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Abstract  

In this work, we present a novel characterization technique for the analysis of Si surface passivation layers, 

using a photoluminescence imaging setup. In this technique the effective lifetime of passivated Si wafers is 

measured while applying an external bias over a rear side dielectric film. We demonstrate that this method 

can be used to analyze the passivation of silicon surfaces in inversion, depletion and accumulation 

conditions. In this paper the method is illustrated by characterization of a-SiNx:H passivation layers deposited 

by plasma enhanced chemical vapor deposition. The characterization results are interpreted both in the 

framework of the extended Shockley-Read Hall theory and by PC1D simulations. For the a-SiNx:H layers, 

the effective surface recombination velocity parameter is found to be 5-7 times larger for electrons than for 

holes and the fixed insulator charge density is found to be 6.1 − 6.5 ∙ 10�� cm
-2

 under illumination, in 

agreement with results from capacitance-voltage measurements. 

Keywords: Photoluminescence, Imaging, Field-effect, Passivation, Silicon Nitride 

1. Introduction 

Electronic surface passivation is a topic of high and increasing importance for the production and 

development of crystalline silicon solar cells. The surface recombination velocity (SRV) of a surface is 

greatly influenced by the presence of charges near the surface. Such fixed charges are present in commonly 

used surface passivation materials like hydrogenated amorphous silicon nitride a-SiNx:H and aluminium 

oxide a-AlOx:H. During measurements, charges may also be created by the application of a voltage to a gate 

electrode deposited on the passivation layer. However, the presence of metallic electrodes typically 

complicate lifetime measurements obtained with most of the common characterization methods in that they 

obstruct either the optical excitation or the measurement of photoconductivity arising from excess carriers. 

These problems have previously been overcome e.g. by using transparent electrodes [1], or more advanced 

two-dimensional device structures [2], but at the cost of a higher complexity of the system. 

As an alternative to the use of gate electrodes, Schöfthaler et al. [3] showed that the required charges may be 

deposited in a corona discharge chamber. This technique has the advantage of being non-invasive, and has 

among others been used by Glunz et al. [4] to investigate the SRV of the Si/SiO2 interface as a function of  

surface potential. However, additional surface charge measurements with a Kelvin probe is typically required 

in order to obtain sufficient control of the charge density. Also, varying the charge may be time-consuming, 

and highly isolating passivation layers are needed to avoid stability problems. 

Photoluminescence (PL) imaging is a fast and non-destructive technique for spatially resolved lifetime 

measurements of Si wafers [5]. In this work we present a new method, based on a small modification to a PL 

imaging setup, for measuring the surface recombination at Si surfaces while using an external bias to 

precisely control the density of charge carriers at the surface. The method will be abbreviated as PL-V 
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(a) Measurement setup. (b) Example of PL lifetime image measured while applying a voltage at one of the 

rear contacts. The locally increased effective lifetime is caused by enhanced field effect passivation. 

calculated at each point from the PL 

(1) 

is an instrument calibration constant 

PC) measurement. �  is 



an optical correction factor that has been included to account for the fact that the addition of metal electrodes 

on the rear surface locally increases the rear side reflectance, causing an enhancement of the PL signal in the 

region above the electrodes. As the PL light may be scattered at the surfaces or reabsorbed as it passes 

through the wafer, this signal enhancement will depend on a number of factors, including the sample 

geometry, surface texturing, wafer thickness, excitation wavelength and measurement optics. The numerical 

value for �  was therefore determined experimentally for each measurement. For the co-planar samples that 

were used in this study �  was assumed to be given by the ratio between !"# in a region placed above an 

electrically decoupled mirror and !"# in the reference region. From these measurements  �  was found to be 

in the range 1.23 – 1.26 for all samples. Note that the enhanced PL signal over the metal electrodes at zero 

gate bias is not a good measure of the optical correction, since !"# in this region is also determined by the 

change in the rear SRV caused by the metal-semiconductor work function difference. 

The steady-state effective lifetime *+'' is found from the injection level as [8] 

 *+'' � Δ�, � Δ�-1 − ./Φ�1 2⁄   , (2) 

where , is the excess carrier generation rate, Φ�1 is the photon flux, 2 is the wafer thickness and R is the 

reflectance, measured to be . � 0.3 at the excitation wavelength. Care was taken to avoid errors arising from 

leakage currents and changes in the insulator fixed charges during the measurements (see section 4.3 for 

details).  

PECVD a-SiNx:H layers used for solar cell applications typically contain a high density of positive charges. 

The fixed insulator charge density &' in the a-SiNx:H layers was determined from dark C-V curves 

measured at a frequency of 100kHz using a Keithley 4200-SCS semiconductor characterization system. The 

first curve measured on each electrode, from positive to negative voltage, was used for calculating &' in 

order to reduce the error of charge buildup (hysteresis) effects on the results (see details in Sec. 3.2). &' is 

calculated from the flat band potential 5'6 using the relation: 

 &' � $789 :;<= − 5'6>, (3) 

where $7 is the insulator capacitance, 8 is the elementary charge, 9 is the electrode area and ;<= is the 

semiconductor-metal work function difference [9] ;<= was calculated to be −0.84 5 for the p-type sample 

and −0.20 5 for the n-type sample. 

3. Results 

3.1. Effective lifetime vs. voltage (PL-V) measurements 

Fig. 2 shows the measured effective lifetime as a function of applied voltage. For increasing negative 

voltages  -5 < 0 5/ the effective lifetime initially decreases as the external bias compensates the effect of the 

positive insulator charges. The effective lifetime subsequently passes through a minimum at 5<7A ≈ −5 5, 

corresponding to depletion conditions at the surface, before increasing as the surface is driven into 

accumulation (p-type sample) or inversion (n-type sample). At large positive voltages the curve flattens out 

as the front side SRV starts to contribute to the effective lifetime. The effective lifetime varies between 39 

and 731 µs for the p-type sample and between 101 and 1083 µs for the n-type sample. According to eq. (1) 

the corresponding injection level Δ� also changes during the measurements, between 1.3 ∙ 10�C and 2.5 ∙10�	 cm
-3

 and between 3.4 ∙ 10�C and 3.7 ∙ 10�	 cm
-3

, respectively.  

 



 

Fig. 2. 

Measured (symbols) and calculated (lines) effective lifetime as a function of applied gate voltage. Simulation 

results from both the Girisch model and PC1D simulations (described in section 4.1 and 4.2) are shown, with 

the best fit parameters given in Table 2.  

3.2. Capacitance-voltage measurements 

A typical C-V curve measured on the n-type sample is shown in Fig. 3. The flat band voltage 5'6 and 

insulator capacitance $7 were measured on 10-12 electrodes on each sample, and the corresponding fixed 

charge densities &' were calculated using eq. (3).  The average values for &' given in Table 1 are somewhat 

lower than the typical values of  2-3 ∙ 10�� cm
-2

 previously reported for PECVD a-SiNx:H layers [10–12], but 

are still large enough to cause inversion conditions of the surface of the p-type samples.  

 

 

Fig. 3. 

Typical capacitance vs. voltage curve measured on the n-type sample. A small hysteresis of ~0.3 V is 

observed between the initial measurement (negative sweep direction) and the reverse measurement.  

 

 



 

 
DE 

(cm
-2
) 

Std. deviation 

(cm
-2
) 

p-type sample 7.9 · 10
11

 0.4 · 10
11

 

n-type sample 7.0 · 10
11

 0.8 · 10
11

 

Table. 1. 

Fixed charge density in the a-SiNx:H layers, determined from C-V measurements.  

 

4. Analysis and discussion 

4.1. The extended SRH formalism 

In order to gain a further understanding of the surface recombination process we have calculated the rear side 

SRV from the extended Shockley-Read Hall (SRH) formalism described in ref. [13]. In general, the SRV of a 

real surface must be calculated by integration over the entire energy dependent concentration of surface states F7G-H/ [14]. However, a simplified model including one effective midgap defect level is found to sufficiently 

describe the observations. Moreover, it is observed that applying a different distribution of F7G-H/, for 

example a uniform distribution over the band gap, does not have a considerable impact on the results. The 

rear effective SRV is then given from standard SRH theory as: 

 I+'' � 1Δ� ∙ �=J= − �7��= � �7IK,� � J= � �7IK,A
 , (4) 

where Δ� is the injection level, �7 is the intrinsic carrier concentration and IK,A and IK,� are the SRV 

parameters of electrons and holes, defined as the product of the electron thermal velocity LG1, the 

concentration of surface state states per unit area �7G and the capture cross section MA and M�: 

 IK,A � MALG1�7G            and           IK,� � M�LG1�7G . (5) 

In order to calculate the surface band bending and thus the surface carrier concentrations �= and J= arising 

from the applied gate voltage and the fixed insulator charges we have followed a numerical approach 

proposed by Girisch et al. [2]. This method is based upon balancing the charge density in the silicon &Q7 , the 

fixed charges stored in the insulating layer &', the interface trapped charge &7G  and the charge of the gate 

electrode &R under the assumption of constant quasi Fermi levels throughout the surface space charge region. 

The same approach has later been used by e.g. Aberle et al. [13] and by Schmidt and Aberle [12] to calculate 

the SRV of Si surfaces passivated by thermal SiO2 and a-SiNx:H, respectively. In order to simulate the 

measured SRV without carrying out additional measurements for determining the properties of the surface 

states we have assumed that the interface trapped charge is negligible compared to the other terms, i.e. &7G � 0.  Note also that the built-in potential arising from the work function difference  ;<= between Al and 

Si has been implemented in the calculations. The calculated surface carrier concentrations and the surface 

potential ;= is shown as a function of gate voltage in Fig. 4.  



 

Fig. 4. 

Rear side surface concentrations of electrons and holes (left axis) and surface potential ;= (right axis) for the 

p-type sample calculated as a function of gate voltage 5R. The Girisch model and PC1D simulations that have 

been used for the calculations are described in  section 4.1 and 4.2, respectively. 

For each voltage, the excess carrier density Δ� was found from the measured PL intensity and used as input 

to the model, and the SRV at the a-Si:H passivated front surface was calculated from eq. (4)  assuming no 

surface band bending and IK,A � IK,� � IK,'S�AG. Finally, the effective lifetime *+'' was calculated from the 

front and rear SRVs as described in ref. [15], assuming only intrinsic contributions to the bulk lifetime. The 

best fit between the theoretical model and the experimental lifetime vs. voltage curve shown in Fig. 2 was 

then found by a multidimensional nonlinear minimization algorithm available through the Mathworks 

Optimization Toolbox. The rear effective SRV parameters IK,A and IK,�, the front side SRV parameter IK,'S�AG  and the fixed insulator charge density &' were used as free fitting parameters. The simulated curve 

resulting in the best fit is shown in figure 2 with the corresponding input parameters given in Table 2. 

4.2. PC1D simulations 

In order to demonstrate another way of interpreting the experimental results and to verify the results obtained 

by the Girisch model we have also simulated the measurement data using our in-house developed commando 

line version
1
 of the PC1D software [16]. After setting up the appropriate device structure, PC1D allows all 

the quantities described above as input parameters with the exception of the gate voltage 5R. The effect of the 

gate voltage was therefore modeled as a varying effective gate charge density &R added to the constant fixed 

insulator charge &', given by 

 &G�G � &' � &R � &' � TKTQ7UV8WQ7UV
:;<= − 5R>, (6) 

where TK is the free space permittivity, TQ7UX is the nitride dielectric constant and WQ7UX is the nitride 

thickness. Compared to the Girisch model, this approach thus employs a similar calculation of the influence 

of the gate electrode, but uses a different, numerical approach to solve the coupled semiconductor equations 

in the Si bulk material. It also takes into account the non-uniform concentrations of charge carriers through 

the depth of the wafer. The steady-state effective lifetime was therefore calculated from the average excess 

minority concentration in the bulk, expressed by 

                                                 
1 Available at http://www.ife.no/departments/solar_energy/downloads/. 



 *+'' �  Y Δ�ZK -[/W[ / 2 , . (7) 

4.3. Simulation results 

By changing 5R in steps of 0.2 V and calculating *+''  at each point we could simulate the PL-V curve for any 

combination of IK,A, IK,�, IK,'S�AG and  &'. As seen in Fig. 2, the theoretical models described above may be 

used to obtain a good fit to the experimental data. Table 2 shows that IK,A and IK,� are relatively large, 

suggesting that the recombination at the a-SiNx:H/c-Si interface is mainly limited by field effect passivation. 

This is supported by a relatively large and positive fixed charge density, i.e. &' is found to be in the range 6.1 − 6.5 ∙ 10�� cm� for both models and sample types, in good correspondence with the values obtained by 

C-V measurements, shown in Table 1. Note that the &' values determined from PL-V are measured under 

illumination. It has previously been suggested that &' in PECVD a-SiNx:H layers are reduced by 

approximately one order of magnitude under illumination compared to the results of conventional dark C-V 

measurements [12]. Our results thus support the findings of Dauwe et al. [17], who based on measurements 

of the effective lifetime as a function of deposited corona charge density later reported that &' are in fact not 

changed by illumination.   

 

Parameter Description Unit 
P-type sample N-type sample 

Girisch PC1D Girisch PC1D 

IK,A SRV parameter for electrons cm/s 2.6 · 10
5 

3.7 · 10
5
 1.0 · 10

5
 1.6 · 10

5
 

IK,� SRV parameter for holes cm/s 3.7 · 10
5
 5.5 · 10

4 
2.0 · 10

4
 3.0 · 10

4
 

^ � IK,A/IK,� Electron hole capture ratio - 7.0 6.7 5.1 5.3 

&'  SiNx fixed charge density cm
-2 

6.1 · 10
11

 6.5 · 10
11

 6.4 · 10
11

 6.5 · 10
11

 

IK,'S�AG  Front side SRV parameter cm/s 38 39 31 33 

���� Doping concentration cm
-3 

5.4 · 10
15

 5.4 · 10
15

 1.7 · 10
15

 1.7 · 10
15

 

Table 2. 

Simulation parameters used as input to the extended SRH model and the PC1D simulations, giving the best 

fit to the results shown in Fig. 2. (Other parameters that are in common for all the simulations: . � 0.3, _ � 300 `, 2 � 290 µm, TQ7UX � 3.6, WQ7UX � 120 nm Φ�1�G�A � 1.7 ∙ 10�b cm
-2

s
-1

). 

 

Another important quantity that may be determined from this analysis is the ratio between the capture cross 

sections of electrons and holes: 

 ^ �  IK,AIK,� � MAM�  . (8) 

The absolute values of IK,A and IK,� calculated with PC1D are ~50 % higher than the values found from the 

Girisch model. This is probably caused by a lower calculated rear surface concentration of the limiting 

charge carriers (see Fig. 4). The calculated ^-values are however fairly consistent: as shown in Table 2, we 

find ^ ≈ 7 for the p-type sample and ^ ≈ 5  for the n-type sample regardless of the choice of model. Note 

also that for a known concentration of surface states �7G, eq. (5) may be used to independently determine the 

effective capture cross sections MA and M� from IK,A and IK,� in the region of the band gap most relevant for 

recombination.   



The combination of the free parameters IK,A, IK,�, IK,'S�AG and  &' which gives the best fit to the 

experimental data represent a unique solution, as the four parameters influence the calculated curve in 

different ways: The effect of changing &' is simply shifting the minimum along the voltage axis, IK,'S�AG 

causes the flattening of the curve at high lifetimes, while IK,A and IK,� determine the slope of the left-hand 

and right-hand part of the curve, respectively. From eq. (4) it can be seen that I+'' at any time is limited by 

the charge carrier type with the lowest surface concentration. As shown in Fig. 4, for voltages 5 < 5<7A   �= ≫ J=, meaning that the last term in the denominator in eq. (4) can be omitted. I+'' is therefore 

independent of IK,A, and the slope of this region will therefore only depend on IK,�. Similarly, for 5 > 5<7A 

the slope of I+'' only depends on IK,A. Fig. 5 illustrates this point by showing the effect of varying IK,A while 

holding IK,� fixed (dashed red lines) and of varying IK,� while holding IK,A fixed (solid black lines).  

 

 

Fig. 5. 

Measured (symbols) and calculated (lines) effective lifetime (a) and SRV (b) as a function of applied gate 

voltage for the p-type sample. Dashed lines indicate the effect of varying the IK,A parameter with fixed IK,� � 3.7 ∙ 10C cm/s, whereas solid lines show a variation of IK,�  with fixed IK,A � 2.6 ∙ 10	  cm/s. Other 

simulation parameters are given in Table 2.  

As shown in figure 2, there is a discrepancy between the experimental data and the theoretical models in the 

depletion region of  the curve, where *+'' goes through a minimum. This is illustrated more clearly in Fig. 

5(b), which shows how the modeled rear SRV of the p-type sample increases by several orders of magnitude 

as the curve approaches the point where �= ≈ J=.  In contrast, the SRV calculated from the experimental data 

has a maximum value at ~ 850 cm/s for the p-type sample and ~ 320 cm/s for the n-type sample. We believe 

that this difference indicates that the models described in section 4.1 and 4.2 do not fully describe the 

recombination at the a-SiNx:H/c-Si interface under depletion conditions when the SRV is large. For instance, 

the Girisch model assumes constant quasi-Fermi levels of electrons and holes throughout the surface space 

region, which may not be the case for the largest SRVs observed at depletion conditions.  Also, the Girisch 

model does not sufficiently describe the strong injection level dependence of the SRV that is observed in 

a-SiNx:H passivated p-type wafers under low injection conditions. A more complex model including 

recombination at subsurface defects in the surface space charge region has been proposed to explain this 

behavior [4], [18]. This model has however not been implemented in this work as the simpler models has 

been found to describe the data sufficiently well with fewer assumptions and free parameters. 

 



4.4. Leakage currents and charge stability  

C-V measurements of MIS-structures made from PECVD a-SiNx:H often suffer from hysteresis effects 

caused by injection of charge carriers from the Si substrate into a-SiNx:H bulk traps [12]. A similar behavior 

may also be observed during the PL-V measurement: A constant DC voltage applied over the a-SiNx:H layer 

over several seconds may cause build-up of charge in the film, leading to a permanent change in the PL 

signal after the voltage is removed. To avoid any large errors arising from this effect the samples were made 

with stoichiometric a-SiNx:H layers with a refractive index of ~ 1.9, where the charge buildup is less 

pronounced. To prevent the error from building up over time, the measurement were done at alternating 

voltage with increasing absolute values. A control measurement at 0 5 was performed between each 

measurement with applied voltage in order to monitor the possible change in the measured signal. By 

following these precautions we found a maximum total deviation of less than 8 % in the 0 5 signal, much 

less after measuring the data points at voltages with an absolute value < 10 5. 

Leakage currents during measurements should be avoided, as these may cause unwanted voltage drops or 

charge carrier injection influencing the measured PL signal. The probability of producing capacitors that are 

leaking due to pinholes through the a-SiNx:H layer is higher for the large PL-V electrodes than for the small 

pads used for C-V samples. This problem could however be circumvented by depositing a relatively thick 

(120 nm) layer of a-SiNx:H. The leakage current passing through the samples was monitored during the 

measurements and was found to stay below 1 µA even at the highest gate voltages.  

Several electrodes for PL-V measurements was deposited on each sample. In this way we could both avoid 

leaking pads and get better measurement statistics. In principle, a large grid of pads may be measured at the 

same time, enabling fast measurements of the lateral variation of surface passivation properties. Both this 

feature and the ability to quantify the measurement errors from non-ideal materials like PECVD a-SiNx:H 

may be important advantages of the PL-V method over alternative techniques like corona charging. 

5. Conclusions 

In this paper we have presented an alternative characterization technique for analyzing the surface 

recombination for passivated Si surfaces while precisely controlling the surface band bending. The method, 

which has been abbreviated PL-V, uses a photoluminescence imaging setup to measure the effective lifetime 

of the sample. By applying a voltage to an electrode placed on the bottom side of the structure the rear side 

SRV may then be varied without obstructing the light excitation or lifetime measurement itself.  

To illustrate the potential of the method, PL-V measurements have been performed on both p-type and n-type 

Si wafers passivated by PECVD a-SiNx:H layers. We have described how the results from these 

measurements may be interpreted to independently extract information about the chemical passivation, that 

is, the properties of the recombination-active surface defects (through IK,A and IK,�) and the field effect 

passivation (through &') of a passivated Si surface.  

The ratio between electron and hole capture  MA/M� at the a-SiNx:H passivated surface was found to be ~7 for 

the p-type sample and ~5 for the n-type sample. In both cases, the fixed charge density &' under illumination 

was found to be 6.1 − 6.5 ∙ 10�� cm
-2

, similar to the values obtained by dark C-V measurements. 
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