Downloaded via UNIV OF TORONTO on July 20, 2021 at 19:24:38 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IESAPPLIED
ELECTRONIC MATERIALS

pubs.acs.org/acsaelm

Quantitative Imaging of Defect Distributions in CdZnTe Wafers
Using Combined Deep-Level Photothermal Spectroscopy,
Photocarrier Radiometry, and Lock-In Carrierography

Alexander Melnikov, Andreas Mandelis,* Akshit Soral, Claudia Zavala-Lugo, and Michal Pawlak

I:I Read Online

[l Metrics & More |

Cite This: ACS Appl. Electron. Mater. 2021, 3, 2551 2563

ACCESS |

ABSTRACT: Trap-state kinetic parameters were investigated in

Article Recommendations |

Laser? InGaAsCamera

o

Laser1

CdznTe wafers using nondestructive and noncontacting deep-level 5 ’ 1 P,

photothermal spectroscopy (DLPTS), heterodyne photocarrier ‘ Q S, Fhmyn 1 2 Mg

radiometry (HePCR), and lock-in carrierography (HeLIC) “ LI *wmw E T P o
0 Y

imaging. Two electronic carrier traps were found and activation

Ins

@
=
-
z
]
&
2

energies were measured. Using a two-trap frequency-domain rate- ' / \ | Diffuser e
equation theoretical model, full-wafer quantitative HeLIC images N {/ L )
of recombination times, capture and emission coe cients, trap N 3 ekl
densities, and emission/capture relaxation times were recon- / N\ Bosle

structed at 100 K. HeLIC imaging was used to discuss dynamic [_“i“’_] |

photocarrier interactions with CdZnTe traps. These quantitative
images are very important in determining the optoelectronic
behavior and the quality of CdZnTe substrate materials and
fabricated devices, which is controlled by complex free-carrier density wave (CDW) and defect con guration interaction kinetic

processes.

\\
Cryogenic chamber

KEYWORDS: CdZnTe, defect/trap density imaging, trap-state kinetic parameter imaging, heterodyne lock-in carrierography,

deep-level photothermal spectroscopy

1. INTRODUCTION

Rapidly growing applications of CdZnTe as a material suitable
for X-ray and -ray detector fabrication® * and for high-
e ciency solar cells" have introduced the urgent need for
characterization of photocarrier properties and their associated
solid-state transport parameters, including their spatial
distributions in wafer substrates, which a ect charge transport
and limit the performance of optoelectronic devices. Most
popular diagnostic methods in use are current deep-level
transient spectroscopy (I-DLTS), transient current technique
(TCT), current and capacitance vs voltage (I V and C V)
measurements, -ray spectroscopy, Hall measurements, and
optical and thermal measurements.® ° Beyond those method-
ologies, photocarrier radiometry (PCR) is a nondestructive
and noncontacting spectrally gated frequency-domain dynamic
semiconductor photoluminescence (PL) diagnostic modality,
which allows for the simultaneous nondestructive determi-
nation of electronic transport parameters in semiconductor
substrates and devices."® ** Subsequently, lock-in carrierog-
raphy (LIC) was introduced as a near-infrared (NIR) imaging
extension of PCR, aimed at constructing quantitative images of
carrier transport parameters.*® “* Next, two-beam heterodyne
LIC (HeLIC) was introduced® to address the need for high-
frequency photocarrier excitation, eliciting fast enough signal
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responses required to measure short recombination lifetimes
and other fast photocarrier relaxation processes. HeLIC was
developed to allow high-frequency dynamic imaging of
optoelectronic material and device properties, which require
sampling rates orders of magnitude higher than those
achievable by the frame rates of today’s fastest NIR camera
technologies.”® ?° Very recently, heterodyne PCR (HePCR)
proved to be very sensitive to photocarrier emission/capture
processes out of, and into, band-gap defect and impurity
states:> a newly discovered HePCR phenomenon?’ giving rise
to a frequency-domain heterodyne signal amplitude depression
(“dip” or “notch™) accompanied by a 180° phase transition was
attributed to a nonlinear kinetic mechanism of laser-excited
harmonic carrier density waves (CDW) interacting with trap or
defect states in Si wafers.” Important information about the
number of trap/defect states involved in the carrier kinetics
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and the associated activation energies, which can be used to
identify the physical origin of the trap states, can be obtained
using deep-level photothermal spectroscopy (DLPTS).?82°
The advantage of implementing DLPTS besides its non-
contacting and nondestructive nature, as opposed to conven-
tional electrical DLTS methods, is that of convenience as
DLTPS may be easily and seamlessly integrated into the PCR
and LIC instrumental setup.

In this paper, we report the appearance of the aforemen-
tioned notch phenomenon in the HeLIC pixel intermediate
frequency responses of NIR InGaAs camera images of CdZnTe
wafers exhibiting two band-gap traps/defects. Using a two-trap
frequency-domain rate-equation theoretical model combined
with DLPTS, HePCR, and HeLIC allowed the identi cation of
photomodulated active CDW trap states and their spatial
distributions. The notch phenomenon further allowed the
unique unambiguous measurement of several optoelectronic
parameters from a series of the HeLIC amplitude images
obtained over a wide range of modulation frequencies, thereby
enabling full-wafer-area quantitative HeLIC imaging of bulk
recombination lifetimes, capture and emission coe cients (and
relaxation times), and trap densities.

2. HELIC THEORY OF SEMICONDUCTORS WITH TWO
BAND-GAP ELECTRONIC TRAP/DEFECT STATES

The nonlinear rate equations for p-type carrier kinetics
(neglecting the minority n-type carriers for simplicity) in a
semiconductor exhibiting two trap states (based on exper-
imental evidence for our CdZnTe wafers, Section 4) can be
written as®’
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where p(t) is the photogenerated free-hole carrier density, G(t)
is the optical generation rate, , is the hole recombination
lifetime, e, and e,, are the thermal emission rates from traps 1
and 2, respectively, N;(t) and N,(t) are the trapped carrier
densities in the two traps, respectively, C,; and Cy, are the
respective trap-state capture coe cients, and Nt; and N, are
the corresponding trap densities.

Given that heterodyne excitation involves two optical
excitation sources modulated at adjacent but di erent
frequencies f, = /2 and f, = ,/2 , both simultaneously
incident on the semiconductor, the solution of eqs 1 3 can be
expressed as a superposition of the various possible modulation
modes as follows
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Here, m and n indicate response harmonics for excitation at
angular modulation frequencies 4, and ,, respectively. The
solutions to eqs 1 3 can then be written as
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where Njoy( 1) NjC 0 Njoy( 2) Ni( 2); j = 12 The
frequency-domain signal is given by
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For heterodyne lock-in detection at the beat angular frequency
=| 1 |, eq 13 yields the simpli ed form
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Figure 1. Schematic of heterodyne lock-in carrierography (HeLIC) combined with the homodyne (f, = f,) and the heterodyne (f;

photocarrier radiometry (HePCR) setup.
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Figure 2. (a) Homodyne PCR amplitude and (b) homodyne phase of CdZnTe DLPTS dependencies on 1/kT at various laser-beam modulation

frequencies.

3. EXPERIMENTAL SECTION

A schematic of the experimental PCR/HeLIC system is shown in
Figure 1. In this system, the beams of two 808 nm ber-coupled lasers
were rst collimated, then spread and homogenized by microlens
arrays to form a 2 x 2 cm? illuminated area, consistent with the size of
our CdZnTe wafers. Intensity changes were made by adjusting an iris
placed in the path of each laser beam. The maximum intensity, |,
was 1.9 W/cm? for each beam. The two beams for photoluminescence
excitation were sine-wave modulated using a two-channel function
generator in the range 0.1 700 kHz. The modulated radiative
emissions from the sample were detected using a NIR InGaAs camera,
model SU320KTSW-1.7RS170, from Goodrich Sensors Unlimited
and an InGaAs detector, model PDA400. from Thorlabs. A long-pass

Iter LP-1000 nm from Spectrogon was used to prevent the excitation
laser beams from interfering with the InGaAs NIR camera and the
detector. Di use radiative recombination-induced signals were
collected and collimated with two o -axis paraboloidal mirrors
focused on the detector. The detected signal was demodulated using
two lock-in ampli ers for the single-detector signal. In-house
developed software was used for camera images referenced at the
common frequency f; = f, in the case of homodyne LIC/PCR, and at
the (beat) frequency di erence f=|f,  f,| for heterodyne LIC/
PCR. The frequency di erence f between the two beams used in the
HeLIC and HePCR measurements was 10 Hz for all experiments.
Samples were placed on a Linkam LTS350 cryogenic stage, which
allows maintaining a constant temperature in the 196 to +350 °C
range and can provide temperature ramping.

CdggZny,Te crystals were grown using the high-temperature and
high-pressure vertical Bridgman Stockbarger method.® Pure binary
powders of CdTe and ZnTe (6N, Koch-Light), mixed together in a
stoichiometric proportion, were placed inside a graphite crucible, kept

2553

at a temperature of about 1650 K for a few hours, and then the ingot
was extracted from the heating zone at a speed of 2.4 mm/h. The
extracted crystal rod was 1 cm in diameter and up to a few cm in
length. Obtained ingots were sectioned with a wire saw perpendicular
to the growth axis into about 1 mm thick slices (wafers), which were
not oriented along any speci ¢ crystallographic plane. The wafers
were polished and inspected with the scanning electron microscopy/
energy-dispersive X-ray spectroscopy (SEM/EDS) method,® leading
to the conclusion that the zinc content along the growth axis did not
vary substantially among all crystals and, therefore, the segregation
coe cient of zinc in the CdTe matrix was close to unity.

4. RESULTS, IMAGING, AND DISCUSSION

4.1. Deep-Level Photothermal Spectroscopy of
Defect States in CdZnTe Wafers. The technique of deep-
level photothermal spectroscopy (DLPTS)?*% was used for
defect-state characterization of the samples. Typical homodyne
PCR amplitude and phase temperature scans of our CdZnTe
wafers at various frequencies are presented in Figure 2a,b,
respectively. The amplitude temperature dependencies dem-
onstrate several in ection points, whereas phase dependencies
show strongly pronounced two peak/trough structures. These
are evidence of the presence of at least two types of traps in
CdznTe. A correlation between local amplitude maxima
superposed on a sloped background and phase peaks (smaller
phase lags) with increasing temperature is evident at all
frequencies, especially in the high-frequency range: trapped
carrier thermal emission from trap or defect states contributes
to increased free-carrier density at the band edge and leads to

https://doi.org/10.1021/acsaelm.1c00100
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Figure 3. (2) Dependence of phase maximum temperature on frequency. The inset shows phase dependence on 1/kT at 500 kHz and best ts to
Gaussian pro les. (b) PCR Arrhenius plots of e/T? for various frequencies and extracted activation energies.
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Figure 4. InGaAs camera HeLIC amplitude and phase images of CdZnTe at 1, 7.9, and 100 kHz at 100 K and intensity 1, (= 1.9 W/cm? for each
beam).

enhanced PCR photon emission (photothermal) signal photothermal phase spectra as functions of 1/kT were
amplitude at decreased phase lag due to increased recombining excellent at all frequencies, a sample of which at 500 kHz is
photocarrier population near the wafer surface. The phase shown in the inset of Figure 3a. The activation energy for
channel is preferable for analysis over the amplitude channel thermal emission from the two defect or trap states was
due to its higher contrast and sensitivity to the presence of calculated through Arrhenius-plot _tting of the thermal

electronic traps. The two phase peaks monotonically shifted to emission rate, en(T),* as shown in Figure 3b and described

higher temperatures with increased modulation frequency, as by™

shown in Figure 3a, consistent with the enhanced thermal E,

emission rate observed in resonance with the modulated PCR e(m = TQBXDM i (16)

signal from two band-gap traps or defects.’®*° The phase

dependencies on 1/kT were approximated by three Gaussian where , is a material constant, , is the capture cross section

distributions, Wh_ICh allowed determining the precise temper- by the deep level, and k is Boltzmann’s constant. The thermal

ature of the maximum for each peak. It should be mentioned em|55|on rate at each peak can be estimated by e, (Tpea) =

that the three Gaussian best ts to the experimental 2.869 ,*® where is the modulation angular frequency. The
2554 https://doi.org/10.1021/acsaelm.1c00100

ACS Appl. Electron. Mater. 2021, 3, 2551 2563



ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Figure 5. InGaAs camera HeLIC amplitude and phase images of CdZnTe at 0.25, 1, 2.5, and 100 kHz at 100 K and intensity 0.45 X I ,,.

Figure 6. InGaAs camera HeLIC amplitude and phase images of CdZnTe at 0.25, 1, 2.5, and 100 kHz at 100 K and intensity 0.27 X I,

evaluated activation energies of two trap states were found to
be 0.175 + 0.005 and 0.148 + 0.005 eV. The known ionization
energies of the main intra-band-gap defects and impurities in
Cd, ,Zn,Te” within the range of the activation energies shown
in Figure 3b represent defects/traps comprising Cd native
vacancies, Vgg, in the 0.13 0.21 eV range, various acceptor
impurity clusters in the 0.05 0.35 eV range, and pairing of Cd

2555

vacancies with a group 111 or group VII donor (designated as A
centers), which are shallow acceptor complexes with a single
ionization level. For A centers, the activation energy levels
range from 0.12 to 0.15 eV. Castaldini et al.** used
cathodoluminescence (CL), photoinduced current transient
spectroscopy (PICTS) and photo-DLTS (P-DLTS) to identify
more highly resolved activation energies of the A centers: the A

https://doi.org/10.1021/acsaelm.1c00100
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