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Abstract

We present the results of a comprehensive study of distribution of zinc, resistivity, and
photosensitivity in a Cd;xZnsTe ingot grown by the Vertical Bridgman method. We used
several complementary methods, viz., glow discharge mass spectroscopy, photoluminescence-
, resistivity-, and photosensitivity-mapping, along with photo-induced current transient
spectroscopy to characterize the material. We identified electronic levels in the band-gap

responsible for compensation, recombination, and photosensitivity.

1. Introduction
Cadmium zinc telluride, Cd;ZnsTe (CZT) is a leading material for manufacturing
room-temperature X- and gamma-ray spectroscopic detectors [1-3]. Along with the high
atomic numbers (48, 30, and 52) of its elements, wide band-gap (1.45 eV at room
temperature), and high density (~6 gm/cm®), CZT offers reasonably good hardness, high
resistivity, and good electron transport. Nowadays, the concentration of foreign impurities can
be reduced to levels of 10M-10"° em™, and, to a large extent, native donor and acceptors can
assure very accurate compensation conditions [4].
| While the High Pressure Bridgman (HPB) process remains as the basic growth method

for CZT ingots, we already have grown a 3-inch diameter ingot containing only 3-4 single
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crystals using the conventional vertical Bridgman method [5]. Recently, our group correlated
increasing resistivity with a corresponding increase in the bandgap thronghout CZT ingots [6,.
7]. Based on advances in growing crystals and producing detectors, large-volume and pixel-
matrix spectroscopic detectors have been devised [8, 9].

There have been several intensive studies of structural extended defects, tellurium
inclusions, and Zn inhomogeneities in CZT ingots [10-14]. Less attention has been paid to
exploring correlations between Zn and the native defects that determine the photo—el.ectrical
and recombination properties of CZT.

The aim of our research was to compare the distribution of zinc with resistivity (R),
photoconductivity (PC), and photoluminescence (PL) throughout the entirety of a vertical
Bridgman-grown CZT ingot, and to identify those defects that capture photo-carriers at room
temperature.

We measured the content of impurities by Glow Discharge Mass Spectrometry
(GDMS). The R and PC maps provided information on the distribution of compensating and
photosensitising defects. Low-temperature PL and Photo-Induced Carrier Transient
Spectroscopy (PICTS) measurements gave data on the energy levels in the bandgap. We
found from assessing the bound exciton (BE) emissions that an i.ncrease in the concentration
of Zn affects the deviation from stoichiometry towards the metal excess, thus decreasing the
concentration of native defects (Vog, Tecqy) and shallow-level acceptors (Nacg). We

incorporated these data into the overall picture of electronic levels in the bandgap of CZT.
2. Experimental

We grew the undoped Cd;_xZn,Te ingot by the vertical Bridgman method from a melt
containing 5% Zn. Several wafers were cut along the crystal’s axis and two wafers, labelled
S1 and S2, were cut in a direction perpendicular to them. All the wafers were mechanically
lapped, polished, and finally chemo-mechanically polished with a Br/methanol solution.

We employed a cofnbination of several spectroscopic methods to comprehensively
characterize CZT, namely, the contactless R and PC mapping techniques [15], low-
temperature PL, and PICTS. Photoluminescence spectra were acquired at 4.2-80 K in a
cryostat attached to an X—Y translation stage with a 1-mm step, employing an argon laser

(488 nm) for excitation, and a Ge detector.



3. Results and discussion
Table 1 shows the impurity content of the material, primarily Na, Cu, and Fe,

measured in the region of steady-state growth.

Table 1 Glow Discharge Mass Spectroscopy analysis of a CZT ingot (ppbw).

(Vladimir: How about moving up the bottom half of this table, so that it extends across
the page rather than leaving a lot of white space? You’d then have four elements in each
row. In addition, would you order the elements from the highest to the lowest
concentration with those elements below the minimum detection limits placed at the

bottom?)

Li <1 Fe 52
B 0.4 Co <0.1
Na 100 Ni 4
Mg 14 Cu 25
Al 5| 7n Matrix
Si 13 As 3
0.3 Se <10
3 Ag <50
Cl <1 Cd Matrix
K 2 In <10
Ca 6 Sn <30
Ti 0.4 Sh <30
v <0.1 Te Matrix
Cr 2 Pb <5
Mn 0.5 Bi <5

We inferred the Zn concentration and its distribution in the ingot from the low-
temperature spectral near-bandgap PL measurements that others and we described previously.
[7, 8] Fig.1 maps the distribution of Zx in an axial wafer: an increase in Z» concentration
toward the outer part of the ingot is clearly apparent. Vladimir: Any chance you are seeing
the effects of strain due to a sticking of the ingot to the crucible and a strain-induced

shift in the PL energies? We see the EPDs go up by 100 near the outer part of the ingot.
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Fig. 1. Map of Zn concentration in a long-lehgth cut of the CdZnTe ingot.

Fig. 2 is a scan of Zn distribution along the diameter of the S1 and S2 wafers, cut
perpendicularly to the crystal’s axis. Generally, the distribution of Zn in the ingot resembles
that reported by V. Komar ef al. [13] A remarkable feature is the accumulation of Zn in the
stressed area near the ampoule’s wall, also reported by Larson et al. [10]. This finding
suggests that the stress induced in the CZT crystal by its contact with the ampoule

considerably influences the crystal’s homogeneity. [14]
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Fig. 2. Radial distribution of zinc in the wafers S1 and S2 cut perpendicular to the crystal’s

axis.

Fig. 3 shows the resistivity in the dark (R) and photoconductivity (PC) maps in the

same wafer. We defined photoconductivity as Ac = G, — G4y =1/ Ry, —1/R,,, . Comparing

the distribution of Zn and resistivity (Fig. 1 and Fig. 3, panel A), we note their strong
correlation that we earlier observed. [6, 7] In the regions first-to-freeze and last-to-freeze,
this correlation was poor. The outer part of the ingot exhibited the highest resistivity 5x10° Q

cm,; thus, in this area compensation was more precise.
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Fig. 3. Resistivity map (A) and photosensitivity map (B) at room temperature in a long-length

wafer.

Having obtained these data from the conductivity type and resistivity maps, we should
have been able to calculate the location of the Fermi energy over the whole wafer. [16]
Unfortunately, in semi-insulated CZT, the type of conductivity and concentration of carriers
cannot be evaluated by electrical methods, such as Hall measurements or Thermo-Electric
Effect Spectroscopy (TEES).

Nevertheless, using the bound exciton (BE) luminescence, we determined that in our
CZT crystal, the concentration of the shallow-donor level dominates that of the shallow-
acceptor level; knowing this, we tentatively decided that the Fermi-level is located in the
upper half of the bandgap. Fig. 4 plots two bound exciton (BE) luminescence spectra taken
from the periphery and central part of the ingot.
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Fig. 4. PL spectra in the bound-exciton region recorded at 4.5 K in the periphery (bottom) and

in the centre (top) of the axial cut.

The BE lines, labelled (A°X) and (DX), arose, respectively, from the recombination of
the neutral shallow acceptor (A% and the donor (D%). The relation of D°X/A°X intensities
points to the prevalence of the concentration of shallow donors over that of shallow acceptors
throughout the cross-section.

The domination of the donor-related component in the D°X/A%X relation is a well-
known characteristic of the n-type CZT; it always appears after annealing the material in
cadmium vapor, that is, in cases where the crystalline lattice is enriched with interstitial
cadmium. According to the phase diagram of CZT [17], Cd enrichment lowers the
concentrations of V¢, and shallow acceptors (Mcy), thus increasing the D’X/A%X ratio. This is
a reversible phenomenon, and the D°X/A°X ratio again can be depressed by subsequently
annealing the n-type CZT in vacuum. [18-22]

By analogy with these results, the enhancement of the D°X/A%X ratio towards the
ingot’s periphery suggests a relative increase in the concentration of the shallow donors,
namely, a residual amount of sodium impurities in the interstitials, Na;. [23] According to the

GDMS analysis, Na is the main residual impurity present, at about 100 ppb. Thus, we



conclude that the Zn concentration is higher, and concentration of Vs and shallow acceptors
Nac; lower at the periphery of the ingot than in its central part.

These results are important for analyzing compensation and photosensitivity. Firstly,
an increase in Zn concentration slightly raises the bandgap of CZT, mainly at the expense of
~ the movement of the C-band minimﬁm upwards in the absolute energy scale. Secondly, an
increase of resistivity suggests that the Fermi-level in the n-type CZT moves towards the
midgap, that is, away from the C-band, as is apparent when Np > N4 due to the fact that Np,
N4 >> Npp, Nap, Here, N4 and Np are the concentration of shallow-level impurities,— and Nap
and Npp are the concentration of deep-level impurities.

Here we note that éven with the values in stoichiometry and the concentration of
shallow acceptors remaining constant, that is, solely at the expense of an increase in the
concentration of Zn, resistivity must rise in CZT compared with CdTe.

Fig. 3 clearly shows the anti-correlation of resistivity, mapped in the left panel, and
. photoconductivity, plotted in the right panel. These two maps differ markedly from each
other; the highest R values are at the periphery of the wafer, whilst the highest PC values are
in its inner part.

Electron PC decreased at the periphery of the ingot, while the Fermi-level moved
towards the midgap; this clearly indicates that the PC value fell due to a decline in the deep-
level population of electrons in the dark. Thus, photoelectrons can be easily trapped at deep
levels, increasing the afterglow effect. This occurs when a deep-donor level supplies electrons
to compensate for a surplus of acceptors.

Thus, from the spatial change in the resistivity and photoconductivity values, we
concluded that the deep-donor level in n-typé CZT is located only several kT away from the
Fermi-level, that is at Ec-0.64+0.1 V. Such a deep level was revealed earlier in CZT by
PICTS measurements. Its position was determined in relation to the V-band as Ey + (0.75-0.8)
eV. This deep donor level influences compensation, and was identified as the tellurium
antisite, Tecy. [24-25].

The maximum value of resistivity in Cd;ZnTe with x = 0.05 can reach
approximately of 10'" Qxcm when the Fermi level is located slightly above the midgap. A
resistivity of 5%x10° Q-cm in n-type CZT can be attained when the Fermi-level lies above the
midgap.

We obtained additional dai:a for analysing defects from deep-level PL. Fig. 5 depicts
a typical PL spectrum from the middle of the ingot.
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Fig. 5. A typical PL spectrum from the middle of the CZT crystal recorded at 80 K.

The figure shows the PL band, denoted as a free exciton band (FE), that arises from
the recombination at shallow donors (D-k) [26], the A-center, and 1.1 eV bands, respectively.
The A-band is generated by recombination in the A-center, which is a complex (Ves — Mca),
wherein M is an impurity, such as In, Ga, Al [27] and the 1.1-eV band is due to the Fe and/or
Cd vacancy complex [4].

Fig. 6 demonstrates that the intensity of the 1.1-eV band correlates with resistivity
along the direction of crystal growth. Because the recombination level is located in the lower

part of the band-gap, its population does not change, and it does not influence the PC value.
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Fig. 6. Axial profiles of resistivity (bottom) in dark (paax) and light (prignt), photoconductivity
(middle), and intensity of the 1.1-eV. PL band (top).

Here again we stress the opposite behavior of Zn concentration and PC; as the former
decreases, the latter increases. Together with the constant value of R and of the intensity of
| the 1.1-eV PL band, this finding suggests that the position of the Fermi-level does not change
along the crystal, while the population of electrons above the midgap deep-level increases. In
other words, a lesser concentration of deep-level electrons was needed to compensate for the
rest of acceptors in the area of stable growth. We summarize this situation in Fig. 7, a
graphical representation of the bandgap of Cd;..Zn,Te dependence on the Zr concentration, in
which we illustrate the positions of the deep-donor level against the Fermi level (upper panel),
and the dependence of the PC signal on the Fermi level (lower panel).

We assume that there is an abundance of defects, such as Vg, Te; and Tecy, in CZT, as
was predicted for CdTe crystals grown from a Te-rich melt [28]. Consequently, the
concentrations of these defects should increase to the end of the crystal growth due to
prevailing Cd evaporation from the melt [29]. While Tecy is a deep donor with an electronic

level located above the mid-gap, both V¢, and Te; are deep acceptors with electronic levels in

the lower part of the gap. [28, 30, 31]
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Fig. 7. A representation of the bandgap of Cd;xZn,Te for comparison with the positions of the
Fermi level and the energy level of deep-donor leve! (upper panel), and the dependence of a

PC signal on the Fermi level (lower panel).

There are frequent assertions in the literature that the DX/A%X ratio is more than unity
in spectroscopic-grade CZT [2]. The concentration of shallow-level impurities invariably is
much greater than that of the deep ones; thus, the DX/AX ratio more precisely reflects the
deviétion from stoichiometry. Materials in which the DX/A’X ratio is above unity are closer
to stoichiometry than the typically grown low resistive p-CZT in which this relation is always

- very low. We suppose that a lesser deviation from stoichiometry establishes a nearly equal
concentration of shallow donors and shallow acceptors, and, under such conditions, a lower
concentration of the deep levels can stabilize the precise compensation condition.

In such condition, deep-level donors and acceptors may compensate each other, and
thus, by properly choosing the deep-level compensation conditions, the concentration of
electron traps can be minimized to 10'2 ¢m™. Numerical analyses suggest that a compensation
condition is reasonably satisfied when (Nx +Npa) — Np < 1/2 Npp. Thus, for a premium-grade
CZT, the concentration of Tecy, should be about 10'? cm™. This is the reason for the very low

yield, and uncontrollable growth of CZT by the High Pressure Bridgman method, wherein



some impurities, like Cu and Fe; become incorporated into the CZT crystal from the hot part

of growth facilities.

3. Conclusion

We undertook a comprehensive study of the distribution of zinc, resistivity, and
photosensitivity in a CZT ingot grown by the Vertical Bridgman method. We demonstrated
that resistivity correlates with the distribution of Zn, but photosensitivity does not; the highest
photoconductivity was observed in the area with the lowest Zn concentration. We suppose
that the distribution of the photosensitising deep-donor, Tecy, depends upon a crystal’s
deviation from stoichiometry. Compared with ingots grown by the High Pressure Bridgman
process, the CZT ingot we studied with low Zn concentration exhibited a smaller deviation
from stoichiometry, and the Fermi level was located closer to the C-band. In our material,
the deep-level is more heavily populated with electrons, and thus, it is less efficient as an

electron trap.
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