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

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

I: I Read Online

ACCESS |

[l Metrics & More

| Article Recommendations |

ABSTRACT: Trap-state kinetic parameters were investigated in
CdZnTe wafers using nondestructive and noncontacting deep-level
photothermal spectroscopy (DLPTS), heterodyne photocarrier
radiometry (HePCR), and lock-in carrierography (HeLIC)
imaging. Two electronic carrier traps were found and activation
energies were measured. Using a two-trap frequency-domain rate-
equation theoretical model, full-wafer quantitative HeLIC images
of recombination times, capture and emission coeflicients, trap
densities, and emission/capture relaxation times were recon-
structed at 100 K. HeLIC imaging was used to discuss dynamic
photocarrier interactions with CdZnTe traps. These quantitative
images are very important in determining the optoelectronic
behavior and the quality of CdZnTe substrate materials and
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fabricated devices, which is controlled by complex free-carrier density wave (CDW) and defect configuration interaction kinetic

processes.
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deep-level photothermal spectroscopy

1. INTRODUCTION

Rapidly growing applications of CdZnTe as a material suitable
for X-ray and y-ray detector fabrication' ™ and for high-
efficiency 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 affect 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, y-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 transg)ort 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).”>*
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 identification 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 coefficients (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”’

d
PO _ Gy - 2O _ ¢ N@p(e) + enlNgy — (o)
dt 7
= CoulNy(t) + €[Ny, — Ny(t)] (1)
le
dt(t) :—CplNl(t)p(t) + epl[NTl - Nl(t)] (2)
dN,(t)

==CpuN,(t)p(t) + ep[Npy — Ny(t)] 3)
where p(t) is the photogenerated free-hole carrier density, G(t)
is the optical generation rate, 7, 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 C,, are the
respective trap-state capture coeflicients, and N, and Nrp, are
the corresponding trap densities.

Given that heterodyne excitation involves two optical
excitation sources modulated at adjacent but different
frequencies f; = ®,/2x and f, = @,/2x, 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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m=—1 n=—1 (7)

Here, m and n indicate response harmonics for excitation at
angular modulation frequencies ®; and w,, respectively. The
solutions to eqs 1—3 can then be written as
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The characteristic times are defined as
S
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where Nj(o,l)(a)l)ENj(wl)x l\rj(O,l)(wZ)El\]j(a)Z); j = 12. The
frequency-domain signal is given by
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For heterodyne lock-in detection at the beat angular frequency
@ = lw; — w,l, eq 13 yields the simplified form
S—I,I(Aa)) = [Ny(w,) + Nz(a)z)]Pfo(wl)
+ [N (o)) + N;‘(wl)]}’l’o(wz)

+ Zp:()(wl)pl,o (0)2) (15)
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Figure 1. Schematic of heterodyne lock-in carrierography (HeLIC) combined with the homodyne (f; = f,) and the heterodyne (f; # 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 fiber-coupled lasers
were first 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, I,..,,
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
filter LP-1000 nm from Spectrogon was used to prevent the excitation
laser beams from interfering with the InGaAs NIR camera and the
detector. Diffuse radiative recombination-induced signals were
collected and collimated with two off-axis paraboloidal mirrors
focused on the detector. The detected signal was demodulated using
two lock-in amplifiers 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 difference Af = | f; — f,| for heterodyne LIC/
PCR. The frequency difference Af 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.

CdyoZngTe 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
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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 specific 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
coefficient 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 inflection 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. (a) Dependence of phase maximum temperature on frequency. The inset shows phase dependence on 1/kT at 500 kHz and best fits to
Gaussian profiles. (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 I,,, (= 1.9 W/cm? for each

beam).

enhanced PCR photon emission (photothermal) signal
amplitude at decreased phase lag due to increased recombining
photocarrier population near the wafer surface. The phase
channel is preferable for analysis over the amplitude channel
due to its higher contrast and sensitivity to the presence of
electronic traps. The two phase peaks monotonically shifted to
higher temperatures with increased modulation frequency, as
shown in Figure 3a, consistent with the enhanced thermal
emission rate observed in resonance with the modulated PCR
signal from two band-gap traps or defects.””*” The phase
dependencies on 1/kT were approximated by three Gaussian
distributions, which allowed determining the precise temper-
ature of the maximum for each peak. It should be mentioned
that the three Gaussian best fits to the experimental
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photothermal phase spectra as functions of 1/kT were
excellent at all frequencies, a sample of which at 500 kHz is
shown in the inset of Figure 3a. The activation energy for
thermal emission from the two defect or trap states was
calculated through Arrhenius-plot fitting of the thermal
emission rate, e,(T),”" as shown in Figure 3b and described

by3 1

E
e(T) = yo,T e ——a)
A(T) = 1,0, XP( T (16)
where y, is a material constant, o, is the capture cross section
by the deep level, and k is Boltzmann’s constant. The thermal
emission rate at each peak can be estimated by e, (Tpeak) =

2.869 w,”® where @ is the modulation angular frequency. The
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Figure S. 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,

0.25 kHz amphitude (arb. un.)

0.25 klz phase (degree)

2.5 kHz amphtude (arb. un.)

100 kHz amphitude (arb. un.)

_ EK]
I‘

100 kHz phase (degree)

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, Vg, in the 0.13—0.21 eV range, various acceptor
impurity clusters in the 0.05—0.35 eV range, and pairing of Cd
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vacancies with a group III 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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Figure 7. (a, b) Heterodyne amplitude and phase camera and (c, d) single-detector frequency scans of CdZnTe at 100 K for various intensities
(described in the inset) from the same location. The mean values (averages) of four nearby pixels are shown.

level, E, + 0.14 €V, and A, level, E, + 0.15 eV, which have also
been observed in PL investigations of CdZnTe* and are
believed to be related to complexes involving a V4 and a Vi,
vacancy, respectively. Very recently, a much more spectrally
resolved study of thermally stimulated current peaks (TSC)
from CdZnTe crystals’ has attributed traps in the 0.154—
0.159 eV range to dislocation-related defect complexes and
traps in the range 0.174—0.179 eV to Op. — Vcd_/z_
complexes. These authors identified the A center-associated
traps lying in the 0.106—0.107 eV activation energy range, a
different energetic location in the band gap from the earlier
reports.

4.2. Heterodyne Lock-In Carrierography Imaging and
HePCR of CdZnTe Wafers. Heterodyne lock-in carrierog-
raphy (HeLIC) amplitude and phase images of CdZnTe wafers
at various modulation frequencies and laser-beam intensities
(Ipaw 045 X I, and 0.27 X I..) are shown in Figures 4—6,
with the temperature of the sample kept at 100 K for an
optimal signal-to-noise ratio (SNR). A heterodyne PCR
amplitude depression (notch or dip) phenomenon recently
observed in Si wafers with origins in destructive interference
among trap-captured and -released carrier density waves due to
the nonlinear nature of eqs 1—3°" appeared in the HeLIC
image pixel frequency response in the intermediate frequency
range over the entire area of the sample around 7.9 kHz, at I =
I a0 as shown in Figure 4. The phase images in Figure 4 exhibit
values around 180° at low frequencies. As predicted by the
carrier density wave theory of the frequency notch,”” there is a
sharp phase transition to ~0° above the notch center
minimum frequency in parts of the sample area in the
intermediate frequency range. Above 7.9 kHz, the phase
transition becomes complete throughout the entire sample
area. Furthermore, as laser intensity decreases, the HeLIC
amplitude notch center minimum shifts to lower frequencies:
In the case of 0.45 X I, intensity, as shown in Figure S, phase
switching starts from the sample edge at low modulation
frequencies, spreads to the sample center region with
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increasing frequency, and phase transition (switching) occurs
everywhere across the sample at high frequencies. A phase
transition occurs at the frequency of the notch minimum
amplitude and therefore it correlates with significant
suppression of the HeLIC amplitude at that frequency. The
phase images at low intensity (0.27 X I,,.), as shown in Figure
6, demonstrate that transition has occurred below the
minimum frequency measurement range and involves a
significantly wider range above 0° due to sample inhomoge-
neity apparent at 0.25 kHz. At that frequency, the sample
center exhibits a large phase lag (around 50—60°) accom-
panied by suppressed amplitude. This feature disappears with
increasing frequency. Details of the heterodyne frequency
behavior and its dependence on illumination intensity as
expected from the nonlinear nature of eqs 1—3 and their
solutions are shown in Figure 7. This figure shows and
compares both camera HeLIC pixel frequency responses from
a spot near the sample center and simultaneously measured
single-detector HePCR frequency scans from the same location
on the wafer at 100 K and several intensities. It is obvious that
results from both measurements are very similar, despite the
very different signal processing methods: using software for
capturing low frame rate (around 100 Hz) camera heterodyne
images and high-frequency (up to 10 MHz) hardware lock-in
amplifier demodulation of the single InGaAs detector,
respectively. The heterodyne amplitude frequency depend-
encies exhibit a very pronounced dip at the highest intensity I
= I,.v as shown in Figure 7a,c, accompanied by ~180° phase
transition, as shown in Figure 7b,d. The dip shifts to lower
frequencies with decreasing illumination intensities and is
inferred to lie below the measured frequency range at low
intensities, I < 0.45 I ...

4.3. Quantitative Dynamic and Kinetic Parameter
HelLIC Imaging of Entire CdZnTe Wafers. The theory
presented in Section 2 was used to fit the HeLIC frequency
response data of the camera pixels and the single-detector
HePCR data, as shown in Figure 7. The frequency depend-
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encies of both methods are almost identical. The parameters,
Ty Cous €15 Cpay €2y Ny, and Ny, were evaluated from the best
fits to data for maximum illumination intensity according to
the two-trap theoretical model, and the results are shown in

Table 1. The fminsearchbnd solver®® was used to minimize the

Table 1. Optoelectronic Parameters Evaluated from Camera
Heterodyne Amplitude and Phase and Single-Detector
Frequency Scans of CdZnTe at 100 K for Max Intensity I,,,,,

parameter camera HeLIC single-detector HePCR
7, (us) 2.02 + 0.00 1.96 + 0.00

Cpi (em®/s) (2.3 £ 12) x 10712 (32 +27)x 10712
ey (s71) (7.66 + 0.04) x 10* (72 £ 0.1) x 10*
Cpz (em’/s) (33 +24)x 1078 (34 +25) x 10713
e (s71) (5.03 + 0.08) x 10° (4.18 + 0.08) x 10°
Ny (em™) (7.0 + 4.1) x 10 (8.1 + 6.8) x 10%
Np, (em™) (5.5 £ 3.5) x 10" (44 +2.7) x 10"

sum of the squares of errors between the experimental and
calculated data starting with random initial values of fitting
parameters within a fixed interval. Different starting points
delivered different results of the theoretical curve best-fitted to
the experimental points. In this manner, the mean values of the
foregoing parameters and their standard deviations, a measure
of the scatter of the best-fitted results, were determined.
Furthermore, the standard deviations show the accuracy/
uniqueness of the fitted parameters. These numbers were
found to be very close and showed consistency between the
two methodologies. Conversely, the absence of a well-defined

notch increases the standard deviation and compromises
measurement uniqueness by increasing standard deviations.
The evaluated parameters shown in Table 1 also have very
similar values. The recombination time, 7, measurements
demonstrate very high reliability and negligible standard
deviations, while some other parameters show relatively higher
standard deviations. This may be caused by the limited number
of experimental points and/or the compounded error of
multiple measured primary parameters used in the calculation
of secondary parameters. The evaluated recombination lifetime
is close to the literature reported hole lifetime of 2.5 us in
Redlen HF CdZnTe.*® In summary, it is important to mention
that, as a general rule, the presence of an amplitude frequency
notch phenomenon accompanied by a phase transition renders
the carrier kinetic parameter measurements precise and unique
with values characterized by low standard deviations.

Figure 8 depicts quantitative recombination lifetime images
for intensities, I ., 045 X I, and 027 X I . with the
corresponding recombination lifetime profiles across the
sample horizontal diameter and the heterodyne frequency
dependencies of four chosen pixels. The central region of the
sample is characterized by small recombination lifetimes, which
increase near the rim. The differences between the center and
the rim are enhanced with decreasing excitation intensity.
Furthermore, a general trend for increasing lifetime with
decreasing intensity is observed in the three images, an effect
typically attributed to trap occupancy increase in the presence
of fewer excitation photons, thereby decreasing the probability
of free-carrier capture resulting in increasing statistical
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Figure 8. Quantitative recombination lifetime images of CdZnTe at 100 K for relative intensities 1.0 (a), 0.45 (b), and 0.27 (c) with corresponding
recombination lifetime profiles across the horizontal diameter (dashed line) and HeLIC pixel amplitude frequency scans for points A, B, C, and D.
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Figure 9. Quantitative capture coefficient (a, , e) and emission rate (b, d, f) images of defect/trap #1 at 100 K with corresponding profiles across
the horizontal diameter (dashed line) for relative intensities 1.0 (a, b), 0.45 (c, d), and 0.27 (e, f).

recombination lifetime. The HeLIC frequency scan at I,
exhibits a very sharp notch with a fixed frequency position
along all four sample diameter points A, B, C, and D. For the
intermediate intensity, however, the notch full-width at half-
maximum (FWHM) broadens, with the minimum shifting to
distinct frequencies for each pixel and disappearing altogether
with increasing lifetime at location D near the sample rim. The
low-intensity frequency scans show only very broad amplitude
valleys at low frequencies with no notch presence. A major
teature of the HeLIC signal is that it is very sensitive to
capture/emission/recombination processes that involve trap
parameters through the rate equations: the emission rate and
capture coeflicient and trap density, leading to significant
changes of HeLIC frequency scans for different wafer locations
and beam intensities.

Figure 9 shows the derived quantitative capture coefficient
and thermal emission rate images of defect/trap #1 and the
corresponding cross-diameter profiles for the same intensities,
as shown in Figure 8. The central part of the sample is
characterized by a lower emission rate and capture coeflicients
than the crescent-like region near the rim. Decreasing intensity
makes these differences more pronounced. Lower emission
rates in the crescent region may result in higher trap occupancy
and thus longer recombination lifetimes, consistent with the
increased lifetime distribution images in that region, as shown
in Figure 8. This is also consistent with the lower trapping rate
distribution image, as shown in Figure 9e.

Figure 10 shows quantitative capture coefficient and
emission rate images of defect/trap #2 and the corresponding
cross-diameter profiles for the same intensities, as shown in

2558

Figures 8 and 9. The behavior of these parameters at intensity
I is similar to that of trap #1. Here, decreasing intensity
leads to the appearance of a transition region between the
central and crescent regions already identified in the images of
trap #1: points B and C belong to this region at intermediate
intensity, whereas point A at the center belongs to the
transition region at low intensity. Heterodyne frequency scans
show strong suppression of amplitude along the transition
region with high levels of noise over a wide low-frequency
range and the absence of a pronounced notch. As a result, the
reliability of fitted parameters of trap #2 in the region is low,
also because the smaller concentrations of the defect increase
the standard deviation of the quantitative C,, and e, images.

Figure 11 shows quantitative images of both trap densities
Ny, and Ni,. From a practical viewpoint, these images are of
key importance for the nondestructive and noncontacting
evaluation of the degree of (opto)electronic integrity,
uniformity, and quality of the semiconductor materials under
consideration and their suitability as substrates for photonic
device fabrication. Inhomogeneous distributions of both trap
states are observed in the sample with higher densities in the
central region than near the rim. It is clear that the density of
trap #1 is higher than that of trap #2 over the entire sample.
This distribution difference is consistent with the respective
relative emission/capture distributions from/into trap #2 and
the emission/capture images shown in Figure 10. For the latter
trap, the transition region at intermediate and low laser
intensities shows anomalous values of Ni,, which may not be
entirely reliable due to its much lower density map than that of
Nr1,. From the images in Figure 11, it is clear that the crescent-
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the horizontal diameter (dashed line) for relative intensities 1.0 (a, b), 0.45 (c, d), and 0.27 (e, f).

shaped region on the right side has lower trap densities than
the remaining regions of the wafer, a fact that is consistent with
the higher recombination lifetime images shown in Figure 8 in
that region. The calculated trap densities N, are on the order
of 10'°—10"7 cm™ and those for N, are on the order of 2.0 X
10"=1.5 X 10" cm™>. The quantitative trap density images are
outcomes of the theoretical model of eqs 1—3, which describes
a general two-trap system consistent with the DLPTS data
shown in Figures 2 and 3. While the Ny, trap densities are
generally in agreement with activation energies in the 0.10—
0.18 eV range, which have been reported to be ~(1.23—8) X
10" em™3,%°**" those of the Ny, densities are on the high side,
or higher than, published deep-level trap densities in
Cd,_,Zn,Te. There are three possible explanations for the
possibility of measuring higher than expected trap densities:
(1) 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, Vg4, in the 0.13—0.21 eV
range, various acceptor impurity clusters in the 0.05—0.35 eV
range, and pairing of Cd vacancies with a group III or group
VII donor (designated as A centers), which are shallow
acceptor complexes with a single ionization level. The
proximity of these energetically adjacent defect cluster states
is such that thermal energetic overlap cannot be excluded in
our DLPTS measurements, which thus may have led to
increased effective trap densities when evaluated by the kinetic
model of eqs 1—3. This possibility suggests carrying out more
highly resolved temperature thermal scans to identity over-
lapped adjacent peaks.”* (2) In the context of the highly
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nonequilibrium steady-state heterodyne optical excitation, with
large fluctuating numbers of free excess carriers roaming at, or
near, the band edge, impurity states emptied by the laser beam
modulated at one frequency may act as extra traps of free
carriers generated by the other, phase lagged, laser beam,
thereby rendering the effective trap densities Np; and Nr,
functions of time. This possibility was considered in the
detailed theory of HePCR trap-state kinetics of p-type Si*” and
was found to be consistent with the observed notch
phenomenon at the minimum-amplitude (resonant) laser
modulation frequencies at which the trap optical excitation/
emission rate equals the trapping rate. (3) A third possibility is
due to the absence of a CDW diffusion mechanism from the
nonlinear kinetic model of eqs 1—3 for simplicity: The number
densities of free CDW measured in this model as spatially
stationary are smaller than the actual densities because an
unaccounted fraction of free carriers diffuses away from the
location of the detector. Therefore, the effective smaller free
CDW calculated under the spatially stationary assumption will
have to be associated with more trap states under dynamic
steady-state kinetics, i.e., with higher effective trap densities. In
any of these three possible mechanisms, the effective trap
densities measured using the CDW rate equations with the
data from the HeLIC imaging technique and/or HePCR may
be higher than the actual native trap concentrations. This,
however, is a conclusion that can affect the quantitative trap
map densities but not their relative distributions across the
optoelectronic material volumes. The importance of quantita-
tive trap density images lies in the fact that these densities and
their distributions under optical excitation conditions control
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Figure 11. Quantitative density of the trap #1 (g, ¢, e) and of trap #2 (b, d, f) images at 100 K, and corresponding profiles along the horizontal
diameter (dashed line) for relative intensities 1.0 (a, b), 0.45 (c, d), and 0.27 (e, f).

the CdZnTe optoelectronic behavior and properties when this
material is used as a substrate for radiation detectors’® and
high-efficiency solar cells.”” In our measurements, the values of
N1, and Ni, calculated in the mappings of Figure 11, also
consistent with HePCR measurements, Table 1, were found to
be consistent with conventional homodyne PCR measure-
ments.'’ This agreement implies that possibility #2 must be
discarded, while possibility #1 may be the most likely cause
due to adjacent trap overlaps in the 0.05—0.3S eV intra-band-
gap range for Nrp;, while the other, more isolated N, defect
state in the 0.10—0.18 eV range, represented by the HeLIC
images, are likely to yield accurate trap densities, also in
agreement with literature values. 3437 A study of trap densities
from HeLIC imaging and the underlying mechanism for the
possibility of overestimation is currently under further
investigation using CdZnTe crystals with known defect
concentrations as validation standards.

4.4. Alternative Quantitative Multirelaxation Lifetime
Imaging of Entire CdZnTe Wafers. Along with the kinetic
optoelectronic quantities, e, Cy and NT), derlved grouped
parameters such as relaxation times T ) and T3P, egs 12 and 13,
can be imaged and used for the characterlzation of entire
CdZnTe wafers. 7203 is sensmve to the capture rate and the trap
concentration, while T ) also involves the trap emission rate.
These relaxation times were calculated on the basis of best-
fitted 7, C,,y, €p1, Cys €52y Ny, and Ny, according to eqs 8—11
and 14. Relaxation time images at various intensities are shown
in Figure 12. Lower emission and trapping rates are consistent
with longer emission and trapping lifetimes as demonstrated
here. These relaxation time images clearly highlight the sample
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inhomogeneities under a common unit (time) and make it
easier to compare the effects of the foregoing material kinetic
quantities. In Figure 12, under high relative laser-beam
intensities, the central region exhibits shorter Tgpand rg’g, j=
1,2, than the crescent on the right side, and the same is true for
the entire near-rim region overall. However, the relaxation time
images for the trap/defect #2 at intermediate and low
intensities reverse this trend and appear to support longer
relaxation times within the central region. This is consistent
with the distributions of emission rates from that trap in those
regions, as shown in Figure 10b,df.

Figure 13 shows relaxation times along with trap densities
Ny, j = 1,2, emission rates, e, capture coefficients, Cop and
relaxation times, TP,TZQQ, ng and their dependencies on relative
intensity for the two traps/defects at the center of the sample
(point A). Increasing intensity results in increasing trap
concentration Nrp;, consistent with decreased occupancy due
to increased emission rates, €ppp of trapped carriers, as expected,
while the capture rate remains relatively flat for both trap
distributions. The derived relaxation times, including the
recombination lifetime, decrease proportionately with increas-
ing intensity and Ny, ey, as expected from the higher vacant
trap availability.

5. CONCLUSIONS

Heterodyne lock-in carrierography was successful employed for
nondestructive quantiative distribution imaging of defect/trap
densities and relevant kinetic CDW parameters in CdZnTe.
The heterodyne amplitude frequency scans were found to be
characterized by the presence of a recently discovered notch

https://doi.org/10.1021/acsaelm.1c00100
ACS Appl. Electron. Mater. 2021, 3, 2551-2563


https://pubs.acs.org/doi/10.1021/acsaelm.1c00100?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00100?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00100?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00100?fig=fig11&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c00100?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Int. 1.0. 13, (ns) Int. 1.0, 15, (ns)
. 11
9
i
7
5
Int. 045, 1y, (us) Int. 045, 13, (us)
20

10

Int. 0.27 Int. 0.27

Tipy (ps)

Int. 1.0. Int. 1.0.

r.‘p.‘

(us)

[~:'.‘

Int. 0.45. 1, Int. 0.45.

600
12000

8000

1800
11200
600
0
HAOOO
40000

20000

0

Figure 12. Multirelaxation time Typ1 (a, e 1), T3p1 (b, £ 5), T2 (¢, g k), and T3 (d, h, I) images derived from T Cppp € and Ny images and eqs 12
and 13 at 100 K for relative intensities 1.0 (a, b, ¢, d), 0.45 (e, f, g h), and 0.27 (i, j, k, 1).

10" 5 o] r
(a) 1074 . (b)
iag® " = L
0w{, " * * 7 ue
= - e €
§ = N @ 10° ==
710 bl L -
z . s 2
Y . . . *
10" +— — o Wr———————
02 04 06 08 10 02 04 06 08 10

Intensity (arb. un.)

Intensity (arb_ un.)

C, (cm’s’)

10"

(c) 107 a A {d) 1
L ] . [ ] L] 1‘ A A A aa
L] 3 . | A
2 10 1‘ a
"C) g | et e ¢
Cl I3 10‘1‘
i 2 ] MDerect2
2. . ve ‘
* . ® * % 10 1 * e o ] ] o= T‘ﬂrhv(-
14 b |
i{ L ]
s 1 L]
0.2 04 06 08 1.0 0.2 04 0.6 0.8 1.0

Intensity (arb. un.)

Intensity (arb. un.)

Figure 13. Two-trap concentrations (a), emission rates (b), capture coefficients (c), and relaxation times (d) as functions of laser-beam intensity at

100 K for point A.

(dip), the frequency position of which depends on excitation
laser intensity and location of the sample. Two band-gap traps
were found with energy activation 0.148 and 0.175 eV using
photothermal spectroscopy. The spatial distribution images of
parameters such as recombination lifetime, capture coefficients,
emission rates, and concentrations of both traps were evaluated
on the basis of a theoretical dynamic nonlinear rate-equation
model with two band-gap traps. As alternative imaging
parameters, images of the trap capture and emission character-
istic times were obtained for the two trap states. The
combination of DLTPS and HeLIC imaging vyielded
inhomogeneous distributions/surface maps of the aforemen-
tioned parameters in CdZnTe wafers with large variations from
the center to the edge. It was shown that HeLIC imaging can
be effectively used to determine the kinetic properties of the
optoelectronic semiconductor CdZnTe, yielding important
images of trap density distributions that may help elucidate the
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effects of optoelectronic traps and improve the quality and
performance of photon detectors and photovoltaic devices
fabricated on this type of a substrate.
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