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Abstract —  A new setup for recording time dependent 

photoluminescence signal in both transient and modulated regime 

was previously assembled. The modulated photoluminescence 
experiment was achieved in a high frequency domain (up to 10 
MHz) while keeping high sensitivity. The methods can thus be 

applied both to silicon and thin film absorbers. A simulation 
program was developed for the reconstruction of the experimental 
data in both time resolved and frequency resolved regimes. In this 

work we focus on the simulation part and discuss the ability of our 
setup to identify the carrier recombination paths in thin film solar 
cells. First results confirm that it should be possible to 

discriminate between different mechanisms such as radiative, 
non-radiative recombination and trapping.  

Index Terms —charge carrier lifetime, photoluminescence, 
photovoltaic cells, semiconductor recombination, thin films 
absorbers. 

I. INTRODUCTION 

Thin film solar absorbers are promising candidates for the 

fabrication of low cost solar panels. However, the physics of 

some materials like CIGS or Perovskites is not completely 

understood. Even III-V materials can present defects having 

negative impacts on the efficiency by modifying the 

recombination paths of photo-generated carriers in the absorber 

volume or boundaries. Contactless methods for the 

characterization of these recombination paths are needed and 

have to be suitable to test samples at each step of the fabrication 

process. Photoluminescence (PL) is a powerful tool and Time 

Resolved Photoluminescence (TRPL) is commonly used to 

study recombination dynamics. However, results are often not 

sufficient to discriminate all the recombination mechanisms. 

Here, we present a complementary approach:  High-Frequency 

Modulated Photoluminescence (HF-MPL). The experimental 

results are compared to the ones observed with TRPL.  

First results were recently demonstrated on CIGS absorbers 

without and with CdS overlayer up to 10 MHz modulation 

frequency [1]. On raw absorbers, the method gave meaningful 

information whereas the TRPL decay rates were too fast for 

suitable interpretation. However, samples with CdS covering 

provided complementary information to TRPL decays. It 

should be noted that, with TRPL, the information on time scale 

and injection levels are correlated, i.e. shortest times are always 

seen at the highest injection levels. 

Although TRPL and HF-MPL data contain information on 

the recombination paths, the interpretation of these data is not 

straightforward. One needs to build a mathematical model of 

the sample and the usual approach is to simulate the experiment 

and to fit the experimental data by varying the model 

parameters. Simple analytic models are quite often not 

available whereas heavy multidimensional (2D/3D) numerical 

simulations are time consuming and involve many parameters. 

Therefore, we developed a one dimensional simulation code 

based on drift diffusion model and including carrier trapping. 

The program can simulate the carriers’ behavior in a multilayer 

stack. The specificity of this code is that the generation rate can 

follow any arbitrary time-dependent function. A large signal 

sinusoidal illumination as in HF-MPL experiments or a pulsed 

illumination as in TRPL can be modelled.  

In this work, we present simulation results based on this code 

to highlight the capability of HF-MPL. By studying different 

cases corresponding to several recombination mechanisms, we 

will discuss the ability of HF-MPL to distinguish between 

them. In each case, a comparison with TRPL is done. 

II. METHODOLOGY 

 

Our drift-diffusion code was developed following a classical 

Gummel-Scharfetter discretization scheme [2] [3].Then, 

carrier capture and emission from defects were added in a 

similar way as in SCAPS [4] or AFORS-HET [5] following 

rate equations [6]. The main difference with those two well-

known programs is that we can chose an arbitrary time and 

depth dependent generation profile.  

Fig. 1 presents our simulation methodology. The simulation 

starts with the calculation of the structure band diagram and the 

equilibrium concentration (Fig. 1.A). Then the temporal 

problem is solved at one frequency, waiting for the end of the 

transient part up to a quasi steady state and the 

photoluminescence is calculated (Fig. 1.B). Finally, this 

procedure is repeated at several frequency points. At each 

point, the continuous part, the phase and amplitude of the first 

harmonic (and also the second and third ones deduce by Fourier 

Transform) are extracted (Fig. 1.C). Phase and amplitude may 



 

provide complementary information to discriminate between 

recombination paths. 

 
Fig. 1. An example of our simulation methodology: Equilibrium 
band diagram (A) of a CIGS/CdS stack, Photoluminescence response 
to a sinusoidal illumination (B), Extracted phase of the resulting 
sinusoidal signal at several frequencies (C). 

 

III. SIMULATIONS 

We will consider now the simulation results obtained based 

on an absorber with a bandgap value of 1.2 eV. The parameters 

summarized in table I could correspond to CIGS, but the same 

methodology holds for different PV absorbers.  Simulated data 

for four recombination mechanisms are shown on Fig. 2 to 5. 

The modulation depth in these simulation is constantly 100%, 

meaning that the continuous part of the light flux is equal to the 

amplitude of the modulation. Fig. 2 accounts for a single layer 

where only radiative recombination occurs. Fig. 3 and 4 

correspond to the presence of a shallow trap close to 

conduction band, and to a deep mid-gap recombination center 

respectively. In the case of Fig. 5, all these phenomena are 

taken into account simultaneously. 

 

TABLE I 

SUMMARY OF MATERIAL PARAMETERS USED FOR FIG. 2 TO 5 

 

Layer thickness  2.3 µm 

Bandgap 1.2 eV 

P-type doping Na  3x 1016 cm-3 

Relative permittivity εr 13.6 

Electron affinity 4.1 eV 

Electron mobility µn 50 cm2.V-1.s-1 

Hole mobility µp 20 cm2V.-1s.-1 

Conduction and Valence 

band density 

of state Nc  / Nv 

 2x1018 cm-3 

Radiative recombination 

coefficient  

K=8x 10-11 cm3/s 

Deep trap parameters 

 

Ec-Et=0,6 eV 

σn=σp=10-15 cm2 

Nt=1017cm-3 

Shallow electron trap 

parameters 

 

Ec-Et=0,18 eV 

σn=10-15 cm2   

σp=10-18 cm2 

Nt=1017cm-3 

 

A. Radiative recombination  

Fig. 2 represents the MPL and TRPL simulations for the case 

of a single layer where only transport and radiative 

recombination occur. In this case, the material re-emits the 

same amount of photons that it received from the excitation, 

which appears quite high photoluminescence. The graph A 

shows the continuous part of the signal where C and D show 

the amplitude and phase of the first harmonic, respectively. 

 

 On Fig. 2.D, we can notice that the phase shifts towards high 

frequencies when increasing the illumination power. Fig. 2.E 

and 2.F represent the TRPL experiment for the same simulation 

parameters. At the two highest injection level one can see the 

bimolecular recombination carving the decay whereas the 

lower part of these decays is logarithmic, corresponding to the 

monomolecular regime.  In the case of the HF-MPL, the 

bimolecular regime leads to a shift of the phase curve toward 

high frequencies. Fig. 2.D and 2B clearly depict the shift of the 

phase occurs when the injection level overcomes the doping. 

 

B. Radiative recombination + trapping. 

In Fig. 3. compared to the previous case, the main difference is 

the appearance for the phase curves of V–shaped patterns (Fig. 

3D). The existence of such patterns has been shown 

experimentally by the authors in [1]. This kind of shape would 

be equivalent to the bi-exponential decays in TRPL. However, 

the link between the trap parameters and the appearance of the 

 

 

 



 

V-shape remains unclear. We are currently investigating this 

by studying the exchange rates from conduction band to the 

defect and from valence band to the defect.  When the injection 

rates become high enough, all the defects are occupied, where 

the mentioned effect disappears. The TRPL decays are 

composed of a fast and a really slow part indicating the 

presence of two mechanisms.  

 C. Radiative recombination + deep recombination center 

As observed in Fig. 4., the defect this time is no longer a 

shallow trap but a deep recombination center, located at mid-

gap with important capture cross sections for both type of 

carriers. The corresponding electron and hole Shockley Read 

Hall (SRH) lifetimes would be equal to one nanosecond. This 

reduces drastically the carrier density and leads to a signal drop 

of approximatively two orders of magnitude compared to the 

radiative case. The phase has also been strongly reduced but 

remain   a relevant indication of the lifetime in the material. 

The phase absolute value is increasing monotonically with 

illumination. The TRPL decays look mono-exponential like 

whereas the HF-MPL curves allow to distinguish the low and 

high injection regimes.  

D. Radiative recombination + trapping + deep recombination 

center 

In Fig. 5, It is remarkable that despite the strong recombination 

center, the V-shape is still present on the phase curves. The 

TRPL decays become bi-exponential. Both signals furnish the 

evidence of the presence of two mechanisms. However, it will 

be of great interest to perform crossing MPL and TRPL 

experiments and to verify the set of parameters by fitting both 

methods with the same set. 

 

 IV CONCLUSION 

 

We have previously presented a new temporal 

photoluminescence method based on sinusoidal illumination: 

the HF-MPL. We now focus on the modelling and simulation 

of the experiment data, in order to estimate the ability of the 

method for detecting and characterizing recombination and 

trapping mechanisms in probed materials. We proved that the 

radiative recombination, shallow traps, and deep 

recombination centers have different signatures, both in HF-

MPL and TRPL which can be a useful way for material 

characterization. Our experimental setup is currently being 

upgraded to reach 100 MHz of modulation. 
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Fig. 2.  Radiative recombination. From A to D: simulated HF-MPL: A continuous part, B Injection level for electrons (blue) and holes (red), C 
first harmonic amplitude; D first harmonic phase at several values of the average excitation flux: 1015 photons/cm2/s multiplied by ten at the power 
1 (dark blue curve), 2 (red curve), 3 (yellow curve), 4 (purple curve), 5 (green curve), 6 (light blue curve). E and F: E simulated TRPL and F 
corresponding injection level corresponding to the pulsed excitation flux 108 photons/cm2/pulse multiplied by ten at the power 1 (dark blue curve), 
2 (red curve), 3 (yellow curve), 4 (purple curve), 5 (green curve), 6 (light blue curve). 
  



 

 
Fig. 3. Radiative recombination and shallow trapping. From A to D: simulated HF-MPL: A continuous part, B Injection level for electrons 
(blue), holes (red), trapped electrons (yellow), C first harmonic amplitude; D first harmonic phase at several values of the average excitation flux: 
1015 photons/cm2/s multiplied by ten at the power 1 (dark blue curve), 2 (red curve), 3 (yellow curve), 4 (purple curve), 5 (green curve), 6 (light 
blue curve). E and F: E simulated TRPL and F corresponding injection level corresponding to the pulsed excitation flux 108 photons/cm2/pulse 
multiplied by ten at the power 1 (dark blue curve), 2 (red curve), 3 (yellow curve), 4 (purple curve), 5 (green curve), 6 (light blue curve). 

 



 

 
Fig. 4. Radiative recombination and deep mid-gap recombinant center. From A to D: simulated HF-MPL: A continuous part, B Injection level 
for electrons (blue), holes (red), trapped electrons (yellow), C first harmonic amplitude; D first harmonic phase at several values of the average 
excitation flux: 1015 photons/cm2/s multiplied by ten at the power 1 (dark blue curve), 2 (red curve), 3 (yellow curve), 4 (purple curve), 5 (green 
curve), 6 (light blue curve). E and F: E simulated TRPL and F corresponding injection level corresponding to the pulsed excitation flux 108 
photons/cm2/pulse multiplied by ten at the power 1 (dark blue curve), 2 (red curve), 3 (yellow curve), 4 (purple curve), 5 (green curve), 6 (light 
blue curve). 

 

 



 

 
 
Fig. 5. All mechanisms together. From A to D: simulated HF-MPL: A continuous part, B Injection level for electrons (blue), holes (red), 
trapped electrons on defect 1 (yellow), trapped electrons on defect 2 (purple), C first harmonic amplitude; D first harmonic phase at several values 
of the average excitation flux: 1015 photons/cm2/s multiplied by ten at the power 1 (dark blue curve), 2 (red curve), 3 (yellow curve), 4 (purple 
curve), 5 (green curve), 6 (light blue curve). E and F: E simulated TRPL and F corresponding injection level corresponding to the pulsed excitation 
flux 108 photons/cm2/pulse multiplied by ten at the power 1 (dark blue curve), 2 (red curve), 3 (yellow curve), 4 (purple curve), 5 (green curve), 
6 (light blue curve). 
 


