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Abstract. Studying defects in semiconductors is, in practice, a very important topic for opto-electronic
applications. It involves advanced characterization tools able to quantify and qualify the defect densities present
in the materials. In the present article we focus on the use of a contactless frequency domain technique:
modulated photoluminescence (MPL), and show its potential to detect defects. MPL has been used for the
measurement of differential lifetime for several decades in silicon wafers. By extending it to low lifetime/highly
defective materials we discovered its potential to become a defect spectroscopy method, measuring time
constants close to the ones governing impedance spectroscopy measurements. Proofs of concept and an
analytical model for doped materials have been presented already. Here, we reformulate the analytical model
more explicitly and check its applicability by extensive numerical simulations for the case of a low illumination
for a thin layer with a single defect. We present a parametric numerical study simulating the response of a single
Shockley-Read-Hall center, showing the appearance of so-called V-Shapes in the MPL phase patterns as
predicted by the analytical model, and valid beyond small-signal approximation. We discuss the difference
between these two approaches and extend the analytical model and numerical investigations to intrinsic
materials.

Keywords: Modulated photoluminescence / frequency domain technique / photocarrier radiometry /

photovoltaic absorbers

1 Introduction

Probing the recombination inside a semiconductor layer or
stack of layers is a mandatory task for the development of
multi-layer devices such as solar cells, laser diodes, or any
kind of mono-dimensional semiconductor architectures.
Any semiconductor exhibits intrinsically radiative recom-
bination and Auger recombination, but in many cases the
device performance is limited by extrinsic recombination
centers that can be generated by various types of defects
like impurities, defaults in the crystalline network,
dangling bonds at the surface or interfaces, etc. If the
device presents a space charge layer (e.g. due to a pn or
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Schottky junction) and is fitted with electrical contacts,
one can use electrical measurement techniques such
as Deep Level Transient Spectroscopy or Admittance
Spectroscopy to detect and characterize these recombina-
tion centers, as proposed in the 1970’s [1,2]. These methods
use the Shockley-Read-Hall (SRH) formalism for the
representation of defects [3] in the simplest case. However,
there is a need for methods able to probe the layers and
stack before manufacturing the full device and making final
contacts. Photoluminescence (PL) is a good candidate for
such a goal, and one common way to probe recombination
dynamics in thin-film solar cells or layer stacks is Time
Resolved Photoluminescence (TRPL). With its sub-
nanosecond resolution, it is clearly suited to direct bandgap
thin-film semiconductors, where the apparent lifetimes
range from a few ns to a few ws. Initially developed for the
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characterization of III-V materials [4,5], it was then
successfully applied to other materials, for example
copper-indium-galium-di-Selenide (CIGS) [6-8] and more
recently metal halide perovskites [9-11].

However, in a lot of cases, TRPL decays have
complicated non-mono-exponential shapes. The interpre-
tation is not straightforward [12], one needs to proceed to
the study of several sets of decays for example as a function
of temperature, illumination power, or bias voltage, or to
correlate for example as a function of the results with other
techniques such as PL quantum yields and current-voltage
characteristics, and to use a mathematical modelling for
the interpretation of the observed tendencies of the data
sets. While transient techniques are dominating the
contactless measurement of thin film recombination
dynamics using Time Correlated Single Photon Counter
(TCSPC) electronics, various frequency domain methods
have also been used based on photoluminescence [13-21] or
change of conductivity probed by microwave (known as
microwave phase-shift [22-24]). One limitation of these
methods is the frequency range that can be probed.
Acquiring low-intensity modulated signals at high speed
with an analog system is difficult since the electronic gain-
band product limits the amplification of the signal.
Reklaitis et al. [17] overcame this difficulty by using a
photomultiplier and a fast laser diode and measured signals
from 100 Hz to 100 MHz [17,25]. A second difficulty using
modulated techniques on defective materials is that the
signal can present a response that is not easy to interpret.
For instance, such a signal when represented as a Bode
diagram with phase and amplitude of the first harmonics
versus modulation frequency can exhibit a non-monotonic
behavior with “bumps”, also called V-Shape patterns or
V-Shapes, in contrast to MPL Bode plots recorded on
silicon materials which exhibit Monotonic (decreasing)
Shapes. Such behavior has been attributed to the response
of defects [17,18], or to parasitic in-phase noise coming from
alack of laser filtering [17,25]. In addition to the mentioned
techniques, non-linear heterodyne detection schemes have
also been developed in the literature. Samples are
illuminated with two lasers with slightly different modula-
tion frequencies to create a beating effect in the response.
This beating can be measured with slow devices such as
ultra-sensitive lock-in amplifiers and cameras. Several
harmonics are recorded, and it can be shown that some of
them exhibit specific signatures in the presence of SRH
levels [20,21]. While we recognize the full potential of the
heterodyne scheme, it increases the complexity of inter-
pretation. Furthermore, homodyne systems, i.e. with a
single laser and a single modulation frequency have not
been sufficiently studied, particularly regarding the
appearance of V-Shape patterns in the Bode phase plot.

We recently developed a homodyne setup based on
TCSPC electronics which is able to record modulated
photoluminescence signals from 10 Hz up to 100 MHz [26].
We observed V-Shapes in the Bode phase plots in different
semiconductors, and proposed the presence of SRH centers
as an explanation [26]. Finally, Moron et al. proposed an
analytical solution for explaining this behavior in the case
of a CIGS-like p-type material including an acceptor SRH
defect [27]. In line with this preceding work, the goals of the
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Fig. 1. Schematic of the different steps of an MPL experiment:
(a) Laser (blue line) and PL (red line) sinusoidal signals at a given
pulsation presenting a phase shift. (b) Example of a monotonic
amplitude Bode plot; (c) corresponding phase Bode plot.

present article are (i) to verify the analytical calculation by
parametric numerical studies, (ii) to take into account the
effect of the defect density on the V-Shape appearance,
(iii) to extend the study to undoped materials.

2 Analytical model

The MPL experimental principle and resulting data
extraction are sketched on Figure 1. One illuminates
the sample with an intensity modulated light and
measures the resulting modulated PL signal. As we used
a sinusoidally modulated illumination signal, the PL is
periodic (Fig. 1a) and can then be expressed as a Fourier
series. It is then possible to extract the mean value of the
PL, as well as the amplitude and the phase shift (referred
to the light excitation) of the PL first harmonic. Sweeping
the modulation frequency, Bode plots of amplitude and
phase of the fisrt harmonic can be recorded (Figs. 1b and 1c,
respectively). In most previous studies (except [17,18]) the
technique used low frequencies (below 1 MHz) and
observed monotonic amplitude and phase behavior, as
illustrated in Figure 1. However, it is possible to have non-
monotonic behavior in different situations, as we will
show.
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We will now describe the fundamental equations
governing the PL behavior in a thin semiconductor layer
under a modulated illumination flux and including a single
SRH center. In an opposite way to several studies, we will
keep the dynamic form of SRH equations, which is
necessary to model detrapping effects in a non-steady-
state. In order to keep the problem simple enough to find
analytical solutions, we neglect the possible effect of
inhomogeneous illumination followed by diffusion and
surface recombination and assume homogeneous carrier
concentrations. This approximation holds if the layer is
thin enough so that the carriers can homogeneize and
redistribute rapidly at the scale of the period of modula-
tion. In this case we have the following set of equations:

Carrier dynamics:

dn

i G — Brad(np — negpey) — Cr(Nt —ng)n +e,ng (1)

dp

at = G — Byaa(np — neqpeq) — Cpmup +ep(Ny —ny)  (2)

dnt

P Cp(Ny —ny)n —epng — Cpnyp + (N — ny). (3)
Electroneutrality:

b= Cstatic +n+ny.

(4)
Optical generation rate:

G = Gy + Gisin(wt). (5)
In these equations, n is the electron density, p the hole
density, n, the density of trapped electrons, n(.q and p(.q
the values at equilibrium, N, the density of defects at the
energy E,, C, (C,) the electron (hole) capture coefficient,
i.e. the capture cross section o, (o,) multiplied by the
thermal velocity v, (v,), e, (e,) the emission frequency of an
electron (hole) to the conduction (valence) band. B, is the
radiative recombination coefficient. C;,. is a net static
charge that depends on the doping, as calculated in
appendix. Gy and G are the mean value and amplitude of
the AC generation rate, and w is the angular pulsation of
the modulation.
The photoluminescence intensity, PL, is proportional
to the radiative recombination rate:
PL = KB, np (6)
where K is a proportionality factor accounting for the
characteristics of the optical coupling from the PL emission
to the detector. We also define the following rates.
Electron capture by the SRH defect:
Capture, = Cppyn = Cp(Nt — ng)n.

(7)

Electron emission by the SRH defect:
Emission, = e,n;.

Hole capture by the SRH defect:
Capture, = Cymp.

Hole emission by the SRH defect:

Emission, = eyp; = e,(Ny — ny). (10)
Net radiative recombination rate:
Ry = Brad(np - neqpeq) (11)

and the expression of the SRH emission pulsations for
electrons and holes toward the conduction band and
valence band, respectively:

en = CpN e BrEd/T (12)

e, = CpN,e~B=E/kT (13)

N, (N,) being the effective density of states in the
conduction (valence) band. Taking into account equations
(1)-(4) leads to an over-determined system of four
equations for three unknowns (n, p, n;). It is then possible
to choose three of them, and the resolution we develop
further will use equations (1) and (3) and (4).

In the present article, as in [28], we want to keep the
solution fully analytical so we neglect harmonics other than
the zero (mean value of the signal) and the first harmonic.
Neglecting the high-order harmonics leads to the equation:

_ G iwt —iwt
G=Gy+ % (e e

_ GO + gleiwt + g,lefi“’t. (14)

We note that as G is a real signal, G is real and the g_;
and ¢, terms are conjugated complex quantities. The same
remarks hold for all the physical quantities here such as n, p,
n;. The equation system for the zero harmonic is presented in
S1. Thus equations for the first harmonic will be:

A A ||nl 91]
= 15
Ay A22] [nt1:| {0 (15)
with
All = (iw + Brad(n() +Po) + Cn(Nt - ntO))
A12 - (Bradn() —€n — CnnO)
(16)

Cpnto - Cn(Nt - ntO)))

N
|3
[}
|
~~

i+ e, + €p + Cp(po + nf,o) + Cnn()) .



We also remember that:
p1=mn1+ Ny (17)

and the equation governing the PL intensity for the DC
and first harmonic parts are

Ipro = KByaa(nopy + n-1py +nip_q) (18)
and
Ipr1 = KByqa(nop; + nipy)
= Bmd[(no +p0)n1 + nonﬂ]. (19)

It is important here to make two remarks. First this
complex matricial formalism is the counterpart of a time-
domain matricial formalism as it has been established by
Maiberg et al. [29]. Secondly this matricial formalism,
either in time- or in frequency-domain could be extended to
several trap levels provided we keep the small-signal
approximation. In frequency-domain and for one single
trap energy in the bandgap, the fist harmonic PL can be
expressed as a function of the steady state quantities ng, po,
Nyo,.

(iw + ws)
(iw)® + S(iw) + w?

Ipry = Kgy Braa(no + py) (20)

with

o
wy=¢€,+e,+C 1+
2 n P pp0< n0+p0)
Nt_nt0>
Ny + Py

S = Baa(no + py) + en + €, + Cp(py + nuo)
+ Cn(n() + N; — nto)

+ Chng (1 +

and

Bmd(nO + Po)a)Q + (CpntO)(en + Cn”O)
+(On(Nt - ntO)) (Cp(Po + ) + ep>.

2
of = (

Under the previous assumptions, and as noticed before
by Moron et al. [27,28]. the phase and amplitude of the PL
first harmonic with respect to the generation rate can be
expressed as:

¢ = —arctan(w/wy) + arctan(w/ws) — arctan(w/ws) (24)

P11 = Kngmd(no
w | (@)
) @)

(25)

+ Do)
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Fig. 2. (a) Scheme of the principle of V-Shape formation due to
three contributions in the phase Bode plot; (b) the corresponding
amplitude Bode plot.

with
S — /8% — 42
Wy = f” (26)
S+ 1/8% — 4
w3 = f(’ (27)

The three pulsations w;, ws, ws are called corner
pulsations of the Bode plot. Since there is a coupling
between the zero order and the first harmonic in equation
(18), the three pulsations are supposed to depend on w
except in the case of sufficiently small modulation or
sufficiently low injection as in reference [28]. In other cases,
the system has to be solved numerically rather than
analytically to find the solution.

The sum of the three artangent functions in equation
(24), one of them having an opposite sign compared to the
two others, produces a typical phase pattern in the
frequency dependence, as presented in Figure 2 that we
called V-Shape, as well as an amplitude Bode plot
exhibiting three domain with different slopes. This is the
main signature of a SRH defect on the MPL signal and it
cannot be produced by radiative or Auger recombinations.
This indicates that the carrier dynamics cannot be
described anymore by a single pulsation (or lifetime) since
several frequency-dependent recombination rates involv-
ing three carriers population (free holes, free electrons and
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trapped electrons) are in competition. Furthermore, Moron
et al. [27] distinguished two cases of V-Shapes. In the low
injection case, “low injection” being defined below,
V-Shapes are exclusively due to the competition of
radiative recombination and minority carrier re-emission
as in [29]. However, in an intermediate, so-called middle
injection regime, V-Shapes can appear also by the
competition between radiative and SRH recombination.
Experimentally, the low injection V-Shape should be stable
when reducing the laser flux while the middle injection one
should disappear.

We remark that the quantity w, is similar to the inverse
of the time constant defined in the analysis of admittance
spectroscopy, defined by Losee as t~'=C,, no+ C, poteyte,
[2] which governs the frequency dependence of the
capacitance and has to be distinguished from SRH lifetimes.
Thus, we are developing a kind of contactless admittance
spectroscopy. Experiments measuring MPL pulsations
versus temperature are beyond the scope of the article, but
may be carried out soon.

2.1 Modulated photoluminescence signal in the case
of a single defect in a p-doped layer: analytical
simplifications at low injection

In this subsection we first consider a defect in a p doped
material with majority carrier concentration at equilibrium
Peqy and submitted to a low illumination. In [28], Moron
et al. proposed a definition of the low illumination case,
which is equivalent to the condition ny <<p., together
with at least one of the condition ng <<min(N,p,.,) or
Ny <<MNy.

The authors showed that under such conditions, and
even with strong modulation ratios, the coupling between
the harmonics zero and one disappears, n_; p; and n; p_q
are negligible with respects to ngng. The same holds for the
other first harmonic products present in equations (24),
(26) and (27) with respect to their respective zero order
products.

Ip;; can be simplified, depending on the position of the
energy level of the SRH center in the bandgap. They
defined two energy levels:

"= Ep + kTin(1+ Ny/p,,) (28)

Ep, corresponds to the energy where the occupation of
the defect at equilibrium is equal to the minimum of (N,
Deq)s Deq being the equilibrium majority carrier concentra-
tion. EY is the energy where the emission rate of trapped
electrons becomes stronger than that of the capture of holes
from the valence band. Please note that E7 is dependent on
the capture cross sections and can lies outside the bandgap
for some specific cases. They defined four scenarios for this
low injection condition:

— Scenario 1: E; > E} and C,, N; < Byyqpe, negligible
electron trap. Approximations imply that w,=e,, and is
equal to w; or w3 so that the MPL phase reduces to a
single arctangent function involving the radiative

lifetime:

¢ = arctan (a)/(Bmdpeq)). (30)

— Scenario 2: E; > E}, and C,, Ny > B, 44 Deg, non negligible
electron trap. Approximations imply that w,=e,. The
formula for the two other corner pulsations of Ipr; are
presented in S2.

— Scenario 3: Ep < E; < E}, recombination center.
Approximations imply that w, is equal to w; or ws, the
MPL phase reduces to a single arctangent function:

¢ = arctan (w/ (Cn(Nt —ny) + Bmdpeq)). (31)

— Scenario 4: E; < E} and E; <Ep, , hole trap. Approx-
imations imply that ws is equal to w; or ws, the MPL
phase reduces to a single arctangent function:

¢ = arctan (a)/ (cn(Nt — ) + Bradpeq)>‘ (32)

Scenario 4 may seems similar to scenario 3. However, it
relies on the assumption n; <<nj; when the three previous
scenarios rely on n,n <<min(Ny,p,.,). We call the corner
pulsations resulting from the resolution of equations (24),
(26) and (27) “analytical results” and those using simplified
equations (30)—(32) and (S10-S11) “low injection” results.

2.2 One supplementary limit between V-Shape and
Monotonic-Shape at low level density

The low injection model for doped materials gives an
energy limit E7 for the defect level that separates the Bode
phase plot between V-Shapes and Monotonic Shapes
curves , and which is independent of the defect density,
except if the SRH recombination become negligible in
compare to radiative recombination. We would like to
present another limit, which is useful for any doping level
and is defect density dependent.

If the defect density is sufficiently small and as the
injection level increases, we will get:

Braa(no +po) + (€n + ep + Cnno + Cppo)

>>[Cn(Nt — Tlf,()), Cpnto]. (33)

Then two limiting cases can occur depending of
the defect parameters. In the first limiting case where
Brad (%+P0)<<(6n+€p+ Cn nOJr Cp pO):

Srwy~ (en + ey + Cung + Cppp) (34)

W< S(Bmd(no 4 ) + Cu(Ny — ngg) + cpnw) <<
(35)

under these assumptions,

(36)
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Table 1. Parameters used for the model.

Material CIGS Perovskite
Generation rate Gy (cm > s™') 1.8 x 10'®

Modulation ratio G;/Gy 0.05 or 1 0.05 or 1
Bandgap E, (eV) 1.2 1.5
Equilibrium holes density P (em™?) 3.10"° n;
Conduction band density of states N, (cm ~?) 2 x 10" 2.2 x 10"
Valence band density of states N, (cm ) 2 x 10" 1.9 x 10"
Radiative recombination coefficient B,,q (cm */s) 8 x 10 10710

k 5T (eV) 0.0258

N, (cm™?) from 1 x 10" to 1 x 10'7 by decade

C, (cm s from 1x10 " to 1x10 7 by decade

C, (ecm® s from 1x10 ** to 1x10 ” by decade

E, - E, (cm3 sh

varied from 0.05 eV to E; — 0.05 eV in eleven equal steps

w3~ S~ (00 (37)
C +e
weff = Braa(no + pg) + Cn( Nt — nyg) %
€n + Cn’I’L
+ Oyl) =g (38)

If there is no electron re-emission and very low minority
carrier injection, as in the previous section:
w1 = Byaa(no + po) + Cn(Ny — mu). (39)
In the second limiting case: B,.q (no+po)>>>(e,+e,+
Cono+C, po)

S®&wy & Brea(ng + py) + (en +€p + Crng + Cppy)  (40)

a)gz(enJre,,qLCnno +C,,p0)<B(n0 +p0)). (41)

We deduce that w3 = ws or w; = ws and the remaining
pulsation is equal to B,qq (n9+po). This explains the non-
appearance of V-Shapes in MPL experiments involving
materials such as silicon, whose purity is a lot higher than
most of thin film materials, with defect densities several
orders of magnitude lower.

3 Parametric study over the four defect
parameters for a single defect at low laser
fluxes

At this point of this article, we aim to further investigate
the appearance of V-Shapes and Monotonic-Shapes in a
given material. Which kind of qualitative and quantitative
information can we extract from an MPL curve? Further-
more, as we said previously, our setup is using large
modulation ratios close to unity. Our model is neglecting
the possibles harmonic. Does the modulation ratio
influence the results?

To reach this goal, we perform a parametric numerical
study over the four defect parameters, firstly in a p-type
CIGS-like material using the previous ground equations
(1)—(13), secondly for an intrinsic perovskite-like material.
The parameters are summarized in Table 1. Two calculation
paths are compared.

Firstly, we aim to produce a data-set without analytical
simplifications, supposed to represent as close as possible
the experiments in thin uniform films. Equations (1), (2),
(3), are solved numerically and with respect to time with
Matlab ODE15s function: (i) the initial equilibrium state is
calculated to ensure electroneutrality as calculated in
Appendix; (ii) then the time-dependent response to a
modulated generation rate is calculated over enough
periods to ensure the stability of the solution; (iii) once
the computed result is temporally stable, we select a period
and the continuous part as well as the phase and amplitude
of the first harmonic of the PL are computed via a Fourier
transform. Indeed, the solutions of this parametric study
are totally “numerical results”. An example of the obtained
curves is presented in S3.

Secondly, using analytical model, we calculate the mean
value of the carrier density at steady-state using equations
(7) and (8) and then the first harmonic characteristic
pulsations w;, wy, w3 using equation (20).

Thirdly, we calculate the last set of pulsations w, ws, w3
using low-injection results.

In the next subsection we will investigate the correla-
tion between numerical (Eqgs. (1)—(4), analytical (Egs. (23)
and (26), (27)) and simplifed low-injection results
(Egs. (30)—(32) and (S10-S11)).

3.1 Small-signal conditions
3.1.1 P-type material

The first numerical results use a modulation ratio of 5
percent of the mean light power. The mean generation rate
is fixed to 1.8x10"® cm *.s !. This corresponds to a photon
flux of 10'* photons/cm?/s in a 500 nm thick layer with
an absorption coefficient of 5x10* cm *. This keeps the
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injection range in the small signal approximation and
ensures the condition ny<8x10 cm *<< Peq since the
radiative lifetime is close to 400 ns and the mean carrier
density is smaller than the product of generation rate by
radiative lifetime. We simulated 5832 cases corresponding
to 12 trap energies, 6 defect densities and 9 capture
coefficients for both types of carriers. The trap energies are
covering the whole bandgap and are regularly spaced. The
capture coefficients are spaced logarithmically by decades.

C,, (respectively C,) starts from 1x10 "° cm®/s. Assuming

a thermal velocity of 10° cm/s equal for both types

of carriers this correspond to a capture cross-section of

10 ?* ¢cm? which is an extremely small value. It rises to

107 cm?s, corresponding to a capture cross-section of

10 ™ ¢cm® which is a large value owing to the literature. In

the same way, the trap density (V;) values are chosen using

a logarithmic span from insignificant densities to densities

strongly affecting the material. A good way to illustrate the

span in parameters is to consider SRH lifetimes that we can
formulate as t,,,=1/(C, , Ny). The SRH lifetimes are thus

covering a vey large interval ranging from 10% s to 107" s.

Once the experiments are simulated, we perform an
automatic data treatment in the following way . First, we
try to perform a numerical adjustment procedure (fitting)
of each phase curve with a single arctangent function atan
(w/w.g). We impose the maximal phase error on one point
to be 3 degrees and also check the absence of sign change in
the derivative. If the fit is successful (error for each point
inferior to 3 degrees) and no sign change is present in the
derivative, the curve is classified as Monotonic-Shape case.
If the test is not successful we try to fit the same curve with
the sum three arctangent functions with three corner
pulsations, as a V-Shape with the same error required
(formula (24)). If successful the curve is classified as a
V-Shape case. If not successful, the curve is classified as
“Unknown”. We observed by plotting the curves that the
“Unknown” curves are mainly distorted curves due to
algorithm convergence failures.

For the 5832 cases, we found 817 V-Shape cases, 4894
Monotonic-Shapes and 121 “Unkown” distributed accord-
ing to the four scenarios. The repartition of V-Shapes and
Monotonic-Shapes over the four scenarios is displayed in a
pie chart in Figures 3a and 3b respectively. For V-Shape
case, 73 belong to scenario 1, 99 to scenario 2, 605 to
scenario 3 and 40 to scenario 4 whereas for the Monotonic
Shape case, 392 belong to scenario 1, 77 to scenario 2, 3982
to scenario 3 and 443 to scenario 4. Supposing that the low
injection regime is fulfilled, the results for V-Shape cases
are not in agreement with the simplified model since the
V-Shape are supposed to only be generated in the scenario
2 conditions. In order to investigate these phenomena,
we will answer several questions.

The first question: we have to answer regarding the data
from numerical simulations is to understand when the
V-Shapes appear. From the dependence of V-Shape cases
on the various trap parameters shown in Figure S4 can note
the following:

— Histogram (a), the number of V-Shapes is increasing
with the defect density. There is no V-Shapes for N;<
10" em™® s ', When N,<=10"" em®s™, 35 % of the curves
present a V-Shape.

(a) Repartition of the 817 V-Shapes over
the four Scenarios

o

Scenaric sl m2 =3 s4

(b)

Repartition of the 4894 Monotonic
Shapes over the four scenarios

433

3982

Scenario =l w2 =3 =g

Fig. 3. (a) Repartition of V-Shape cases (a) and Monotonic-
Shapes (b) over the four scenarios.

— Histogram (b), V-Shapes appear at each energy.

— Histogram (c), V-Shapes correspond to electron capture
coefficients C,, greater than 10 2 ecm® s !, the number of
V shapes increases with C,,.

— Histogram (d), the probability of appearance V-Shapes
increases when the holes capture cross-section decreases.

— Histogram (e), the ratio between C,, and C, has to be
greater than 0.01 and the increase of this ratio increases
the probability of appearance of the V-Shapes. The mean
and standard deviation of decimal logarithm of these two
parameters are 3.59 and 2.21 respectively. A remark is
that the natural spreading of all the data-set for the
logarithm of this ratio is centered on 0 with standard
deviation 3.65 due to the chosen spans of C, and C,.
Thus, a high ratio facilitates the apperance of V-Shapes.

From the dependence of Monotonic-Shape cases on the
various trap parameters shown in Figure S5, one can note
the following:

— Histogram (a), the occurence of Monotonic Shapes is
decrease when the defect density increases.

— Histogram (b), each energy can possibly give a monotonic
behaviour.
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— Histograms (c¢) and (d), the occurrence is strong whatever
the electron or hole capture coefficient value.

— Histogram (e), the logarithm of the ratio between C, and
C, is centered on —0.75 with standard deviation 3.36.
Monotonic Shapes do not need a high ratio to appear.

As an answer to this first question we note that a high
defect density and a high C,/Cp ratio are the most
important factors for the V-Shape appearance.

The second question: is the correspondence between the
analytical results and the numerical ones. In the case where
a Monotonic-Shape is detected in numerical results we
notice that two pulsations of the analytical model are equal
(w1=ws or w3 = wy), and we choose to set the remaining
pulsation w.gto the value (between w; or w;z) that does not
equal w,. Then we compare the remaining pulsation w4 to
the fitted one on Figure S6. We can notice a remarkable
correspondence between the two sets of values for
Monotonic Shapes. In the case of V-Shapes we can observe
a relative discrepancy between predicted and fitted values
as seen in Figure S7. Of course, most of the values are close
to the y=z axis and the model is therefore relevant. But for
w1 or ws we can observe that several points are far away
from the line. If we arbitrarily choose a threshold of 2 for
the ratio between calculated and fitted omegas
(llogy (wv iy ) | <0.3), 319 values of fitted wi, 336 of

‘calculated
wo, and 25 of w3 are not corresponding to analytical ones.
When we studied this discrepancy, we noticed than the
V-Shapes were either extremely small ( the depth of the
local dip producing the V-Shape is less than 1 degree,
the curve exhibits a kind of kink rather than a marked
V-Shape ), or that the characteristic frequencies were
outside the domain of frequencies we used, leading in both
cases toan error in the fit. We will provide more details below.

As a third point of investigation, we focus on the results
of the low injection model. The correlation between low
injection model and numerical simulation is nearly perfect
as seen in figures S8 and S9 for the 99 predicted
V-Shapes in scenario 2, and for the 4817 Monotonic
Shapes belonging to scenarios 1,3 and 4. All curves
predicted by the low injection model have the right
characteristic corner pulsations. However, there are only 99
V-Shapes corresponding to this case defined by E; > E7
and C,, Ny>> B, P, (For the second inequality we chose to
select all the curves where C,, Ny>B,44pe,)- 718 supplemen-
tary V-Shapes are not predicted by low injection model but
whose analytical pulsations and fitted pulsations are in
accordance with scenarios 1 (68), 3 (605) and 4 (40). The
common point between these non predicted V-Shapes is
that w; is really close to wy. In 96% of cases the ratio
between the two pulsations is inferior to two. Then we
checked the hypotheses of the article [28] which are
summarized in Table 2. These hypotheses are:

— Order 0 not varying with .

— Second harmonic negligible.

— Low injection approximation as defined before.

— Phase of the PL equal to the phase of electron density.

We noticed that the low injection condition, as well as
other hypotheses, are dependent on the numerical criterion
we chose for probing the validity of the hypothesis. For

Table 2. Verification of assumptions.

Hypothesis

Mean value varying more than 1% with o 35%
Second harmonic greater than 2% of the 5%
mean value

Low injection approximation violated 65%
(0.1% threshold)

Phase of PL different than Phase 0%

of electron density

example, we consider the relationship ny<<min(N;p.,) or
Ny <K Nyg- Supposmg it numerically means n,<10 ®xmin
(Ny,peg) Or gy < 10 °xn49 (0.1% threshold), we observe that
65% of V-Shapes are “middle injection” V-Shapes as
predicted in [27]. Supposing a criterion of 10~° will bring the
proportion of “middle injection V-Shape” at 92%. Reducing
the injection sufficiently should make the V-Shape
disappear in the case of a deep trap. The main reason
for the appearance of non-predicted V-Shapes is that the
low injection condition is violated. Then, we cannot
determine the trap energetic position in the bandgap only
by the appearance or disappearance of V-Shapes.

We show that we may distinguish between the two
kinds of V-Shapes by the depth of the minimum of the
phase. We define this minimum frequency by the zero of the
derivative of the two first arctangents:

(14 (7)o (14 (2))

We then calculated the phase at w,,;,, using the
analytical data set. The result is plotted on Figure 4. In
order to make the interpretation easier, we used the Matlab
function ksdensity, which involves one or several normal
kernel smoothing functions to calculate an estimation of
the two parameters probability density function represent-
ing the results. Then we plotted iso-lines of the resulting
kernel density function for each scenario. On each graph,
there are four concentric zones centered around the kernel
density function maxima, the darkest corresponding to
20% of probability for the pulsation to be found in this area,
the second concentric zone 40% of probability, then 60%,
80%. The purpose of this data treatment is to surround
by dark (respectively light) zones the high (respectively
low) concentration of points. We can remark that below
a)mq;n:lO8 rad.s ! the V-shapes of scenario 2 (a) on one hand
and the V-shapes of scenarios 1 (b), 3 (c) and 4 (d) on the
other hand present separated domains. The former have a
minimum below 25 degrees when the latter have most of
their points above this limit. Of course, this limit may be
dependent on the injection level and the calculation should
be conducted again at a given experimental working point.

The conclusion of this third point is the following: the
limit where the carrier injection enters the “low injection”
domain as defined at the beginning of 2.1 is not sharp, and
therefore the validity range of the simplified low injection

—0. (42
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Fig. 4. P-doped small-signal case: frequency and depth of the
phase minimum of the V-Shapes for (a) V-Shape belongings to
scenario 2, (b) V-Shapes belonging to scenario 1, (¢) V-Shapes
belonging to scenario 3, (d) V-Shapes belonging to scenario 4. A
kernel density treatment has been used to visualize the areas with
strong crosses densities (see details in the text). The crosses are
the result of the analysis using formula (42) of numerical results
for all the observed V-Shapes.

model is to be considered with care, since the numerical
signification of the inequality << is unclear. Experimen-
tally, low injection and middle injection V-Shapes can be
distinguished by reducing the illumination. If a V-Shape at
a certain illumination flux remain unchanged at lower

illumination, it imply that the low injection is reached.
However the experimental noise may prevent to reach this
regime. Then, the VS originating from low injection regime
and a significant trap density (such as it does not belong to
scenario 1) can be distinguished from the other scenarios by
the depth of the phase minimum, wich should be below -25
degrees of phase.

As a fourth point, we aim to verify the influence of
trap density on the appearance of V-Shapes . We define two
ratios:

Cpnto

(en + e, + Cpng + Cppy + Braa(no + Po))

Ratio; = (43)

Cn(Nt - ntO)
(en + e, + Cnng + Cppy + Braa(no + Po))

Ratioy = . (44)

These ratios define the limits of wvalidity for the
conditions of inequality (32) of Section 2.2. In Figure 5
we represent the correlation between Ratio; and Ratioy for
each element of the data set subdivided into the four
scenarios. As dark blue crosses, V-Shapes corresponding to
scenario 2. As cyan crosses V-Shape corresponding to other
scenarios. In red crosses Monotonic Shapes corresponding
to scenario 2, as magenta crosses Monotonic Shapes
corresponding to other scenarios. Ratio, is a main criterion
for the apparition of V-Shape. If too small (<0.01), there is
no V-Shape as predicted previously. Ratio; is always
smaller than unity in our case. Indeed, the trap density is
playing a crucial role in the appearance of V-Shapes as
predicted in Section 2.2.

3.1.2 Intrinsic material

In this simulation, we chose a Perosvkite-like material with

intrinsic doping properties. The parameters used for the

model are in Table 1. We kept the modulation ratio to

5 percent ensuring small-signal condition. In this section,

we use the same procedure as for CIGS p-type material. We

carry out a fit of the curves, following the same data
treatment as in the previous section. We observe for the

phase curves 988 V-Shapes, 4400 Monotonic Shapes, 444

“Unknown” curves. For clarity all the graphs are given in

the Supplementary Information. For the V-Shape appear-

ance with respect to the SRH parameters, we observe the
following facts in Figure S10:

— Histogram (a), the number of V-Shapes is increasing; with
the defect density. There is no V-Shapes for N;<10"* ¢cm ?
and 429 for N,<=10'" cm >

— Histogram (b), there are V-Shapes for any energy level,
with a maximum of occurrence at the middle of the gap.

— Histograms (c) and (d), the number of V-Shapes increase
with the capture coefficients and stays approximatively
constant above 10 ' cm®/s .

— Histogram (e), the optimal ratio between C,, and C, is one
(the mean value of the decimal logarithm is zero and the
standard deviation 2.8).
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Fig. 5. p-type small-signal case: appearance of V-Shapes and
Monotonic-Shapes curves with respects to Ratio; and Ratio, for
the four scenarios. (a) Dark blue crosses: V-Shapes corresponding
to scenario 2. (b) Cyan crosses: V-Shapes corresponding to other
scenarios. (c) Red crosses: Monotonic-Shapes corresponding to
scenario 2. (d) Magenta crosses: Monotonic-Shapes corresponding
to other scenarios. A kernel density treatment has been used to
visualize the areas with strong point densities (see details in the
text).

— Histograms (f) and (g), the occurrence of V-Shapes
increases with the product of defect density and electron
or hole capture coefficient.

Clearly, the main reason for the appearance of V-Shapes
is the ability of the defect to capture both type of carriers and
proceed to recombination. Regarding the occurence of
Monotonic-Shapes, Figure S11 confirms that it is reduced
(V-Shapes is increased by the increase of defect density (a)
and capture cross sections (b and c). The optimal ratio
between capture cross sectionsis also one, as for the V-Shapes
but the standard deviation of the logarithm of the ratio is
greater (3.7) and the occurence of Monotonic-Shapes is larger
than that of the V-Shapes (e).

Figure S12 and S13 show perfect correspondence
between analytical model and simulations. The deviations,
67 for wy, 92 for w, in the case of V-Shapes, 30 for ws, in the
case of Vshapes , and 15 for Monotonic-Shapes are also due
to fit failures.

Finally, Figures S14 and S15 give more information
about the condition of appearance of each type of curve
shape . For the appearance of V-Shapes, on Figure S14 we
can observe that:

— Histograms (a) and (b), in most of V-Shape cases, the
emission of one t type of carrier is negligible compared to
the capture of the other type of carrier. The mean values
for (a) and (b) are 7.25 and 6.85 (in log) and the standard
deviation is 6. There are few points below zero and no one
below -5. This implies that the defects are recombination
centers rather than shallow traps experiencing trapping
and emission phenomena.

— Histograms (c) and (d), The capture mechanisms are
dominant with respect to the radiative recombination.
(Mean 2.4 and standard deviation 2.6).

— Histograms (e) and (f),the net recombination rates are
dominant with respect to the radiative recombination
rate (Mean 2.15, standard deviation 2.8).

— The recombination rates for electrons and holes are the
same, we are in stationary regime.

For the appearance of Monotonic Shapes cases, in

Figure S15 we can observe that:

— Histograms (a) and (b), the fact that the re-emission is
dominating the recombination does not play a significant
role.

— Histograms (c¢) and (d), (e) and (f), the radiative
recombination is dominating the trap-assisted one, with
or without taking the re-emission into account. For (c)
and (d) the means are -3 and standard deviations 2.7.
The recombination rates for electrons and holes are the
same.

Finally, we plot the ratios 1 and 2 as in the p-type case
and observe on Figure 6 that the lines where ratio;=1 and
ratioo = 1 are as predicted separating the apparition of
V-Shapes (blue cross) and Monotonic-Shapes (red circles)
on Figure 6.

We conclude from these figures than the V-Shapes will
appear in an intrinsic material as soon as the net
recombination rates for the defect is larger than the
radiative recombination rate and when the defect density is
sufficient with respect to ratios 1 and 2.

3.2 Large-signal conditions

In this section we aim to understand how far the
characteristic pulsations are modified by the large
modulation (i.e. Gi;=Gy). In the case of the p-type
material, the two groups of pulsations match quasi
perfectly as presented on Figure S16, proving that the
large-signal does not affect the response of the material. For
the intrinsic case, there are 998 V-Shapes for the small
signal case and 1169 for the large-signal case. The V-Shapes
which are detected under small-signal but not under large-
signal (46 cases) are mainly Monotonic-Spahes with small
deformation which were not detected by the first step of the
algorithm. 227 V-Shapes were associated with large signal
and not with small-signal. Among them 162 were distorted
in case of small-signal and classified as “unknown” and 65
were Monotonic-Shapes but not detected by the first step of
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respect to Ratio; and Ratio,. The same kernel density treatment
has been used to visualize the areas with strong point densities.

the algorithm. The common cases between small and large-
signal exhibit the same pulsation. We thus emphazise that
the large signal does not affect the pulsation detected for an
experiment.

4 Conclusion

We previously developed an analytical model for MPL
spectra in the case of a p-doped semiconductor. It predicts
the appearance of V-Shapes in the Bode phase plot under
certain conditions and Monotonic-Shape behavior other-
wise. The equations were reformulated in a more explicit
way and several new relationships were found allowing us
to explain the disappearance of V-Shape cases at low defect
densities. The analytical model was checked against fully
numerical simulations for a single defect state and we
tested 5832 cases corresponding to a wide spread of defect
parameters values. This led to mapping the material
parameter space, and determining where V-Shapes can
occur or not. Cases where the analytical model is applicable
could be determined. Discrepancies were found with some
approximations of the analytical model in the case of low
injection. The low injection limit is dependent on the
chosen numerical criterion. If the injection is not

sufficiently low, one can define a kind of “middle injection”
regime where V-Shapes may still exist, however with a less
pronounced depth compared to really low injection. We
also studied the effect of the modulation ratio covering
small-signal to large-signal conditions. Modulation ratio
seems to have no impact on the MPL phase shape results of
the tested 5832 cases. Finally, we developed numerical
modelling for intrinsic materials, showing that V-Shapes
can also be observed, and we related the trends for such
observation with the material parameters.
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