Journal of Electronic Materials (2024) 53:3848-3860
https://doi.org/10.1007/511664-024-11094-w

ORIGINAL RESEARCH ARTICLE q

Check for
updates

Structural and Electronic Properties of Indium-Doped n-type Cd-Se-Te
Crystals

Jing Shang'2 - Magesh Murugesan' - Rubi Gul'® - Samuel Bigbee-Hansen' - Joseph M. Tallan'2 - Joel N. Duenow* -
John S. McCloy'*3

Received: 2 February 2024 / Accepted: 1 April 2024 / Published online: 29 April 2024
© The Minerals, Metals & Materials Society 2024

Abstract

We present a comprehensive investigation into the potential of n-type indium-doped cadmium selenide telluride (CST:In) as
a high-performance candidate for solar cell applications, without the need for resource-intensive post-growth treatments that
are required for CdTe:In. We compared undoped CST and CST:In crystals under different growth conditions, analyzing their
structural and electronic properties using x-ray diffraction (XRD), electron probe microanalysis (EPMA), current—voltage
(IV) and Hall effect measurements, time-resolved photoluminescence (TRPL), optical transmission, and photoluminescence
(PL) mapping. The results reveal that as-grown CST:In crystals achieve nearly 100% carrier activation, yielding an electron
concentration of 9.5x 10'® cm™3, mobility of 653 cm?/V-s and a 5 ns lifetime which approaches the radiative limit. Further-
more, comparison of PL maps from crystal growths having different cooling profiles suggests a strong effect of cooling rate
on selenium segregation and cubic/hexagonal/polytype phase distribution. Slower cooling leads to a more homogeneous
cubic structure with lower Se segregation, while a faster cooling rate results in increased Se segregation, and twin boundaries
and stacking faults with polytypic and hexagonal character.

Keywords Cd-Se-Te - solar cells - time-resolved photoluminescence - Hall effect - photoluminescence mapping - crystal
growth

Introduction

Cadmium telluride (CdTe) has been extensively developed
and successfully applied in solar cell technology, primar-
ily as a p-type absorber, where the dopant has historically
been Cu or more recently As.!> CdTe has an ideal bandgap
(1.5 eV) which is nearly matched to the terrestrial solar
spectrum and a high absorption coefficient (~10° cm™!
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near the band edge) that makes it ideal for optimal con-
version efficiency? in single-junction solar cells. Theoreti-
cally, for a 1.5 eV gap, CdTe single-junction cell efficiency
can approach 30%.*> However, only recently has CdTe
solar cell efficiency reached ~22.3% (arsenic-doped Cd-
Se-Te),® with module efficiency surpassing 18%.” Still, the
efficiency remains ~70% of the thermodynamic limit, and
there is significant room to further improve the efficiency.
Although the short-circuit current (Jgc) has reached the
practically achievable limit,® there is still an opportunity
for improving open-circuit voltage (V) and fill factor.
The major contribution to this deficit comes from the
lower V- observed in CdTe cells, which has been stag-
nant near 850 mV, with a few notable exceptions.9 The
lower level of p-type doping (p ~10'* cm™ especially in
Cu-doped materials due to compensation caused by native
defects and impurities) of the absorber, and the low minor-
ity carrier lifetimes (a few ns) are considered major fac-
tors responsible for the observed lower V. In addition,
obtaining an ohmic back contact with p-type CdTe!*!!
is a challenge as well. There is ongoing development of
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alternative materials to CdTe, mainly the ternary II-VI
compounds, Cd-Ze-Te (CZT) and Cd-Se-Te (CST), with
group V (P, As, Sb), group III (Al, Ga, In), and group VII
(C1, I) elements incorporated as dopants. In this paper the
focus is on CST with indium doping, leading to n-type
material.

With the addition of Se, a substantial reduction in the
bandgap of CdTe has been demonstrated, decreasing from
1.5eVto 1.39 eV (CdSe, ,Te ¢).'> This increases absorption
in the long wavelength part of the spectrum and improves
the device Jg and fill factor,'*~' resulting in a net increase
in efficiency of the solar cell. In the recent past, efficiency
has been increased from 19.5% to 22.1% by the addition of
selenium to the front of the CdTe absorber layer.'® CST has
been reported to be highly uniform and homogeneous,!” as
the segregation coefficient (k) of Se in CdTe is kg, < 1.'8
However, the crystals investigated by this group had Se
< 10% on the anion site as opposed to 40% here. The bind-
ing energy of Cd-Se is 1.3 times higher than Cd-Te and the
lattice constant of CdSe is 0.9 times that of CdTe.'? This
provides less chance to generate Cd vacancies in CST crys-
tals as compared to CdTe.?’

While most of the published research has focused on
p-type doping of CdTe/CST, there has been some work on
n-type doped CdTe via dopants such as indium.*"** Under
Te-rich stoichiometry conditions, indium can be easily
incorporated. However, it is well known that highly n-type
bulk crystals are difficult to obtain due to self-compensating
defect formation. Bulk crystals doped with donors result
in high resistivity due to the formation of donor—accep-
tor (Incy—Vcy) defect complexes known as A-centers.?
However, for CdTe:In, it was found that annealing in Cd
produced high activation, and thus high electron carrier
concentration.?* Considering the intricate connections to
the CdTe-In phase diagram, segregation behavior in CdTe,
and the diffusion solubility in CdTe, the goal is to achieve
the maximum uncompensated doping with donors within
the range of 10'8-10%° cm™3 21:2326.26-31 1 our investiga-
tion, aiming for the highest feasible dopant level, we have
selected 10" cm™ and 10?° cm™ as the doping levels for
our experimental work.

Table| Details on CST crystal growths

In this paper, we discuss the bulk growth and characteri-
zation of the CST ternary compound with a 60%/40% nomi-
nal Te/Se concentration. We show that n-type doped CST
crystals, for absorber or emitter applications in homo- or het-
erojunctions, were achieved by adding indium to the starting
material. Bulk crystals were grown using modified vertical
Bridgman and high-pressure Bridgman techniques. The ulti-
mate goal is to use these pre-doped crystals as feedstock for
the production of thin film photovoltaic absorbers.*?

The grown crystals of CST, both In-doped and undoped,
were characterized by several techniques. The electronic
properties and optical properties were investigated by Hall
effect measurements, time-resolved photoluminescence
(TRPL), and near-infrared transmission. In the targeted
application, crystals will be ground to powdered feedstock;
nonetheless, we wanted to assess the compositional homo-
geneity of the grown crystals. This was done via a combina-
tion of electron probe microanalysis (EPMA), photolumines-
cence (PL) mapping, and X-ray diffraction (XRD).

Experimental Procedures
Crystal Growth

Bulk ingots of undoped and indium-doped CdSe ,Te ¢
(CST) were grown by using the vertical gradient freezing
(VGF) method in a modified vertical Bridgman (MVB)
furnace, where thermal gradients were controlled electroni-
cally, and the ingots did not move. For comparison, a high-
pressure Bridgman (HPB) crystal growth was performed for
an undoped CST crystal. The list of the CST crystal growths
and some details are provided in Table I.

Crystals were batched using 6N (99.9999%) high purity
CdTe and 5N (99.999%) purity of CdSe combined with
elemental indium (In) for doped crystals, with dopant lev-
els from ~1 x 10" to 1.5x 10?° cm ™. The charge prepara-
tion was performed inside a bag with flowing argon in a
class 1000 clean room facility, in order to minimize con-
tamination. Silica ampoules, as well as a pyrolytic boron
nitride (pBN) crucible and lid if used, were etched with 20%

No. Identifier Dopant Batched (cm™3) GDMS (cm™3) Growth conditions Crucible Growth rate  Ingot mass (g)
(mm/h)

CG-237 UID-Mp  None - - MVB-ACRT pBN 1 766

HPB-5 UID-Hp None - - HPB pBN 900 575

CG-244  InH-MO In 1.8x10% 9.7x10™ MVB None 1 459

CG-248  InL-MO In 1.5%x10" n.m. MVB None 1 459

CG-229  InL-Mp In 1.5%x10" 8.0x10" MVB pBN 1 459

n.m., indicates not measured.
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hydrofluoric acid solution for 20 min. The batches were
placed in the clean ampoules, which were then sealed under
high vacuum of ~1 0~° kPa using a rotary torch, and the seals
checked using cross polarizers. When the ampoule contain-
ing the batch was ready, it was carefully aligned and loaded
into the furnace.

For VGF growth, the maximum temperature was main-
tained at 1150°C. The temperature gradient was kept at
50°C and the growth rate was 1 mm/h. For a typical ingot
weight (~450-800 g), the growth takes about 13 days. The
diameter and length of the ingots grown are typically 60 mm
and 70-100 mm, respectively. Some of the VGF growths
used the accelerated crucible rotation technique (ACRT),
which is a melt-stirring technique involving periodic, but not
constant, rotation of the crucible holding the melt. ACRT-
induced flows can significantly reduce thermal and compo-
sitional inhomogeneity that occur in static growth condi-
tions.?” ACRT rotation rates up to 30 rpm were applied to
selected VGF crystals.

For the HPB growth of undoped CST, a conical high-
purity graphite holder of 4-inch inner diameter and 15-inch
height was used for crystal growth after a vacuum bake-out.
Source materials were placed in a pyrolytic boron nitride
(pBN) crucible, which was inserted into the silica ampoule,
then placed into the graphite holder. The ampoule contain-
ing the batch was heated to 1160°C at a heating rate of
~80-100°C/h. The chamber pressure gradually increased
from 60 atm at room temperature to ~80 atm at the maxi-
mum furnace temperature of 1160°C. A ~575 g undoped
crystal was grown using CdSe and CdTe raw materials, at
a growth rate ~900 mm/h, and the total process time was
28 h. More details on the HPB processes can be found
elsewhere.”

For ease of interpretation, growths in Table I are denoted
by an abbreviation. The abbreviation comprises the doping
levels (first three letters), growth method (the fourth letter),
and the crucible type (the fifth letter). Doping levels are indi-
cated as follows: "UID" for undoped, "InL" for low indium
doping level (~10' cm™), and "InH" for high indium dop-
ing level (~10%° cm™?). The growth methods are represented
by "H" for high-pressure Bridgman and "M" for modified
vertical Bridgman, while the crucible types are denoted by
"p" for pBN and "0" for none. As an example, CG229 is
doped with an In concentration of 10! cm™ and fabricated
using the MVB method with a "pBN" crucible, referred to
as "InL-Mp".

Sample Preparation
After removal from the furnace, crystals were removed from
the ampoule and weighed; then ingots were sand blasted,

cleaned, and reweighed. The crystal appearance was stud-
ied closely. Ingots were then cut into ~2-mm-thick axial
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(from the middle bulk region) and radial wafers (from the
heel and tip) using a wire saw. After marking the visible
grain boundaries, each wafer was further cut into approxi-
mately 10X 10x 1 mm? samples to minimize the presence
of grain boundaries in each sample. Then the samples were
polished with Al,O5 suspension and further cleaned with
deionized water and ethanol/ methanol. For bulk electrical
characterization, selected crystals were polished on all six
sides; alternatively, for use as substrates or for structure and
morphology characterizations, only two sides were polished.

Prior to PL mapping and EPMA, samples were etched
in Br-methanol solution for 2 min. On bulk wafers, con-
tacts were fabricated using different procedures, includ-
ing sputtering and different time-temperature recipes on a
hotplate. For Hall experiments, the 4-point contacts were
made ~1 mm in diameter at the corners, either Au or In dot
contacts. For IV measurements, 2-point planar Au contacts
were fabricated using sputtering.

Characterization

Doping and impurity levels in the CST crystals were checked
on selected samples using glow discharge mass spectrom-
etry (GDMS), performed at the National Research Council,
Canada. The crystal structure was confirmed using a pow-
der X-ray diffractometer (PANalytical X’ Pert Pro) with a
Cu K alpha source and semiconductor detector. Scans were
performed from 10° to 90° 28 with step size of 0.01° and
10 s per step. Local chemistry was checked with an electron
microprobe (JEOL JXA-8500F) using electron probe micro-
analysis (EPMA) with wavelength dispersive spectroscopy
(WDS) for elemental quantification.

For optoelectronic property measurements, near-infrared
(NIR) transmittance, current—voltage (/-V) curves, Hall
effect, and two-photon excitation time-resolved photolumi-
nescence (2PE-TRPL) were performed. NIR transmittance,
how much near-infrared light passes through the crystal, was
measured on an Agilent Cary 5 spectrometer. The absorption
spectra and optical bandgap were calculated using methods
described previously.>*

[-V measurements were performed with a Keithley 6487
picoammeter using the two-probe method and Au sputtered
planar contacts. Hall measurements were performed in
standard four-wire configuration on polished samples with
Au contacts using an MMR Hall measurement system with
a 1.4 T magnet, or at the National Renewable Energy Labo-
ratory (NREL) using an Accent HL5500PC with a 0.31 T
magnet and In soldered contacts.

TRPL measurements were performed to measure the bulk
minority carrier lifetime. Since CdTe-based compounds
have high surface recombination velocity, 2 photon excita-
tion (2PE) was used to sample the bulk crystals, with the
focus being ~10 pm below the surface and ~300 pm wide.
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A mode-locked, 200-fs-pulse-width laser firing ~1.1x 10°
pulses per second with a tunable-wavelength optical para-
metric amplifier was used to generate 1120 nm laser light.
Approximately 8—10 mW was focused on the sample using
a microscope objective which varied from 20X to 60x. A
PicoQuant PicoHarp 300 time-correlated single-photon
counting system collected the TRPL data. A dichroic with
R=1020-1550 nm and T=520-985 nm was used, with a
bandpass filter centered at 819 nm.

Photoluminescence (PL) mapping was conducted over the
same large area to identify any emission changes associ-
ated with the microstructure. A spatially resolved PL map
was generated using a Klar Mega Pro microscope equipped
with a 635 nm continuous wave laser and Ocean Insight
Maya2000 Pro spectrometer. Spectra were collected at room
temperature using a spatial step size of 50 pm. Spectral fit-
ting was performed using graphics processing unit (GPU)
accelerated fitting. A custom model consisting of Gaussian
and bi-Gaussian functions was used to match the observed
spectral features of the sample. Maps of the fitted spectral
parameters were then plotted as a false-color image.

Results and Discussion
Crystal Appearance

A preliminary visual inspection of the crystal morphology,
size, and homogeneity was conducted on the sand-blasted
as-grown ingots, whose corresponding photographic images
are shown in Fig. 1. Notably, CG-237 (UID-Mp, Fig. 1a) has
no added intentional dopant and exhibited large grain size

(c). CG-244

(d). CG-248

(e). CG-229

Fig. 1 Photos of ingots for (a) CG-237/ UID-Mp, (b) HPB-5 /UID-
Hp, (c) CG-244/ InH-MO, (d) CG-248/ InL-MO, (e) CG-229/InL-Mp.

with comparatively uniform and homogeneous growth qual-
ity. In contrast, due to the high growth rate, HPB-5 (UID-
Hp, Fig. 1b) exhibited a highly polycrystalline nature. Fur-
thermore, CG-244 (InH-MO, Fig. 1c), which incorporated
a relatively elevated concentration of In dopant, exhibited
a distinctively polycrystalline nature. Conversely, CG-248
(InL-MO, Fig. 1d), featuring a reduction in the In dopant
concentration, demonstrated an enlargement in grain size
with a heterogeneous mixture of large and medium-sized
grains. Additionally, certain regions at the tip exhibited
porosity. The utilization of a pBN crucible led to notable
improvements, including porosity reduction and larger
grains. CG-229 (InL-Mp, Fig. 1e) exhibited a configuration
characterized by substantial grain enlargement, resulting in
a comparatively superior and uniform crystal growth quality.

Comparing the crystal quality of these growths, we
observe that high growth rates and increased dopant con-
centrations lead to a more polycrystalline structure. On the
other hand, aiming for low growth rates and minimal dopant
levels does not necessarily ensure single crystallinity. How-
ever, using a pBN crucible within the fused quartz ampoule
visibly improves crystal quality. This improvement is linked
to better uniformity and homogeneity, ultimately resulting
in a higher yield of single crystals.

Structural Properties

Figure 2 displays the XRD patterns of CST and CdTe:In
(CG-191)** for reference. In the XRD patterns of CST, a
noticeable shift towards higher 20 angles is observed when
compared to pure CdTe. Pure CdTe exhibits a diffraction
peak at approximately 23.7-23.8°, which corresponds to
the (111) close packing planes of the cubic structure. Pure
CdSe shows a hexagonal crystal structure with a preferential

L o ——CG-244
~(002)H CG-248-2
— (“0)”(1 12)H (300)H
2 oo (0DH . (103)H QI0H CG2481
< ‘
\;: NIV ——(CG-229-2
B
& —i A—A —— CG-229-1
g 4
- A oA O O @ o | ——HPBS
T l —CG-237
(111)C (220)C(31 e 331C (511)C
= A A —CG-191
(400)C (422)C
20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)

Fig.2 XRD patterns of undoped (CG-237/UID-Mp and HPB-5/UID-
Hp) and indium-doped CST (CG-244/InH-MO, CG-248/InL-MO,
CG-229/InL-Mp) with reference of CdTe:In (CG-191) >*. Planes are
labeled indicating the H (hexagonal) or C (cubic) phase.
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oriented peak for (0001) at 25.25°.% With the introduction of
CdSe into CdTe, the peak shifts to the range of 23.9°-24.4°
and occasionally displays splitting (as observed in CG-229-
2) or shoulders (as seen in HPB-5), suggesting the presence
of polytype. This behavior was also reported in CST thin
films,> and in previous crystals (see below). Furthermore, In
doping does not induce obviously structural changes because
the impurity level is too low.

At room temperature, CdTe is a cubic zincblende crystal
structure while CdSe is a hexagonal wurtzite structure.*® In
previous studies of bulk crystal growth in the CdSe-CdTe
binary,*® it was observed that crystals with <40 mol.% CdSe
have the cubic structure, those with> 70 mol.% CdSe have
the hexagonal structure, and those in between can have either
structure. It was also reported that furnace cooled ingots
with 40-50 mol.% CdSe could produce an unidentified pol-
ytype consisting of mixed cubic and hexagonal stacking.
This tendency leads to the production of polytypes, which
are crystals with repeated stacking on the < 111 > cubic
or <0001 > hexagonal close-packed directions with repeat
sequences of 6 to>70 (as opposed to two in hexagonal
wurtzite or three in cubic zincblende), and are common in
some binary II-VI semiconductors (ZnS) as well as some
I1-V semiconductors (SiC).>’ In ternary semiconductors
this has also been observed, as for Cd-Se-Te,>® but not Cd-
S-Te.*® In practice, it is difficult using only powder X-ray
diffraction to distinguish true polytypes (i.e., repeating long-
period stacking sequences of mixed cubic and hexagonal
layers) from “stacking faults” (i.e., occasional hexagonal
stacking in primary cubic matrix) and twins (i.e., single hex-
agonal layers between cubic regions) in zincblende/wurtzite
systems. Unambiguous determination requires single crystal
X-ray diffraction or transmission electron microscopy, which
was not conducted here.

Optical and Electronic Properties

Transmission measurements were performed on ~1-mm-
thick samples to measure the optical band edge (E,,) of
undoped (CG-237/UID-Mp and HPB-5/UID-Hp) and
indium-doped (CG-229/InL-Mp and CG-244/ InH-MO)
CST. Figure 3 shows the optical transmission spectra, calcu-
lated absorption spectra, and optical band edge as obtained
by first derivatives, as described in Refs. 33, 34. The band
edge E,, of undoped CST is 1.33 eV, while the low-doped
CST is 1.38 eV and high-doped CST is 1.45 eV. For undoped
CST, it is generally agreed in the literature that the smallest
E,, in the CdTe-CdSe binary is at the CdSe ,Te, s composi-
tion, the same composition used here, but our value differs
from those previously reported. Thin film energy gap val-
ues for this composition have been reported at 1.50 eV*! or
1.39 eV.!2*? The value obtained here is properly the effective
optical gap and contains the Urbach tail since the samples
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Fig.3 Optical gap determined by (a) transmission spectra measured
for ~1 mm CST samples: undoped (CG-237/UID-Mp) and indium-
doped (CG-229/ InL-Mp and CG244/ InH-M0) CST; (b) absorption
coefficient a(E); (c) the energy derivative of the logarithmic absorp-
tion coefficient, d[Ina(E)]/dE.

were ~1 mm thick. Furthermore, the introduction of indium
doping results in an elevated concentration of impurities and
defects, leading to an increased free carrier density within
the bands. This phenomenon induces the formation of band
tails and variations in the density of states. Consequently,
one would expect a decreasing trend in the optical band-
gap values with increasing indium doping. However, in our
case, indium doping causes an increase in bandgap values.
This could be explained by indium doping leading to the
formation of smaller grain size, more grain boundaries, and
a decrease in selenium concentration, which aligns with the
results of the PL bandgap, as we will discuss later. Similar
trends were observed in indium-doped CdSe thin films.*
[-V characteristic plots are shown in Fig. 4a, with data
in Table II. In the plot, the indium-doped samples CST:In
exhibit a high dark current. In contrast, the undoped crystals
(CG-237/UID-Mp) exhibited a resistivity of ~6 x 10° Q-cm,
while CST:In (CG-229/InL-Mp) displays resistivity < 1
Q-cm. The resistivity of CST:In decreased by six orders of
magnitude compared to undoped CST, suggesting indium
doping induced a significant increase in conductivity.
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Table Il Electrical properties of selected CST crystals
CG-237 CG-229 CG-244
Batched In (cm™)  Undoped ~10" ~10%
GDMS In (cm™) NA ~10'8 ~10"
Crystal type Poly- Single Single Poly- Single Single Poly- Single Single
Contacts Au Au In Au Au In Au Au In
p(Q-cm)-TV NA 6x10° NA NA <10° NA NA <107! NA
p(Q-cm)-Hall 3.82x107  2.02x107  1.13x10° 6.27 6 63x1073  0.28 0.08 22x1073
u(cm?/V-s) 0.622 6.19 13.5 104 2x10° 419 85 232 365-653
Density (cm™) 99x10""  58x10" 4.1x10° 13x10'® 50x10" 4x10' 1.6x10"7  1.9x10"®  (5.5-9.5)x10'®

For resistivity measurements, different types of contacts were performed: In contacts were soldered and Au contacts were sputtered. Polycrystal-

line (Poly-) values are provided for samples with mixed grain structures.

To further confirm that the observed n-type conductiv-
ity in CST:In is due to indium rather than selenium vacan-
cies, we conducted annealing in a selenium atmosphere at
~5x 1072 atm for CST:In (CG-229 /InL-Mp). Hypotheti-
cally, if the high conductivity is caused by selenium vacan-
cies, the resistivity of CST:In would drop significantly due
to filling of the selenium vacancies. However, selenium
annealing of CST:In resulted in a two-orders-of-magnitude
increase in resistivity, from 0.9 Q-cm before to 75 Q-cm
after (see Fig. 4b). This suggests that In doping is the main
cause of the conductivity increase, and any contribution of
selenium vacancies to the conductivity is minor.

Hall effect experiments were conducted using Au and In
contacts, and the data for resistivity, mobility, and carrier
concentrations are presented in Table II. In doping signifi-
cantly decreases resistivity while increasing both mobility
and carrier density as compared to undoped CST. Compar-
ing single crystals (samples with a single grain) and poly
crystals (samples with multiple grains), we found that single
crystals show lower resistivity and higher mobility, which
results from the absence of grain boundaries. The excep-
tion is CG-229, presumably due to more carrier scattering.
Finally, comparing Au and In contacts, the doped samples

with In contacts are more conductive and showed lower
resistivity and higher carrier density; the unintuitive higher
resistivity from the undoped sample with indium (vs. gold)
contacts probably results from the large errors in measure-
ments of high resistivity due to small amounts of current.*
Also, given the calculated values of electron affinity and
bandgap of CdSe, ,Te, s of 4.7 eV and 1.4 eV,* Au contacts
(work function 5.3-5.47 eV***7) should be Schottky con-
tacts for CST while In contacts (work function 4.09 eV*©)
should be ohmic for CST. Thus, for these measurements,
the measurements with indium contacts should be the more
reliable ones.

Additional Hall measurements were performed with In
contacts on the same crystals, as In contacts were more
likely to be ohmic. Data were collected under several con-
ditions for CG-244/InH-MO. As-grown samples were meas-
ured with pressed In contacts as well as soldered In con-
tacts. For pressed In contacts, the average values for five
measurements were p=2.21 X 1073 Q-cm, =365 cm?/ Vs,
and n=9.6x 10'® cm™>. For soldered indium contacts, the
average of three measurements were p=2.23x 107> Q-cm,
=653 cm?*/V-s, and n=5.5x10"8 cm™. A slightly lower
contact resistance was observed with the soldered In wires (2
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Q across sample for soldered In versus 3—4 Q for pressed In).
Note that the difference here in extracted properties is about
a factor of 2 in mobility (larger for soldered contacts) and
half in carrier concentration (lower for soldered contacts).

In conclusion, when accounting for the impact of contacts
on resistivity and mobility, the properties for CG-244/ InH-
MO can be summarized as p ~107> Q-cm, y =232-865 cm?/
Vs, and n=(2-10) X 10" cm™3, meaning that the activation
for In detected by GDMS is 20-100% in this sample. Gener-
ally, the In soldered contact Hall measurements showed the
lowest resistivities and highest carrier concentrations with
the most reasonable mobilities and are probably closest to
the real values. However, the undoped CST has high resistiv-
ity and the Hall results were somewhat suspect, though the
resistivity values agreed well with I-V methods.

2PE-TRPL measurements were conducted on selected
samples to determine carrier lifetimes, as depicted in Fig. 5.
The undoped CST (HPB-5/UID-Hp) exhibited a lifetime
of 13.3 ns. In contrast, the low indium-doped CST (CG-
229/InL-Mp) had a shorter lifetime of 1.5 ns. For the high
indium-doped CST (CG-244/InH-MO), as-grown, the life-
time measured between 0.34-0.42 ns.

We plotted the radiative combination rate (tg), which for
low-injection conditions, such as performed in these 2PE-
TRPL experiments, is Tz = 1/(Bn), where B is the radiative
recombination rate coefficient (here chosen as 1 x 107'° cm?/

s%* as used for CdTe), and n is the carrier concentration.

Calculations were performed for measured values in CST:In
and undoped CST and compared to published results for
CdTe:In** (Fig. 5e).

Other than the undoped material, which is far from the
line representing lifetime limited only by recombination,
the CST materials behave much better than CdTe:In, which
required a Cd anneal to activate sufficient dopant atoms to
increase the carrier concentration to near the radiative limit.
Apparently, the A-center acceptor defect composed of a cad-
mium vacancy and donor complex, here V4-Inq, is not as
much of a problem in CST as it is in CdTe, and therefore a
Cd treatment is not required for CST to achieve high activa-
tion. By contrast, the results on undoped CST suggest a high
density of Shockley—Read—Hall (SRH) recombination cent-
ers (in HPB-5/UID-Hp), which may be related to electronic
disorder in Cd-Se-Te.**

Photoluminescence Mapping

The axial compositional uniformity for the CST crystal was
studied by mapping the photoluminescence (PL) spectra.
The spatial distribution of PL energy peak positions, E (eV),
serves as an indicator of compositional variation and, con-
sequently, the bandgap of the material. This analysis was
conducted on undoped CST (CG-237), low-doped CST:In

Time (ns)

(,i) 1 — 870nm_250mW_20xlens (b) — CG-229_spotl © —— Cé-244 as grown spotl
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Fig.5 2PE-TRPL measurements of (a) undoped CST (HPB-5/
UID-Hp); (b) low-doped In:CST (CG-229/InL-Mp); (c) high-doped
In:CST (CG-244/InH-MO); (d) radiative lifetime and carrier density
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ideal relationship shown as a blue line and for CST and CdTe:In (CG-
191) (Color figure online).
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(CG-248), and high-doped CST:In (CG-244) samples,
allowing for a comparative study.

Figure 6 illustrates the PL mapping results for the
undoped CST sample (CG-237/UID-Mp), showing PL
emission spectra, PL peak energy mapping, and PL intensity
mapping. Figure 6a shows the wafer used for PL. measure-
ments, while Fig. 6b depicts a single observed energy peak.
Additionally, PL energy and intensity mapping images are
presented in Fig. 6¢ and 6d, respectively. The full range of
the change in the peak energy is between ~1.39-1.40 eV,
which confirms the compositional uniformity for the as-
grown CST. Note that this value is significantly higher than
the optical gap obtained by transmission measurement, as
expected, and is closer to the true electronic bandgap for
CST. The intensity mapping shows large grains with a few
twins along the growth direction, which are emerging from
the lower right side of the wafer.

In the higher indium-doped CST (CG-244/ InH-MO), as
shown in Fig. 7, ~1 million PL spectra were analyzed using
a three-component fit, comprising one Gaussian and two
bi-Gaussian functions. The majority peak was ~1.41 eV,
with some higher energies manifesting near the shoulders
of the conical crystal, to =1.46 eV. Along the axial direc-
tion from the tip, the PL was very homogeneous. The inten-
sity map highlighted some indication of the grain bounda-
ries, particularly in the widest region away from the tip, as

Fig.6 PL measurements of (a)
wafer used, (b) energy intensity
spectrum, (c) intensity mapping,
(d) energy mapping of undoped
CST (CG-237/UID-Mp).

PL Counts (A.U.)

well as some different grains at the shoulders. These grains
were clearly observed when plotting the low energy peak
(~1.26-1.28 eV). The middle energy peak (~1.34-1.36 eV)
gave a picture similar to the main peak.

Figure 8 presents the behavior of low-doped CST:In (CG-
248) through maps derived from the analysis of over a mil-
lion spectra, featuring a predominant single domain peak.
These maps reveal intricate patterns with sharp transitions.
Across most regions, except along the outer crystal surface
(the first to freeze) and the heel of the crystal (the last to
freeze), the PL peak energy falls within ~1.40-1.44 eV.
Notably, the conical region displays a mixture of single
and polycrystalline material, while above the shoulder, the
crystal appears remarkably homogeneous. Moreover, the
intensity maps suggested some grain boundaries and twins
aggregating along grain boundaries.

Discussion

The Influence of Se Concentration and Structural
Factors on PL Bandgap

Given the intricate behavior exhibited by CST:In, a critical
question arises: Does the PL energy level result from vari-
ations in Se or In concentration or structural differences?

1 (b) — CG-237 raw data
— CG-237 fit
1.39eV
1.1 12 13 14 15 16 1.7 1.8 19 2

Energy (eV)

Intensity

. 2.000E+6

1.800E+6
1.600E+6
1.400E+6
1.200E+6
1.000E+6

8.000E+5

6.000E+5
4.000E+5
2.000E+5
1.000E+0
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Fig.7 PL measurements of
high-doped CST (CG-244/InH-
MO) (a) The sample used; (b)
PL spectra summarized; (c) PL
energy and (d) intensity map-
ping in energy region 1 from
1.4eVto 1.5¢eV; (e) PL energy
and (f) intensity mapping in
energy region 2 from 1.32 eV
to 1.38 eV; (g) PL energy

and (h) intensity mapping in
energy region 3 from 1.26 eV to
1.31eV.

To address this question, Fig. 9 presents detailed PL. map-
ping, XRD, and EPMA data for CG-248/ InL.-MO, offering
insights into the underlying factors.

An attempt was made to correlate the PL energy with
selenium concentration in the PL maps, using the relation-
ship x(Se mole fraction) = A(Egap(CdTe)—EPL), as suggested
by.*’ Here, A=2.596 and E,,(CdTe)=1.502 eV on this
PL system. The mapped results are shown in Fig. 9c. The
calculated Se concentration variations seemed high (x =
0.11-0.28, where the target value was 0.40).

Furthermore, we conducted EPMA analysis on several
selected regions, as indicated in Fig. 9a, with the corre-
sponding EPMA results presented in Fig. 9d to i. These anal-
yses revealed a Se concentration range of 0.15 to 0.25. Inter-
estingly, these results align closely with the calculated Se
concentration based on the PL bandgap, which falls within

@ Springer
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the range of 0.11 to 0.28. For instance, when comparing the
PL bandgap values of 1.4 eV and 1.44 eV, the calculated Se
concentrations are 0.26 and 0.16, respectively. In the EPMA
measurements, these correspond to ranges of 0.21~0.19 and
0.17~0.15 according to Fig. 9f.

Comparing sections 1 and 2 with section 3, based on
the calculated Se concentration using the PL bandgap, one
would expect lower Se concentrations in the former regions.
However, EPMA analysis reveals higher Se concentrations
in both sections 1 and 2. These findings underscore that the
PL bandgap is influenced not solely by Se concentration
but also by structural properties, such as the presence of
planar and linear defects such as twin boundaries and stack-
ing faults.

Moreover, to explore structural details, XRD pow-
der measurements were carried out on subsamples from
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Fig.8 PL measurements of
low-doped CST (CG-248/
InL-MO) (a) The sample used;
(b) PL energy mapping and (c)
intensity mapping; (d) the PL
spectrum in the blue region in
energy mapping; (e) the PL
spectrum on the grain boundary
in intensity mapping.

Intensity

l 1.500E+7

1.350E+7
1.200E+7
1.050E+7
9.000E+6
7.500E+6
6.000E+6
4.500E+6
3.000E+6
1.500E+6

1.000E+0

PL Counts (A.U.)

7

On the boundary

PL Counts (A.U.)

sections 1 to 8, with their locations indicated in Fig. 9b.
The XRD data can be found in Fig. 9j and k. Notably, the
cubic (111) peak, typically centered at 24.5°, exhibited
an intriguing shift to lower 20 values when going from
the tip (24.38°) to the shoulder (24.22°) in ingot CG-248/
InL-MO. Furthermore, within the tip area up to the shoul-
der, additional polytype peaks appeared (23.01° ~22.96°,
23.79°~23.76°, and 26.07° ~26.03°). However, these
peaks vanished in sections 6 to 8, where the PL bandgap
remained uniform at 1.4 eV. One reasonable explanation is
the shift in Se concentration, supported by EPMA results,
transitioning from high to low from tip to shoulder region.

Besides Se segregation, another explanation is that
these diffraction results do not indicate polytypes or hex-
agonal phase, but rather a level of “hexagonality.”*" This
hexagonality can be attributed primarily to the presence of
twin boundaries and stacking faults, which may arise due
to different thermal profiles during the cooling process.
These structural variations could result from the delicate
balance between hexagonal, cubic, and mixed (polytype)
stacking, particularly at the 40% CdSe Cd-Se-Te composi-
tion. The crystal may undergo mixed wurtzite and zinc-
blende phases or polytypes, contingent upon the cooling
process following growth, as depicted in the phase dia-
gram.*® If the crystal experiences rapid cooling to room
temperature, it may retain some hexagonal phase char-
acteristics, which are more pronounced in the tip region
than at the heel.

1.2 13 14 15 16 1.7 1.8 1.9
Energy (eV)

12 13 14 15 16 1.7 1.8 19
Energy (eV)

In summary, differences in cooling temperature and Se
concentration can both impact the structure of Cd-Se-Te
crystals and influence the PL bandgap. A slower cooling rate
leads to a more homogeneous cubic structure with lower Se
segregation, while a faster cooling rate results in increased
Se segregation and hexagonal structure with twin boundaries
and stacking faults. However, the specific mechanisms and
quantitative calculation through which each defect or phase
affects the PL bandgap are still under investigation.

Conclusion

In this research, the undoped and In-doped CST grown with
different methods are investigated thoroughly. First and
foremost, CST crystals exhibit ideal electronic properties.
The grown CST:In crystals demonstrate up to 100% car-
rier activation without post-growth treatments, resulting in
a carrier concentration of 9.5x 10'8 cm™3, mobility of 653
cm?/V-s and a 5 ns lifetime—approaching the radiative limit
for this material. What sets CST crystals apart is their ability
to achieve this level of activation with n-type charge carriers,
all without the need for additional and resource-intensive
heat treatments such as Cd- and CdCl,-annealing. This not
only simplifies the production process but also translates to
significant savings in terms of time, expenses, and labor.
Furthermore, this study explores detailed PL mapping
and its underlying causes, including Se concentration and
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Fig.9 PL mapping, Se concentration calculated by PL data, EMS calculated by PL mapping, (d)—(i) EPMA-WDS results, atomic per-
data, and XRD data of CG-248/InL-MO0. (a) EPMA positions on PL centage (At) for each element in selected area; (j)—(k) XRD results.
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structural properties influenced by cooling profiles. The
results reveal that high Se segregation and the presence of
defects, such as twin boundaries and stacking faults resulting
from rapid cooling profiles, can collectively contribute to an
increase in the PL bandgap.

In summary, this research not only highlights the unique
properties and attributes of CST crystals but also firmly
establishes them as a compelling and practical alternative
to CdTe for solar applications. Beyond their immediate prac-
tical advantages, the insights gained from this study have
the potential to make a substantial and lasting impact on the
field of solar energy.
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