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Abstract—Understanding the nature of recombination
mechanisms is essential for higher power conversion efficiency
in photovoltaic (PV) devices. Here we use a combination of
time-resolved terahertz spectroscopy and numerical modeling
to determine the bulk Shockley-Read-Hall lifetime and
interface and back surface recombination velocities in CdTe
thin film stacks. The measurement was facilitated by
fabricating wire-grid device structures using conventional laser
scribing. Evaluation of a glass/FTO/SnO,/CdS/CdTe stack
treated with CdCl, allowed separation of the CdTe absorber
bulk lifetime, 1.6 ns, from the back surface recombination
velocity, ~6x10* cm/s, and indicated that CdTe/CdS interface
recombination velocity had no significant impact on carrier
dynamics.
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I. INTRODUCTION

CdTe solar technology has attracted the photovoltaic (PV)
community for the past three decades owing to its low
production cost, but some challenges remain to further improve
its efficiency from the current record of 22% toward 25% [1].
Time-resolved photoluminescence (TRPL) spectroscopy has
been frequently used by the PV community to study the
photoexcited carrier dynamics in PV devices. Time-resolved
terahertz spectroscopy (TRTS), which measures the change in
transmission of a terahertz probe upon excitation, has also
sometimes been employed. TRTS provides a non-contact, far-
IR probe of transient photoconductivity of mobile carriers with
sub-ps resolution [2]. However, measurements have so far been
limited to exfoliated films or films grown on unconventional
substrates because of the low transmission of the terahertz
radiation through conductive electrodes. More information
regarding how the TRTS measurement is performed is available
elsewhere [2,3].

TRTS provides complementary information to TRPL and is
particularly useful for understanding carrier dynamics within
sub-nanosecond time scale, where TRPL data is dominated by
carrier diffusion. Also, conventional TRPL techniques cannot
provide useful information for materials that are not strongly
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emissive (because of short lifetimes), while this is not a
limitation of TRTS.

The information derived from carrier dynamics from the
spectroscopic techniques are valuable and can be correlated to
the device properties. The carrier dynamics are sensitive to both
bulk and surface recombination mechanisms and have been a
good indicator of PV device performance [4]. Herein we
present a methodology employing TRTS and numerical
modeling of the continuity equations and Poisson’s equation to
evaluate CdTe bulk Shockley-Read-Hall (SRH) lifetime,
CdTe/CdS interface recombination velocity (IRV), and back
surface recombination velocity (BSRV). We determine the
importance of recombination mechanisms and their
dependence on CdCl; treatment in a conventional cell stack of
borosilicate glass(1mm)/FTO/SnO,/CdS/CdTe without back
contact.

Il. RESULTS AND DISCUSSION

A. Patterned CdTe film stack

Previous TRTS measurements have been limited to
individual components of multilayer PV devices on non-
traditional substrates rather than completed cells. Critical
developments have been achieved so far by studying just a
single absorbing layer [5-6]. However, evaluating a real device
with conventional geometries would be more instructive, for
example, to determine the impact of interface recombination.
Secondly, substrates themselves often influence the film
growth and bulk properties. Terahertz radiation normally is
absorbed or reflected by conductive films, limiting or
eliminating the possibility of TRTS measurements. However, a
recent study demonstrated that if the device is patterned in a
wire grid geometry with dimensions comparable to the
wavelength of the broadband terahertz probe using lithography
and reactive ion etching, a 10-fold larger terahertz transmission
could be achieved, if the wire grid is perpendicular to the
terahertz polarization [7]. In our work, the completed cell has
been patterning used conventional laser scribing with 50 pm
scribe width and variable strip width (15 - 450 pm)
corresponding to area coverage of ~ 20 to 90%.



The transmission of the terahertz probe through the non-
photoexcited film stack for a series of surface coverages is
shown in Fig. 1A. More terahertz radiation is transmitted with
lower surface coverage; which demonstrates that laser scribing
successfully removed the film stack down to the glass. While it
is important to increase the transmitted terahertz signal,
removing too much of the film will result in decreased
modulation of the signal upon photoexcitation. Fig. 1B shows
the normalized photoexcited signal as a function of film
coverage. The amount of the photoexcited signal is maximized
when approximately half of the film is removed. Throughout
the rest of this study, we used CdTe thin film structures
patterned with scribe and strip width of 50 pm each for
maximized photoexcited TRTS signal.
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Fig. 1. A) Normalized terahertz transmission, and B) normalized

photoexcited signal through patterned thin film stack as a function of film

area remaining. The wire lines are perpendicular to the terahertz

polarization. Inset to Fig 1A shows an optical microscopy image of a

patterned wire grid with scribe width of 50 um and strip width of 102 um.

B. Experimental and simulation results

TRTS measurements have been performed on CdTe thin
film stacks with and without CdClI, treatment. To evaluate the
IRV at the CdTe/CdS interface, the excitation light was incident
from the glass side since the majority of the light is absorbed
near the interface. Because the CdTe is 4 um thick and the
carriers are generated near the front interface, the BSRV cannot
be evaluated if the light is incident from the glass side. To
evaluate the BSRV, we have also performed the TRTS
experiment with photoexcitation from the CdTe film side.

To improve the robustness of the parameter estimation in the
model, the transient signals with blue (400 nm) and red (800
nm) wavelengths are collected. The 1/e penetration depth of the
photoexcited carriers is shorter with the blue excitation (daoo nm
= 0.055 um for CdTe) than with the red excitation (dsoo nm =
0.66 um for CdTe). Therefore, the transient data with the blue
excitation is more sensitive to the surface recombination
velocity, which simplifies the differentiation between the
surface and the bulk recombination.

The measured transient TRTS signal is proportional to the
photoconductivity from the generated electrons and holes as:

TRTS(t) « [(ueAn(x,t) + ppAp(x, t))dx ()

Here An(x,t), and Ap(x,t) are the time-dependent carrier
concentration profile for the photogenerated electrons and
holes, u,, and uare the electron and hole mobilities.

The position- and time-dependent electron and hole
densities are determined by solving the continuity and
Poisson’s equations using COMSOL Multiphysics with
semiconductor module. We determine the characteristic
parameters for the recombination mechanisms (SRH, IRV, and
BSRV) by minimizing the error between the experimental data
sets and the TRTS signal simulated with the transport model
and (Eqg. 1).

Recombination rates are sometimes estimated from
empirical fits, which may result in inaccurate conclusions. For
instance, exponential fits are often used to extract SRH lifetime
from the tail of the TRPL dynamics. The method used here uses
the fundamental form of the recombination rate within the
transport model rather than presuming a functional form for the
decay of the spectroscopic signal.

A 1-D model with the layers FTO (0.8 um)-SnO; (0.1 um)-
CdS (0.05 um)-CdTe (4 um) was considered throughout this
study. The layer thickness and other electronic properties are
chosen to match our sample, if measured, or otherwise use
values typical of CdTe cells as in [1].

Fig 2A shows the experimental and simulation results for
the CdTe thin film structure treated with CdCl, when the
excitation pulse is incident from the glass side and from the
CdTe film side. The TRTS dynamics with 400 nm and 800 nm
excitation are comparable when the excitation is incident from
the glass side (solid blue and red dots in Fig 2A). The photon
flux was kept constant for both excitation wavelengths at
1x10% cm2 per pulse. Since both near-surface (A=400 nm) and
deeper (A=800 nm) excitation results in the same transient
response, we conclude that the IRV does not contribute to the
TRTS signal. We note that since there is a positive conduction
band offset at the CdS/CdTe interface (AE, = +0.28 V, often
referred to as spike), this would suppress the IRV contribution
[8]. Therefore, the only fitting parameter in this case, was the
SRH lifetime for the CdTe layer. An SRH lifetime of 745y =1.6
ns was estimated for the CdTe absorber when the light was
incident from the glass side (solid black line in Fig 2A).
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Fig. 2. A) Experimental (dots, blue is 400 nm excitation, and red is 800
nm) and simulated (solid lines) TRTS signal for the CdTe film stack treated
with CdCl, , and B) Experimental and simulation results comparing CdTe
treated with CdCl; to untreated CdTe.

To evaluate the BSRV, we performed the TRTS experiment
with light incident on the CdTe film side. This way the majority
of the light is absorbed from the backside of the sample (CdTe



film side) and the TRTS signal is more sensitive to the BSRV.
In Fig 2A, red open squares (800 nm) and blue open circles (400
nm) show the TRTS dynamics when the excitation is incident
on the CdTe film side. In this case, the TRTS transient with the
blue excitation is faster than with the red excitation, indicating
that the BSRV term should be considered in the model in
addition to the SRH recombination. An SRH lifetime of
Tery =1.6 ns and BSRV of 6x10* cm/s were estimated as
shown by solid red and blue lines. Since there was no back
surface treatment of any kind (chemical treatments or back
contact) for the CdTe stack studied here, high BSRV is not
surprising.

CdCl; post-deposition treatment is known to drastically
improve the CdTe solar cell performance. The TRTS
experiment was performed with 800 nm excitation from the
glass side for the CdTe cell with and without the CdCl,
treatment to show the impact of this treatment on carrier
dynamics. Fig. 2B shows the TRTS decay is much faster with
no CdCl;treatment, as expected, and an SRH lifetime of ~60 ps
was measured for the sample. No distinguishable TRTS signal
was detected with 400 nm excitation from the glass side for the
sample with no CdCl, treatment. This indicates a high IRV
contribution to the signal for the sample with no treatment.
Therefore, CdCl; treatment not only improves the bulk lifetime
for the absorber but also improves the CdS/CdTe interface.

The carrier dynamics in Fig. 2 were constructed by
calculating the time-dependent and position-dependent electron
and hole concentrations by solving the continuity and Poisson’s
equations. The time-dependent carrier concentration profiles
for the 800 nm excitation in Fig. 2 are shown in Fig. 3.
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Fig. 3. The evolution of carrier concentration profile for the CdTe layer
with 800 nm excitation for A) CdTe treated with CdCl, from the glass side,
B) CdTe with no treatment from the glass side, C) CdTe treated with CdCl,
from the film side, and D) sketch of the glass side and film side
experiments.

Fig. 3 highlights the impact of recombination mechanisms on
the carrier concentration profile. Comparing Fig. 3A and Fig.
3B, a much faster decrease in carrier concentration is observed
for the sample with no CdCl, treatment because of the
dominance of the SRH recombination. Also, the impact of
diffusion of carriers towards the back surface due to surface
recombination is observed by comparing Fig. 3A and Fig. 3C.

I1l. CONCLUSION

We presented a methodology that enables the determination
of SRH lifetime, IRV, and BSRV from TRTS measurements of
a CdTe film stack. With a combination of TRTS experiments
and modeling, we estimated an SRH lifetime of 1.6 ns for CdTe,
negligible IRV at the CdS-CdTe interface, and BSRV of 6x10*
cm/s for the cell treated with CdCl,. We also showed the impact
of CdCl; on recombination mechanisms and carrier dynamics.
As-deposited films without CdCl, showed a limited bulk
lifetime of 60 ps and much higher IRV as compared to CdTe
device treated with CdCl,. The model presented here uses the
most  generalized semiconductor equations with no
simplifications, which is more accurate than a simple
exponential fitting approach to evaluate recombination
mechanisms. In ongoing work, we aim to investigate the role of
back contacts on the carrier dynamics and recombination
mechanisms for a completed CdTe device as well as the impact
of different processing conditions on recombination rates.
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