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Eftect of Diode Field on Time-Resolved
Photoluminescence of CdTe-based Solar Cells

Pascal M. Jundt, Darius Kuciauskas, and James R. Sites

Abstract—Time-resolved photoluminescence (TRPL)
measurements with externally applied voltage bias were
performed on a variety of thin-film CdTe-based solar cells. These
measurements revealed a substantial variation in luminescence
decays with the application of external voltage bias in many of the
samples. Experimental results were replicated with a Matlab-
based modeling tool. Decay variations are attributed to the
changing strength of internal p-n junction electric fields as bias is
modulated; this exercise therefore illustrates whether or not field
effects influence a particular TRPL measurement and how. It is
found via modeling that the field influence on TRPL decays is
dependent on the cell’s bulk minority carrier lifetime, mobility,
and carrier concentration, as well as the laser excitation power
during a measurement. While nearly insignificant in poorer-
quality legacy cells, the field effects are substantial in state-of-the-
art CdTe cells with high lifetime, mobility, and doping,
complicating determination of bulk lifetime. It is found that
forward bias is effective in eliminating junction fields. It is also
shown that fields can be effectively suppressed by increasing
excitation power, but doing so is imprecise and can also introduce
additional errors unrelated to fields. It is therefore concluded that
lifetime is most accurately measured in completed cells under
forward bias at low excitation intensity.

Index Terms—CdTe, photoluminescence, carrier lifetime

I. INTRODUCTION

BULK material quality is a primary limitation to the
performance of thin-film polycrystalline solar cells [1, 2,
3] and is therefore the subject of significant research focus. One
of the principal tools for assessing the quality of thin-film
semiconductor materials is time-resolved photoluminescence
(TRPL), in which photogenerated carriers are introduced into
the material and the decay of emitted recombination
luminescence is measured over time, yielding a characteristic
lifetime. Interpretation of TRPL is well-founded when
performed on pure semiconductor materials or the specialized
double-heterostructures used to probe bulk material properties
in polycrystalline thin-film technologies, non-diode structures
which consist of a semiconductor layer flanked by transparent
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passivating barrier layers. Measurements performed on these
structures at low injection generally yield single-exponential
decays [4, 5, 6], the time constants of which represent the
limiting recombination mechanism, which in CdTe is typically
via defect trap states [7], commonly referred to as Shockley-
Read-Hall (SRH) recombination [8]. However, fabrication of
double-heterostructures to probe bulk material properties is
highly specialized, and material properties may be substantially
different in the processes used in actual cell fabrication. It is
therefore essential to measure TRPL on completed solar cells
and extract material properties from such data. While TRPL
measurements on completed cells are commonly performed,
their interpretation is often complicated by interfaces between
the different cell layer materials which are sites of increased
recombination. In addition, as is described in this work, p-n
junction fields can have significant effects on carrier dynamics,
which can have a major impact on the TRPL decay curves.

Historically, CdTe photovoltaics have utilized absorbers
with carrier density generally limited to ~10'4 cm™ [9, 10], with
low recombination lifetimes [11, 12, 13]. When carrier density
and lifetime are both low, SRH recombination dominates TRPL
behavior, which yields decay lifetimes that reflect defects in the
absorber and its interfaces. However, with recent improvements
in both carrier density and lifetime of CdTe cells, p-n junction
fields exert an increasingly large influence on the decay
dynamics, which often masks the material defect properties.
Recombination requires electrons and holes to exist in the same
location, but junction fields separate carrier types from each
other, interfering with this process. The associated effects are
explored and characterized below.

In this work, TRPL measurements were performed on
several CdTe-based solar cells of different composition while
under a range of external electrical biases. In many structures,
the amount of bias had a strong influence on the measured
decays, including substantial alteration of the “tail” lifetime
which is the most commonly quoted result of a TRPL
measurement. Applying electrical bias is an effective way to
manipulate internal junction fields to separate the effects of
carrier dynamics and recombination. The experimental results
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were replicated with a Matlab-based simulation tool,
confirming the profound influence of junction fields on TRPL
decays, and allowing extraction of the true decay lifetimes in
many cases.

The steady-state luminescence behavior of CdTe cells under
bias was first reported by Shvydka et al. [14]. The observed
increase in luminescence signal with forward bias (up to a
point) was attributed to reduced carrier separation within the
shrinking field of the depletion region allowing more carriers to
radiatively recombine. By increasing applied bias, the authors
concluded that they were seeing a transition from a field-
dominated regime to a recombination-dominated one,
emphasizing that defects become more visible when fields are
suppressed in forward bias. More recently, Maiberg et al. [15]
investigated the effect of forward external bias on TRPL
measurements of Cu(In,Ga)Se, solar cells, observing an
increase in lifetime with larger bias. This variation with bias
was also attributed to carrier separation within junction fields.
Similar Cu(In,Ga)Se, data was reported in Kuciauskas et al.
[16] and Hages et al. [17], which included continuation of
behavior in reverse bias as well. Biased TRPL of CdTe was
previously unreported. We have found that behavior in CdTe is
similar when carrier density is comparable to that of
Cu(In,Ga)Se», and attributable to the same phenomenon, but
behavior changes when carrier density is higher.

In addition to external bias, laser injection itself will also
push a cell into forward bias by locally flattening the bands and
weakening the internal fields [18]. Injection dependence of
TRPL has been extensively reported [17, 19, 20], but generally
only at open circuit. The influence of higher injection on biased
TRPL measurements was investigated experimentally and
replicated with simulations to demonstrate how it modifies the
effect of external bias.

II. TRPL MEASUREMENT

TRPL  determines carrier lifetimes in  thin-film
polycrystalline solar cells by creating electron-hole pairs in the
absorber material using pulsed laser light, with the decay of
radiative emission measured following each pulse. The short
(<1 ps) lifetimes in these polycrystalline materials generally
require detection using time-corelated single photon counting
(TCSPC) [21, 22]. In this technique individual photons are
detected by a photomultiplier tube or avalanche photodiode,
and precision timing electronics assign each photon to a time
“bin” in a histogram. Accumulated counts over many millions
of pulses yield a decay curve containing information about
carrier dynamics within the material. Photons are counted until
a time bin reaches a predetermined number of maximum
counts, resulting in an inherent intensity normalization. All of
the measurements reported here were performed using the
TRPL system at the National Renewable Energy Lab [23],
utilizing an optical parametric amplifier seeded by a
regeneratively-amplified Yb:KGW (ytterbium-doped
potassium gadolinium tungstate) laser to produce 640-nm light
at a repetition rate of 1.1 MHz.

A TRPL decay curve can have a complex shape. Typically
there is an initial faster decay followed by a slower decay; such
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Fig. 1. Band diagram of typical CdTe solar cell absorber. Band bending pushes
electrons towards the front (left) and holes towards the back. 640-nm laser
excitation during TRPL is mostly absorbed within the first ~0.3 pm of the
absorber. Inset: typical CdTe cell structure.

a shape can be approximated by a double-exponential, yielding

a faster 1) lifetime and a slower 1, lifetime [23, 24]:
t

t

I1(t) = Aje 1+ Aye 2 (1)
where 4; and A, are weighting factors. Lifetime 1, is often
attributed to nontrivial fast carrier dynamics with particular
influence from laser excitation [13, 20] and recombination at
the front interface [25, 26]. Lifetime 1, is often the primary
desired value, often designated simply the “lifetime” of the
material, and commonly understood to reflect the density of
defects in the bulk and at the interfaces [27, 28]. However, this
manuscript will show that this analysis is incomplete when
measuring p-n junction structures; T; and T, can represent
different phenomena depending on the characteristics of the
solar cell and the conditions of the TRPL measurement. Often,
neither t; nor 1, accurately represent the true lifetime due to
bulk defects.

Fig. 1 shows the band bending typical of a lightly-doped
CdTe solar cell absorber at zero bias. It highlights the region
where TRPL excitation typically takes place, and it indicates a
trap level that is arbitrarily placed at mid-gap. The inset shows
the entire cell structure as it is typically fabricated at Colorado
State University (CSU). The band bending in the diode region
of Fig. 1 pushes electrons to the front of the absorber and holes
towards the back. Varying the potential difference between the
contacts can manipulate the amount of this band bending,
weakening it in forward bias and strengthening it in reverse
bias. This can be accomplished during a TRPL measurement by
applying electrical bias across the contracts of the cell with an
external power supply. While purely optical measurements can
traditionally be performed on semiconductor material at any
stage of the fabrication process, bias incorporation requires
completed cells. This tradeoff comes with the advantage of
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Fig. 2. Low injection (~15 pnW) TRPL of (a) CdTe solar cell and (b) bilayer
CdSeTe/CdTe absorber solar cell with external bias ranging from -0.5 V to +1
V. Insets: same measurements but at higher (~30 pW) injection.

controlled band bending without alteration of non-field-related
recombination dynamics, such as may occur when flattening
bands with high excitation power [24].

III. FIELD EFFECTS WITH LOW- AND HIGH-LIFETIME
ABSORBERS

The contrast between low and high lifetime absorbers was
investigated with two sets of solar cells manufactured at
Colorado State University (CSU). The only significant
difference between the two is in absorber composition: one uses
CdTe as the absorber material, with associated low bulk
lifetime, while the other wutilizes a bilayer absorber
incorporating a 0.5-um CdSeo.Teos alloy layer at the front,
which improves the bulk lifetime. Both cells incorporate a 100-
nm RF sputtered MgZnO front buffer layer [29] and ~2-um
absorber layers deposited by close-space sublimation (CSS)
[30]. Both cells are doped by diffusion of CuCl, from the back
interface, and both cells were fabricated on the same day. These
CdTe and CdSeTe/CdTe cells had conversion efficiencies of
14.2% and 15.6%, respectively, typical of 2-um cells fabricated
at CSU.

Fig. 2a shows the effect of external bias on measured TRPL
decays of the cell with the CdTe-only absorber at 15 uW (~10'?
photons/pulse/cm? fluence) injection. Measurements reveal
very little difference over the -0.5 V to +1 V bias range, with
nearly identical single-exponential decays yielding a lifetime of
~3 ns. Even less bias dependence was observed by increasing
the injection to 30 uW (Fig. 2a inset). Taken together, it is clear
that internal fields are having a negligible effect on the
measured decays. In this cell, photogenerated carriers during
the TRPL measurement mostly recombine before the fields
drive any significant electron-hole separation, meaning that
SRH recombination is the dominant decay mechanism in this
measurement, as is usually assumed.

Alloying CdTe with selenium has been shown to reduce the
prevalence of bulk defects [31] and, combined with a more
favorable band gap and conduction band offset with CdTe,
improve cell performance [32, 33]. The larger lifetime is readily
visible in Fig. 2b, showing the measured decays over the same
range of biases for the CdSeTe/CdTe cell at low injection. In
this case, a clear bi-exponential decay shape is visible, as front
interface recombination at early times is no longer masked by
the much faster overall decay in Fig. 2a (revisited in section VI).
In addition to increased lifetime with the selenium alloy, this
cell exhibits a substantial dependence on apparent lifetime with
bias, with 1, ranging from ~10 ns to ~40 ns. As bulk material
properties do not change with electrical bias, it is clear that these
TRPL measurements are not solely measuring bulk material
properties, but are altered by carrier dynamics. The same effect
has been reported with fully-depleted Cu(In,Ga)Se; cells [15].
Increasing injection power to 30 uW (Fig. 2b inset) pushes the
cell farther into forward bias locally and reduces the influence
of external bias and the spread of measured lifetimes. The diode
fields weakened by the higher injection are less effective at
separating the carriers — further evidence that these TRPL
decays are significantly influenced by field effects.

Spectrally-resolved steady-state photoluminescence (PL)
performed under bias on the same cell structures is shown in
Fig. 3. The CdTe cell has a low luminescence signal which

CdTe CdSeTe/CdTe
w0
N +0.8v
200 strong bias
00 dependence
B oo
8 50
-
i
200 very little bias
dependence
100
o N
T 200 0 1000 700 200 500 W00
Wavelongth (nm) Wavelength (nna}

Fig. 3. Photoluminescence emission spectra of CdTe and CdSeTe/CdTe solar
cells under bias. The same irradiance is used for both samples (~1.5 suns of
520-nm excitation).
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varies very little with bias. In contrast, the CdSeTe/CdTe
bilayer absorber cell has a much brighter signal which is highly
bias-dependent, stronger in forward bias and weaker in reverse
bias, similar to the results reported by Shvydka ef al. [14]. The
bandgap of CdSeo»Teos is ~1.4 eV, compared to ~1.5 eV for
CdTe [34]. The corresponding observed difference in peak
wavelength between the two cells is strong evidence that the
majority of detected luminescence is from the front region of
the absorber. The agreement in general trends between the
steady-state and time-resolved measurements is very strong.
This agreement is useful as field influence can still be probed
by much faster and more accessible steady-state luminescence
measurements in the absence of TRPL availability.

Placing a cell in forward bias will introduce
electroluminescence, ostensibly detectable in a measurement.
In TRPL, this simply manifests as background. In spectrally-
resolved steady-state PL however, the electroluminescence
signal is identical to the photoluminescence signal and the two
add, potentially complicating interpretation. In practice
however, this effect is very small in both cases.
Electroluminescence can be evaluated by simply measuring the
cell under bias without the laser excitation, and under modest
forward bias (<~1 V) the electroluminescence signal is orders
of magnitude weaker than the photoluminescence signal.
Electroluminescence in both samples in Fig. 3 was virtually
undetectable even at +0.8 V bias, so increasing PL signal with
bias can be confidently attributed solely to band-flattening
effects.

IV. TRPL SIMULATION

The details of the bias effect on TRPL decay were explored
with simulations in parallel with experimental results.
Simulation of TRPL of CdTe cells under bias was performed
with a Matlab script based on Weiss et al. [35]. This script uses
Matlab’s solver for systems of partial differential equations to
solve transport equations [36] to calculate the concentration of
electrons and holes at each mesh position within a
semiconductor  absorber layer at each timestep.
Photoluminescence at each timestep is calculated as the product
of excess electrons and holes integrated across the absorber
thickness. Each transport equation contains terms
corresponding to generation due to laser injection,
recombination due to deep-level traps and radiative processes,
and movement due to drift driven by electric fields and
diffusion due to concentration gradients.

This Matlab script was designed to simulate semiconductor
material in unfinished cells when there are no (or very weak)
internal fields and thus the concentrations of carriers are
relatively uniform within the material. However, in completed
cells with p-n junctions as in Fig. 1, strong internal fields
separate carriers from each other, creating a heavy
concentration of electrons at the front and holes at the back.
Such large charge density gradients will create their own fields
which must be accounted for. To account for this, the script was
modified to solve the Poisson equation [37] for electrons and
holes at each timestep, effectively solving for the dynamic
adjustment of band bending in response to the introduction and

movement of excess carriers within the material. [Modified
script is available upon request.] Attempting to simulate p-n
junction structures without the Poisson equation yields clearly
unrealistic TRPL decays.

To simulate TRPL on solar cell structures, band diagrams
and carrier concentration profiles within the absorber material
in dark equilibrium are required. SCAPS 1D is an open-source
tool developed at the University of Ghent [38] which performs
this task well. We use the SCAPS outputs as the initial
conditions of the Matlab partial differential equation solver, and
subsequent evolution is determined by the solutions to the
system of equations at each timestep. Bias is implemented
simply by using band diagrams and carrier concentration
profiles at the desired bias from SCAPS. Bulk lifetime due to
defects is described by the Shockley-Read-Hall lifetime:

1

TSRH = oxper (2)
where o is the defect cross-section, N is the defect density, and
v, 1s the thermal velocity of carriers [39]. In this application,
bulk lifetime was attributed to a single midgap defect. Its cross-
section was held constant at 10"'! cm? and N was varied to attain
the desired bulk lifetime. By using a single mid-gap defect,
computation times are reduced while still credibly representing
the effect of defects in the bulk of a CdTe absorber.

As this simulation tool was designed to model biased TRPL
measurements of thin-film polycrystalline CdTe solar cells, it
has a few limitations. Auger recombination and photon
recycling are not included. Only the absorber is modeled, so
application is limited to structures with thin front contacting and
emitter layers that are transparent at the frequency of the
excitation light. Most significantly, the potentials at the
absorber ends are fixed by boundary conditions to their initial
value, corresponding to measurements under bias where the
potential difference between the contacts is maintained by the
power supply. As no such restriction exists at open circuit, this
approach is unsuitable for open-circuit measurements.

There are three significant parameters which dictate the
response of TRPL to bias: bulk lifetime, excitation power, and
carrier mobility. Higher bulk lifetimes make room for other
mechanisms to influence recombination behavior, notably field
separation of electrons and holes, often referred to as drift.
Lifetime can be varied by utilizing different CdTe alloys for the
absorber material, discussed in section III. High excitation
power locally flattens the bands and suppresses fields in the
photoactive region of the absorber, reducing the influence of
drift. Excitation power is easily adjustable over a wide range
during the TRPL measurement. Carrier mobility dictates how
effectively carriers respond to internal fields. However, carrier
mobility within a cell is generally unknown, and it is unfeasible
to fabricate CdTe cells with different mobilities in a systematic
way. For this reason, the effects of lifetime and excitation power
on biased TRPL measurements will be quantified with
simulation and compared to the measurements in section III,
while mobility will be discussed more qualitatively.
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TABLE I
SIMULATION PARAMETERS AND VALUES

Symbol Quantity Value
T temperature 300 K
e electron mobility 1-25cm?*Vis!
Lt hole mobility 0.2 -5cm?*V's!
Thulk bulk lifetime 1 -500 ns
o absorption coefficient (at 640  6x10* cm

nm)
B radiative recombination 2x1071° cm’s”!

coefficient
K relative permittivity 9.4
Var carrier thermal velocity 107 cms™!
DOS,;  effective density of states 8x10'7 cm™®
L absorber thickness 2 um
Ny carrier concentration 10 —-10"% cm?
E, bandgap 1.5eV
Sront front interface recombination 1 cms™!

velocity
Shack back interface recombination 1 cms™!

velocity
- excitation power 10" — 10" photons/pulse/cm?
- pulse width 100 ps

V. SIMULATION RESULTS

An idealized 2-pum single-absorber cell structure similar to
that shown in Fig. 1 was simulated in SCAPS, and its dark
equilibrium band diagram and carrier concentration profiles at
a range of biases from -0.75 V to +1 V were calculated. The
parameters used in the simulation are given in Table I. The bulk
material lifetime in the Matlab model was varied from 1 ns to
500 ns, and decay curves were simulated at each bias and bulk
lifetime. t, fits were extracted from the curves, and the
comparison of 1, with the true bulk lifetime for each curve is
shown in Fig. 4a. The dashed line with unity slope indicates
where the measured decay times would be equal to the true
absorber lifetimes. In agreement with the experiment, this plot
shows that when bulk lifetime is low (< 5 ns), 172 from TRPL
closely matches the true lifetime, and bias has very little effect.
When bulk lifetime is high (> 5 ns), however, 1, becomes
increasingly bias dependent. The simulations reveal that at
higher lifetimes, 1, will underestimate the true bulk lifetime at
most biases, and when bulk lifetime is very high (> 100 ns), 12
becomes nearly completely independent of Tpuk. Note that the
simulated cell here has ideal interfaces with Sgont = Stack = 1
cm/s, so that measured lifetime reduction below that of the bulk
is purely due to field effects.

Luminescence decay over time can be influenced by many
mechanisms, the rates (or inverse time constants) of which are
additive [28, 40]:

1:1+1+1+1+... 3)
Teff Thulk  Tdrift Tint Trad
where 7. is the effective, measured lifetime over a given
timescale (usually t2) and puk, Tarifis Tinss Trad, €tC. TEprEsent
lifetimes due to various relevant luminescence decay processes
over that timescale. The trends observed in Fig. 4a are explained
by the competition between  Shockley-Read-Hall
recombination in the bulk and drift represented in (3). At a
given bias, as Twuk increases the recombination rate decreases
while the carrier drift rate is unchanged. In this example, when
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Fig. 4. a) TRPL 1, lifetime vs. bulk recombination lifetime specified in the
model for simulated cells over a range of external biases from -0.75 V to +1 V.
Dashed line is where they agree. Above twux > ~5 ns, substantial bias
dependence appears. The same simulation set is repeated at b) 10x and c¢) 100x
higher excitation power.

Touk < 5 ns, the bulk recombination rate is dominant. Around
Touk = 5 ns, these two rates become close enough that both
influence t,, reducing 1, below Touk. As Toui increases further,
the relative influence of drift becomes larger, until at a high
enough Tukx the recombination rate effectively no longer
influences the decay. As drift becomes dominant, the
luminescence reduction with time no longer represents a
reduction in the number of excess carriers, but instead
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represents a reduction in the ability of carriers to recombine
because they are separated from each other. There is overall
more deviation from the true lifetime as the field strength
increases in reverse bias.

Fig. 4b shows the same set of simulations as Fig. 4a at ten
times higher excitation power. As with the measured data,
differences between biases are reduced; this is true over the
entire range of bulk lifetimes. The local field-suppressing
effects of injection are therefore stronger than the field
manipulating effects of bias, and high injection can be a suitable
way to suppress fields [19, 41] and accurately measure bulk
lifetime. However, high excitation power increases the radiative

. . 1 .
recombination rate ( ) which can reduce the measured

Trad
lifetime [6, 20, 24, 40], particularly as Tyuk increases. This is

demonstrated in Fig. 4c with a hundred times higher excitation
power. Bias no longer has a significant effect (the ficlds are
nearly entirely suppressed), but here the deviation of 1, from
Touik 1S substantial when Tpuk is high, due to higher carrier
injection. As this is not a field effect, forward bias cannot
suppress it.

The drift rate in (3) can be generally expressed via unit
1

analysis as = #L—E, where u is carrier mobility. Mobility is

Tdrift
therefore an important parameter; higher mobility increases the
drift rate for a given field, effectively magnifying the influence
of fields on TRPL. Mobility is difficult to measure and control
in physical cells, but it is worthwhile to explore with simulation
to shed light on potential effects. The simulation set from Fig.
4 was repeated with three higher carrier mobility values and the
results are summarized in Fig. 5. The y axis is the ratio of 1, at
-0.75 V bias to T at +1 V bias. This quantity semi-quantitatively
represents the spread of measured lifetime with bias: when the
ratio equals 1, bias has no effect on lifetime, while lower ratios
indicate increasing lifetime reduction in reverse bias. The x axis
represents electron mobility pe (hole mobility is held at p, =
0.2pe). This plot indicates that the variation of 1, with bias
increases as mobility increases, as the field exerts a stronger
influence. In addition, this plot reiterates the findings in Fig. 4
that the variation with bias is greater at higher bulk lifetime.

Fig. 5. Ratio of simulated lifetime at -0.75 V to that at +1 V bias vs. electron
mobility. The spread of lifetime with bias increases as mobility and bulk
lifetime increase.

This is important, as it suggests high-performing cells with high
lifetime and mobility are most likely to yield misleading results
from TRPL if field effects are not considered. Fig. 5 utilizes
10'? photons/cm?/pulse excitation power. This was repeated at
10" and 10'* photons/cm?/pulse, and similar increase and
reduction, respectively, in the bias effect shown in Fig. 4 was
observed (not shown).

In the idealized simulated structure, +1 V bias represents a
voltage in which there is minimal potential difference between
the contacts. With equipotential contacts, internal fields are
nearly completely suppressed, all but eliminating the drift rate
term in (3). This engenders good agreement between measured
T, and true Tpuk over the entire range of Touik, independent of
mobility, provided the excitation power is low enough to not
introduce radiative recombination rate effects. Taken as a
whole, Fig. 4 is a clear illustration that bulk lifetime is most
accurately extracted from TRPL at low excitation power under
forward bias. In physical cells, however, even under these
conditions, extracted lifetime will still be influenced by
interface recombination.

VI. FIELD EFFECTS WITH LOW AND HIGH CARRIER
CONCENTRATION

In addition to higher absorber lifetimes with the selenium
alloy, recent advances in absorber doping with group-V
elements both in single crystal [42, 43] and thin-film [44, 45,
46] materials, as well as concurrent improvement in emitter
layer doping [47, 48], reflect the likely trajectory of CdTe-based
photovoltaics for the future. One consequence of higher carrier
density is faster carrier separation, a characteristic which is
highly relevant to TRPL. Carrier density therefore represents a
fourth significant parameter in addition to the three discussed
above, with important but less direct effects.

To investigate the influence of absorber carrier density on
TRPL, two thin-film cells with graded CdSeTe/CdTe bilayer
absorbers were fabricated by First Solar Inc. Both cell
structures are largely similar with high bulk lifetimes from the
selenium alloying, with the crucial distinction being that one
cell contains copper to improve the back contact while the other
is doped with arsenic for higher carrier concentration. Fig. 6a
shows carrier concentration profiles from capacitance-voltage
(C-V) measurements of both cells, with corresponding band
diagrams simulated with SCAPS (Fig. 6b). From C-V, the
copper-containing cell has a concentration of ~3x10'* cm™ and
the depletion region of the cell therefore extends throughout the
absorber. The arsenic-doped cell has a much higher
concentration of ~2x10'® ¢m?, yielding a much narrower
depletion region. The simulated band diagrams reflect this
dichotomy: when carrier concentration is low and the depletion
region is wide, relatively weak fields are present throughout the
absorber. Conversely, when concentration is high, very strong
fields are confined to the front of the absorber while the
remainder is nearly field-free.

We first discuss measurement and simulation for Cu-doped
solar cells. Fig. 7 shows the first 40 ns of both measured and
simulated TRPL decays of the lower carrier-concentration cell
at a range of biases at low injection (~10'? photons/pulse/cm?
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Fig. 6. a) Carrier densities from capacitance-voltage measurements of copper-doped and arsenic-doped cells fabricated by First Solar Inc. b) Simulated absorber
band diagrams for both cells, demonstrating the effect of carrier concentration on depletion width and field strength.

fluence). The agreement between the measurement and
simulation is good, and the decay times are similar to the bilayer
CSU cell in Fig. 2b. Within this timescale, there are two distinct
decay regions: an initial fast, bias-independent decay (indicated
by dashed-line fits, lifetime 1,) and a subsequent slower, bias-
dependent decay (with lifetime 1,). If we apply the framework
of (3) to 11, the insensitivity to bias indicates that the drift rate
is insignificant over this timescale. To replicate this behavior in
the simulation, the first 60 nm of the absorber (chosen
somewhat arbitrarily) was given a significantly lower lifetime
(0.3 ns), emulating poorer-quality material near the interface.
Therefore, the short t; lifetimes are attributed to increased
recombination at the front interface where lattice mismatch
between CdSeTe and the front buffer can create additional trap
state defects [49, 50, 51]. Within the t; decay region, the
interface-associated recombination rate is much faster than all
others, rendering the drift rate and bulk recombination rate
inconsequential. In the simulated cell, T; = 0.3 ns for all biases,
which corresponds to the 0.3-ns lifetime at the front of the
absorber. In this case, the minimal bias dependence of Tt
enables accurate determination of lifetime at the front of the
cell, and therefore of front interface recombination velocity,
estimated at Sgone = 10* cm/s in this cell.

The bias-dependent 1, decay is attributed to carriers
separating in the relatively weak fields, analogous to the CSU-
fabricated CdSeTe/CdTe cell described in section III. After
carriers at the front recombine quickly, the relative lack of
carriers near the interface dramatically reduces the interface
recombination rate, increasing the relative influence of the drift
rate at later times (>2 ns), introducing bias dependence. No 1,
fully reaches the absorber’s bulk lifetime of 30 ns in the
simulated cell, indicating that some interface recombination
remains in the “steady-state” decay component, also reported in
simulations by Kanevce et al. [52]. The +1 V bias 1 lifetime of
25 ns in the measured cell is therefore interpreted as a lower
bound of the bulk lifetime.
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Fig. 7. a) TRPL of copper-doped CdSeTe/CdTe cell over a range of biases
ranging from -0.75 V to +1 V. b) Simulated TRPL decays of cell with a 10'*
cm carrier-concentration absorber over the same range of biases. Dashed lines
indicate 1, single-exponential fits, with no bias dependence.



JPV-2021-09-0406-R.R1

Measurement

-
2

=
S
-

Normalized Intensity

-
o
N

Normalized Intensity

102f |

0 10 20 30 40
Time (ns)
Fig. 8. a) TRPL of arsenic-doped CdSeTe/CdTe cell over a range of biases
ranging from -0.75 V to +1 V. b) Simulated TRPL decays of cell with a 10'¢
cm™ carrier-concentration absorber over the same bias range. Dashed lines
indicate T, single-exponential fits, which show substantial bias dependence.

Once again, mobility is an important consideration. Higher
mobility will result in faster carrier separation, so drift effects
will appear earlier in the decay. Under simulation conditions
with high mobility CdTe (pe = 80 cm?/Vs and un = 10 cm?/Vs),
Kanevce et al. [52] consistently attributed the first TRPL decay
component (11) to rapid charge separation effects while the
second (t2) was dominated by recombination. Our modeling
with much lower mobility (ue = 1 cm?/Vs and pn = 0.2 cm?/Vs
in Fig. 7b) essentially shows the opposite. That t; in the
measured copper-containing cell has no bias dependence is
strong evidence that this component of the bi-exponential decay
is not caused by charge separation, and therefore the effective
mobility in this cell is much closer to ~1 ¢m?Vs than 80
cm?/Vs. Analysis of biased TRPL measurements performed on
Cu(In,Ga)Se; has revealed mobilities of ~3 ¢m?/Vs [15] and
~20 cm?/Vs [16], with similar bias dependence of 1. Mobility
of CSS-deposited polycrystalline CdTe has been measured in
the range of 0.1-10 cm?/Vs by both lateral Hall effect [53, 54]
and longitudinal time-of-flight [55] measurements, so the
similar TRPL behavior under bias observed in Cu(In,Ga)Se;
and copper-doped CdTe is attributed to similar lifetime,
mobility, and band bending in the two technologies. Note that
much higher mobilities greater than 100 cm?/Vs have been

measured with light-induced transient grating in single-crystal
CdTe [56] and polycrystalline CdSeTe double-heterostructures
[5], so there is potential for large mobility improvement in
completed cells, which would yield different TRPL behavior.

Fig. 8 shows the same set of measurements and
corresponding simulations for the much higher-carrier-
concentration arsenic-doped cell. Stronger electric fields
increase the drift rate and shift the charge separation effects to
earlier decay times. As before, the 40-ns timescale contains two
distinct decay rates. However, in contrast with the copper-
doped cell, the initial fast decay (dashed-line fits) is bias-
dependent and the slower decay component is essentially bias-
independent. For a given mobility, whereas carrier separation
due to drift is a fairly slow process when carrier density is low,
this process happens much more quickly when the diode field
is stronger. Applying the framework of (3), the much faster drift
rate and the interface recombination rate now both influence 1.
Therefore, interface recombination velocity cannot easily be
derived from 7, in this cell. As before, this decay lifetime is
shortest when fields are strongest in reverse bias. Note that 1
lifetimes are altogether longer in Fig. 8 compared to Fig. 7,
indicating reduced front interfacial recombination in the
absence of copper (the lifetime in the “defective region” of the
simulated cell was raised to 1 ns to account for this). As the
depletion region is significantly narrower when carrier
concentration is high, a not-insignificant number of
photoinjected carriers are generated past the depletion region,
deeper within the absorber where there are no (or very weak)
fields. These carriers recombine with minimal charge
separation influence, resulting in minimal bias dependence in 1>
over the timescale in Fig. 8.

Although the simulation parameters used may not represent
precise, unique solutions to the measured decays of both cells,
it is significant that the primary decay behaviors observed in the
First Solar cells are replicated by changing carrier density in the
simulation. The timescale over which field effects influence
TRPL decays is important information for making appropriate
analysis, and carrier density is a vital determinant of this
timescale.

VII. CHARGE STORAGE EFFECT

The time range in Figs. 7 and 8 was chosen to display the
decay information which can be reliably accounted for with the
simulation. At later decay times deviations between the
experiment and the simulation appear. Measured decays of the
arsenic-doped cell exhibit long tail lifetimes (Fig. 9) which do
not appear the same way in the simulation. These long tails are
likely explained by charge segregation where photogenerated
carriers are swept apart by junction fields and eventually reach
a new equilibrium where electrons are heavily concentrated
near the front of the cell and holes are concentrated towards the
back. In this new equilibrium, the remaining carriers recombine
very slowly due to their physical separation, yielding a time
constant well in excess of the bulk lifetime. This process is
referred to as “charge storge” in Maiberg and Scheer [19], and
simulations exhibiting this behavior are described in that
manuscript.
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Fig. 9. Low injection (~20 uW) TRPL of arsenic-doped cell in fig. 8a viewed
over a longer time scale.

How charge storage manifests is very sensitive to simulation
conditions. Maiberg and Scheer [19] assert that it would be
undetectable during measurements because the amount of
luminescence is too low. Our simulations, however, found that
charge storage could be made visible (i.e. within three orders of
magnitude of luminescence intensity) when fields were
weakened with large enough forward bias, but were less visible
when fields were stronger, as more effective carrier separation
yielded less (and ultimately undetectable) radiative
recombination at the final equilibrium. Moseley et al. [57] were
able to repeatedly demonstrate detectable charge storage
effects, particularly at low excitation intensities. In agreement
with our modeling, Moseley et al. [57] demonstrate that charge
storage is more prevalent when absorber doping is high, though
it can still be observed with lower doping if other conditions are
met. As charge separation and storage effects on TRPL have
only recently started to be explored with simulation, many
questions remain, particularly regarding its applicability to
measured data.

Unlike the single pulse dynamics which are modeled in the
simulation, the decay shape of an actual TRPL measurement
combines measured recombination photons from millions of
laser pulses. This difference can lead to substantial deviation in
late-time decays between measurement and simulation. In
particular, incomplete recombination between pulses
effectively amplifies the tail decay signal and reduces the
dynamic range of the measurement, as in Fig. 9. Remedying this
discrepancy by simulating multi-pulsing over a large enough
number of pulses to approximate experimental conditions is
prohibitively computationally expensive, so replicating the
charge-storage effect in detail with modeling remains difficult.
Charge storage can be mitigated experimentally to some degree
by employing lower laser repetition rates, allowing more time
for carriers to recombine between pulses and better aligning
simulation and experiment. However, the repetition rate can
only be reduced so far before it becomes infeasible. Charge
storage can therefore exert significant influence on long tail
lifetimes of measured decays, and using modeling to decouple
its contribution presents a challenge.

Arsenic doping of Cd(Se)Te is known to introduce shallow
trap states [58, 59, 60]. A potential contribution to the long
decay lifetimes in Fig. 9 in addition to charge storage is
trapping/detrapping from these states, though this effect has not
yet been definitively demonstrated in this material. Emission
from shallow traps was not investigated here, and the effect of
bias on this process is unclear. More measurement and
modeling work is needed to explore this potential contribution.

VIII. DISCUSSION AND CONCLUSION

TRPL is traditionally used to gain information about
recombination within a semiconductor, in the form of minority
charge carrier lifetime. This interpretation is often extended to
measurements performed on solar cells to determine the quality
of the materials and interfaces within. However, measurements
and simulations presented in this manuscript illustrate that, in
state-of-the-art CdTe solar cells, TRPL measurement includes
carrier dynamics, and diode field effects impact the apparent
decay times. In solar cells with sufficiently high bulk lifetime
and/or mobility, these effects can be substantial. The most
common effect is a reduction in measured lifetime as carriers
separate under the influence of junction fields. If carrier density
and mobility are high, this effect shifts to an earlier time within
the decay. Another potential effect is substantially reduced
recombination at late decay times due to field-induced charge
storage, yielding tail lifetimes much /onger than the bulk
lifetime of the material. It is more difficult to reconcile this
“field-effect passivation” in the simulation with experimental
data, so it is unclear how prevalent it is in measured TRPL on
CdTe. Simulations do show however that both field effects can
exist simultaneously, and become increasingly significant as
carrier concentration, mobility, and lifetime improve.

While “lifetime” is generally understood to reflect both
absorber quality and space-charge effects, the extent to which
electric fields influence TRPL on modern CdTe solar cells has
not been widely appreciated. As effective carrier separation is
foundational to the operation of photovoltaics, long tail
lifetimes are generally indicative of favorable structures
ultimately conducive to a high performing cell. However,
distinction between material passivation and field-effect
passivation is still important. Modeling has consistently
predicted that lifetimes must be substantially greater than 10 ns
[61, 62, 63] for CdTe to reach 25% conversion efficiency and
beyond. The target lifetimes in these sources represent defect
prevalence, so it is important that measured lifetimes can be
reliably attributed to absorber quality. Unfortunately, the
combination of effective doping and high bulk lifetime and
mobility necessary to reach new record efficiencies is the same
regime where bulk lifetime is likely to be obscured in a TRPL
measurement.

To determine bulk lifetimes of absorber materials in high-
performing CdTe cells, it is necessary to suppress junction
fields to the extent possible. Field suppression can be
accomplished by increasing electrical bias [14, 15, 64] or
increasing injection fluence [18,41]. While high fluence is
effective in flattening bands in general, the extent of field
suppression in a particular measurement is more uncertain than
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with external bias. Moreover, minority carrier lifetime is most
accurately measured at low-injection conditions [24] when the
concentration of injected carriers does not exceed the majority
carrier density. Placing the cell sufficiently far into forward bias
with light will very likely exceed this limit, particularly when
carrier concentration is low. While incorporating electrical bias
adds complication to the measurement and requires finished
cells complete with contacts, it has significant advantages over
the other approaches.

Even when the extent of band flattening is not known with
precision, variation in external bias can yield important
information. TRPL measurements performed on the same cell
at different biases can reveal whether or not field effects need
to be considered. This knowledge is vital for correct
interpretation, and can reveal the relative strengths of drift and
trap-mediated recombination. When probing materials within
completed solar cells, variation in electrical bias can identify
field influence, and in many cases can suppress it. Ultimately,
it is important to recognize the signs of field influence and
interpret them accordingly.
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