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ABSTRACT: The slow de-trapping characteristics of defects related to thermal donors have been studied with 

transient photoconductance measurements in Cz monocrystalline silicon wafers. The temperature dependent 

photoconductance decay curves were analyzed to extract de-trapping time constants for a range of Cz-grown 

wafers. These included an as-cut wafer with a moderate concentration of pre-existing thermal donors, a wafer 

with a high concentration of thermal donors (High TD sample) which was annealed at 450⁰C for 72 hours, and a 

sample with no thermal donors (No TD sample) annealed at 650⁰C for 30 minutes to destroy the pre-existing 

thermal donors. The de-trapping time constants were measured at four temperatures (12⁰C, 30⁰C, 60⁰C and 80⁰C) 

using photoconductance decay measured up to 10 minutes after the illumination was turned off. We find that the 

de-trapping time constants of the as-cut sample are higher than those of the High TD sample for all the 

temperatures studied. Also, in both samples, the de-trapping time constants decrease with temperature, indicating 

that trapped minority carriers are released back into the bands more rapidly at higher temperatures. De-trapping 

was not observed in the samples without thermal donors. We also estimate the energy level of the significant 

traps using Arrhenius plots and found that in n-type Cz silicon, the as-cut wafers mostly contain traps close to the 

valence band, whereas the High TD sample has much deeper traps. 

Keywords: Minority carrier trapping, Cz silicon, thermal donors, silicon defects. 

 

 

1 INTRODUCTION 

 

The use of injection-dependent lifetime data as a 

measure of the quality of silicon wafers is a common 

practice in the photovoltaic industry. However, with the 

presence of high concentrations of minority carrier 

trapping centres, lifetime measurements are known to be 

affected by an artifact that dramatically increases the 

apparent lifetime at low injection levels. The trapping 

centers capture a minority carrier and then release it back 

to the respective energy band where it was captured from. 

During the period of holding the minority carrier, the 

majority carrier density increases, creating the abnormal 

increase in the apparent lifetime measured by QSSPC [1].  

These additional trapping centres do not contribute to 

recombination but only interact with minority carriers 

and the minority band [1]. Such trapping centres can be 

considered as ‘fast’ traps, as they have capture and 

release time constants that are faster than the 

recombination lifetime. ‘Slow’ traps can also affect 

photoconductance decay data as they are slowly released 

back into the bands. Such slow traps have been observed 

in Cz-Si samples [2]. Therefore, understanding slow 

trapping of minority carriers is useful in the 

characterization of silicon materials for photovoltaics. 

Different methods such as photoconductance [3], and 

Microwave Detected Photoconductivity [4, 5] have been 

used to study fast and slow trapping effects in silicon 

material.  

At the same time, silicon heterojunction solar cells 

suffer from significant loss in efficiency due to the 

presence of thermal donors [6]. As such, it is important to 

understand the recombination and trapping properties of 

thermal donors. Although the recombination parameters 

of thermal donors [7] and the temperature dependence of 

the recombination lifetime in silicon wafers [8] have been 

studied recently, little is known regarding the trapping 

parameters of thermal donors and their dependence on 

temperature. Some studies have quantified the ratio of the 

de-trapping/trapping time constants [9] – [11]. Hornbeck 

and Haynes revealed the existence of two types of traps, 

present both in n-type [9] and p-type [10] silicon.  

However, recent work by Heinz et al. [2] and Zhu et al. 

[12] have shown that the trapping mechanisms of TDs are 

more complex than described by Hornbeck and Haynes, 

and little is known regarding the many thermal donor 

species (TD1…TDn) and how their structural 

configuration relates to their trapping properties. 

Previously, we have studied the effect of the 

concentration of thermal donors on slow de-trapping time 

constants [13], and found that the de-trapping time 

constants are inversely proportional to the concentration 

of thermal donors of silicon wafers [13]. Also, no slow 

decay of the photoconductance was observed when n-

type Cz silicon wafers were annealed at 650⁰C for 30 

minutes to destroy the thermal donors.  

In this study, we have investigated the temperature 

dependence of the slow de-trapping time constants in 

samples with different concentrations of thermal donors, 

allowing us to estimate the energy levels of the slow trap 

centers using Arrhenius plots. The research helps to 

improve our understanding of thermal donors especially 

in relation to their slow trapping properties.  

 

 

2 EXPERIMENTAL METHODS 

 

In this study, three sister wafers from an n-type 

monocrystalline Cz silicon ingot with an as-cut resistivity 

of 2 Ω.cm were used.  

In order to create different concentrations of thermal 

donors, sample 1 was kept as-cut, sample 2 was annealed 

at 450 °C for 72 hours, and sample 3 was annealed at 650 

°C for half an hour to remove any existing thermal 

donors in the sample. All three samples were then RCA 

cleaned and passivated with Al2O3 layers using thermal 

atomic layer deposition. The resistivity and thermal 

donor concentration was measured with a WCT 120 coil 

[14].  

The lifetime was measured using a photoconductance 

based QSSPC lifetime measurement system from Sinton 

Instruments. Minority carrier trapping was identified in 

sample 1 and sample 2 from the artificially high lifetime 

at low injection levels. All the samples were then tested 



for changes in photoconductance during a slow de-

trapping process at different temperatures (12⁰C, 30⁰C, 

60⁰C and 80⁰C). The photoconductance measurements 

were done using a modified lifetime tester from Sinton 

Instruments [15]. The flash light source is a Xenon flash 

as used in QSSPC measurements with the standard 

Sinton Instruments WCT-120 lifetime tester. In order to 

analyze the de-trapping process, the samples were 

illuminated with a flash and the decay of the 

photoconductance was studied in each sample for up 1-10 

minutes after the flash was terminated. The 

photoconductance decay curves, given by the voltage of 

the conductance coil, were then fitted with exponential 

curves to obtain the de-trapping time constants. The de-

trapping rates were then fitted against the inverse 

temperature to generate Arrhenius plots, allowing and the 

energy levels of the slow traps to be estimated. 

 

 

3 RESULTS AND DISCUSSION 

3.1 Temperature dependent photoconductance decay of 

as-grown and high TD samples 

During excitation, the traps are filled, and when the 

flash is terminated, the minority carriers are slowly 

released back into the band where they were captured 

from.  

After terminating the flash, there is an immediate 

decline of the photoconductance due to recombination, 

and this part is not shown in Figure 1 and Figure 2. It is 

followed by a much slower decay which can be fitted 

with multi exponential curves, indicating the existence of 

more than one type of trap in a sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Change in photoconductance coil voltage of an n-type Cz as-cut silicon wafer (sample 1) after termination of a 

strong illumination source, at different temperatures as specified under each Figure. 

 

  

At 30⁰C 

At 60⁰C At 80⁰C 



Figures 1 and 2 shows the measurements of the 

photoconductance coil voltage decay of sample 1 (as-cut 

sample) and sample 2 (High TD sample) after a flash 

light is terminated. The coil voltage is linearly 

proportional to the excess carrier density and serves as a 

proxy to measure the kinetics of excess carrier density 

decays. As shown in the figures, the photoconductance 

decay was measured for four different temperatures 

(12⁰C, 30⁰C, 60⁰C and 80⁰C).  The de-trapping curves are 

fitted using a multi exponential function.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Change in photoconductance coil voltage of an n-type Cz high TD silicon wafer which was annealed at 450⁰C for 

72 hours (sample 2) after termination of a strong illumination source, at different temperatures as specified under each 

Figure.  

 

 

The de-trapping time constants at different 

temperatures are summarized in Table 1. The as-grown 

sample has longer de-trapping time constants compared 

to the sample with high [TD]. Further, it is obvious that 

the de-trapping is faster as the measurement temperature 

increases.  

 

 

3.2 Estimation of trap energy levels 

As demonstrated in Figures 1 and 2, the faster trap 

(trap 1) contributes more to the PC decay in the as-cut 

sample, and the slower trap (trap 2) contributes more to 

the PC decay in the High TD sample. Therefore, we 

further analyze trap 1 for the as-cut sample, and trap 2 for 

the High TD sample, in terms of Arrhenius plots.  
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Figure 3 shows the Arrhenius plot of trap 1 in the as-

cut sample and Figure 4 gives the Arrhenius Plot of trap 2 

in High TD sample. The energy level of each trap is 

determined using Equation 1, given by Dobaczewski et 

al. [16]. 

 

 
 

Where, 

en,p  = Emission rate of electron or holes 

σn,p  = capture cross sections,  

υn,p = mean thermal velocities,  

Nc,v = effective density states 

kB    = Boltzmann constant in eV/K 

T      = Temperature in K 

ΔGc,ʋ = Energy Level 

 

 

Therefore, the gradient of an Arrhenius plot of 

ln(1/tau) versus (1/T) gives ΔGc,ʋ / kB, from which the 

energy level can be estimated. The energy level of trap 1 

in the as-cut sample was found to be 0.12 eV in 

agreement with previous studies (DOI 

10.1002/pssa.2210560220) and that of trap 2 in the High 

TD sample was 0.64 eV.  

 

 
 

Figure 3: Arrhenius plot for Trap 1 of the as grown 

sample (sample 1) 

 

 

In n-type silicon, holes, the minority carriers, are 

captured by traps and released back into the valence band 

during de-trapping. Based on the estimations of energy 

levels of the more significant trap in each sample, it is 

observed that the energy level of traps in the as-cut 

wafers are located at 0.12 eV above the valence band. In 

contrast, the dominant traps in the High TD sample are 

close to the middle of the gap, with an energy level of 

0.64 eV above the valence band. The different de-

trapping time constants may reflect the depth of the 

energy levels.  

 

 

 
Figure 4: Arrhenius plot for Trap 2 of the high TD 

sample (sample 2) 

 

 

4 CONCLUSIONS 

 

The creation of additional thermal donors in Cz-Si 

wafers leads to lower measured carrier lifetimes. As-cut 

wafers with a low concentration of thermal donors have 

most trap levels closer to the valence band at 0.12eV 

above the valence band. Their de-trapping time is longer 

than the samples with a high concentration of thermal 

donors, for which the trap levels are located deep in the 

bandgap, closer to the mid-gap at 0.64eV above the 

valence band. In both the samples, the de-trapping time 

decreases as the temperature increases. The observed 

difference in de-trapping time constants may be 

associated with the depth of the traps, and the different 

Table I: De-trapping time constants for samples with different thermal donor concentrations at different temperatures. 

 

Sample As-grown (low [TD]) Annealed (high [TD]) 

Resistivity (Ω.cm) 2.03 0.31 

Thermal donor concentration (cm-3) 9.6x1014 9.1x1015 

QSSPC lifetime (µs) 1388 22 

Temperature (⁰C) τ1d (s) τ2d (s) τ1d (s) τ2d (s) 

12 - - 20 330 

30 5.1 165 4 44 

60 3.3 80 0.55 6.0 

80 2.7 50 0.13 2.2 

 

(1) 



trap parameters in each sample probably reflects the 

different species of thermal donors present.  
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