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Annealing also altered the character of the phonon replica/defect

] band. The spectra show a noisy signal that begins at about the band gap
] energy and increases to a hump where the phonon replica/defect band
| usually is and then decreases again. The individual phonon replica peaks
cannot be resolved at the laser power used.

The mid-gap peak changes dramatically. It is huge in an annealed -

sample even when it is very small in the sample before annealing. This

result would suggest that it is connected with bulk defects.

J. Samples with Bulk Impurities

I examined two other types of materials--a single-crystal pure CdTe
sample labelled Raytheon, which produces high resistive samples when
used as a substrate ( with cleaved and polished surfaces), and a highly
conductive (2 ohm-cm instead of approximately 10° ohm-cm) sample of
pure CdTe. The Raytheon sample does not contain zinc, but may contain
an impurity (most likely lithium). The spectra from both the cleaved and
polished surfaces of the Raytheon were quite dissimilar from previous
spectra. The main difference between the two surfaces is that the peak at
1.577 eV (33 meV lower in energy than the band gap) in the cleaved-sample
spectrum is not in the polished-sample spectrum (Fig. 13). There is also a
small peak at about 1.56 eV (50 meV lower in energy than the band gap).
These peaks cannot possibly be the usual exciton peaks since they are at

lower energies (further from the band gap energy) than any of the exciton




Figure 13: Raytheon Sample
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Fig. 13. The spectrum from a sample labelled Raytheon. This sample is
pure CdTe but it has an impurity (most possibly lithium) that causes high
resistivity when it is used as a substrate. The two peaks at about 1.60 eV
are probably part of the phonon replica/defect band even though the
relative intensities of the phonon replicas differ from a pure CdTe sample.
The width of the phonon replica/defect band is also about 40 meV, the
energy of these two extra phonon replicas, greater than in a pure CdTe
sample. This spectrum was taken at 4 K and 20 mW laser power.
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peaks in other pure CdTe samples. The position of these peaks is actually

about the same as that of the donor-acceptor peaks in 4% zinc samples.
They may be due to an unknown impurity in the sample. In both samples
there are two peaks at 1.501 eV and 1.480 eV that look like they could be
the donor-acceptor peaks, but they are red-shifted to enter the range of the
phonon replica peaks. Also, they have a separation of about 21 meV, the

same separation as the phonon replica peaks. This suggests they are

actually part of the phonon replica/defect band. The phonon peaks also
}1 have a slightly smaller spacing, approximately 19-20 meV instead of 20-21
| meV. In this model there are no excitons in the spectra; thus, all the peaks
are associated with the donor-acceptor peaks, the phonon replicas, and the
defect band. The difference in this phonon replica/defect band is that the
| basic shape is not gaussian. Instead, the two higher-energy phonon
replicas (at 1.501 eV and 1.480 eV) are more intense than the third (at
1.460 eV), and the intensities of the next three are about the same as those
' of the first two. There are also more phonon replicas than in other pure
CdTe samples. In some samples seven replicas can be detected (Fig. 4), but
in this sample there are possibly nine distinguishable replicas. This makes
the phonon replica/defect band wider than in other samples. When
measured, it is about 190 eV wide as compared to 150 eV. The extra width
is about equivalent to the energy of two phonons. This result shows that

|
|
| the relative intensities of different multi-phonon interactions and the
| number of phonon replica peaks can vary. The defect band could also
|
l
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affect the intensities, position, and number of phonon replica peaks seen
in a spectrum.

In both samples there was a mid-gap peak. In the cleaved sample
this peak is slightly more intense than in the polished sample, and it is
shifted to slightly higher energy (Fig. 13).

The highly conductive sample is also a pure CdTe sample with no
zinc added, but I suspect an n-type impurity that makes it highly
conductive--2 ohm-cm conductivity (Fig. 14). The highly conductive sample
shows two peaks at 1.576 eV and 1.558 €V (34 meV and 52 meV lower in
energy than the band gap). These peaks are at the same position as the
higher energy peaks in the Raytheon sample. As in Raytheon, these
energies seem too low for exciton peaks, so they are probably donor-
acceptor peaks associated with an unknown impurity in the sample. Since
their positions are the same as in the Raytheon sample, the impurity is
probably the same in both samples. The separation is 18 meV, which is
approximately the separation of a donor-acceptor peaks and a phonon
replica of that peak. The phonons do not begin until about 60 meV lower
energy than those in the Raytheon sample. (The first three phonon replicas
are not visible.) There are then six phonon replicas that match the
positions and relative intensities of the fourth through the ninth replicas in
the Raytheon sample. This makes the energy difference between the donor-
acceptor peaks and the phonon replica/defect band larger than in a typical

pure CdTe sample. The phonon coupling must be such that the optimum
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Figure 14: Highly Conductive Sample

Relative Intensity
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Energy (eV)

Band Gap

Fig. 14. The spectrum of a highly conductive sample, 2 ohm-cm
conductivity compared to the usual 10° ohm-cm in a typical CdTe sample.
This is a pure CdTe sample with an n-type impurity which makes the
sample highly conductive. The phonon replica/defect band matches the
lower energy peaks in the Raytheon sample, but the highest energy phonon
replica in this sample matches the energy of the fourth highest energy
phonon replica in the Raytheon sample. The phonon replica/defect band
in this sample is the same width as in a typical CdTe sample, but it is
shifted by two phonon replica energies to lower energy. This spectrum was
taken at 4 K and 20 mW laser power.




48

number of phonons produced differs in this sample; thus, the spectrum
shows the phonons at lower energies (longer wavelength) are more intense

than the ones usually seen. The mid-gap peak is not detectable.
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V. DISCUSSION

In order to better describe the phonon replica/defect band and mid-

gap peak, I will discuss each separately.

A. Phonon Replica/Defect Band

This feature in the photoluminescence in other materials has often
been classified as the defect band. In my research I have found evidence
of defects associated with the peak in this region. Surface preparations
such as etching and other cleaning methods decrease the intensity of this
band relative to the exciton and donor-acceptor peak intensities. Polishing
the surface of a newly cleaved sample also heightens the intensity of this
peak. A sample that was cleaved more than a month before measurements
were taken and was then left in air shows an even larger increase in peak
intensity relative to the exciton and donor-acceptor peak intensities than
does the polished sample. These data all suggest that surface defects
contribute to the intensity of this peak. However, when different laser
wavelengths (632.8 nm and 456.9 nm) were used to determine whether this
peak was due to surface effects or bulk effect, there was no significant
change in the spectra. This result suggests that this defect band is due to
bulk (at least as deep as the 632.8 nm laser penetrates) characteristics of

the sample although it may also be affected by surface defects.
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I also see evidence of phonon replicas superimposed on this defect
band. Especially in samples where the intensity of this peak is low, small
peaks separated by approximately 20-21 meV are superimposed on this
defect peak. These peaks are more distinct in samples with lower zinc
content. Zinc decreases the phonons in the crystal since zinc is an element
of smaller atomic weight than cadmium, and the lack of symmetry destroys
the phonons. Defects would have the same effect on the phonons. This
peak does not shift with zinc content as do the excitons and donor-acceptor
peaks (with the band gap). In fact the peak shifts differently in the nominal
4% and nominal 8% samples even though they are both actually about 3%
samples. The peak shifts toward lower energy in the nominal 4% zinc
samples but shifts back toward higher energy in the nominal 8% zinc
samples. The position of this peak in the nominal 8% zinc samples is
approximately the same as in pure CdTe. This effect suggests that different
multi-phonon interactions could be activated in different zinc samples, thus
shifting the peak. If the shift of this peak is a multiple of the phonon
energy, 21 meV, then this explanation would be most probable. According
to my data, this peak in the spectrum of the nominal 4% zinc sample shifts
approximately one phonon toward higher energy, and this peak in the 8%
sample shifts back approximately one phonon toward lower energy.
Because of the indistinctness of the phonons in these samples, the

accuracy is not good, so this theory has not been carefully examined.
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Another possible interpretation is that the position of the zero phonon line

shifts.

Other aspects of the phonon replica/defect band are the dependence |
of the intensity on sample temperature at the time of measurement and on
the power of the laser used to excite the sample. As the sample
temperature increases, the amplitude of the peaks in the spectrum
decreases, but this peak decreases much more slowly than others (Fig. 9).
By 50 K the exciton and donor-acceptor peaks have disappeared, but the
intensity of the phonon replica/defect band is approximately the same as
at 4 K. As the laser power increases, the intensity of the phonon
replica/defect band decreases relative to the excitons and donor-acceptor
peaks. When the laser power increases by a factor of approximately ten,
the donor-acceptor peak intensity increases from about one-twentieth of the
phonon replica/defect band to about one-half of this band. This change
could partially account for the large variation in the relative intensity of the
exciton and donor-acceptor peaks and this peak in different spectra of
similar sample compositions, especially in those of different zinc

concentrations.

B. Mid-Gap Peak
The origin of the mid-gap peak is much more difficult to determine.
The two parameters I examined were intensity and position of the peak in

different samples. In many samples, even with extensive magnification,
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effectively no peak appears in the mid-gap region. In other samples,
however, there is a peak of the same order of magnitude as other peaks in
the spectrum. The peak intensity relative to the rest of the spectrum
increases considerably with laser power, especially relative to the phonon
replica/defect band. (Compare Fig. 5 taken at 80 mW laser power with
Figs. 11A and 11B taken at 20 mW laser power.) There is an increase in
peak intensity in a polished surface relative to a cleaved surface, but there
is no significant difference between this peak in an old cleaved surface
compared with a newly cleaved surface (Fig. 11B). The most significant

changes in this peak occur in annealed samples where this peak becomes

large even when it was undetectable in the unannealed samples. Annealing
can create or heal bulk defects. It can change the relative number and
types of defects. These conditions suggests that this peak is due to bulk

22, 23

crystal defects. There is also a significant mid-gap peak in the

Raytheon sample but not in the highly conductive sample.
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VI. CONCLUSIONS

I studied Zn,Cd,_Te by using photoluminescence. I investigated the
region from 0.7 eV to 1.8 eV. Because the study of this material is in its
infant state, especially in the infrared region, I have detected features in the
spectrum that had not been extensively examined in previous research.
These characteristics include the phonon replica/defect band at
approximately 1.44 eV and the mid-gap peak at about 1.09 eV. I call the
peak at 1.44 eV the phonon replica/defect band because its intensity is
affected by defects but its structure shows phonon replicas that are
superimposed on the defect band. The mid-gap peak has not been
extensively studied before in similar materials. Although I have not

determined the exact source of this peak, I have analyzed different

possibilities that could lead to further understanding in later research.
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ABSTRACT

Zn,Cd,  Te crystals and films were studied by low temperature
photoluminescence. The percentage of zinc was varied from zero (x = 0) to
10 percent (x = 0.1). The spectral region from 0.7 eV to 1.8 eV was
investigated. Features in the spectrum that had not been extensively
examined before including the phonon replica/defect band and the mid-gap
peak were investigated. The phonon replica/defect band is usually
centered at 1.44 eV, and its width varies from 150 to 190 meV. In previous
studies this peak has been termed the defect band. Examination of this
peak shows that its intensity is affected by defects but its structure shows
phonon replicas superimposed on the defect band. The number of phonon
replicas varies. In samples with low zinc content the phonon replica peaks
are easy to distinguish, but at higher concentrations they are difficult to
discern. The mid-gap peak centered at 1.09 eV has not been extensively
studied in these materials. This peak is noted in some samples but not in
others. Its intensity relative to other peak intensities increases rapidly with
power. The exact source of this peak was not determined, but various
possibilities have been analyzed.
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