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ABSTRACT

Improving material quality is an essential step to maintain high electro-optical performances at higher operating
temperature (HOT) of cooled II-VI infrared (IR) detectors. Indeed, the electrical activity of crystal defects affects
their image quality and stability. A first investigation is to correlate the point defect populations with the crystal
quality of the Cdi-xZnxTe (CZT) substrate, used for the growth of the HgixCdxTe (MCT) active layer. For this
purpose, spectrally resolved cathodoluminescence (CL) measurements were performed for low and high crystal
quality wafers, with a respective dislocation density of 1.8x10* cm™ and 6x10* cm™. At 295 K, both wafers
showed the band-to-band transition and CL spectra were modeled with the generalized Planck law. However, at
10 K, CL spectra showed that the visibility of phonon replicas of the donor-acceptor pair (DAP) transition at 1.57
eV is dependent on the crystalline order. In addition, the luminescence of the A-center defect (V.; — D) was

observed at 1.43 eV only in the low-quality CZT substrate.
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INTRODUCTION

Cadmium telluride (CdTe) has been extensively studied owing to its interesting material and electrical
properties for room-temperature X-ray and y-ray detectors. By adding an atomic fraction of zinc, the compound
CdixZnxTe (CZT) made it possible to reach the very high resistivity required for these applications [1]. However,
the growth of a high-quality ternary alloy is challenging due to the zinc segregation and the density of extended

defects [2].

This difficulty is also encountered in the case of cooled infrared (IR) detectors where CZT is used as a
substrate for the growth of the mercury cadmium telluride (Hgi1xCdxTe — MCT) active layer, in order to optimize
the lattice matching. The crystal quality of the substrate is then a major criterion for the quality of the epitaxial
layer. Indeed, the image quality and the stability of the detector are degraded by the electrical activity of crystal
defects. In addition, the pixel response is more affected at higher temperature which represents a real issue for the

development of II-VI high operating temperature (HOT) technologies.

In this context, improving the material quality is an essential step to maintain high electro-optical
performances. A starting point is to investigate and correlate the presence of point defects in substrates with
different crystal qualities. Spectrally-resolved luminescence experiments, as photoluminescence (PL) or
cathodoluminescence (CL), are very powerful to study radiative mechanisms of carriers via defects [3]. Especially,

CL has the advantage of mapping the luminescence properties at the sub-micrometer scale [4].

In this work, CL measurements were made in order to study the luminescence spectra between low and
high crystal quality CZT substrates. At 295 K, the band-to-band transition was observed and well fitted by the
generalized Planck law, while at 10 K, many transitions occur in the bandgap. Different point defect populations,
which are mainly complexes of the cadmium vacancy, can be identified and correlated to the crystal quality of

each wafer.



EXPERIMENTAL DETAILS

The Cdi«Zn:Te single crystal substrates [S5] were grown using the vertical gradient freeze (VGF)
technique at LYNRED. The (111) oriented wafers have close composition with low Zn fraction between 3 and 5
atomic percent and are p-type conducting with hole concentration of about 10'> cm™ at 300 K. They were
mechanically polished, chemically etched and stored in air before characterization. Then, 5X5 mm? samples were
cut from the 47x48 mm? substrates. The crystal quality of both substrates is characterized by the full width at half
maximum (FWHM) calculated for the (222) X-ray diffraction peak and the etch pit density (EPD) measured from
a neighboring sample of the one used for CL. The low-quality wafer is then distinguished by higher FWHM and

EPD values than the high-quality wafer, Table I.

Cathodoluminescence measurements were performed using an Attoligth Chronos CL — scanning electron
microscope at 295 K and 10 K. CZT samples were excited by an electron beam with an acceleration voltage of 10
kV and a current of 6 nA. Luminescence was collected by an achromatic reflective objective (numerical aperture
0.72), dispersed with a Horiba diffraction grating (150 grooves/mm and 600 grooves/mm respectively for 295 K
and 10 K measurements) and recorded with an Andor Newton charge-coupled-device (CCD) camera (1024X256
pixels, with a pixel width of 26 pm). The corresponding spectral dispersion in the visible to near-infrared range is
0.53 nm per pixel. CL spectra were corrected for the diffraction efficiency of the grating and the sensitivity of the
CCD camera. The high stability of the instrument allowed a quantitative comparison of the luminescence of both

samples.

At 10 keV, Monte-Carlo simulations using the CASINO software [6] show that 95% of electron-hole
pairs are generated in a pear-shaped interaction volume with an approximate depth and width of 240 nm and 210
nm respectively. CL spectra presented in the following sections are mean spectra, averaged over 17x17 um? CL
maps (= 128%128 spectra). No extended defect signatures such as dislocations were observed in CL maps. The

spectral response recorded for both substrates is then directly obtained from the crystal.



RESULTS AND DISCUSSION
ROOM-TEMPERATURE MEASUREMENTS

Fig.1 shows the CL spectra of high- and low-quality Cdi-xZnxTe wafers at room temperature (RT — 295 K).
Both substrates exhibit a single broad peak centered at 1.522 eV and 1.527 eV respectively for high- and low-
quality, which is near the expected RT bandgap. This characteristic luminescence spectrum is attributed to the
band-to-band transition. It can be noticed that the CL intensity is higher for the low-quality wafer. For a given
injection level, the CL intensity depends not only on the non-radiative recombination rate, but also on the
concentration of free carriers which may differ between the low- and high-quality substrates. As a consequence,

the quality of the substrates can not be assessed directly from the luminescence intensity.

The lineshape of the CL spectrum can be modeled with the generalized Planck law. This law is based on the
work of Wurfel [7] and has been adapted by Chen et al. [8] to analyze CL spectra of GaAs thin films. The
generalized Planck law, equation (1), describes the luminescence spectrum @, at the photon energy Aw by
involving the absorptivity A(/iw) and the quasi-Fermi levels for electrons and holes E Fep- I €quation (2), R (/iw)
is the reflectivity, a(Aw) is the absorption coefficient and d is a characteristic length over which carriers are

generated, travel and recombine radiatively in bulk materials.

A(hw) (hw)?
Pun(B0) = o ce hw — (Eg, — Eg,) )
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The modeling of the absorptivity A(/w) is the most important part due to its direct dependence on bulk material
properties. In the case of an ideal semiconductor, the absorption coefficient denoted &;4.,; can be described with

a parabolic model where no absorption occurs at energies below the bandgap, equation (3).

ot (h0) = a /Mcf@)—fw)) 3
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a, is a chosen parameter related to the photon energy E,. The ideal absorption coefficient is corrected by the
occupation probability f, (E) — f.(E.), which is related to the excess energy between carriers /iw = E, — Ej, and
weighted according to their effective masses as follows with the parameter w (0 <w < 1): E, — E, = (1 —

w)(hw — Eg) and E, — Ec = w(/iw — E;). In a more realistic case, a sub-bandgap absorption is observed and has



to be considered. This absorption is usually described by an exponential decay called Urbach tail with the energy
parameter ¥ [9]. Thus, the absorption coefficient a(Zw) is modeled by a convolution of the ideal absorption (Aw >

E,) and the Urbach tail (4w < E;), as proposed by Katahara and Hillhouse [10], equation (4).

ﬁw—Eg
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Finally, the fitting parameters are the bandgap E,, the temperature T, the characteristic length of carriers d
from generation to recombination and the Urbach energy y. Quasi-Fermi levels are also free parameters, however,
the estimation of the injection level indicates that they are away from band edges which makes them
undeterminable and have no influence on the modeling. Absorption measurements have not been performed in the
studied substrates. Consequently, data from Adachi’s work on CdTe has been used for the absorption coefficient
(ap =3.11x10*cm™ at Ey = 1.7 V) and the reflectivity R(%w) [11]. Regarding the weighting parameter w,

mp, = 0.815my and m; = 0.091 m, were used [12], leading to a ratio of 0.9.

Fig. 2 shows the luminescence lineshape of the low-quality wafer modeled by the generalized Planck law with
a good accuracy over two decades. It can be noticed that calculated parameters, gathered in Table II, are close for
both crystal qualities. The fitted bandgap energies are found lower than the expected value and temperature higher
than the setpoint of 295 K. Fixing the temperature at the setpoint does not provide a good fit. This suggests that a
local heating has to be considered at the surface of the sample due to the electron beam. It is interesting to notice
that the point (T, E,;) obtained by the generalized Planck law is in good agreement with the temperature dependence
of the bandgap obtained from low-temperature measurements, Fig. 4. Values around 1.8-2 pum have been
calculated for d. This result is in agreement with the diffusion lengths reported in the literature: 700 nm to 2.6 pm
in the case of p-type CdTe with hole concentration in the 10" - 10'® cm™ range [13], and up to 6 um for 1.5%x10'3
cm p-doped CZT [14]. Urbach energies y are relatively low which indicates a good overall crystal quality. These

two last material parameters, d and y, seem to be independent of the crystal quality.
LOW-TEMPERATURE MEASUREMENTS

Fig. 3 shows the CL spectra of high- and low-quality CdixZnxTe wafers at low temperature (LT — 10 K). In
contrast with RT measurements, many peaks are observed between 1.35 eV and 1.62 eV. A summary is given
Table II1. It can be noticed that two differences appear between both crystal qualities. The first point is related to

peaks between 1.49 and 1.58 eV which are less visible when the crystal quality is degraded. The second point,



which is the most striking feature, is the presence of the broad structured band around 1.43 eV only for low-quality
wafer. In the following, each transition will be discussed, with a particular attention to those that are different

between both substrates.

The high-energy part of the spectra is constituted of excitonic transitions with near-band-edge energies. The
first one is attributed to the free exciton (FE) recombination. This transition is interesting to estimate the alloy
bandgap by adding the binding energy of the exciton around 10 meV, assuming it is very close to that of the binary
CdTe [15]. The experimental bandgap measured as a function of the temperature between 10 K and 70 K is shown
in Fig. 4 for the low-quality wafer. Data were fitted with the Varshni law [16]. However, the setpoint temperature
did not allow to correctly fit the data. The temperature of carriers was therefore extracted from the spectra at fiw >
Erg with a Boltzmann distribution exp (—#4w/kgT) and turned out to be higher than the temperature of the sample
holder (33 K and 74 K for 10 K and 70 K respectively). The fitting parameters, given in equation (5), are in good
agreement with the previous work of Sanchez-Almazan et al. [17].

6.60 X 107 x T?

Eg(T) = 16337 — —————

)

At 20 meV from the (FE) transition, the first longitudinal-optical (LO) phonon replica (FE — 1LO) appears.
The energy difference between both transitions is consistent with that measured by Rowe et al. [18] in the case of
CdTe. Their presence is the signature of a good overall crystallinity for both wafers.

Finally, the peaks at 1.614 eV and 1.611 eV, respectively, for low- and high-quality substrates, are associated
to the recombination of an exciton bound to an acceptor level (42X) [13,19-26]. With a localization energy of 5
meV in both substrates, the acceptor level could be related to a residual impurity [19,20] or Cd vacancy complexed

with two unknown donors [24].

Luminescence around 1.57 eV is a combination of two transitions although they are difficult to discern in Fig.
3. The first is known as the recombination of an electron from the conduction band to an acceptor level (eA9), and
the second, which is 5-6 meV deeper in the bandgap, is the recombination of a donor — acceptor pair (DAP;) =
(D, — A,) [22,13,24-28]. It is well established that the acceptor level A9 is common to both transitions, a study as
a function of the temperature allows to highlight this characteristic [27,28]. The work of Shin et al. [24] shows that
these two transitions disappear from the PL spectra after annealing in Cd atmosphere. From this experiment, the
acceptor complex (Vg — 2D) was proposed. As ionization energies (E,, = 57-58 meV and Ep, = 5-6 meV)
calculated in the present work are close to those of Shin et al., the acceptor complex (V.; — 2D,) is the most

probable candidate for AS. However, donors D; and D, are residual impurities which cannot be identified.



The next three transitions are LO-phonon replicas of the (DAP,) transition. It is interesting to note that their
visibility is degraded in the case of low crystal quality. This feature suggests that the crystalline order of the

substrate is, as expected, lower in the low-quality CZT than in the high-quality CZT.

The main contrast between CL spectra concerns the broad luminescence band around 1.43 eV. Indeed, this
signal is not observed at all in the high-quality substrate. A fine structure composed of five peaks can be clearly
seen. The first is associated to another (DAP,) = (D2 — A9) transition at around 160 meV under the bandgap and
is followed by its LO-phonon replicas. It is accepted that the acceptor level A3 is induced by the so-called A-center
defect which is a cadmium vacancy complexed with a donor (V4 — D,) [28-34]. For intentionally Cl-doped CdTe,
the donor implied in the A-center defect is identified as a chlorine atom in a nearby tellurium site [30,34]. CZT
wafers studied in this work are undoped, thus, donors D; and D, are unidentified residual impurities. As this
radiative signature only appears in the low-quality wafer, there seems to be a correlation between the formation of

A-center defects and the crystal quality of CZT susbtrates.

CONCLUSION

In conclusion, CL measurements at low- and room-temperature have been presented for low and high crystal
quality CZT substrates. At 295 K, it was shown that luminescence could be attributed to the band-to-band transition
and is well fitted with the generalized Planck law. However, no signature of the crystal quality was found. This
result could be developed by adding experimental absorption measurements as input modeling parameters. At 10
K, it has been shown that the visibility of LO-phonon replicas of the (DAP;) transition is related to the crystalline
order of wafers. In addition, the formation of A-center defects was observed only for the low-quality substrate.
The crystal quality of the CZT wafers, in terms of EPD and FWHM of the (222) X-ray diffraction peak, can be

associated to different populations of point defects.

Although most of the previously observed transitions are due to Cd vacancy complexes, the luminescence of
tellurium defects is usually observed with energy levels deeper in the bandgap. Especially, the emission band at
1.1 eV has been attributed to tellurium vacancies [31] or tellurium second phase defects [35-38]. CL measurements

in the near-infrared range with a InGaAs camera might help to sort out the discrepancies in this assignment.



FWHM DDX [aresec] Etch pit density [cm™]

Low-quality wafer 35 1.8x10*

High-quality wafer 23 6x10°

Table I: Values of the full width at half maximum (FWHM) calculated for the (222) X-ray diffraction peak and

etch pit density (EPD) for low- and high-quality Cdi.xZnxTe wafers.
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Fig. 1: Cathodoluminescence spectra of low- and high-quality CdixZnxTe wafers at room temperature (295 K).
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Fig. 2: Cathodoluminescence spectrum of low-quality CdixZnxTe wafer (black line) modeled with the

generalized Planck law (red dotted line). Fitted parameters are as follow: E; = 1.517eV, T =341 K,d =2 um

and y = 8.6 meV. The calculated bandgap Ej; is represented by a black square.

E4 [eV] T [K] d [am] Y [meV]
Low-quality wafer 1.517 341 2 8.6
High-quality wafer 1.511 339 1.8 9.1

Table I1: Materials parameters calculated from the generalized Planck law for low- and high-quality CdixZnxTe

wafers.
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Fig. 3: Cathodoluminescence spectra of low- and high-quality Cdi.xZnxTe wafers at low temperature (10 K).
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model (E;(0 K) =1.6337 ¢V, a = 6.60x10*ev.K ' and § =275 K). The red triangle represents the point Ey(T)

calculated from the modeling of the room-temperature CL spectrum with the generalized Planck law.

Low-quality wafer

High-quality wafer

Transition energy Characteristic Transition energy Characteristic
(FE) 1.619 eV Ey =10 meV (¥) 1.616 eV Ey =10 meV (*)
A%X
0(. 1 )_ 1.614 eV Ejpe =5 meV 1.611eV E,e =5 meV
A7 impurity
(FE—-1LO) 1.599 eV E; o = 20 meV 1.596 eV E; o =20 meV
AO
(e4z) E, =58meV E, =57 meV
AY: (Veq — 2Dy) 1.573 eV z 1.571 eV 2
D, : impurity
DAP,) = (D9 — A?
( }J) =02~ 4) 1.568 eV Ep, =5meV 1.565 eV Ep, = 6 meV
D;': impurity
k=1:1548¢eV k=1:1544¢eV

(DAP, — kLO)
Phonon replicas

k=2:1526eV | E[FF™ =22.5meV
k =3:1503eV

k=2:1522eV | E[¥*" =21.5meV
k =3:1501eV

(DAP,) = (D§ — A3)

hw =E, —
AS: (Voqg — Dy) 1.469 eV 160 mgV - -
DY, D,: impurities
k=1:1449 eV
(DAP, — kLO) k=2:1429eV
EJFe" =21. - -
Phonon replicas k=3:1.407¢V Lo 3 meV
k=3:1385¢eV

Table III: Synthesis of the transitions observed in the CL spectra of low- and high-quality wafers and their

respective characteristics at 10 K. (*) From [15].
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