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Thin film PV

https://pv-magazine-usa.com/2020/04/23/fitch-rates-550-mw-first-solar-installed-topaz-

project-notes-at-c-despite-superb-performance/

2020 thin film PV capacity:
~8 GWpp – CdTe
~2 GWpp - CIGS

Annual primary energy 
installations ~100 GW

Higher solar cell efficiency 
reduces PV cost and is necessary 
for competition with other energy 
technologies

2014, Topaz Solar Farms, 9 million CdTe solar 
panels, 9.5 sq. miles 
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Some current efforts to make CdTe solar cells more 

efficient (and reliable)

Group-V doping: 
Metzger et al, Nature Energy 4, 837 (2019); McCandless et al, Sci. Rep. 8, 14519 (2018); Kartopu et al, Sol. Energ. Mat. Sol. Cells, 
194, 259 (2019)

Front contacts:
Ablekim et al, ACS Energy Letters 5, 892 (2020)

Back contacts:
Liyanage et al., ACS App. Energy Materials 2, 5419 (2019), T. Song et al, IEEE J. Photovolt. 8, 293 (2018)

Interface chemistry:
Perkins et al, ACS Appl. Mat. Interf. 11, 13003 (2019)

Defect analysis:
Fiducia et al, Nature Energy 4, 504 (2019); Guo et al, Appl. Phys. Lett. 115, 153901 (2019); Moseley et al, J. Appl. Phys. 124, 
113104 (2018)

Model systems (single crystals, epitaxial, polycrystalline heterostructures):
Nagaoka et al, Appl. Phys. Lett. 116, 132102 (2020), Kephart et al IEEE J.Photovolt., 8, 587 (2018); Zhao et al, IEEE J. Photovolt. 7,  
690 (2017) 

This talk is about one characteristic – minority carrier lifetime – which is impacted by and helps 
improve many of above efforts
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Charge Carrier Lifetimes

throughout, whereas other samples are mildly nonexponen-
tial, as illustrated in Fig. 2. Occasionally, there are samples
that display long-tail behavior characteristic of reemission
from trapped states. Exclusion of the final decay can be jus-
tified because it represents only a small fraction of the total
number of carriers that decay. Furthermore, carriers that are
reemitted from traps cannot diffuse while trapped, so they
blur the relationship between the measured lifetime,
electron–hole recombination time, and transport, and it is
preferable not to include their contribution to the PL decay
curve in the determination of the PL lifetime.

Figure 3 illustrates the relationship of PL decay lifetime
with short-circuit density and open-circuit voltage. Short-
circuit current density is not sensitive to the PL lifetime.
However, the correlation between open-circuit voltage and
PL lifetime is particularly strong for all experiments listed
except study 2 and one anomalous value from Ref. 20. The
CdCl2-treated samples from Ref. 12 track the slope of the
empirical fit, but appear to have a higher open-circuit volt-
age.

Data from more than 80 samples are included in Fig.
3!b". These samples were grown with oxygen partial pres-
sures varying from 0 to 4 Torr, substrate deposition tempera-
tures ranging from 450 to 645 °C, CdTe thicknesses between
3 and 13 #m, a multitude of wet and vapor CdCl2 treatments,
and different contact materials. The average grain size re-
ported on a small portion of the samples varied from 0.32 to
6 #m. Among these differences, and probable differences in
series resistance, shunt resistance, carrier concentration, and
other variables, the PL decay lifetime remains strongly cor-
related to the open-circuit voltage. Hence, it appears that if
we can understand the physical mechanisms responsible for
the PL decay lifetime, we can understand some of the most
dominant physical mechanisms driving open-circuit voltage
in CdTe solar cells.

Clearly, lifetime measurements offer a promising method
of in-line manufacturing diagnostics. However, measuring
subnanosecond lifetimes in a manufacturing environment is
challenging. PL intensity is easier to measure, and in a uni-
form semiconductor layer, it is proportional to BP$ , where $
represents the excess carrier lifetime and P represents the
minority-carrier concentration in high injection or the
majority-carrier concentration in low injection. Theoretically,
it is not clear how this relationship between the PL intensity
and the lifetime changes when the PL emerges from near the
junction. Figure 4 shows that for the samples in study 1, the
PL intensity is still linearly proportional to the decay life-
time. So, measuring PL intensity could be a feasible method
of assessing recombination in a manufacturing setting.

It is not clear if CdTe solar cells have a buried homo-
junction or a heterojunction, and the transport and recombi-
nation mechanisms are not known. But for various homo-
junction and heterojunction solar cell models, the J–V
relationship takes the form23

J!V "!J0!eqV/nkT"1 ""Jsc . !5"

J represents the current density as a function of applied volt-
age, V , and Jsc represents the short-circuit current density
due to photogeneration. The physical expression for the dark

current, J0 , and the value of the ideality constant, n, depend
on the junction type, and the recombination and transport
mechanisms. Rearranging Eq. !5" for open-circuit voltage
conditions, one obtains

Voc!
nkT
q ln! JscJ0 #1 " . !6"

FIG. 3. !a" Short-circuit current density (J sc), and !b" open-circuit voltage
vs lifetime. The lifetime values taken from Ref. 3 correspond to 0.5 #m
from the interface, and the lifetime values from Ref. 39 represent averaged
values. The empirical fit in graph !b" is given by Voc(V)!%ln&4.6
$1014$(s)'(/16.

3552 J. Appl. Phys., Vol. 94, No. 5, 1 September 2003 Metzger et al.
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Fig. 5. VOC versus TRPL lifetime determined in the current study (red sym-
bols) and from several recent papers (see legend). The solid line shows TCAD
simulation results.

previous baseline [25]. However, room-temperature lifetimes in
devices are significantly shorter than corresponding lifetimes
in single crystals (e.g., 24 ns versus 360 ns—see Fig. 8). To
investigate if Cu-related dopants/defects limit lifetime in de-
vices, we applied low-temperature TRPL measurements. This
analysis is necessary because room-temperature PL emission
spectra do not have spectral features that could be related to
defect states.

C. Time-Resolved Photoluminescence Spectroscopy at
Low Temperature

Low-temperature PL emission spectra have features
attributed to excitons and defects (see Figs. 1 and 2); differ-
ent lifetimes for exciton and defect PL emission are expected.
Therefore, we first determined the number of lifetime compo-
nents necessary to describe low-temperature TRPL data. For
these measurements, we used a monochromator with a focal
length of 0.25 m and spectral bandwidth of ∼3 nm and recorded
18 TRPL decays at 770–1030 nm (1.20–1.61 eV). When pulsed
excitation is used, higher average excitation power is necessary
than in time-integrated PL measurements with cw excitation.
Because the intensity of PL and defect emission scales differ-
ently with excitation power [17], Fig. 6(a) shows PL emission
spectra measured when excitation power was varied. Relative in-
tensity of defect/exciton PL depends on injection, and intensity
of defect PL emission band does not indicate defect concen-
tration. Excitation power of 2 mW (dark green) corresponds to
average power used in TRPL spectroscopy [see Fig. 6(b)].

We find that the two-exponential decay model is sufficient to
fit all low-temperature TRPL decays. Lifetimes are the same at
all measurement wavelengths, but amplitudes of decay compo-
nents vary. By using such global analysis of TRPL spectroscopy
data, we can determine spectra of decay components τ 1 and
τ 2 shown in Fig. 6(b). (Details of global analysis are given
in earlier publications [11], [13].) Comparison of PL emission
and decay component τ1/τ2 spectra indicates that component
τ 1 is attributed to exciton emission, whereas component τ 2

Fig. 6. (a) Excitation-intensity dependence for CdS/CdTe junction PL emis-
sion spectra at 5 K for a device with the highest Cu concentration. Spectra
are normalized at the exciton band maximum. (b) Comparison of PL emission
spectrum (green from A) and spectra of TRPL decay components τ1 = 1.90 ns
(black) and τ2 = 37.3 ns (red). Average excitation power is 2 mW in PL and
TRPL experiments. The temperature is 5 K.

to defect emission. This result is typical for semiconductor
spectroscopy—exciton lifetimes are shorter than lifetimes asso-
ciated with defect states. In the next section, we analyze defect-
state lifetimes in order to study recombination via defect states.

D. Variable-Temperature Time-Resolved Photoluminescence
Kinetics for Defect Band

Detailed spectroscopic analysis at 5 K identified that emis-
sion from the defect states could be described by a single
lifetime [see Fig. 6(b)]. Therefore, in temperature-dependence
measurements, we spectrally integrated all defect emissions at
850–1000 nm (1.24–1.46 eV). Spectrally integrated defect PL
measurements shown in Fig. 7 allowed us to use lower injec-
tion (0.5 × 1012 photons·cm-2·pulse-1) than narrow-bandwidth
measurements in Fig. 6(b) (5 × 1012 photons·cm-2·pulse-1).

Lifetime temperature dependence is shown in Fig. 8. At
the lowest temperatures (6–50 K), lifetimes are approximately
constant at 400–440 ns. At 50–150 K, lifetimes are weakly

DK et al, IEEE J. Photovolt. 6, 313 (2016)
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• Reduced SRH recombination is indicated by longer recombination lifetimes;
• Long-standing metric for improvements in VOC in CdTe;
• Analysis is more complicated in current “graded” CdSeTe/CdTe absorbers

Solar cells:
First Solar
First Solar
NREL, NREL, NREL
EMPA
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Lifetime as absorber qFLS metric

Valence Band

Ef,p = EV+0.315 eV

p = 1016 cm-3 (with AsTe)

p = 1014 cm-3 (with CuCd)

qFLS
CdTe: 0.85 V
(”typical”)

Conduction Band (CdTe Eg=1.5eV)

t=1000ns3D=0.18eV

Ef,n = Ec-0.34 eV
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Holes

Electrons

t=10ns

qFLS
CdTe: 1.15 V
(possible?)

t=100ns

t=1ns

Assumptions:
Holes: NV=1.8´1019 cm-3

Electrons: NC=8´1017 cm-3, 1 Sun, 1µm thick absorber

2*,, = 2" + $%'( ⁄( +"

2*,- = 2. − $%'( ⁄1 +. 2D=0.12eV
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Lifetime as interface passivation metricproperties with previously reported EO characteristics for epi-
CdSexTe1-x DHs [see Fig. 1(b)] grown by molecular beam
epitaxy (MBE), where x¼ 0.008 was used to improve lattice
matching to the substrate. Growth and characterization details
for epi-DHs can be found in Ref. 16. Remarkably, although
the px-DHs are grown by fast and low-cost manufacturable
methods relevant to current CdTe solar cell technology, we
find similarly low interface recombination velocity as for DHs
grown with exquisite but expensive control by MBE.

We analyzed several px-DHs where the CdSeTe
absorber thickness was varied from 0.6 to 4.9 lm. We first
present a detailed analysis for a px-DH where the absorber
thickness is 2.5 lm (Figs. 2 and 3), then analyze carrier life-
times when the absorber thickness is varied (Fig. 4), and

finally examine interface passivation mechanisms in px- and
epi-DHs (Fig. 5).

Several EO characterization techniques were applied.
Time-resolved photoluminescence (TRPL) was measured with

FIG. 2. (a) PL emission spectra at
4–250 K, (b) room-temperature CL
spectra, (c) 2PE TRPL decays, and (d)
1PE TRPL decays for a px-DH with
2.5-lm absorber thickness (DH3). The
inset in (a) shows PL emission spectra
at 4 K when the excitation power is 1,
10, and 100 lW. Pixel locations for
grain interior (GI) and grain boundary
(GB) CL spectra in (b) are indicated in
Fig. 3. The inset in (c) shows the 2PE
TRPL decay rate dependence on injec-
tion. The inset in (d) shows 1PE TRPL
dynamics on a faster time scale.

FIG. 3. (a) CL image for px-DH with a 2.5-lm thick absorber. Labels GB
and GI show pixel locations for which CL spectra are shown in Fig. 2(b).
The field of view is 20.7" 15.8 lm2. (b) Distribution of GI maximal and
GB median CL intensities for 69 grains identified in (a) by image
processing.

FIG. 4. 2PE TRPL decay rate (lifetime#1) thickness dependence for px-Al2O3/
CdSeTe/Al2O3 DHs (squares) and epi-CdSeMgTe/CdSeTe/CdSeMgTe DHs
(circles, reproduced from Ref. 16).

263901-2 Kuciauskas et al. Appl. Phys. Lett. 112, 263901 (2018)
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Passivated polycrystalline heterostructures

Epitaxial 
CdMgTe/CdTe
/CdMgTe

T. Myers, 
Texas State 
University

Polycrystalline
Al2O3/CdSeTe/
Al2O3

sputtered Al2O3 (alumina)

J. Kephart, Colorado State University

Interface recombination velocity
S = 100-200 cm/s for lattice-matched 
(epitaxial) and polycrystalline interfaces

DK, Kephart, et al, Appl. Phys. Lett. 112, 263901 (2018)
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Lifetime as transport metric

that carriers can reach nonradiative recombination sites over
a distance of >10 lm. Such data suggest transport to the
SRH recombination centers.3–7,9,12 Drift and diffusion pro-
cesses in the dynamics could be resolved from the time-
resolved microscopy data described below.

The time-dependent PL and SHG images in Figure 2(a)
were obtained by normalizing the intensity in each frame.
The size of the dark area in the PL images (corresponding to
low PL intensity) is increasing over time. Because the
charge-carrier lifetime at the center is very short (0.25 ns)
due to the fast nonradiative recombination, carriers generated
in other areas can diffuse (and drift; see below) toward the
extended defect and nonradiatively recombine there. As
shown in Figure 2(b), the Gaussian fits to PL intensity pro-
files were used to numerically evaluate the time-dependent
FWHM for the region affected by recombination. For this
orientation (vertical line in the middle of the frame), the
FWHM increases from 5.2 6 0.7 lm at 0.1 ns to 9.2 6 0.2 lm
at 1.9 ns (1.8! increase) and 16.9 6 1.2 lm at 20.9 ns (addi-
tional 1.8! increase). At> 20 ns, almost all of the
20! 25 lm2 region is affected by recombination due to the
extended defect.

In contrast to the PL data, the size of the bright feature in
the SHG images in Figure 2 does not increase
(FWHM¼ 2.9 6 0.1 lm at 0.1 ns and 3.0 6 0.1lm at 1 ns),
and the SHG time dependence is limited by the temporal
response of the detector. Therefore, SHG/EFISH probes the
interaction between the space-charge field in the material and
the optical field,19–21 whereas PL probes carrier dynamics.3,7,9

To describe the charge-carrier transport characteristics,
in Figure 3 we analyze the time-dependent FWHM for the
region where the PL intensity is reduced due to nonradiative
recombination. At 0–2 ns, the size of the defect feature
increases more rapidly and then continues to expand more
slowly. The second phase of the increase is linear on the
(FWHM)2 vs. time scale and independent of the direction in
the epilayer plane. By fitting these data to the two-
dimensional diffusive transport model, we determine the
charge-carrier diffusion coefficient D by using3,7

ðFWHMÞ2 ¼ 16lnð2ÞDtþ 4lnð2ÞðFWHM0Þ2; (1)

where t is time and FWHM0 is the initial FWHM for the car-
rier distribution. The fits in Figure 3(a) yield D¼ 6.7
6 0.3 cm2 s&1 (V direction), D¼ 6.1 6 0.2 cm2 s&1 (S direc-
tion), and D¼ 7.7 6 0.2 cm2 s&1 (L direction). The averaged
charge-carrier mobility calculated using Einstein’s relation-
ship is l¼ 260 6 30 cm2 V&1 s&1. Figure 3(b) shows that
when the excitation power is reduced 4 times (due to 2PE,
injection is reduced 16 times), the time dependence for the
FWHM is essentially unchanged. An intensity-independent
carrier mobility indicates that the analysis is for electrons
(minority carriers). Low injection is also suggested from the
two-photon absorption coefficient (b' 25–30 cm GW&1 at
1000–1400 nm)22 and the excitation peak power (I' 0.8 GW
cm&2). The product b! I' 20 cm&1 is equivalent to the lin-
ear absorption coefficient. Because the excitation photon flux
is 1.3! 1015 photons cm&2 and the absorption coefficient is
small, injection is estimated to be lower than the background
doping.

1.9

FIG. 2. (a) Time-resolved PL and SHG images at times indicated in the
insets. The data in each image are normalized to illustrate the time-
dependent increase in the area affected by recombination. Vertical line in
the frame “PL 20.3 ns” indicates the location for which several time-
dependent linear intensity profiles are shown for PL (b) and SHG (c).
Gaussian fits in (b) and (c) are shown as dashed lines, and FWHMs are given
in the legends.

083905-3 Kuciauskas et al. Appl. Phys. Lett. 110, 083905 (2017)

The initial growth phase in the FWHM data in Figure
3 can be related to drift in the SCF. If the extended defects
have positive charge, the minority carriers (electrons)
will drift toward this area and recombination will affect a
larger area than it would in the absence of SCF. For exam-
ple, in the V direction, the size of the recombination region
approximately doubles in size due to drift (see Figure
3(b)).

The inset in Figure 3(a) shows that the drift velocity
(estimated as slope of FWHM vs. time) is the highest in the
V direction. We estimate the SCF strength ESCF from

ESCF ¼
1

l
D FWHMð Þ

Dt
: (2)

If we assume that drift and diffusion mobilities are the
same, the fits indicate ESCF,V¼ 1360 6 80 V cm$1, ESCF,L

¼ 730 6 35 V cm$1, and ESCF,S¼ 820 6 47 V cm$1.
The SCF near the extended defects could be created by

charged impurities, strain,23 or charge separation. The charge
separation at pairs of partial dislocations was predicted from
first-principles calculations.24 Stacking faults are usually
bordered by partial dislocations, and such dislocations could
be recombination centers.25,26 The charge-carrier lifetimes
could be reduced due to recombination at dislocations in
II–VI heterostructures.7,8 Calculated band-bending due to
the charge separation24 is similar to our experimental results,
and we also observe fast nonradiative recombination at the
extended defects. It was suggested that the extended defects
in CdTe could include wurtzite layers formed by closely
spaced lamellar twins.27 According to the calculated band
alignment at the zinc-blende/wurtzite interface,27 the wurt-
zite region would repel electrons, but we found that the SCF
leads to electron drift toward the extended defects.
Therefore, our data are in agreement with the model of
recombination at partial dislocations/stacking faults, but not
with the model of recombination due to the defects at the
zinc-blende/wurtzite interface.

Data from our study can be summarized in the band dia-
gram shown in the inset of Figure 3(b). The charge-carrier
lifetime in the DH (sB¼ 560 ns) is limited by the SRH
recombination due to point defects in the bulk and at the
interfaces.12 The lifetime near the extended defects is
reduced to 0.25 ns; therefore, the extended defects are

recombination sinks. The carrier diffusion length L¼ sqrt(D
sB)¼ 20 lm, and the extent of recombination due to a single
defect is consistent with this estimate. The microscopic
SHG/EFISH images indicate the spatial distribution of the
space-charge field. Depending on the orientation in the epi-
layer plane, the SCF can be described by the FWHM
¼ 2–5 lm. The free carriers in the DH would screen the fixed
charges. The screening length (depletion width) with the
background doping of 3% 1014 cm$3 is about 1 lm. Because
the SCF extends up to 5 lm, our data suggest that recombi-
nation could occur at paired extended defects identified in an
earlier study.12

The band bending (ranging from 0.2 to 0.4 eV) is calcu-
lated from the dimensions and strength of the SCF. Because
the minority carriers (electrons) are attracted toward the
SCF, we infer the downward direction of the band bending
for the conduction band. Because the PL emission energy
was the same near the extended defect, the same band bend-
ing is present for the valence band.

The band diagram is quite similar to that of the grain
boundaries in polycrystalline CdTe.28 It is generally accepted
that grain-boundary recombination can limit the open-circuit
voltage and efficiency of II–VI solar cells.29,30 Our data show
that recombination at other extended defects could also be
important—we found that in the high-quality heterostructures
(sB¼ 560 ns) a single extended defect could cause recombina-
tion in an area much larger than the typical crystalline grain
size in CdTe, Cu(In,Ga)Se2, kesterite, perovskite, and other
thin-film solar cells. The recent research efforts have
increased the charge-carrier lifetimes in polycrystalline mate-
rials (e.g., sB¼ 10–100 ns in CdTe31 and sB& 400 ns in
Cu(In,Ga)Se2

32), and the passivation of other extended
defects—not only grain boundaries—could be increasingly
important for thin-film solar cells. A balance of the crystalline
grain size vs. the extended defect density is carefully consid-
ered for multicrystalline silicon solar cells,33 and thin film
solar cell technologies could follow similar approach.

This work was supported by the U.S. Department of
Energy under Contract No. DE-AC36-08-GO28308 with
the National Renewable Energy Laboratory. The U.S.
Government retains and the publisher, by accepting the article
for publication, acknowledges that the U.S. Government
retains a nonexclusive, paid up, irrevocable, worldwide license

FIG. 3. (a) Time-dependent (FWHM)2

and FWHM (inset) for the three direc-
tions indicated in Figure 1(b). (b)
Comparison of FWHM data when
injection differs by 16%. Inset in (b)
shows band diagram that summarizes
the results of this study.

083905-4 Kuciauskas et al. Appl. Phys. Lett. 110, 083905 (2017)
resolution for the PL and SHG measurements. The axial (z)
resolution for 2PE PL microscopy in a semiconductor with a
refractive index n¼ 2.85 is "3 lm.14,15 The axial resolution
for SHG microscopy is "0.5 lm because the SHG signal at
515 nm is strongly reabsorbed in CdTe.

To characterize the influence of the extended defects on
the electronic characteristics of II–VI heterostructures, Figure 1
shows PL (b) and SHG (c) images near one extended defect.
The images were obtained by time-integrating the PL and
SHG data measured in an area 20# 25 lm2 with a pixel size
of 0.25 lm. Several TRPL decays at individual pixels are
shown in (f). At the center of the extended defect (pixel E),
the PL decay can be fit with a 0.25 ns lifetime. This short
lifetime indicates fast nonradiative recombination due to the
Shockley-Read-Hall (SRH) recombination centers associated
with the extended defect. When the distance to the center of
the image increases, the decays have longer lifetimes and
non-exponential shapes. For example, the decays at pixels A
and H (same distance to the center) are nearly identical. We
have previously shown that when the carrier diffusion length
is >1 lm, 2PE TRPL microscopy data in the local excita-
tion/local collection geometry indicate not only recombina-
tion but also charge-carrier transport.16 These characteristics
were also analyzed with numerical simulations17 and analyti-
cal modeling.18 Therefore, the decays in Figure 1(f) are dom-
inated by charge-carrier transport. Unlike the case analyzed
earlier,16–18 transport near the extended defect is not isotro-
pic due to the recombination sink (extended defect).
Therefore, we apply time-resolved microscopic analysis.

Figure 1(c) shows an SHG image measured simulta-
neously with the PL data. The weaker SHG background is
present everywhere in the image, but SHG is approximately
three times stronger near the extended defect (see the SHG
intensity profiles in Figure 1(e)). This enhancement is attrib-
uted to the EFISH mechanism, where the second harmonic
of the incident light is generated due to the SCF near the
extended defect in the heterostructure. EFISH microscopy
has been applied to organic bulk heterojunctions,19 organic
transistors,20 and metal-silicon junctions.21 Our data show
that EFISH microscopy could be applied for the SCF analy-
sis near the extended defects. Because the SCF affects the
carrier dynamics, the field strength can be estimated from
the TRPL data (see Figure 3). This is an important advantage
of correlative microscopy, where the SHG/EFISH data indi-
cate the spatial distribution of the SCF, and analysis of the
carrier dynamics provides the strength of the SCF.

In contrast, when similar measurements were applied
near the threading-dislocation extended defects in DHs
grown on (211)B-orientation CdTe substrates, the second-
harmonic enhancement was not observed.9 Comparison sug-
gests that space-charge fields are absent (or are weaker) near
threading dislocations. Transport near dislocations in the
GaAs/GaInP DH could also be described by the diffusion
model.4–6

When Gaussian fits are used to describe the intensity
profiles in PL (Figure 1(d)) and SHG (Figure 1(e)) images,
the full width at half maximum (FWHM) is larger for the PL
data (e.g., in the S direction, FWHMPL¼ 10.9 lm and
FWHMSHG¼ 2.2 lm). Because the reduced PL intensity at
the center is attributed to recombination, the data indicate

FIG. 1. (a) Experimental setup and DH sample structure. (b) and (c):
Integrated PL and SHG images for the same area. Letters (A–H) indicate
pixel locations for which TRPL decays are shown in (f). Dashed lines V,
L, and S in (b) mark directions where charge-carrier transport was ana-
lyzed in Figure 3 and where linear intensity profiles are shown for PL (d)
and SHG (e). Dashed lines in (d) and (e) show the Gaussian fits to the
data, and legends indicate the full-width-at-half-maximum values for the
Gaussian fits.

083905-2 Kuciauskas et al. Appl. Phys. Lett. 110, 083905 (2017)

SHG Second harmonics 
generation due to the 
space charge field; EFISH

Single extended defect in epitaxial CdTe

Time-resolved PL imaging (TRPL microscopy)

DK, Myers, et al, Appl. Phys. Lett. 110, 083906 (2017)
DK, Farrell et al, J. Appl. Phys. 116, 123108 (2014)

Carriers drift/diffuse from 
the generation volume
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Lifetimes in single crystal CdTe

D ¼ ðnþ pÞ
p=De þ n=Dh

: (5)

Assuming that during LITG measurements electrons remain
free, but holes are partially captured by acceptors, we esti-
mated the ionized acceptor concentration according to Ref. 39

NA
% ¼ NA

gDN=NVT þ 1
; NA ¼ NA

% þNA
0; NVT ¼ NVe

%EA
kBT :

(6)

Here, g¼ 4 (Ref. 40) is the degeneracy factor for the accep-
tor level, EA is the acceptor ionization energy, and NV

¼ 2& 1019 cm%3 is the density of states in the valence band.
The concentration of free holes is expressed by p ¼ DN
%NA þ NA

%,41 while the reduced diffusion coefficient DR

due to hole capture to acceptors (when all electrons remain
free) is described as DR(DN)¼D(DN)& p/DN.41 In the fit
of DR(DN) data in Fig. 2(b) by Eqs. (5) and (6), we assumed

a shallow acceptor at EA¼ 62 6 5 meV with density NA

¼ 1.3& 1017 cm%3 (lh¼ 110 cm2/V s, and le¼ 1045 cm2/
V s). The reduction of the scattering center concentration
NA
þ due to acceptor filling was also taken into account.

Calculations provided n/p¼ 1.4 ratio at 1016 cm%3 carrier
density. Considering that Er creates a shallow acceptor level
at EVþ 71 meV (Ref. 31) and the Er dopant density in our
sample (1.5& 1017 cm%3) is very close to the estimated acti-
vation energy (EA¼ 62 6 5 meV) and ionized acceptor den-
sity (NA¼ 1.3& 1017 cm%3), we attributed their origin to
Erbium. This result strongly supports the assumption that the
shallow Er acceptor plays a significant role in diminishing
mobility at low carrier densities [similarly as Al acceptors in
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D ¼ ðnþ pÞ
p=De þ n=Dh

: (5)

Assuming that during LITG measurements electrons remain
free, but holes are partially captured by acceptors, we esti-
mated the ionized acceptor concentration according to Ref. 39

NA
% ¼ NA

gDN=NVT þ 1
; NA ¼ NA

% þNA
0; NVT ¼ NVe

%EA
kBT :

(6)
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Fig. 3. Temperature-dependent 2PE TRPL decays at 180–275 K. Measure-
ment conditions were the same as those in Fig. 2(a).

decay model, we measured 2PE TRPL decays with a more
tightly focused laser beam. Fig. 2(b) shows several TRPL de-
cays where the excitation beam diameter was ∼20 µm, and the
average laser power was varied from 20–120 mW (laser pulse
energy of 18–109 nJ). The data in Fig. 2(a) and (b) are essen-
tially identical at 300–800 ns, where the lifetime is 360 ± 20 ns.
As shown in the inset of Fig. 2(b), the amplitude of the 360-ns
decay component increases from 38% to 58%, when lower laser
power is used. These data confirm that the initial 2PE TRPL
decay component could be attributed to high injection, which
indicates that the nonlinear 2PE process results in the generation
of > 3 × 1014 cm−3 carriers (hole concentration of 3 × 1014

cm−3 in similar crystals was determined by the Hall method
[2]). The intensity-independent decay component τB = 360 ns
characterizes MCL. This lifetime is two times higher than previ-
ously reported for CdTe [14]; therefore, we analyzed these data
in more detail.

The presence of several defects was evident in PL emission
spectra in Fig. 1, where most emission was attributed to exci-
tons bound to defects. Spectral broadening at high temperature
precludes analysis of shallow defects by room-temperature PL
spectroscopy. Therefore, we used variable-temperature TRPL to
investigate whether detrapping dynamics has an effect on MCL.
2PE TRPL decays measured at 180–275 K are shown in Fig. 3.
As shown in the inset, at 202–273 K, MCL has only a weak
temperature dependence. If detrapping would significantly con-
tribute to MCL at room temperature (τB = 360 ns), temperature
dependence would be stronger.

Lifetime at 180 K is higher, i.e., 501 ± 3 ns. Exciton binding
energy in CdTe is!15 meV (which is equal to the difference be-
tween the low-temperature bandgap of 1.610 eV and free exciton
PL emission peak at 1.595 eV, Fig. 1) [6]–[8]. At <200 K, ther-
mal energy might not be not sufficient for exciton dissociation,
and lifetimes measured at <200 K reflect complex properties of

free excitons, bound excitons, and free carriers. At >200 K, life-
times largely reflect properties of the free carriers. Because data
were measured in low injection, lifetimes are those of minority
carriers (electrons).

Data in Fig. 3 indicate that Shockley–Read–Hall (SRH) re-
combination determines the overall recombination rate. Life-
times have only weak temperature dependence (at 202 K, τB

increases to 383 ns), which is a characteristic of SRH recombi-
nation [15]. Because lifetimes were measured in the bulk about
0.1 mm from the sample surface, SRH recombination centers
that limited MCL are likely to be in the bulk but not at the crystal
surface.

It is also possible to compare room-temperature MCL
τB = 360 ns to radiative lifetime τR :

τR = 1/(Bp) (2)

where p is the doping (p = 3 × 1014 cm−3). The radiative re-
combination coefficient B for CdTe is not well known. Litera-
ture values range from 3.8 × 10−10 cm3 · s−1 (determined from
integration of absorption spectra) [16] to 3 × 10−9 cm3 · s−1

(from TRPL decay analysis) [14] and 4.3 × 10−9 cm3 · s−1

(from excitation-dependent PL measurements) [17]. Therefore,
the estimated radiative lifetime range is τR = 780 ns–8.8 µs.
Comparison with experimentally measured τB = 360 ns fur-
ther supports our conclusion that SRH recombination is dom-
inant. This was also evident from negligible photon recycling:
Within the error of measurement, lifetime was the same when
the sample was axially translated, and the generation spot was
at a different depth in the crystal. In contrast, for samples where
radiative recombination is dominant, lifetimes would be depth-
dependent due to photon recycling [18], but this is not observed
in our measurements.

Finally, we compare MCL τB = 360 ns with other measure-
ments on CdTe. Barnard et al. used 2PE TRPL microscopy
on undoped sc-CdTe (1 1 0 surface orientation) and observed
a lifetime increase from 1.8 to 73 ns after Cd anneal [19].
We reported a 66-ns lifetime for lower grade sc-CdTe [2].
Johnston et al. recently reported combined photoconductive de-
cay (PCD), free-carrier absorption, and TRPL measurements on
undoped sc-CdTe [20]. They observed lifetimes ranging from
150 (TRPL) to 270 ns (PCD) [20]. In all reports [2], [19], [20],
samples had large surface recombination velocities, and lifetime
measurements in the bulk were based on photogeneration of
free carriers away from the sample surface. Two groups applied
TRPL measurements for CdTe, where the surface recombination
velocity was reduced by chemical treatment [14] and by double-
heterostructure growth [21]. Cohen et al. determined lifetime of
180 ns (sc-CdTe doped with In, n = 1.5 × 1016 cm−3) [14],
and DiNezza et al. reported lifetime of 86 ns for a double het-
erostructure with MgCdTe passivation and undoped 1-µm-thick
epitaxial CdTe on InSb substrate [21].

This summary of literature data and comparison with radia-
tive lifetime suggests that it will be possible to further increase
MCL by reducing the bulk concentration of SRH recombination
centers. However, the most immediate problem is large surface
recombination velocity S > 105 cm/s. For 1PE excitation in
the visible-wavelength range, this leads to recombination in less

Light induced transient grating (LITG):
Mobility and lifetime in (compensated) bulk single crystals
Patrik Scajav, Vilnius University

tB = 800 ns, LD = 13 µm Single crystals: WSU, S. Swain and K. Lynn
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Accurate defect model in bulk CdTe
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Moreover, previous calculations assume that the recombination occurs through a single defect level. However, in 
reality, a defect can have more than one defect con!guration and defect energy level when it has multi-charged 
states. For example, in p-type CdTe, the Te on Cd antisite defect, TeCd, is most stable in the 2+  state with a Td 
symmetry. A"er it traps one electron and becomes a 1+  state, it can adopt either a metastable Td symmetry struc-
ture inherited from the 2+  charged state or adopt a stable distorted C3v ground-state structure due to the struc-
tural relaxation (see Fig. 2). $erefore, the electron trapping may occur by jumping from the Td +Tecd2  state either 
to a Td +Tecd state with the defect transition energy level at point A or to a C3v +Tecd state with the defect transition 
energy level at point B. Similarly, the hole trapping can occur through the defect transition energy level at point B 
or point C. As a result, the validity of the assumption that the whole recombination process occurs through a 
single defect level is questionable. Besides, current ab-initio theories of calculating non-radiative recombination 
rate adopt a harmonic approximation, which requires that the trapping process preserves the original symmetry 
of the defect before and a"er carrier trapping. Consequently, the conventional wisdom that only those defects 
with deep levels can be e%ective recombination centers needs to be revisited and the detailed recombination pro-
cess needs to be carefully considered.

In this paper, we show that a two-level non-radiative recombination process, among all possible 
phonon-assisted recombination processes, could generally exist in semiconductor systems. Using p-type CdTe 

Figure 1. Diagram to show the recombination process in a p-type material. First, the defect level captures 
one electron from the CBM, releasing phonons; then, the defect level captures one hole from the VBM, releasing 
phonons and completing the recombination. $is diagram is drawn by J.-H. Y.

Figure 2. HSE06 calculated formation energies of Te on Cd antisite at +2 and +1 charge states in p-type 
CdTe as functions of Fermi energies (referenced to the VBM). $e inset shows the atomic and electronic 
con!gurations for di%erent states. Pink balls are Cd and light yellow balls are Te.
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TeCd
antisite

HSE06 calculated defect energies and hole density 2E14 cm-3, bulk SRH lifetime 360 ns 

J.-H. Yang, L. Shi, L.-W. Wang, S.-H. Wei, Sci. Rep. 6, 21712 (2016)

(no defect model in CdSeTe?)
(lifetimes <50 ns in single crystal CdSeTe?)

TeCd and VCd density 
can be changed by Cd 
partial pressure and 
CdTe growth 
temperature:

Ma et al, Phys. Rev. Lett. 111, 
067402 (2013)

VCd is also 
considered as 
SRH defect 
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Polycrystalline heterostructures

• Alumina is used for passivation;
• Selenium is used in the absorber;
• Grains are large due to high temperature CdCl2
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Polycrystalline heterostructures

Al2O3

Heterostructures:
D. Albin, NREL

DK, Moseley, Scajev, Albin, pss-RRL 14, 1900606 (2020)
(cover illustration by A. Hicks)

excitation beam diameter was 60 μm, and sample temperature
was controlled with a He Cryostation (Montana Instruments).
Two-photon excitation (2PE) at 1120 nm with an average excita-
tion power of 5 mW was used. This results in estimated injection
of 1! 1015 cm"3.[17] All PL was integrated using a 188 nm band-
pass filter centered at 795 nm. For DHs with absorbers grown by
CSS and sputter-deposited Al2O3, room-temperature minority
carrier lifetimes were 430[16] and 700 ns.[17] For larger grains
resulting from higher annealing and CdCl2 treatment tempera-
tures used in the current study, TRPL lifetimes were further
increased. Spectrally integrated TRPL decays at 5, 150, and
300 K are shown in Figure 3a. Decays are close to single expo-
nential with lifetimes τTRPL of 517, 655, and 750 ns at 5, 150,
and 300 K, respectively.

Relatively constant TRPL lifetimes at 5–300 K indicate that
carrier trapping due to shallow defects or band tails is not signifi-
cant,[31] and data are attributed to radiative and SRH recombina-
tion, where SRH and radiative recombination rates are additive

1
τTRPL

¼ 1
τSRH

þ 1
τR

(2)

At estimated net acceptor density, NA< 1014 cm"3 in CdCl2-
treated CdSeTe,[32] the radiative lifetime τR¼ 1/(BNA)> 10 μs
(radiative recombination constant B% 1! 10"10 cm3 s"1).[33]

Therefore, according to Equation (2), charge-carrier lifetimes
are limited by SRH recombination, as is expected for
PLQY< 1%. This also means that photon recycling does not con-
tribute significantly to TRPL data in Figure 3a.

Carrier lifetimes in polycrystalline CdSeTe DHs (Figure 3, as
shown in previous studies[16,17]) and in single-crystal CdTe[34,35]

are comparable, which suggests similar SRH recombination
center density. For CdTe, first-principles analysis identified TeCd
antisite[36] and Cdi interstitial[37] point defects as possible SRH
recombination centers. Using a calculated electron capture rate
Re¼ 2.5! 10"7 cm3 s"1 for TeCd,[36] lifetimes in Figure 3a can
be used to estimate SRH defect density, NSRH¼ 5! 1012 cm"3

(from 1/τB¼ ReNSRH), which is lower than that calculated[36]

and measured[34] for CdTe. Because defect chemistry is more
complex in ternary CdSeTe than in binary CdTe, additional defect
studies are needed. One possibility is different TeCd and SeCd ener-
gies, densities, and/or capture cross sections.[38]

Because solar cells require carrier collection, it is important to
know diffusion length Ld¼ (De! τTRPL)1/2 (charge-carrier diffu-
sivity De¼ kBT/q μ, where μ is mobility). Light-induced transient
grating (LITG) with 2PE at 1053 nm was used for optical De

measurements.[39,40] From the grating decay times at grating
periods Λ¼ 2.5, 3.4, and 7.3 μm, we determined excitation-
dependent diffusivity De.[39,40] Results are shown in Figure 3b,
where De ranges from 2.5 cm2 s"1 (μ% 100 cm2 (Vs)"1) to
4.5 cm2 s"1 (μ% 180 cm2 (Vs)"1).

Because grating periods Λ¼ 2.5–7.3 μm are similar to the
grain size (Figure 2), GB potential barriers can be a factor that
reduces diffusivity from De¼ 5 cm2 s"1 (experimental value for
compensated CdTe single crystals)[40] to De¼ 2.5 cm2 s"1.
Similar GB effects were reported for perovskites.[41] Impact of
carrier localization to De reduction is also not excluded.[42]

Regardless of uncertainty in scattering mechanisms, we find
comparable De and μ in polycrystalline CdSe0.2Te0.8 DHs and
in CdTe single crystals,[40] which indicates the low density of scat-
tering centers. With τTRPL% 750 ns and μ% 100 cm2 (Vs)"1,
Ld% 14 μm, which exceeds the thickness of our samples and also
typical CdSeTe/CdTe solar cell thickness (2–4 μm).

In summary, we investigated CdSeTe electro-optical properties
and showed that interface passivation with alumina increases
radiative efficiency, carrier lifetimes, and diffusion length, with
intragranular defects primarily responsible for nonradiative
recombination. Results have several implications for solar cells.
First, current record-efficiency CdSeTe solar cells have
VOC¼ 880mV and Eg¼ 1.42 eV, indicating large SRH recombi-
nation losses.[9] Based on ΔμF and PLQY results reported here,
nonradiative recombination losses in CdSeTe/alumina hetero-
structures are lower by >50mV, and VOC can be increased with
passivating contacts. Alumina is insulating, so passivation in
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Figure 3. a) 2PE TRPL decays at 5, 150, and 300 K. b) Diffusion coefficient De at various excess carrier densities. Inset shows schematics of LITG
experiment.
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Alumina passivation mechanism

unfocused excitation (0.3-mm excitation spot diameter) at
640 nm for one-photon excitation (1PE) and at 1120 nm for two-
photon excitation (2PE). The former has been well correlated
with device performance in polycrystalline devices and yields
similar values for materials without contacts.17–19 The TRPL
technique also gives similar results to transient free-carrier
absorption and microwave conductivity measurements.20 2PE
photoluminescence (PL) and second-harmonic generation
(SHG) microscopy data were measured with focused
diffraction-limited excitation at 1030 nm. Variable-temperature
PL emission spectra were measured by placing samples in a
closed-loop He cryostat and exciting with a HeNe (632.8-nm)
continuous-wave (cw) laser. Cathodoluminescence (CL) spec-
trum imaging was carried out at room temperature with a JEOL
7600F scanning electron microscope and a Horiba HCLUE CL
system. The electron-beam conditions were 7.5-kV accelerating
voltage and about 3-nA current. Surface preparation for CL
included ion milling with an inert Arþ ion beam at a glancing
angle ("5#) (JEOL Cross-Section Polisher). Computational
modeling with Sentaurus was used to simulate the TRPL experi-
ments on Al2O3/CdSeTe/Al2O3 double heterostructures of dif-
ferent thicknesses with columnar grain boundaries and variable
inputs for the interface, grain boundary (GB), and bulk lifetime
to verify self-consistency and aid interpretation.21

The CdCl2 treatment typically improves the EO CdTe
properties (as evaluated, for example, by the stronger PL
emission intensity), and the CdCl2 treatment was used in the
px-DH samples studied here.9 The absorber layer and Al2O3

were nominally undoped (Cu treatment was not used), but the
background doping in CdTe after CdCl2 treatment is lightly p-
type. The low-temperature bandgap (Eg) of "1.53 eV is
extrapolated from the excitonic features in the 4 K PL emis-
sion spectra [Fig. 2(a)]. At 300 K, Eg " 1.47 eV from the CL
spectra [Fig. 2(b)]. These values are "80 meV smaller relative

to Eg for CdTe due to Se alloying.22 The average CdSeTe
crystalline grain size (Fig. 3) was 1.8 6 0.8 lm.

The PL emission spectra [Fig. 2(a)] have broad emission
lines attributed to bound excitons (1.51-eV maximum and
1.49-eV shoulder at 4–10 K) and to deep defects (1.32-eV
maximum at 4–50 K). The broadening can be related to spec-
tral heterogeneity, which can be created due to nonuniform Se
compositions as observed in other CdSeTe absorbers by atom
probe tomography (APT).23 Figure 2 also shows TRPL decays
measured with 2PE (c) and 1PE (d). Because DHs are
undoped, low carrier-injection DN is needed to determine
minority-carrier lifetimes. As shown in (c), we observe single-
exponential 2PE TRPL decays (lifetime s2PE¼ 700 6 70 ns)
when DN¼ 2% 1015 cm&3. Recombination rates s2PE

&1 are
larger at higher DN. As shown in the inset of (c), the s2PE

&1

dependence on DN can be analyzed as24

1

s2PE
¼ 1

sSRH
þB DNð ÞDN; B DNð Þ¼Brad= 1þDN=Nbð Þ; (1)

where sSRH
&1 is the Shockley-Read-Hall (SRH) recombination

rate (assumed to be equal to s2PE
&1 at the lowest injection),

Brad is the radiative recombination coefficient at low injec-
tion,25 and Nb¼ 7% 1018 cm&3 is the carrier density when
injection-dependent B(Nb) becomes two times smaller than
Brad.

24 This model fits the data, which suggests that trapping
does not significantly affect carrier lifetimes in px-DHs. DH-
thickness-dependent TRPL lifetimes (shown in Fig. 4) also
show that trapping is not significant in samples studied here.

1PE TRPL decays [Fig. 2(d)] have a faster initial decay
component, even when the injection level is comparable to
2PE. Computational simulations indicate that this is caused
by the difference in the carrier generation profiles. In 2PE
generation, carriers are generated uniformly through the
absorber thickness (2.5 lm). On the other hand, in 1PE gen-
eration, about 50% and 90% of the carriers are generated
within 0.12 lm and 0.4 lm from the interface in a Beer law
distribution. This causes a fast transient in the luminescence
as the electrons and holes diffuse into the bulk of the mate-
rial. Importantly, the 1PE TRPL decays also have long-
lifetime components s1PE¼ 560–770 ns.9 Therefore, both
1PE and 2PE data indicate the long bulk carrier lifetime.

Figure 3 shows a spectrally integrated CL microscopy
image for the same px-DH3 (Al2O3/CdSeTe/Al2O3) where
Al2O3 was removed by ion milling for (a) CL microscopy
and (b) the statistical analysis of the grain interior (GI)/grain
boundary (GB) CL intensity distribution.26 GB defects can
cause recombination and shift the Fermi level, generally in
such a way that minority carrier attractive GB potentials are
formed.27–30 In px-CdTe, these GB potentials are generally
on the order of tens of mV,31 and injected carriers from the
electron beam will screen these fields and reduce their effect
on charge separation.21 Modeling to be presented in future
work32 indicates that a minor amount of CL decrease occurs
due to the field near the GB core, but the majority of CL
intensity drop across the GBs is caused by recombination.

For statistical analysis, CL intensity can be described by the
GI/GB contrast.33 When the grain equivalent diameter is
)2lm, the GI/GB contrast in the CL data, defined as
(GI_Max_Intensity – GB_Median_Intensity)/GI_Max_Intensity,

FIG. 5. Comparison of PL and SHG intensities for epi- (a and c) and px- (b
and d) DHs. Absorbers in epi-DHs are 1.0 lm and 2.5 lm thick. Px-DHs
have passivation at both (DH3, dashed lines) or one (DH7, solid lines) inter-
faces. Graphs show linear intensity profiles (single-photon counts measured
every 0.5 lm) for PL (red) and SHG (green). Images show normalized PL
and SHG intensities in cross sections (the field of view is 25% 25 lm2). To
illustrate that averaged PL and SHG intensities are reproducible for poly-
crystalline samples, two scans of different sample areas are shown for DH3.
Sample structures are illustrated in Fig. 1.

263901-3 Kuciauskas et al. Appl. Phys. Lett. 112, 263901 (2018)

Lattice-matched
passivation in single-
crystal CdTe epilayers

Al2O3 passivation for 
polycrystalline CdSeTe

Two-photon 
excitation PL 
imaging 

SHG/EFISH

resolution for the PL and SHG measurements. The axial (z)
resolution for 2PE PL microscopy in a semiconductor with a
refractive index n¼ 2.85 is "3 lm.14,15 The axial resolution
for SHG microscopy is "0.5 lm because the SHG signal at
515 nm is strongly reabsorbed in CdTe.

To characterize the influence of the extended defects on
the electronic characteristics of II–VI heterostructures, Figure 1
shows PL (b) and SHG (c) images near one extended defect.
The images were obtained by time-integrating the PL and
SHG data measured in an area 20# 25 lm2 with a pixel size
of 0.25 lm. Several TRPL decays at individual pixels are
shown in (f). At the center of the extended defect (pixel E),
the PL decay can be fit with a 0.25 ns lifetime. This short
lifetime indicates fast nonradiative recombination due to the
Shockley-Read-Hall (SRH) recombination centers associated
with the extended defect. When the distance to the center of
the image increases, the decays have longer lifetimes and
non-exponential shapes. For example, the decays at pixels A
and H (same distance to the center) are nearly identical. We
have previously shown that when the carrier diffusion length
is >1 lm, 2PE TRPL microscopy data in the local excita-
tion/local collection geometry indicate not only recombina-
tion but also charge-carrier transport.16 These characteristics
were also analyzed with numerical simulations17 and analyti-
cal modeling.18 Therefore, the decays in Figure 1(f) are dom-
inated by charge-carrier transport. Unlike the case analyzed
earlier,16–18 transport near the extended defect is not isotro-
pic due to the recombination sink (extended defect).
Therefore, we apply time-resolved microscopic analysis.

Figure 1(c) shows an SHG image measured simulta-
neously with the PL data. The weaker SHG background is
present everywhere in the image, but SHG is approximately
three times stronger near the extended defect (see the SHG
intensity profiles in Figure 1(e)). This enhancement is attrib-
uted to the EFISH mechanism, where the second harmonic
of the incident light is generated due to the SCF near the
extended defect in the heterostructure. EFISH microscopy
has been applied to organic bulk heterojunctions,19 organic
transistors,20 and metal-silicon junctions.21 Our data show
that EFISH microscopy could be applied for the SCF analy-
sis near the extended defects. Because the SCF affects the
carrier dynamics, the field strength can be estimated from
the TRPL data (see Figure 3). This is an important advantage
of correlative microscopy, where the SHG/EFISH data indi-
cate the spatial distribution of the SCF, and analysis of the
carrier dynamics provides the strength of the SCF.

In contrast, when similar measurements were applied
near the threading-dislocation extended defects in DHs
grown on (211)B-orientation CdTe substrates, the second-
harmonic enhancement was not observed.9 Comparison sug-
gests that space-charge fields are absent (or are weaker) near
threading dislocations. Transport near dislocations in the
GaAs/GaInP DH could also be described by the diffusion
model.4–6

When Gaussian fits are used to describe the intensity
profiles in PL (Figure 1(d)) and SHG (Figure 1(e)) images,
the full width at half maximum (FWHM) is larger for the PL
data (e.g., in the S direction, FWHMPL¼ 10.9 lm and
FWHMSHG¼ 2.2 lm). Because the reduced PL intensity at
the center is attributed to recombination, the data indicate

FIG. 1. (a) Experimental setup and DH sample structure. (b) and (c):
Integrated PL and SHG images for the same area. Letters (A–H) indicate
pixel locations for which TRPL decays are shown in (f). Dashed lines V,
L, and S in (b) mark directions where charge-carrier transport was ana-
lyzed in Figure 3 and where linear intensity profiles are shown for PL (d)
and SHG (e). Dashed lines in (d) and (e) show the Gaussian fits to the
data, and legends indicate the full-width-at-half-maximum values for the
Gaussian fits.

083905-2 Kuciauskas et al. Appl. Phys. Lett. 110, 083905 (2017)
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Images are cross-section measured with 2PE 
(no sample cross-sections)
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But also see Perkins et al, IEEE J. 
Photovolt. 8, 1858 (2018)
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Lifetimes in CdSeTe/CdTe solar cells
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“Spectroscopic” lifetimes in CdSeTe/CdTe device
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TRPL spectroscopy and microscopy
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TRPL spectroscopy and microscopy
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1PE lifetime microscopy in CdSeTe
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2PE Lifetime microscopy in CdTe
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Time-resolved microscopy data analysis

A: PL contrast before recombination (at t = 0)
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Time-resolved microscopy data  analysis

B: Injection-dependent lifetime distribution in CdTe
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Origin of heterogeneous lifetimes in CdTe
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Se composition, bandgap grading, and GB potentials
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
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Fig. 4. (a) Plan-view SIMS map of the selenium signal on an ion milled region of CdSeTe, with corresponding chlorine map below (scale bars are 2 µm).
(b) Line profile of the selenium (blue) and chlorine (red) counts from the region shown by the yellow line in (a). (c) Schematic of selenium-induced downward band
bending across a GB in the CdTe layer. (d) Schematic of upward band banding at grain boundaries in the CST layer. (e) Surface plot of variations in the estimated
CBM energy across the milled CST region (the pure CdTe VBM energy is pinned to 0 eV, as per convention [20]).

For these reasons, we have also directly imaged the CST layer
of a graded bilayer device by first using a FIB to remove the
CdTe material above it. Selenium and chlorine signal maps from
the exposed region are shown in Fig. 4(a). The selenium map
clearly shows regions of higher and lower selenium signal, and
comparison with the chlorine map from the same region shows
that the lower selenium signal generally coincides with regions
of high chlorine signal. This confirms that the source of the
excess selenium in the CdTe grain boundaries is diffusion from
GB regions in the CdSeTe.

Fig. 4(b) shows line profiles of the chlorine and selenium
signals across two grain boundaries in the area. Here, the GB
selenium counts drop ∼18% from the level in the grain interior,
and this is typical of the region. While the high chlorine and low
selenium signals generally coincide in the measurement area,
they are not perfectly aligned. This is likely to be because of
the recrystallization of the CST layer that occurs during the
cadmium chloride heat treatment. Previous work has shown that,
before the heat treatment, the CdSeTe and CdTe are present
as two distinct layers with no interdiffusion of selenium, and
that the CdSeTe layer is made up of small columnar grains [9].
Following the heat treatment there are no longer two distinct
layers, and grains often run through the thickness of the absorber.

So far, we have discussed the distributions and diffusion of
selenium in the absorber. In the following section we will discuss
its likely device-level effects. First, there are effects relating to
defect passivation. Since it is known that selenium passivates
defects in bulk CdTe, it is likely that selenium also has a passiva-
tion effect on grain boundaries. Indeed, recent density functional
theory calculations have suggested that together chlorine and
selenium have a copassivation effect on grain boundaries [17],
[18]. It is therefore possible that the diffusion of selenium into
CdTe grain boundaries reduces the active GB defect density and
therefore reduces recombination in the CdTe layer. However, the
loss of selenium from grain boundaries in the CST may increase
GB recombination in this layer versus a case where there is no
interdiffusion [6].

In addition to possible passivation effects, there are also
effects related to the distribution of fields within the device.
Experiments and modeling have shown that both the conduction
band minimum (CBM) and valence band maximum (VBM)
energies decrease with higher selenium content [19], [20]. This
means that electrons will tend to move toward regions of higher
selenium content, whereas holes will move away from the sele-
nium. Given the high selenium concentrations observed at the
front of the cell, the most obvious effect of this is that electrons
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For these reasons, we have also directly imaged the CST layer
of a graded bilayer device by first using a FIB to remove the
CdTe material above it. Selenium and chlorine signal maps from
the exposed region are shown in Fig. 4(a). The selenium map
clearly shows regions of higher and lower selenium signal, and
comparison with the chlorine map from the same region shows
that the lower selenium signal generally coincides with regions
of high chlorine signal. This confirms that the source of the
excess selenium in the CdTe grain boundaries is diffusion from
GB regions in the CdSeTe.

Fig. 4(b) shows line profiles of the chlorine and selenium
signals across two grain boundaries in the area. Here, the GB
selenium counts drop ∼18% from the level in the grain interior,
and this is typical of the region. While the high chlorine and low
selenium signals generally coincide in the measurement area,
they are not perfectly aligned. This is likely to be because of
the recrystallization of the CST layer that occurs during the
cadmium chloride heat treatment. Previous work has shown that,
before the heat treatment, the CdSeTe and CdTe are present
as two distinct layers with no interdiffusion of selenium, and
that the CdSeTe layer is made up of small columnar grains [9].
Following the heat treatment there are no longer two distinct
layers, and grains often run through the thickness of the absorber.

So far, we have discussed the distributions and diffusion of
selenium in the absorber. In the following section we will discuss
its likely device-level effects. First, there are effects relating to
defect passivation. Since it is known that selenium passivates
defects in bulk CdTe, it is likely that selenium also has a passiva-
tion effect on grain boundaries. Indeed, recent density functional
theory calculations have suggested that together chlorine and
selenium have a copassivation effect on grain boundaries [17],
[18]. It is therefore possible that the diffusion of selenium into
CdTe grain boundaries reduces the active GB defect density and
therefore reduces recombination in the CdTe layer. However, the
loss of selenium from grain boundaries in the CST may increase
GB recombination in this layer versus a case where there is no
interdiffusion [6].

In addition to possible passivation effects, there are also
effects related to the distribution of fields within the device.
Experiments and modeling have shown that both the conduction
band minimum (CBM) and valence band maximum (VBM)
energies decrease with higher selenium content [19], [20]. This
means that electrons will tend to move toward regions of higher
selenium content, whereas holes will move away from the sele-
nium. Given the high selenium concentrations observed at the
front of the cell, the most obvious effect of this is that electrons
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For these reasons, we have also directly imaged the CST layer
of a graded bilayer device by first using a FIB to remove the
CdTe material above it. Selenium and chlorine signal maps from
the exposed region are shown in Fig. 4(a). The selenium map
clearly shows regions of higher and lower selenium signal, and
comparison with the chlorine map from the same region shows
that the lower selenium signal generally coincides with regions
of high chlorine signal. This confirms that the source of the
excess selenium in the CdTe grain boundaries is diffusion from
GB regions in the CdSeTe.

Fig. 4(b) shows line profiles of the chlorine and selenium
signals across two grain boundaries in the area. Here, the GB
selenium counts drop ∼18% from the level in the grain interior,
and this is typical of the region. While the high chlorine and low
selenium signals generally coincide in the measurement area,
they are not perfectly aligned. This is likely to be because of
the recrystallization of the CST layer that occurs during the
cadmium chloride heat treatment. Previous work has shown that,
before the heat treatment, the CdSeTe and CdTe are present
as two distinct layers with no interdiffusion of selenium, and
that the CdSeTe layer is made up of small columnar grains [9].
Following the heat treatment there are no longer two distinct
layers, and grains often run through the thickness of the absorber.

So far, we have discussed the distributions and diffusion of
selenium in the absorber. In the following section we will discuss
its likely device-level effects. First, there are effects relating to
defect passivation. Since it is known that selenium passivates
defects in bulk CdTe, it is likely that selenium also has a passiva-
tion effect on grain boundaries. Indeed, recent density functional
theory calculations have suggested that together chlorine and
selenium have a copassivation effect on grain boundaries [17],
[18]. It is therefore possible that the diffusion of selenium into
CdTe grain boundaries reduces the active GB defect density and
therefore reduces recombination in the CdTe layer. However, the
loss of selenium from grain boundaries in the CST may increase
GB recombination in this layer versus a case where there is no
interdiffusion [6].

In addition to possible passivation effects, there are also
effects related to the distribution of fields within the device.
Experiments and modeling have shown that both the conduction
band minimum (CBM) and valence band maximum (VBM)
energies decrease with higher selenium content [19], [20]. This
means that electrons will tend to move toward regions of higher
selenium content, whereas holes will move away from the sele-
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of the random CdSexTe1�x alloy is predicted to be 1.39 eV at
x = 0.32, in agreement with a recent experiment result.[20]
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loys. The red lines in panels (a) and (b) are fitted curves.
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Fig. 2. (a) The calculated band gaps as a function of x for CdSexTe1�x alloys,
(b) The band alignments of the CdSexTe1�x alloys as a function of x.

The bowing of the band gaps for CdSexTe1�x alloys is
caused by the bowing of both the band edges. As shown in
Fig. 2(b), the band offsets of the valence band minima (VBMs)

and the conduction band minima (CBMs) between pure CdTe
(x = 0) and CdSe (x = 1) are estimated to be 0.53 eV and
0.35 eV, respectively, consistent with the previous result.[11]

Due to the strong intra valence band and intra conduction band
coupling, the VBMs bow upwards and the CBMs bow down-
wards as x increases from 0 to 1, resulting the minimum band
gap occurs at xmin. At this specific concentration, the CBM
bows 0.09 eV more than the VBM does. The type-II band
alignment between CdTe and CdSexTe1�x suggests that a gra-
dient CdSexTe1�x cell with Se-rich alloy in the front can help
separate photogenerated electrons and holes, thus further im-
prove the cell performance.

We first investigate the formation of the impurity CuCd

in CdSe0.375Te0.625 alloy modeled by a 64-atom SQS contain-
ing all five type Se4�nTen (n = 0–4) nearest neighbor motifs
around each Cd atom. The formation energy of CuCd under
Cd-rich condition at each possible site are calculated and plot-
ted in Fig. 3(a). The formation energies of CuCd at charge
state 0 and �1 depend mostly on the first neighbored config-
uration, although the farther neighbor configuration also has
some effect, leading to the scattered formation energy within a
given first neighbored motif. The averaged formation energies
of the defect in different first neighbor motifs are shown in
Fig. 3(b). It is obvious that the averaged formation energy in-
creases as the number of Se atoms increase in its first neighbor.
As more Se atoms surround the impurity in the first neighbor
motif, the bonding orbitals of the impurity contains more Se
4p orbitals, which has lower orbital energy [Fig. 2(b)], thus, to
form CuCd state, it will cost more energy to create a hole.[34]

The formation energy of Cu�1
Cd (Fig. 3(b) top) follows the trend

of its neutral state (Fig. 3(b) bottom), indicating the transition
energy level e(0/� 1) for CuCd is less sensitive to its local
configuration compared to the neutral formation energy. In
other word, the CuCd defect is more like a delocalized defect
in CdSexTe1�x alloys.

In alloys, the defect formation energy DHf(a , q, s, x) of
defect a depends on charge state q, doping site s and the al-
loy composition x. To statistically investigate the defect prop-
erty, it is more convenient to introduce an effective forma-
tion energy[35] DHeff(a , q, x, T ), which is x- and T -dependent
weighted average of the formation energy as given in Eq. (2),
where kB is the Boltzmann constant, and N is the total num-
ber of the corresponding defect sites in alloys. To obtain the
effective formation energy at charge states 0 and q, we could
also define the effective transition energy level eeff(a , 0/q, x,
T ) for defect a , which is the Fermi energy at which defect a
at charge state 0 and q has the same effective formation energy
as shown in Eq. (3).

exp [�DHeff (a,q,x,T )/kBT ]

=
1
N

Âexp[�DHf (a,q,s,x)/kBT ], (2)
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Summary

• In polycrystalline CdSeTe absorbers, Se increases carrier lifetimes 
from <30 ns to >1000 ns due to GB passivation via space charge 
fields;

• Selenium GB diffusion is likely key aspect to control GB potentials and 
thus minority carrier lifetimes. Complex dependence on grain size, 
doping, CdCl2 temperatures, etc.
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CdSeTe CdTe

BCGB
tB = 350 ns

(Al2O3)

tB = 170 ns 
(no passivation) 

tGB,av = 0.5ns
SGB = 105 cm/s

Red lines indicate device areas 
where recombination reduces 
carrier lifetimes
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