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Abstract. We develop a contactless method based on photoluminescence measurements in the
modulated mode: the high-frequency modulated photoluminescence. The high frequency domain
allows accessing to carrier dynamics in the nanosecond time scale which is typical for thin films
materials. To illustrate the experimental method, we analyze Cu(In,Ga)Se, photovoltaic absorbers
where recombination mechanisms in the bulk, surface and grain boundaries are not completely
understood. We correlate the data with classical time resolved photoluminescence. We show that
the combination of the two methods allows, with the help of one dimensional simulations, an
estimation of carrier traps and recombination centers parameters in thin films samples.

Keywords: Modulated Photoluminescence, Transient Photoluminescence, Time Resolved Photoluminescence,
Carrier Traps, Copper Indium Gallium Selenide

1. Introduction

Modulated Photoluminescence (MPL) is well-known in the silicon community to probe carrier
lifetimeand investigate the recombination mechanisms ata given working point [1-3]. However, the
application of this experimental method on thin films materials is challenging as the carrier dynamics
isusuallyinthe nanosecond regime. Time Resolved Photoluminescence (TRPL) is, for its part, a well-
established technique for probing fast recombination mechanisms in thin film semiconductors.
However, the temporal decays might be difficulttointerpret as they can strongly deviate from single
exponential behavior associated with a simple notion of lifetime [4-6]. In fact several mechanisms
play a role in the temporal decay of photoluminescence signals, including bulk, interfaces, and grain
boundaries recombination, carrier trapping, and transport (thermionic emission at the hetero-
junction, diffusion and drift)... This is for instance the case in Cu(In,Ga)Se, (CIGS) materials, a
promising thin films photovoltaic absorber we investigate in this study to illustrate the method we
propose.
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In orderto distinguish the influence of each phenomenon, one can perform a parametric study over
one or several physical parameters that affect the studied kinetics. These are typically carrier
concentration (and its modulation in time/space) and temperature. The illumination intensity is the
easiest way to change the carrier density, impacting all the above mentioned phenomena[7,8], it can
moreover be easily modulated. Voltage biasing allows to change minority carrier concentration and
to control the space charge region width of the CIGS cells but it imposes to work on contacted
junctions [8,9] and implies electroluminescencein case of forward biasing. Temperature modification
can influence recombination but also transport [6,7]. In this study, we explore the possibility to
change the illumination temporal variations by using sinusoidal illumination at high frequencies, i.e.
High Frequency Modulated Photoluminescence (HF-MPL).

While ultra-shortlaser pulses are used in TRPLexperiments to record fastmechanisms (transport and
recombination), the use of a slower illumination variation allows probing carrier dynamics in a way
closer to the real excitation conditions and also to focus on slow mechanisms such as carrier
detrapping. A trial has already been performed successfully by using modulated electro-
luminescence (MEL) on CIGS finished cells for trap detection [10], but on an opposite way, the
maximum modulation frequency was limited at 200 kHz which might not be sufficient to probe fast
carriers’” dynamics as it happens in thin films materials with direct bandgap. Based on previous
experiencesin modulated techniques[3,11] we developed a HF-MPL setup extending the frequency
range up to 10 MHz.

Furthermore, the mathematical background for data treatment of modulated luminescence [10]
usually comes from the field of silicon crystalline wafers using the notion of effective lifetime. This is
unclear in case of trapping events. In this work, we used a one dimensional time-dependent drift
diffusion model to fit ourresults, which includes all the above cited mechanisms (with the exception
of rigorous grain boundaries modelization because it is a three dimensional effect)

Finally, we performed HF-MPL and TRPL experiments on CIGS samples and compared the recorded
data. Trap parameters were extracted by data fitting from both experimental methods.

2. Experimental

2.1. Setup.

The setupis sketched in Figure 1.a. The light sources are a 532 nm-wavelength intensity modulated
laserand a 640 nm pulsedlaserwith 80 ps pulse duration (fullwidth at half maximum), respectively.
The modulationis based on sinusoidal variations of the light intensity around a given working point.
In this study the ratio between modulated and continuous part of the modulated light is close to
unity in order to compare the results with TRPL and validate the approach. Note that the MPL also
allows measuring small PLvariations around a given working point (small signal mode). The light is
sentto the sample via an injection fiber with 50 um core. A lens (one-inch focal length) is placed at
the output of the fiber allows for focusing the laser beam. Note that the latter is not collimated to
widen the excitation spot and make it much largerthan the carrier diffusion length. A semi -reflective
plateisthenused. Samples are excited trough a microscope objective (numerical aperture 0.75) and
the beam diameterwas measured to be 60 pm on the sample. The photoluminescence signal (PL) is
then collected. To detect the signal with an optimal sensitivity we used a Single Photon Avalanche
Detector. Then a Picoharp 300 Time Correlated Single Photon Counter (TCSPC) and a LabVIEW
software allow for reconstructing one decay in TRPL mode or one period of the modulated signal
(See Figure 1.b). In such configuration we obtain a unique experimental setup that allows to record
fast modulated signal with a high detection sensitivity. In classical modulated experiments when one



uses a fast detector, the sensitivity is often strongly degraded (compromise between speed and
gain). Once the modulated signal is recorded, we can extract the phase and amplitude of the first
harmonic. In the case of silicon, the fitting of the phase or the amplitude versus modulation
frequency allows the determination of the effective carrierlifetime [2]. The phase is often preferred
because it is closely related to the lifetime and less dependent to noise or signal distortions.

2.2. Samples

CIGS samples were fabricated at the Institut des Matériaux Jean Rouxel (University of Nantes). In
orderto simplify the dataanalysis, samples were grown without gallium gradient in a one stage co-
evaporation process. The absence of gradient was verified by Glow Discharge Optical Emission
Spectroscopy analysis. The ratio [Ga]/([Ga]+[In]) was measured to be 25%. External Quantum
Efficiency curves as well as PLspectra are compatible witha1.15 eV band gap. The sample was cutin
three parts, one was keptas grown, one was covered by CdS, one was finished as a solar cell through
the depositions of CdS, ZnO and ohmic contacts. The efficiency was measured on the third part at
12.5% with a 588 mV open circuit voltage, 31 mA.cm™ short circuit current density and a 69% fill
factor.

3. Simulationtool

A one dimensional drift diffusion simulation code was developed functioning under Matlab as well as
Octave environment [12] and allowing us to fit the HF-MPL/TRPL data. The code uses a spatial
discretization of the drift diffusion equations as presented in [13] in combination with differential
algebraic equations solvers for the temporal part [14,15]. This approach has been proved to be
efficient, see forexample [16]. The code alsoincludes the following physical effects: radiative, Auger,
Shockley Read Hall (SRH), surface and back contact recombinations, carrier trapping on defects via
rate equations [6,17], thermionicemission atinterfaces [18] and trap assisted tunneling [19,20]. The
outputs provide the carriers densities profiles n(x,t) and p(x,t), as well as the electric potential fora
given semiconductor stack with respectto depth and time. Light excitation can follow arbitrary time
profiles, the absorption profile being given by Beer-Lambert approximation. Then the
photoluminescence is approximated as the depth integration of the nxp product, providing the
photoluminescence relativeintensity as a function of time I, (t). In case of sinusoidal excitation, the
phase and amplitude of I, (t) first harmonic are calculated using usual Fourier series formulas.

The fitting procedure solves the drift-diffusion equations on several successive periods until
stabilization of the solution. For each data set, the fit was performed simultaneously on all the
experimental curves, corresponding to several excitation intensities. The fit used least square trust
regionreflective algorithm. With such method, we believe that the extracted parameters represent
reliable material properties for different illumination conditions.

4. Resultsand discussion

4.1. Resultsforthe as grown absorber

Figure 2 presents the HF-MPL phases as well as the TRPL decays measurements made on the as
grown sample. Inthe HF-MPL experiment the continuous part of the illumination was varied from 1.3
10" photons/cm?/s to 1.3 10°" photons/cm?/s with a v/10 multiplicative step which corresponds
roughly to [130-13000] suns. In our case, the phase curves can be sorted into two distinct groups.
The three low power curves present a distinct and asymmetric peak with a maximum at 250 kHz (V-
shape). This peak seemstodisappearathigherilluminationintensity and a monotonous variation is
observed. In the TRPL decays, the illumination power was varied from 1.6 10'" to 1.2 10"



photons/pulse/cm?. The TRPL decays are fast, barely longer than our instrument response function
full width at half maximum (600 ps).

In common MPL/MEL experiments [2,3,10], the PL modulated intensity is expressed as a complex

. G . . . .
fraction Iypp, ocﬁ depending on the modulation frequency f, the sinusoidal part of the
eff

generation rate Gand a single effective lifetime ty: . The PL phase would be in this case @yp, =
— atan(2nfte) . This formula is equivalent to a mono-exponential decay in temporal domain and
leadstoa monotonically decreasing phase with respect to the modulation frequency. However, the
fact that the PL phase delay presents a V-shape behavior prevents the use of mono-exponential
equivalent model and leads us to use the formulation of Pawlack et al. [21,22]. It expresses a multi-

exponential-like behavioras asum of complex fractionsin the frequency domain. This would lead in
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and A being a proportionality coefficient between the two contributions. Attempts to fit the MPL

our V-shape case to the existence of two “lifetimes” t; and T, , with Iypy, o« G(

curves one by one gave positive results (not presented here), situating t; in the 0.5-1.5 ns range, T,
between 100-600 ns, and A between 10° and 10, all three values being reduced by the laser
intensity. Bi-exponential behavior has already been studied in the temporal domain by Maibergetal.
[6,23] concluding that a shallow trap defect was competing with a fast recombination mechanism.
Following this explanation, we introduced in our code one trap center and one SRH recombination
center using rate equations for the defects [6,17]. We situated in a first approximation the energy
position of the SRH center at mid-gap. In the same way as [6], this SRH deep centeris supposed to
represent the dominant recombination mechanism, which could be situated in the bulk or at the
interfaces. We fitted simultaneously the five phase curves matching reasonably well the data. The
net doping concentration being not perfectly known; its value was varied in our simulation from
1x10"® cm™ to 8x10" cm™ without drastic change in the obtained parameters. The other simulation
parameters are presented in table 1. The corresponding shallow trap density was found close to 1-
2x10" cm?, being situated at an energy of 0.19-0.23 eV below the conduction band. The capture
cross sections were 3-9x10™"° cm” for electrons and inferior to 10™*® cm” for holes, this center being
essentially an electron trap with negligible interaction with the valence band. Note that the value
E.p=0.2 eV below conduction band has been found by several methods in the past including for
example photocapacitance techniques [24], TRPL [6.7], Deep Level Transient Spectroscopy (DLTS)
[25]. Our values for the capture cross sections are closer from the DLTS values of Zabierowsky and
Edoff [25] than those of Maiberg [6]. The SRH mechanism implies a 0.7-1.3 ns lifetime for electrons
and in opposite to [6] a negligible lifetime for holes. Thus, the SRH formula is simplified and the
recombination termis finally represented by an injection independent minority carrier lifetime (All
the fit parametersare presentedintable 2). Thisis an important result and could imply that the SRH
center has a bigger capture cross section for electrons than for holes, orit could also be associated
with an interface recombination velocity. Finally, the parameters extracted with HF-MPL allow for
fitting the TRPL data. As the TRPL decays are extremely fast, an interpretation was not possible
without the help of HF-MPL. In this particular case, the MPL was able to provide more information
than the TRPL

4.2 results with CdS covering

The results forthe CdS covered sample were presented in Figure 3. The light power vas varied from
13 to 6000 suns for HF-MPL and from 1.6x10"° photon/pulse/cm’ to 4.9x10"! photons/pulse/cm2 for
the TRPL. The fact thatthe MPL was measurable underlower illumination level (13 suns against 130
for the as-grown sample), as well as the increase of the TRPLdecay time implies astrong reduction of
the recombination mechanismes, i.e. that the CdS is passivating the CIGS absorber. Furthermore, the



behavior of HF-MPLdynamics as well as TRPL decays are completely different from those of the as-
grown sample. The phase curves present monotonic shapes corresponding to arctan function. The
deduced time constant is decreasing when injection increases. According to our simulations and
supposing a low CdS doping, that could correspond to the presence on a unique really shallow
volume trap (0.10 meV below conduction band). However, this explanation is not compatible with
the simulations of TRPLdecays in the same conditions. TRPLdecays exhibit strong curvaturesin semi-
logarithmic scale, which could be attributed to bimolecular recombination at the higherinjection
levels or charge separation due to the junction electric field. In order to obtain a sufficient field
effect, the CdS doping density had to be set to 10" cm?, leading to an increase of the decays
curvatures. The possible effect of this field on the trap parameters was taken into account by
introducing the trap assisted tunneling formula [19,25], also providing a supplementary curvature.
Then, supposingthatthe observed trap was the result of an interface modification by CdS, we limited
its position to the vicinity of the interface, in the first 250 nm of the absorber. All these hypotheses
were necessary to fitboth TRPL and HF-MPL data. The defect energy levelis found at 170 meV below
the conduction band, the trap density is 5-10x10"” cm™ and the capture cross section 2-5x10** cm?
for electrons and 8-9x10™" cm’ for holes. In this case, TRPL provided more information, but MPL was
helpful for validating the hypotheses.

4.3 Defects location

As we mentioned tofit as-grown sample data we have introduced two bulk mechanisms. It is worth
noting that having a single bulk trap level plus a surface recombination does not allow us to fit the
data. We conclude that these mechanisms are either associated to volume or grain boundaries
defects, i.e. three dimensional mechanisms.

In an opposite way, we had to build a different model for the CdS covered sample with
recombination traps located at the vicinity of the interface. The fast volume recombination
mechanism as well as the volume trap center present in the as grown sample disappeared with CdS
deposition. This could be an argument for locating this two centers at the grain boundaries of the as-
grown absorber. Indeed, CdS bath deposition has been found to deeply modify the recombination at
grain boundaries [26]. In the same way for CdS covered sample, we tried toincrease the thickness of
the defect layer without success, confirming the interfacial nature of these defect, located at the
CIGS/CdS interface. This is in accordance with recent depth resolved DLTS experiments [27].

5. Conclusion

High Frequency Modulated Photoluminescence experiments were conducted on a CIGS sample
eitherasgrown, or with a CdS layer. The proposed setup allows recording fast modulated data while
keeping high detection sensitivity. TRPLdecays were also acquired and data from both experimental
setups were fitted using one dimensional time-dependent drift diffusion model. The as-grown
sample was found to contain a shallow volumetrap center with 0.2 eV energetic position below the
conduction band and a fast recombination mechanism. After CdS deposition, HF-MPL as well as TRPL
curves changed drastically. This is attributed to an interface defect situated at 0.17 eV below the
conduction band but with slightly different capture cross sectionsand density. In orderto explain the
change from volume to interfacial trapping after CdS covering and the disappearance of the fast
recombination mechanism, the authors suggest than grain boundaries were passivated by CdS. A
proof of concept has been made than the HF-MPL provide complementary informationto TRPLand is
suitable for defect tracking in thin film absorbers.
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Simulation Parameters for: ClGS CdS
CIGS thickness d 2.3 um 40 nm
CIGS doping N, 1-8x 10" cm™ 1-8x 10" cm™

Relative permittivity €,

Electron affinity

Electron mobility u,

Hole mobility u,

Conduction band density of state N

Valence band density of state N,
Bandgap Energy E,

Auger coefficients C,, C,

Thermal velocities vy, v,

Light absorption coefficient at 532 nm

Light absorption coefficient at 640 nm

Radiative recombination coefficient

13.6

4.1eV

100 cm2Vis®
50 cm?V. %t
6.7x10" cm?

1. 7x10%° cm?*

1.15eV

1078 cm®s.*
10’ cm.s™
1.45x10° cm™

8.5x10% em™®

8x10™ cm?.s™?

10
3.8eV

390 cm’Vis?
50 cm?V.%s.?
10®% cm?®

2x10" em?®

2.4eV

neglected
10’ cm.s™
neglected

neglected

neglected






Fig. 1. a) Schematic of the setup. Laser is either a 532 nm intensity modulated laser or a 640 nm
pulsed laser (80 ps pulse duration at 10MHz repetition rate). b) Example of modulated PL signal
measured with the TCSPC: direct measurement of the laser light (black), PL signal of a
glass/Mo/CIGS/CdS sample (red) presenting a phase shift (delay) with respects to the laser light
modulation, Instrument response function is shown in green.

Fig. 2. Left: phases of the modulated PL signals versus modulation frequency measured on the as-
grown CIGS sample (crosses) at several illumination powers and the corresponding fits by numerical
simulations (lines). Laser power increases from black (1.3 10" photons/cm?/s) to green, blue, red,

cyan with a factor +/10 at each step. Right: TRPL signals measured on the same sample at several
illumination powers (circles) and their fits (lines). Laser power increases from purple (1.6 10"
photons/pulse/cm? to yellow (X 2), red (X 5), blue (X 8).

Table 1. Parameters used in our simulations
Table 2. Parameters extracted from data fit for the as-grown sample

Fig. 3. Left: phases of the modulated PL signals versus modulation frequency measured on the CdS
covered CIGS sample (crosses) at several illumination powers and the corresponding fits by numerical
simulations (lines). Laser power increases from black (1.3 10*® photons/cm®/s) to, green, blue, red,
cyan, magenta, yellow with a factor V10 at each step. Right: TRPL signals measured on the same
sample at several illumination powers (circles) and the corresponding fits (lines). Laser power
increases from green (1.6x10" photon/pulse/cm?®) to purple (X 3), orange (X 10), red (X 30). Arrows
indicate the increase of illumination.
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