the capture cross-section is not 
considered. In this study, the lattice relaxation multi-phonon 
emission model [58] is used to describe the temperature 
dependence of σn and σp. A similar dependence has been 
suggested in the past for the interfaces of MOS devices [21], 
[55]. However, the determined values [σn0 = (20.4)10-16 cm2

and Eꝏ = (101) meV] are lower compared to the values 
obtained from DLTS measurements of the MOS devices (σn0 = 
910-14 cm2 and Eꝏ = 89 meV) [55]. The difference between 



the values can be explained by the different surface conditions, 
for example, the epitaxial silicon wafers in [55] compared to 
polished FZ wafers, or the oxide growth and post-oxidation 
annealing process. It is interesting to note that the determined 
factors are within the same range of the capture cross-sections 
of bulk defects [61]. The finding regarding the temperature 
dependence of the capture cross-sections could also be relevant 
to other Si-SiO2 interfaces, including tunneling oxides. Despite 
different oxide growth conditions and post-growth annealing, 
previous studies reported similar Si-SiO2 interface defect 
structural properties of thermally grown oxide, native oxide as 
well as oxides grown by wet chemistry [24,66–68]. These 
findings may indicate that the fundamental temperature 
dependence can be similar for the same defect group, although 
the growth conditions are different. 

Fig. 4. Measured (symbol) and simulated (solid line) temperature 
and injection dependent τeff for wafers passivated with SiO2. 

Fig. 5. Measured (symbol) and simulated (solid line) temperature 
and injection dependent τeff for wafers passivated with SiO2 + FGA. 

At this stage, the same temperature dependence is assumed 
for both σp and σn. As these parameters are only rarely 

measured, we cannot confirm this assumption, except for the 
good fit obtained. Further investigation is required to clarify 
this hypothesis. 

To verify the model results, τeff measurements of the wafer 
passivated with SiO2 + FGA are fitted using the obtained set of 
interface parameters, modifying only Dit that was assumed to 
be changed by the FGA process. Since the hydrogen passivation 
is not stable at high temperatures (Section IV-B), the fits are 
done in the temperature range from 223 K to 323 K (no change 
of τeff has been observed within this temperature range for the 
measurement duration). The great agreement between 
measurements and fitting (see Fig. 5) confirms our previous 
conclusions and indicates that Dit has been reduced to 
(4.51)1010 cm-2eV-1 for the middle of the band gap 
[(7.01.4)1014 for the valence band and (1.60.6)1015 cm-

2eV-1 for the conduction band] after the FGA process. Note that 
these values are insensitive to the small variations in Qf. The 
extracted parameters are still within the given uncertainty, 
when Qf varies by 30%, and are similar to previous reports (see 
Table I). 

Fig. 6. Measured (symbol) and fitted (solid line) lifetime difference 
between charge [SiO2 + FGA + Corona Charge (20 sec CT)] and 
uncharged [SiO2 + FGA] wafers. 

These interface parameters are used to fit the corona-charged 
wafers. As discussed in Section III-B, for charged wafers 
∆τcharge is fitted to extract Qf (all the other parameters are fixed 
and assumed similar to the SiO2 + FGA case). An example of 
the fitting results is given in Fig. 6 for the wafer passivated with 
SiO2 + FGA + Corona Charge (20 sec). As can be seen, a good 
fit is obtained for the temperature range from 223 K to 323 K. 
A similar fitting procedure has been carried out for the other 
corona-charged wafers. We determine a Qf of (2.80.1)1011, 
(5.20.3)1011 and (1.20.2)1012 q/cm2 for 10, 20, 40 sec CT, 
respectively. These values agree well with the estimated charge 
deposition rate in the range of 1011 q/sec, as previously reported 
[33,69]. 



Table I. Interface defects’ parameters used to fit empirical data in this study and parameters from previous reports. 

Qf (q/cm2) Dit_mg (cm-2eV-1) σn (cm2) k (σn / σp) 

This study n-type + SiO2 (10.5)1010 (1.30.2)1011 (1.40.4)10-16 at 300 K 20.4 

Bonilla et al.a n-type + SiO2 2.21011 11011 8.710-16 7.9 

Haug et al.b n-type + SiO2 (2.4 - 2.6) 1011 1.21011 7.510-15 2.3 

This study n-type + SiO2 + FGA (10.5)1010 (4.51)1010 (1.40.4)10-16 at 300 K 20.4 

Bonilla et al.a n-type + SiO2 + FGA 2.21011 51010 7.710-16 13.4 

Haug et al.b p-type + SiO2 + FGA (2.7 - 3)1011 2.61010 1.510-14 5.2 

Aberle et al.c
SiO2 + post-
metallization anneal 

(6-8)1010 (3-5)109 - 50-70 

Choi et al.d
n-type + p-doped poly-
Si/SiO2/c-Si 

2.41012 11011 510-15 1 

a [63]: Room temperature photoconductance decay measurements (the surface carrier population of silicon wafer are controlled during 
measurement by using a semi-transparent PEDOT:PSS gate). 

b [56]: Room temperature photoluminescence imaging with applied bias over the rear side passivation layer. 
c [23]: DLTS and CV measurements on MOS samples. 

d [70]: Room temperature photoconductance decay measurements and CV measurements. 

Fig. 7. Measured (symbol) τeff and simulated (solid line) τs for corona charged wafers with different CT (a) 10 sec (b) 20 sec and (c) 40 sec. 

Figure 7 compares the measured τeff (symbol) and simulated 
τs (line) based on the interface defects’ parameters obtained 
from the best fit for the charged wafers. It is interesting to note 
that τs of the charged wafers increases with increasing 
temperature. Hence, the surface recombination decreases at 
higher temperatures, despite the increase of the capture-cross 
sections. This is due to the increasing surface potential with 
rising temperature, resulting in increased ns and reduced ps (Eq. 
3). Therefore, the surface recombination is expected to be 
weaker at higher temperatures. It seems that this effect offsets 
the impact of the increased capture cross-sections. Moreover, 
this effect is more dominant when there is a strong band 
bending (larger Ψs) due to a large Qf, thus, the temperature-
dependence of ns and ps are stronger. It is noticeable that the 
contribution of the larger capture cross-sections at increasing 

temperatures to the overall surface recombination is relatively 
strong at the low-temperature range, for wafers with low Qf. 

The difference between τeff and τs (shown in Fig. 7) is 
assumed to be due to τbulk. Fig. 8 presents τbulk extracted by 
subtracting the simulated τs from measured τeff. The good 
agreement between the extracted value, as indicated by the tight 
distribution, confirms our model as it appears the developed 
model provides a good fit for four wafers across a wide range 
of both Δn and temperature. 

Table I summarizes the interface defects’ parameters 
obtained in this study and compares them to reported values. 
The attained Qf is lower compared to other studies (61010 - 
31011 q/cm2). This could be due to the difference in the 
oxidation process. It has been suggested that Qf reduces with 
increasing oxidation temperature [71]. The obtained Dit_mg is 



within the reported range for cases with and without FGA 
treatment. It is important to note that Dit_mg is strongly impacted 
by the fabrication process, including the cleaning and the post 
oxidation steps. For example, the Dit_mg reported by Aberle et 
al. [23] is much lower due to the additional post-metallization 
annealing process. 

Fig. 8. Extracted injection dependent τbulk at 303 K for corona 
charged wafers with different CT (a) 10 sec (b) 20 sec and (c) 40 sec. 

The reported capture cross-section from literature has a wide 
range. Albohn et al. [68] found that the large σn(E) can be 
assigned to the Pb centre, which originates from silicon 
dangling bonds with three back-bonded silicon atoms, while the 
PL defect that originates from silicon dangling bonds where one 
back-bond is substituted by oxygen, is commonly dominated by 
a lower σn(E). Our values are within the expected range, 
although, we hope this study reduces the uncertainty range and 
provides a temperature dependency that has not been reported 
previously. 

V. CONCLUSIONS

In this work, we have employed temperature-dependent 
photoconductance decay measurements to study Si-SiO2

interface electrical properties. We observed a τeff improvement 
at elevated temperatures. However, high temperatures are also 
found to be detrimental to hydrogen-passivated dangling bonds, 
as well as the stability of corona charge. 

A modelling method is presented to determine the interface 
defects’ parameters by temperature- and injection-dependent 
τeff measurements. This method reduces the uncertainty 
associated with the extracted interface defects’ parameters 
since the fitting was performed for a large set of data taken at 
different temperatures and ∆n. 

Qf and Dit_mg are determined to be (10.5)1010 q/cm2 and
(1.30.2)1011 cm-2eV-1, respectively, for the Si-SiO2 interface. 
FGA effectively reduces Dit_mg to (4.51)1010 cm-2eV-1. 
Importantly, the temperature-dependent capture cross-sections 
are determined as (20.4)10-16 exp[(-101)10-3 /kT] and 

(10.4)10-16 exp[(-101)10-3 /kT] cm2 for electrons and 
holes, respectively. The suggested lattice relaxation multi-
phonon emission capture process has a relatively large impact 
on the surface passivation at the lower temperature range when 
a low amount of Qf is present in the dielectric. However, for 
large Qf, the temperature-dependence of surface recombination 
is found to be strongly influenced by carrier concentration at 
the surface and by their temperature-dependence. This study 
also highlights the need for a temperature-dependent intrinsic 
recombination model that will allow even deeper understanding 
regarding the temperature dependence of the surface 
recombination at high injection. 

It was concluded that the SiO2 layer is expected to benefit 
from high operational temperatures, possibly yielding some 
advantages to the overall device performance in the field. The 
obtained results are expected to be valuable for improving the 
understanding regarding surface recombination in realistic 
operating conditions, as well as temperature-dependent device 
modelling for predicting and optimizing solar cell performance 
beyond STC. 
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APPENDIX A 

Figure A1 shows the fitting residual map obtained from 
fitting the temperature and injection dependent τeff for the wafer 
passivated with only SiO2 (as discussed in Section III-B). It 
seems that the residual is lower when both Qf and σn0 are low. 
The optimal fit can be identified by the lowest residual (marked 
by a red star with a residual of 0.3). Since the residuals of all 
the other Qf and σn0 combinations are higher, we can determine 
that within the map’s resolution the obtained fit is unique. 



Fig A1. Fitting residual map obtained by fitting the temperature and 
injection dependent τeff for the wafer passivated with only SiO2. Red 
star indicates the minimum of this residual map. 
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