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Abstract— An in situ Modulated Photoluminescence (MPL) measurement setup mounted on a 
Plasma Enhanced Chemical Vapor Deposition (PECVD) reactor is described. A method for deriving 

the actual minority carrier lifetime at a specific injection level of 1.1015 cm-3 is presented. This tool 
was used in a case study to monitor the passivation properties of aluminum oxide (AlOx) thin films 
upon annealing. Interesting kinetics such as a drop of lifetime at temperatures higher than 250°C 

along with a recovery of the lifetime during the cooling phase are shown. Moreover, these in situ 
results combined with ex situ studies allowed us to demonstrate the formation a stable high positive 

fixed charge density in the AlOx layer (+1.1012 cm-2), as a consequence of the combination of 

annealing and light exposure. 

Keywords — In situ, Modulated Photoluminescence, Silicon Solar Cells, Aluminum Oxide, 

Annealing, Fixed Charges 

1.INTRODUCTION 

Aluminum oxide (AlOx) is a widely used material for surface passivation in crystalline silicon (c-Si) 
solar cells. It is indeed the base material for rear surface passivation in Passivated Emitter and Rear Contact 
(PERC) cells, and numerous research teams attempt to include it in new solar cell architectures (Tunnel 
Oxide Passivated Contacts (TOPCon) [1 - 4] or Heterojunction (HJT) [5] solar cells). The application of 
this material to PV technologies has already been extensively studied over the last decade [6 - 9], and is 
recently being further pushed towards industrialization by the development of high throughput Atomic 
Layer Deposition (ALD) techniques [10]. Its outstanding passivation properties are due to a low surface 
defect density (Dit), along with a high negative fixed charge density (Qf), thus providing a high quality of 
both chemical and field-effect passivation. In order to achieve this, an annealing step after ALD deposition 
was shown to be necessary [11 - 13].  

Real-time measurements are extremely interesting for the understanding of mechanisms and for process 
optimization. In order to study the interface quality, the effective minority carrier lifetime is one of the 
properties most often analyzed, and it has the advantage of being measurable through contactless non-
destructive methods. One of them consists in measuring the Modulated Photo-Luminescence (MPL) of a 
sample which allows a quantitative assessment of the passivation quality. 

In this study, we describe a homemade in situ MPL acquisition setup that is coupled to a Plasma 
Enhanced Chemical Vapor Deposition (PECVD) reactor. We describe an approach to determine in real 
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time the minority carrier lifetime at a minority carrier density of 1.1015 cm-3.  It is subsequently used to 
investigate the kinetics of passivation in samples of AlOx on crystalline silicon during thermal annealing.

2.EXPERIMENTAL SECTION 

2.1. Sample fabrication 

The substrates used were double-side polished (DSP) n-type (100) float zone (FZ) silicon wafers (100 
mm of diameter, 280 µm thick and having a resistivity of approximately 3 Ω.cm) supplied by the wafer 
manufacturer TOPSIL. Prior to AlOx deposition, the substrates were cleaned for 30 s in a 5% concentrated 
hydrofluoric acid (HF) solution for native oxide removal. 9 nm-thick AlOx films were deposited  in a 
thermal ALD reactor (Picosun) at 150°C with alternative pulses of water vapor and trimethylaluminum 
(TMA). Samples were subsequently annealed in the PECVD reactor equipped with in situ MPL 
measurement setup described below. The annealing was carried out under 1 Torr of H2. 

2.2. Ex situ characterization techniques 

The minority carrier lifetime of samples at the end of the annealing process was measured by the Quasi 

Steady-State Photo-Conductance technique (Sinton WCT-120). Electron microscopy characterization of 

synthetized AlOx thin films (7 nm thick) on c-Si were performed on a Titan-Themis electron microscope 

operating at 200 kV equipped with a Cs probe corrector with a spatial resolution within nm range using 

the STEM-HAADF (Scanning Transmission Electron Microscopy-High Angle Annular Dark Field) 

imaging mode. For all the studied samples cross-section-lamellas have been prepared using a standard lift-

out procedure within a Focused Ion Dual beam microscope (FIB, FEI-Scios DualBeam). The fixed charge 

density Qf and interface defect density Dit of AlOx thin films were measured by Corona Oxide 

Characterization On Semiconductor (COCOS) in a PV-2000A tool by Semilab. The Photoluminescence 

Images were acquired in a “LIS-R2” by BT Imaging.  

2.3. In situ Modulated Photoluminescence PECVD reactor 

Modulated Photoluminescence (MPL) consists in shining the studied sample with a laser beam of 
modulated intensity. This results in a modulation of the carrier concentration in the sample at an identical 
frequency, thus leading to a modulated photoluminescence signal. By measuring the phase shift between 
this MPL signal and the excitation, the minority carrier lifetime can be determined through the equation 
[14]: 

 � = −arctan (�) (1) 

Where � is the aforementioned phase shift,  the pulsation of the modulation of the laser in rad.s-1, and 
� the minority carrier lifetime of the sample in s. 

The setup developed in this study [15] is an evolution of an in situ photoluminescence (PL) system 
previously described by S. Abolmasov [16]. The PECVD reactor has a grounded electrode with a 9 mm-
diameter hole in its center. This electrode is used as a substrate holder, and the hole allows (i) the 
illumination of the sample in order to photogenerate carriers, and (ii) the MPL signal collection. The 
illumination source is a laser which delivers a continuous wave beam centered on a wavelength of 785 nm 
with a spot size corresponding to the full 9 mm-diameter hole aforementioned. The optical power output 
and modulation frequencies are controlled through a programmable current/temperature controller from 
Thorlabs. A parabolic mirror was used in order to maximize the collection of the MPL signal. The signal is 
then converted by an InGaAs photodiode. Finally, the phase shift between the MPL signal and the 
excitation is measured through a lock-in amplifier. This whole setup is schematically represented in Figure 
1. 

 



3 

 

Fig. 1. Schematic representation of the in situ MPL acquisition setup coupled with a PECVD reactor [15].  

At a given laser power output with a modulation depth of 6%, modulation frequencies ranging from 225 
Hz to 625 Hz are used in order to measure various phase shifts and thus get a more reliable fitting for the 
value of the lifetime in equation (1). This value along with the calculation of the generation rate of 
photocarriers related to the laser current gives one value of � at a given minority carrier density 
(represented by one blue dot in Figure 2).  

By varying the laser power output and reproducing this series of measurements, it is possible to get a set 
of lifetime values at their corresponding minority carrier densities. We can finally extrapolate a function for 
the evolution of � with the excess minority carrier density (see Figure 2). 
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Fig. 2. Various measurements (blue dots) and extrapolation of the function �(Δ-) to derive the minority 

carrier lifetime at a specific injection level of 1.1015 cm-3 (green dot) [15].  

The lifetime measured by MPL is the differential carrier lifetime, which differs from the effective 
lifetime measured by QSSPC because of the light bias due to the average intensity of the laser [17]. The 
effective lifetime can be derived from the equation: 

 �.//(0) = �1(0) 21 − 0 45
4678

67
9 (2) 

 Where �.// is the effective minority carrier lifetime in s, �1 the (measured) differential minority carrier 

lifetime in s, 0 the generation rate in cm-3.s-1, and Δ- the injection level in cm-3. During these previous 
steps, the injection level was assumed to follow the equation Δ- = 0�. However, since the sample is 
illuminated only locally, this value may be overestimated (up to 60% for a samples with lifetime of 5 ms). 

A lateral diffusion model is thus implemented, solving the differential equation  

 :;<7
:=; − >

?5@AA
B- = − C(D,=)

?  (3) 

with F the diffusion coefficient of the excess carriers, estimated at F = 27 cm2.s-1. This allows to 
iteratively determine – for each time step and each illumination intensity – the excess carrier density profile 
as well as the lifetime profile in the sample. This results in a new Δ- value which takes diffusion into 

account. This allows to determine the new function �.//(Δ-) with appropriate excess carrier density 

values. Last but not least, after this correction, it is possible to extract the effective minority carrier lifetime 
at 1.1015 cm-3. 

�.// also depends on temperature, because the bulk lifetime does [18]. In order to take into account for 

this dependence, the lifetime was assumed to follow a power law [19] given by: 

 �.//(I) = �.//(300 L) 2 M
NOO9

P
 (4) 

 Where I is the temperature in L and Q a constant experimentally determined as Q = 1.0026. This 
value was measured by annealing at 300°C an n-type FZ wafer provided by Fraunhofer ISE, that was 
passivated with a SiOx/(n) poly-Si processed at high temperature (>800°C), and measuring the decrease in 
lifetime during the cooling phase (see Figure 3). The changes in MPL reflect the evolution of the bulk 
lifetime. The initial and final lifetimes of the sample have been checked to be identical. Figure 3 shows that 
the power law of equation (4) describes very well the behavior of the lifetime of the wafer during 
annealing, with a coefficient of determination R2 > 0.99. We assume the same behavior of the bulk for this 
sample and for the AlOx passivated samples in this paper.  

This temperature correction is applied to all subsequent data, in order to plot the effective minority 
carrier lifetime at an equivalent temperature of 300 K, in order to get rid of the contribution of the bulk 
lifetime, and focus on the evolution of the properties of the passivation layer. 
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Fig. 3. Evolution with temperature of the minority carrier lifetime of an n-type FZ wafer (1-5 Ωcm) 

passivated with a SiOx/(n) poly-Si stack processed at high temperature (> 800°C) during the cooling phase 

of an annealing at 300°C for 1 minutes in H2. The green line is the fitting of the lifetime with a power low 

of coefficient Q = 1.0026 (adapted from [15]).  

3. RESULTS AND DISCUSSION 

3.1. In Situ MPL measurements during annealing 

In this paper, n-type Float-Zone wafers are used because they show the highest bulk lifetime, which 
implies that the final lifetime is mostly limited by surface recombination, and therefore allows a good 
assessment of the passivation quality of the annealed AlOx layers. The activation of fixed charges in AlOx 
still provides high passivation because of the high absolute fixed charge density which induces a strong 
inversion layer at the interface, thus providing a high field effect passivation. 

The standard annealing step that previously showed the best results for our AlOx passivated samples 

consists in a 30 min-long plateau at 350°C [9]. Figure 4 shows the evolution of �.// during such thermal 

treatment under 1 Torr of H2. The lifetime starts to increase at the beginning of the heating step, reaching a 

peak at a temperature of around 250°C (�U.VW ≈ 3.5 ms). Then, when the temperature further increases, 

�.// drops back close to its initial value and stays fairly constant during the 30 minutes of high temperature 

plateau. Finally, when the sample starts cooling down, the lifetime recovers, and reaches �.// = 3.5 ms at 

the end of the annealing step. A measurement of the effective minority carrier lifetime by QSSPC at the end 

of the process confirms the final value of �.// = 3.2 ms which is close to the value obtained with the MPL 

method, thus confirming the validity and accuracy of the different corrections. This kind of kinetics 
(increase, decrease, low lifetime plateau, recovery) is very reproducible, and was observed on all the 
samples annealed at 350°C for 30 minutes. 

The decrease of lifetime at temperatures higher than 250°C might be due to a loss in chemical 
passivation. Indeed, this is the temperature at which hydrogen could be starting to effuse and part of the Si-
H bonds could be breaking [20]. This could also be a bulk-lifetime-related phenomenon by activating some 
recombination centers in the FZ silicon wafer [21]. 
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Fig. 4. Evolution of the minority carrier lifetime of an Al2O3-passivated c-Si wafer during annealing at 

350°C for 30 minutes in H2. The black curve shows the temperature profile. 

The kinetics of passivation shown in Figure 4 raise at least two questions. (1) Since we did not witness 
any significant change during the 30 min-long plateau, what is the impact of a shorter annealing step? (2) 
Reaching temperatures up to 350°C seems to be detrimental: what happens if the annealing is stopped at the 
peak of lifetime: 250°C? In order to answer these questions, two more temperature profiles are investigated: 
(1) annealing at 350°C for 1 min (Figure 5) and (2) annealing at 250°C for 1 min (Figure 6). 

The graph obtained for the one-minute-long annealing at 350°C (Figure 5) shows a similar peak of 
lifetime at 250°C as in Fig. 3, followed by a drop in lifetime when the temperature is further increased. 

When the temperature starts to decrease, �.// starts to increase again, but reaches significantly lower values 

(2.5 ms) at room temperature than for the thirty-minute-long annealing step. 
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Fig. 5. Evolution of the minority carrier lifetime of an Al2O3-passivated c-Si wafer during annealing at 

350°C for less than 1 minute in hydrogen environment. The black curve shows the temperature profile.  

 

Fig. 6. Evolution of the minority carrier lifetime of an Al2O3-passivated c-Si wafer during annealing at 

250°C for less than 1 minute in hydrogen environment. The black curve shows the temperature profile. 

When the annealing is stopped at 250°C (Fig. 6), the kinetics of the lifetime is significantly different. 

Indeed, �.// increases up to 2.5 ms at 250°C, but the lifetime does not decrease afterwards since the 

temperature does not exceed this threshold value. Surprisingly, �.// keeps increasing during the cooling 

phase, reaching 4.7 ms at room temperature, at the end of the MPL measurements. This excellent result 
shows the importance of in situ characterization: it allows to choose specific annealing conditions that 
otherwise one would not have investigated.  

However, the lifetime value measured by QSSPC after the annealing step is significantly different from 
this last result: only 500 µs. This discrepancy will be investigated further in section 3.4. 

3.2. Chemical passivation 

One hypothesis to explain the improvement in passivation properties provided by AlOx thin-films upon 
annealing is the formation of a thin silicon oxide (SiOx) layer at the AlOx/c-Si interface [3,22]. However, in 
Figure 7 STEM-HAADF images of the c-Si/AlOx interface show that a thin SiOx layer is already present in 
the as-deposited state. The oxide thickness seems to be decreasing with the thermal budget: 1.5 nm for the 
sample in the as-deposited state, 1 nm for the sample annealed at 250°C for 1 min and 0.8 nm for the 
sample annealed at 350°C for 30 min. This indicates that the enhancement in passivation is not directly 
related to the formation of a SiOx layer at the interface. However, this analysis does not provide information 
on the passivation quality of the SiOx thin film: some densification, rearrangements in the Si-O bonds and 
hydrogen effusion may explain the thinning of the layer and could lead to a change in chemical passivation.  
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 (a)          (b)              (c)        

Fig. 7. STEM-HAADF images of the c-Si/AlOx interface for (a) the as-deposited sample, (b) the sample 

annealed at 250°C for 1 min and (c) the one annealed 30 minutes at 350°C 

3.3. Field-effect passivation 

TABLE I.  FIXED CHARGE DENSITY OF ALOX FILMS AFTER DIFFERENT THERMAL TREATMENTS IN THE 

PECVD CHAMBER WITH IN SITU MPL. DEDUCED FROM CORONA CHARGE EXPERIMENTS. 

Annealing 
Fixed charge density Qf 

(cm-2) 

Surface defect density 

Dit (cm-2) 

350°C for 30 min -2.1.1012 1.1011 

350°C for 1 min -1.2.1012 2.1011 

250°C for 1 min +3.1010 1.1011 

 

Another important aspect in AlOx annealing is the activation of fixed charges. Table 1 displays the fixed 
charge density and the surface defect density in AlOx thin films for the three samples obtained in section 
3.1. 

For the sample annealed at 350°C for 30 min, a negative fixed charge density of -2.1.1012 cm-2 was 
measured by COCOS. A slightly lower value of -1.2.1012 cm-2 was obtained after annealing for only 1 min 
at 350°C. This difference could mean that the annealing step was too short to activate as many fixed 
charges inside the material, which could have a share in the difference in final minority carrier lifetime 
value (see Fig. 4 and Fig. 5). For the sample annealed at 250°C for 1 min however, the fixed charge density 
is +3.1010 cm-2. This low absolute value means that the negative fixed charges have not been activated at 
such low temperature. The absence of charge activation could explain the low final lifetime measured by 
QSSPC for the sample annealed at 250°C (500 µs), but is not consistent with the high values obtained from 
the MPL measurement. Despite this large differences in fixed charge densities, the surface defect densities 
are similar between the different samples, and around 1.1011 cm-2.  

3.4. Investigation of the discrepancy between QSSPC and MPL  

In order to understand the difference between the MPL and QSSPC results, we investigate the 
homogeneity of the passivation properties; PL images of the samples are shown in Figure 8. It can be seen 
that for the sample annealed at 350°C for 30 minutes, the PL signal is relatively spatially homogeneous – 
despite a slightly brighter spot near the center, and damaged areas due to manipulation. On the other hand, 
the PL image of the sample annealed for 1 min at 250°C shows significant spatial variations. A very bright 
spot can be noticed at the center of the sample, whereas the rest emits a weaker PL signal in comparison. 
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This explains the discrepancy noticed between the MPL and QSSPC measurements, since the QSSPC 
measures the effective minority carrier lifetime on a rather large area (most of the sample) whereas the 
bright spot corresponds exactly to the area from which the MPL signal is collected.  

 

(a) 

 

(b) 

Fig. 8. PL Images for samples annealed (a) 350°C for 30 min and (b) 250°C for 1 min, using in situ MPL 

during the annealing step.  

 One hypothesis for this inhomogeneity in the passivation properties is that the charges may have been 
locally activated by the laser illumination [9,23,24]. In order to investigate this feature, a map of the fixed 
charge density has been measured on a similar sample (full 100 mm FZ wafer) annealed at 250°C for one 
minute. The map in Figure 9 shows that the fixed charge density around the spot of high PL signal intensity 
surprisingly corresponds to a high positive fixed charge density of around +1.1012 cm-2. This result has been 
observed and verified on different samples: in all of them, the fixed charge density reached similar values. 
Dit stays homogeneous at values around 2.10-11 cm-2. The high positive fixed charge density is very unusual 
and mostly witnessed in samples having several nanometers of interface layer of SiOx or another dielectric 
[25,26]. 

 This positive fixed charge density could explain the better passivation properties, since the deposition of 
the AlOx samples were done on phosphorous doped silicon wafers, so field effect passivation with positive 
fixed charges is more favorable. As mentioned above, this may not be the only process taking place, since 
some degradation may be occurring while the temperature gets higher than 250°C.  

 



10 

 

 

(a) 

 

(b) 

Fig. 9.  (a) PL Image and (b) fixed charge density map for a sample annealed at 250°C for 1 min, using in 

situ MPL during the annealing step.   

 Additionally, we notice that after 2 months of storage in the dark, the PL images obtained in Figure 8 
remain unchanged, which means that the high positive fixed charges are stable, contrarily to reversible 
negative fixed charge activation through light soaking reported at room temperature [23] . 

 We showed in this section that the combined action of light and temperature could lead to the formation 
of a highly passivating AlOx layer containing a large positive fixed charge density which is stable in time. 
The annealing under illumination of the full wafer still remains to be investigated. The advantage of such a 
process is that it only requires the addition of a light source during the annealing step in order to activate 
fixed charges in AlOx. The process is simple, low temperature and short, and leads to the formation of very 
interesting positive fixed charges that are stable in time. 

4. SUMMARY 

In this study, we have presented an in situ MPL setup allowing the measurement in real-time of the 
minority carrier lifetime at the minority carrier density of 1.1015 cm-3. This characterization tool was 
mounted on a PECVD reactor which gives the possibility to investigate a thermal annealing treatment or a 
thin-film deposition step. The annealing step following the deposition of an AlOx passivation layer was 
studied. The tool allowed to evidence the rich kinetics of the passivation during the annealing. A large drop 
of lifetime is observed when the sample reaches a temperature greater than 250°C. This spurred the 
investigation of a faster annealing step at lower temperature (1 min at 250°C instead of 30 min at 350°C). 
Such a thermal profile allowed to achieve an effective lifetime of 5 ms, but only locally, on the area where 
the laser used for the MPL measurement was shining the sample. The combined action of light and 
temperature was shown to activate a high density of fixed charges, which were both positive and stable. 
This could lead to an additional interest in the use of AlOx for passivating both n-type and p-type 
semiconductors.  This study shows that annealing under illumination could have the ability to provide a 
simple and fast way to get positively charged AlOx layers. We are currently investigating the addition of a 
light source to shine the whole sample during the thermal annealing. 
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