


49

dominant in defining EA structures for excitons. The n=1 and 2 features

are usually most clearly resolved. Eg and R can be determined from the

two equations obtained for (h»%, and (hv)2 from Equation (29).
Eg = 1/3 [4(hv)2 - (hv)]] (30)

R=14/3 [(hv), - (hv);1 . (31)

The static dielectric constant; €y and the Bohr radius, ao, can be
calculated from Equations (11) and (12) using the electron and hole
effective masses from the band structure calculations. Equation (13)

then allows the ionizaticn field,Ei', to be calculated.
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CHAPTER VIil. RESULTS

Normal (sc) Phase Results for TI1Cl1 and TI1Br

Normal phase results for both compounds are given in the form of the

1 Asz and %? at two of the applied

voltages used in the measurements. The unmodulated spectra are included

electromodulation spectra, AT/T, Ac

in each plot for comparison. Additional figures show AT/T and Aez on the
same plot to contrast the input and output of the data reduction program.
Absorption and EA spectra for TIC] and TIBr are shown from runs which
were not reduced by the data program. Finally, an interesting example

of the effect of photoconductivity is shown in the electromedulation

spectra of TIBr measured over a range of sample temperatures.

AT/T spectra

Figures 13 and 14 show the spectra for TICI and TIBr, respectively.

in the TIC1 transmission spectrum the shoulder marked 1' is due to the
splitting of the n=1, peak marked 1. Strain broadening prevents the
observation of the actual doublet in Figure 13, The shoulder is not ob-
served in the T1Br spectrum in Figure 14 due to a smaller splitting and
more thermal broadening caused by the lower Debye temperature for this
compound. At higher photon energies, in both spectra, the higher split
and unsplit exciton states and phonon features are marked at locations
designated by the spectra, when possible,or at locations calculated from
the exciton binding energies and LO phonon energies.]0 The exciton-
phonon quasibound state is designated by a and the free phonon sideband

by B8 for the normal phase.
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The AT/T spectra show more structure than the T spectra, especially
in the case of TICl, because of the higher exciton binding energy, larger
splitting, and lower thermal broadening, relative to TIBr. In the TICI
AT/T spectra for 1.5 kV, the 1' feature is positive,due to the shifting
and broadening of the state by the electric field, which causes enhanced
transmission at the photon energy region corresponding to 1'. The posi-
tive feature on the low energy side of 1' is thought to be due to
luminescence caused by photocarriers accelerated by the applied electric
field, and not to exciton states. The positive AT/T feature on the high
energy side of 1', in the absence of the n=1 splitting, would be expected
at the location designated by 1. It is at higher energy due to super-
position of the n=1' structure in this region. Other features in the
1.5 kV spectra are thought to correspond to the n=2' and 2 exciton states.
At photon energies above n = « the oscillations in the modulated trans-
mission are seen which are similar to the structure seen in Blossey's
calculated Aez spectra in Figure 2. The TI1C1 AT/T spectra for 6.0 kV
show features at 1' and 1 with the oscillatory structure above n = =,

The 1' and 1 AT/T peaks coincide closely with the corresponding trans-
mission peaks, indicating that the superposition shifting effect is less
active at higher fields. The n=2' and 2 features have disappeared due to
ionization.

The spectra for TiBr in Figure 14 show the sensitivity of the spectra
to the lower binding energy and larger thermalibroadening of TiBr. The
~detailed structure observed in the TICl spectra is absent at the fields

shown and also at lower and intermediate fields.
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qu séectra

i and Ae] spectra appear for

TIC! and TIBr, respectively. The main effect of the electric field is to

In Figures 15 and 16 the calculated ¢

broaden and attenuate the positive and negative € peak heights. This is

most clearly seen in the T1Br and high field TICI Ae] spectra.

Ae, spectra

Figures 17 and 18 show the ¢, and Ae, spectra calculated for TICi

2 2

and TI1Br, respectively. The TICl n=l €y peak is narrower than the trans-
mission feature with the shoulder (peak) corresponding to the 1' (1)
transmission feature shifted 1 meV to higher (lower) photon energy. The

electromodulated Ae, structure shows that the e, peak is broadened and

2

reduced in height by the field. The TIiBr €, spectra also exhibit a

narrowing of €y relative to T with a 1 meV shift in the €, peak to lower
photon energy. The Aez spectra are similar to the TICl spectra but less

resolved, as were the TIBr AT/T spectra.

AR/R spectra

Figures 19 and 20 show the calculated R and AR/R spectra,which were
calculated for TICl and TIBr to compare with recently reported measure-

mentsl’6 discussed in the next chapter.

AT/T and Ae, spectra

In Figures 21 and 22 the AT/T and Ae, spectra are plotted in the

2

same figure for TICl and TIBr to allow comparison of the input and out-

put of the data reduction program. The spectra show some shifting of
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peak positions and zero crossing points similar to the unmodulated spectra,
but the relative peak heights are quite similar especially in the TIBr

spectra.

Electroabsorption (EA) spectra

In Figures 23 and 24 the absorption and EA spectra are plotted for
TIC1 and TIBr for runs which were not reduced with the data reduction
program. In the TIC1 EA spectra of Figure 23, the 1', 1, 2', and 2
features are resolved, as they were in the earlier AT/T spectra at 1.5 kV.
The 1' and 1 EA features are shifted noticeably to lower energy from the
estimated energy of the 1' and 1 absorption peaks. This spectrum is not
as broad as the earlier TICl spectra and the 1' and 1 EA features may be
more sensitive to shifting due to photocarrier effects and to super-
position when the peaks are broadened by the electric field. The TIBr
spectra in Figure 24 are similar to the earlier spectra but 1less highly
broadened and shifted by strain. A higher level of photoconductivity is
thought to be present in this sample because of the negative luminiscence
peak at 3.0 eV. The 1.5 kV spectrum shows a structure between the o and
8 positions which is not predicted by thé theory discussed in Chapter I1I.
Figure 25 shows the behavior of the feature, labeled a,, as a function of
applied field from another T1Br run. The field dependence of the

luminescence and the 1' feature are also shown in this figure.

"Electromodulation signal as a function of temperature

Figure 26 shows the electromodulation signal as the sample tempera-

ture drifted from 5-6 K to above liquid nitrogen temperature. The
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Figure 26. Eight scans of the electromodulation signal (arbitrary units) vs.
photon energy as the sample temperature drifted from near liquid
helium temperature in the upper left hand corner to above liquid
nitrogen temperature in the lower right hand corner
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spectrum in the upper left-hand corner was measured at 5-6 K before the
liquid helium in the cryostat had evaporated. The spectrum was rescanned
as the sample warmed and the resulting spectra are shown with sample
temperature increasing for the spectra shown across the top of the

figure from left to right and continuing in the same direction across

the bottom. The two spectra (top and bottom) shown on the left side of
the figure have an opposite polarity,which indicates a 180° phase shift
in the signal. An explanation of this effect will be given in the next

chapter in terms of photocarriers.

Abnormal (fcc) Phase Results for T1Cl and TIBr

The abnormal (fcc) phase results consist of absorption and EA spectra
for both compounds and calculated quantities obtained from the TIBr data,
using the Wannier exciton model, as discussed in Chapter VI. The spectra
of a T1Br doublet (sc and fcc) phase sample are included in this section.

Figures 27 and 28 show the absorption and EA spectra of TICl and
T1Br, respectively. The solid vertical lines designate the positions of
structure identified in the absorption measurements of reference 27.
The dotted vertical lines mark the locations of structure obtained from
this investigation. The n=1 positions of reference 27 are not shown, due
to the near-coincidence with the locations determined by this study for
both TIC! and TIBr. The n=1 TICl absorption peak is seen in Figure 27
to be narrower than the T1Br peak,which has a more prominent wing on the
high energy side due to the higher exciton states. Above the n=1 peaks

the o and B8 (not to be confused with the o and B phonon features in sc
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spectra) locations of reference 27 are shown. The corresponding features
in this study are marked o' and 8! for TIC1 and are shifted to lower
energy. In TIBr they are in close agreement with the earlier measurement,
as are the a and b features, which were out of the range of measurement
for TIC1. Structure which may be analogous to the a and B features was
observed in the spectra of the TIBr sample after its thickness had been
increased to 700 R. This caused a phase transition to the normal phase
and broad, overlapping absorption peaks were observed above the n=1 exci-
ton peak (3.02 eV) and the band gap (3.03 eV) at 3.04 and 3.06 eV.

The n=1 EA features in Figures 27 and 28 coincide with the energy
positions of the absorption peaks, as expected for bound exciton states.
In the TiBr spectra the feature at 3.321 eV has been assigned to the n=2
exciton state. It was not possible to resolve a similar feature in the
TIC1 spectra due probably to the signal-to-noise ratio. At higher energy
the negative EA features corresponding to the o and B absorption peaks
are shifted to lower energy and have an unusual line shape. In the
TIC1 spectra the absorption peaks are at 3.812 and 4.000 eV with the EA
features at 3.803 and 3.975 eV. Similarly,in the TIBr spectra the
absorption peaks are at 3.458 and 3.550 eV and the EA at 3.447 and 3.525
eV. The TIBr EA feature corresponding to a has the expected lineshape
and position while the b feature is similar to the a¢ and B structures.

Table 2 contains the quantities calculated from the n=l and 2 photon
energies obtained from the EA spectra and the band masses of reference 27,
using the Wannier model with an uncorrected Coulomb potential as discussed

in Chapter VI.
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Table 2. Properties of fcc TIBr

fcc TIBF
Eg(ev) 3.327
R(meV) 24,2
a (R) 25.2
€ 11.8
(o
4
Eq(v/cm) 9.7 x 10

Figure 29 shows the absorption and EA spectra of a double-layer sc
and fcc sample at 77 and 5 K. The spectra are broadened more than the
single-layer spectra due to a higher level of strain but several inter-
esting observations can still be made. The opposite sign for the tempera-
ture shift of the sc and fcc n=1 peak can be seen. The sc peak shifts
approximately 12 meV to higher energy while the fcc peak shifts approxi-
mately 6 meV to lower energy when the sample temperature is raised from
5 to 77 K. The most significant aspect of the spectra, in terms of
exciton effects, is the switch in the relative n=1 peak strengths of the
two phaseé between the absorption and EA spectra. In absorption the

fcc n=1 absorption is stronger but in EA the sc n=1 feature has the



Figure 29. Absorption and EA of a two layer sc and fcc TIBr sample
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higher amplitude. This will be explained, in terms of the exciton

parameters involved, in the next chapter.
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CHAPTER VIIl. DISCUSSION

Normal (SC) Phase Data
One of the primary objectives of this investigation was to compare
measured electric field-induced changes in the complex dielectric function

Ha,d i has

with the detailed predictions of Blossey's calculations.
not been possible in the most ideal sense but some progress has been made
in this direction. An ideal comparison has been hindered by aspects of
the thallium halides which do not fit the Wannier exciton model used in
Blossey's calculations (n=1 doublet structure and phonon sidebands), by
photocarrier effects which prevent a well-defined electric field modula-
.tion, and by strain and thermal effect sensitivity which distort measure-
ments due to unwanted perturbations on the exciton states. In addition,

the reduction of the AT/T data to obtain Ae, and Ae, may have been in-

1 2

fluenced by the suspected inaccuracy of the values of €y and €, deter-
mined from the transmission measurements. The € and €,y values obtained

from this study are not in close agreement with an earlier determination,

81

since the earlier e, values  for the n=1 peak are approximately half

2

the values shown in Figures 12 and 13. However, it is not clear that

the values of this study are in error to this extent since recent measura-

39

ments”” indicate that the earlier values are too low for TiCl. Obvious
structure artifacts due to this inaccuracy appear to be minor in the
derivative spectra, as in the case of the small shoulder seen in the
6.0 kv Aez TiC1 spectra‘in Figure 17 between the positions marked 2!

and 2.
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Figure 30 shows the field-induced changes in €4 and €, as a function
of photon energy for the Wannier exciton model with peak heights and zero-
crossing widths designated. Blossey calculated the dependence of these
quantities on the applied field and these predictions will be compared
with the measured field dependence. Before the comparisons could be made,
an estimate of the level of spectral broadening involved was needed. The
kT factor for the experimental spectra is approximately equal to 0.05 R,
which is lower than the broadening of ' = kT = 0.2R used in Blossey's
calculations,which gives an €,y lineshape and n=1 half width in best agree-
ment with the experimental lineshape and €, half width value of approxi=-
mately 0.5 R for both compounds. A larger broadening in the experimental
spectra, than would be expected from the thermal mechanism, is not un-
expected, since a certain amount of inhomogeneous strain broadening was
an unavoidable side effect of stabilizing the sample so that it would
not be driven by the electric field, as discussed earlier. Table 3 gives
a perspective on the compromise that had to be made to stabilize the
sample in terms of the n=1 strain shift. The membrane/thallium haiide
frame sample yields a nearly-intrinsic spectrum and is a good reference
for both the shifting due to strain and the half width. An increase in
the half width of the n=1 peak strongly degrades the resolution of
higher states, since the exciton binding energy is only approximately
10 meV. The shifting due to the membrane/Cs| substrate is substantially
less than for the KBr and quartz substrates. Half widths for the latter
substrates are not useful for comparison due to the large distortion in

the spectra.



‘Figure 30.

Designations for peak heights and zero crossing
separations of the electromodulated complex
dielectric function, Ae] + iAsZ, as a function
of photon energy
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Table 3. Strain shifts near liquid helium temperature in the n=1 peak
position for TIC] and T1Br evaporated on various substrates
relative to the peak position for a membrane/thallium halide
frame substrate. The n=1 transmission half widths are given
for the membrane substrates. Units are meV

Substrate TICl TIiCI TIBr TiBr
Shift Half Width shift Half Width

membrane/frame’ 0 8 0 5

membrane/CsIb 5 13 3 8

KBr® 20 8

Quartz® 31 18

aReference 10.
Prhis study.

CReference 81.

It was decided to use the results of Blossey for the Ael and Aez
spectra, calculated with the T = 0.2 R broadening value, for comparison
with the measurements even though the experimental broadening is mainly
due to strain rather than thermal mechanisms. The first comparison is of

AE2 forAaZ, identified in Figure 30, as a function of applied field,&.
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The dependence is shown in Figure 31, plotted as AEZ/R Vs €/€I for TICI
and TiBr,with the electric field determined from the voltage across the
plétes and their separations, without a local field correction for polariza-
tion, since the Bohr radius of the exciton is a factor of ten larger than
the lattice constant. Above 6.0 kV the experimental lines (solid lines)
have slopes close to the calculated line (dashed line). At voltages be-
low 6.0 kV the slope of the experimental lines is approximately half of
what is expected from theory. This plot indicates from the viewpoint of
the theory that either (1) the field seen by the exciton is considerably
less than that calculated from the voltage and that the field increases
too siowly with applied voltage below 6.0 kV or (2) the Ae, values

are distorted.

The disagreement between the calculation and the measurements seen
in Figure 31 is thought to be primarily due to photocarrier effects.
Several other observations suggest that the field seen by the exciton is
due to the superposition of the applied field and the field of the photo-
carrier charge distribution. Hence argument (1) is favored. Since the
electromodulation measurements of this study were not designed to measure
the very sample-dependent photocarrier and trapping effects in the thin
film sampies, some aspects, such as the origin of the photocarriers,
can only be tentatively suggested. The photocarriers in the exciton
region are thought to be generated both by indirect band to band
transitions and by trapping of either the electrons or holes of excitons,
thus freeing the opposite charges for conduction. Carrier multiplica-

tion may occur due to impact ionization by field-accelerated photocarriers.
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The first evidence of photocarriers to be discussed supports the
suggestion that they are mobile and hence cculd distribute to form a
field opposing the applied field. The positive (negative) peak on the
low energy side of the AT/T (EA) spectra is thought to be due to impact
luminescence caused by radiative de-excitation of electrons or holes ex-
cited by collisions with field accelerated photocarriers and not by
electromodulation of the luminescence from the de-excitation of states
exc}ted by photon absorption due to the sign of the peak.75 Hence this
feature is not due to modulation of the beam transmission but to light
generation within the sample, which is in phase with the modulation
field and detected by the photomultiplier. The impact luminescence
appears in the AT/T (EA) spectra as a spurious, enhanced transmission
(attenuated absorption) as indicated by the positive (negative) peak.
The transmission (absorption) is known to be attenuated (enhanced)
in thié region by the applied field because the field broadening of the
n=1 peak has the result of increasing the absorption. The impact
luminescence peak is sample- and field-dependent and can be seen clearly
at low fields in Figures 13, 24 and 25 with the latter showing the field
dependence of the feature (the negative peak at 4130 R). The disappear-
ance of the feature at high fields may indicate that the impact lumines-~
cence is not excited as efficiently by more highly accelerated carriers
or thét the luminescence signal does not grow with field as fast as the
EA signal. In Figure 25, the 9.0 kV spectrum amplitude is attenuated by
approximately a factor of 30 relative to the 2.0 kV spectrum in Figure

25 and the intermediate spectra amplitudes are reduced by smaller amounts
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to fit into the figure.

If the negative n=1 peak of the 9.0 kV EA spectrum of Figure 25 is
compared with the corresponding feature in the 9.6 kV spectrum of Figure
24 the former peak appears strongly attenuated relative to the latter.
This is thought to be due to a large reduction in the field due to a very
high photoconductivity for the n=1 photon energy region in the former
sample. In thicker samples, the n=1 peak actually was cut off completely,
although the sample transmission had not cut off and modulation could
occur if a sufficiently strong field was present. The better-ordered
crystalline structure of the thicker films may allow substantial carrier
multiplication by impact ionization of the large density of n=1 excitons
being created in this photon region, thus supplying sufficient carriers
for a dynamic screening effect. Samples used in the measurements were
made with thicknesses below approximately 700 R to reduce the distortion
of the applied field by photocarriers.

A similar strong photocarrier effect has been identified, but per-
haps not fully recognized, by other workers in electrorefiectance measure-
mentsl*6 on TICl and T1Br single crystals. These workers have discussed
a severe photocarrier effect which,at very low temperatures (1.8 K), has
prevented detection of any signal throughout the exciton region in TICl.
By increasing the temperature (20 K) and reducing the incident beam in-
tensity, they have obtained a spectrum above the n=1 region, but do not
observe the expected strong negative peak in the n=1 region. Examination
of my calculated electroreflectance, AR/R, for TICl explains the probable

cause of the missing structure. In Figure 19, at a low field (1.5 kV
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spectrum), the negative peak near the position marked 1 is just beginning
to form. At 6.0 kV in Figure 19 and 6.0 and 9.5 kV in Figure 20,the peak
is seen easily. On this basis it seems very likely that the absence of
the expected n=1 structure in the electroreflectance measurements is due
to a strong reduction by photocarriers in the field seen by the excitons
in this photon energy region and to the larger field required to modulate
the n=1 state relative to the less closely bound higher energy states.
Before leaving the spectra of Figures 19 and 20 it should be pointed out
that while the calculated reflectivities have an unusual structure in
comparison with e%perimental measureme:nts,l'l6 they are qualitatively
similar to reflectivity calculated from transmission data on T1Br by
other workers.al The general form of the AR/R spectra is similar to data
on Znosh which has an absorption spectrum85 like those of the thallium
halides. For this reason it is not unreasonable to assume that the
spectra are qualitatively valid even with some distortion introduced by
the reflectivity.

The behavior of photocarriers in modifying the applied field in the
single crystal and thick film samples is thought to be different from the
thinner films of this study. In the more disordered thin films the
photocarrier response is influenced by the lower carrier mobility and a
higher density of traps, allowing less carrier multiplication by impact
ionization. These properties,and the limitation on photocarrier genera-
tion due to the incident beam intensity, indicate that photocarriers may
contribute an essentially static field which is superimposed on the

applied field. Evidence of such a static field, which is also not
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sfrongly photon energy dependent, is given in Figure 26. The figure
consists of eight scans of the exciton region as the sample warmed from
5-6 K to above liquid nitrogen temperature with the spectra undergoing a
180° phase shift before being washed out by thermal broadening in the
lower right=-hand corner. The upper and lower spectra on the left side of
the figure show little distortion but are shifted in phase by 180 degrees
and the shift can be explained in terms of the photocarrier field which
is larger for the lower spectrum due to an increase in the photocarrier
response with temperature in this region.86 The phase shift is explained
by the waveforms in Figure 32 which are for three levels of photocarrier
response. The response is dependent on various factors, including

sample temperature, sample depth, incident photon energy, and film
structure which, are important in terms of trapping centers that may them-
selves be modulated by the high electric fields applied. The applied
field waveform is shown at the top of the figure with the photocarrier
field waveform below which is caused by photocarriers generated in the
illuminated region of the sample being swept by the applied field into
the dark region where they are trapped. The distribution of positive
(holes) and negative (electrons) charges that results provides a field
that opposes the applied field. It is thought to be primarily a static
field with a small AC component due to new charges being swept up by

the field and the decay of the field by recombination and the collapsing
separation of the positive and negative charges when the applied field

is off. It is interesting to note that, in terms of this picture of

the field, the photocarrier field would appear to have saturated in



Figure 32. Schematic of waveforms which contribute to the electromodulation of excitons
in the presence of photocarriers in thin film samples. The exciton is
not sensitive to the direction of the field and hence senses the absolute
value of the total field waveform function
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Figure 3] at the positions marked by 6.0 kV for both TIC1 and TI1Br at the
temperature of 5-6.K.

The total field waveforms shown in Figure 32 are the sum of the two
waveforms above and differ only in DC components for different responses.
The exciton-sensed waveform functions are the absolute value of the total
waveform functions because the exciton is not sensitive to the direction
of the field. The low response exciton waveform amplitude is attenuated
relative to the applied field and shifted in phase {less than 90°) when
detected by the lock-in due to the square wave distortion, and both of
these aspects have been observed in the measurements. The waveform in-
dicates that the light transmission is being modulated between two non-
zero values of applied field. This explains why some of the electro-
modulation spectra have slight shifts in their peak positions relative to
transmission and AT/T spectra at different fields as for example in Fig~
ure 23 for the n=1' and 1 peaks.

The medium response waveform shows how the AC modulation field can
be nearly cancelled by photocarriers, even though the carriers do not
screen in a dynamic sense. This condition is approximately shown by the
highly attenuated spectrum in the middle of the upper part of Figure 26.

The high photocarrier response exciton waveform, shown in Figure 32,
has a 180° phase shift relative to the applied waveform and is proposed
as the mechanism to explain the 180 degreé shift in the electromodulation
signal shown in Figure 26. When photocarrier fields of this magnitude
exist, some field inhomogeneity is expected across the illuminated

region of the sample due to the approximate line charge distribution of
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photocarriers. |If the line charges form in the dark region, well separa-
ted from the illuminated region, the inhomogeneity will not.be as serious
in modulating the transmission and this may be the case in the lower

spectra on the left-hand side of Figure 26 which shows little distortion.

In view of the difficulty in determining the field on the exciton
from the voltage and plate separation, it was decided to calibrate the
field for each spectrum from the theoretical curve of AEZIR for be, shown
in Figure 33 thus allowing a test of the internal consistency of the cal-
culation. This curve was chosen, because it is independent of broadening
and the AE2 separation is less sensitive to aspects of the thallium
halides not consistent with the model used in the calculation. The
method of calibration has the added benefit of giving the field in terms
ofEiI which is needed to compare the other peak heights and zero-crossing
separations to the calculation. Had it been necessary to calculate E..I
from Equation 13, another source of error would have been introduced be-
cause accurate values of a, do not exist.

The experimental zero-crossing separations for Aez and As] are
shown in Figures 34, 35 and 36 for TICl and TIBr with the solid lines
calculated by Blossey. Unfortunately, the calculations did not go to as
low fields as the measurements, but could be extended with some confidence
to lower fields, since they appear to be nearly linear in this range,
although the lines have not been extended in the figures. Figure 34
high field TIBr experimental values for AE, are in

2 1

good agreement with theory while the TICl values are somewhat low,

shows that the Ac

possibly due to a decrease in the Ae] separation by the larger splitting



IC$) R
-
-
< -
N
Ll
g
De,
B FIELD CALIBRATION CURVE N
10-! ] l 1 ! 1 I |
10-! 10°
eley
Figure 33. Theoretical AE,/R versusE/E_ plot used to calibrate

the modulation”field from thé T1C1 and TIBr experimental
AE, values for various voltages applied to sample
capacitor. The theoretical line and points shown are
from Figure 31



93

00— T | l T T
Ae o TIBr
- 2 a TICI —
|
Q— B o A 7
w o A
4 o A
A
Pay
A
A
o)
&/eq

Figure 34. Experimental values of AE] compared to theory
(solid line) for Ae,after field calibration

for TI1Cl! and TI18r



94

10° T I T T T T 1
B AG' (o] h
- A0 A —
o TIBr
— a TICI (e) -
o
m o s
~
W
<
— SAA a -
A
a
a
o
10! ‘ I | | i | R I A
o 10°
: &/ey

Figure 35. Experimental values of AE., compared to theory (solid
line) for Ae]after field calibration for TI1C1 and TIBr



95

10° ] I T T T T
_ % j
a a ~
o ) _
o &
€ T 2, -
0 A
q [ -
Aq
- o TIBr A _
a TICI
10-! 1 | ! T S N N B
0! 100
(‘,‘/61

Figure 36. Experimental values of AE% compared to theory (solid
a

line) for As]after field Calibration for TICl and TIBr



96

of the exciton as seen in the 1! and 2' features of Figures 13 and 17.
As the field decreases, the AE]/R, values are increasingly low and this
may be due to a growing sensitivity of the AE] separation to the splitting,
which is apparent in the low field spectra of Figure 17 when compared to
the higher field structure. The AE] and AEZ values of Ae,, shown in
Figures 35 and 36, show a similar trend when compared to theory, in that
agreement is rather good at high fields but deteriorates at lower fields.
The scatter of the high field experimental zero crossing values for both
Ae]. and Aez can be compared to the scatter of the AEZ/R of Aez theoreti-
cal values shown in Figures 31 and 33 and appears to be fairly similar.
Before comparing the experimental peak heights to theory it was
necessary to scale the experimental values. The calculated h3 of Aez
peak heights were used, since they are most closely associated with the
AEZ of Aez separation which was used for the field calibration. Figure
37 shows the calibration curve which was extended from €= 0.5 SI to
lower fields using a drafting curve so that the lower field peak heights
could be scaled. Figures 38 and 39 show the h] and hz of Aez peak heights
compared to theory. The experimental points are high for h] possibly
due to a lower photocarrier response in this region where the absorption
is low. It is interesting to note that the expected reductions in the
h, height due to the n=1 splitting and to luminescence are not dominant

1

in determining the peak height. The h2 experimental points are in good
agreement at high fields but only fair at lower fields due probably to
both photon energy dependent photoconductivity and to static strain

broadening which is of less significance at higher fields.
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Figures 40-42 show the experimental values hl’ hz, and h3 of Ae],
compared to the calculations for these quantities. Figure 40 shows that
the h] values are too high as was the case for the Aez h] values. The
experimental points for h2 and h3 are scattered more about the theoretical
lines than the Aaz values of h2 but do not show the trend to diverge from
theory at low fields.

The deviation from theory of the field~induced changes in the di-
electric function is not indicative of defects in Blossey's calculation,
which assumes no modification of the applied field by photocarriers or
spectral distortion due to static strain. It appears that photocarrier
effects and static strain, especially at low fields, are the principal
causes for the deviation. Static stra}n is thought to play a more impor-
tant role at low fields through inhomogeneous strain broadening because

the electric field broadening is not as dominant as at high fields. Only
a small part of the deviation is believed to be due to distortion of the
spectra by the intrinsic exciton splitting and phonon sideband effects,
and to inaccuracy in the dielectric function values used in the data
reduction.

The electromodulation spectra show two interesting features which
are not in the scope of Blossey's calculation. The assignments for these
features are tentative, since they have not been investigated in detail.
Figures 13 and 23 show a feature marked 2' in the 1.5 kV spectra of TICI,
which is thought to be possibly due to the splitting of the n=2 exciton
state. Both the n=1 and n=2 states appear in the spectra to be split

by approximately 5 meV. If the splitting is primarily due to the
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exchange interaction, the equal splitting would not be expected because

the n=2 exciton radius is a factor of 4 larger than the n=1 radius. The
equal splitting would also not be expected for the Coulomb interaction,

hence the assignment of this feature should be subjected to further in-

vestigation.

The second feature is marked a, in Figure 25 and coincides with the
expected energy position for the n=2 exciton-phonon quasibound state in
TIBr. Again the assignment of this feature is not well established, but
it is interesting to note the difference in the field-sensitivity of this
feature relative to that of the exciton. The n=2 exciton feature, if
it were resolved, would be expected to wash out due to ionization at

approximately 2.0 kV, but the a, feature is seen to persist until 8.0 kV.

2

Abnormal (fcc) Phase Data
The fcc TIBr band gap energy, Eg, and exciton binding energy, R, in
Table 2 were calculated from the n=1 and n=2 exciton EA peak energies
using the Wannier model, with no correction to the Couiomb potential, as
discussed in Chapter Vi. The value obtained for R and the calcuiated

27

band masses™’ were then used to obtain ao, €59 andSI. The fcc phase

exciton is expected to be less Wannier like than the sc phase exciton
due to a smaller predicted Bohr radius and larger lattice constant.27
The sc phase is useful for comparison with the fcc phase, since energies

have been determined for the s¢ n=1, 2, and 3 levels]o and an approximate
onset of Wannier behavior (energy levels fit a hydrogenic series) happens

to occur with the N=2 energy in the normal phase. Such an onset of
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Wannier behavior is expected with increasing n, since the orbit of the
nth state is proportional to n2 and the Wannier model becomes valid when
the inequality, exciton radius >> lattice constant, is satisfied. Often
this occurs at a value of n where states cannot be resolved but in sc
TiBr it was possible to resolve n=1, 2, and 3 quite accurately with a
magnetic field perturbation.IO Hence the ﬁormal phase supplies states
which can be used to calculate quantities similar to the fcc results
that will have errors due to deviation from the Wannier model (using n=1
and 2 energies) and quantities that will be closer to what would be ex-
pected with a better fit of the model to reality which the Wannier model
does in this case for n=2 and 3.

Table 4 is useful for discussing the fcc TIBr results. The first
two columns contain quantities calculated from the n=1 and n=2 energies
for both phases using band masses from Reference 27. The fcc results
are from Table 2. The third column contains the Wannier limit values
for the sc quantities and the fourth and fifth columns are calculated
estimates using a corrected potential.27’50

The fcc Eg value determined with the n=1 and 2 energies is an upper
bound for the actual band gap due to deviation from the Wannier model.
Vaiues of Eg calculated from simultaneous equations generated from
Equation (29) will approach the actual value in the limit of the ideal
Wannier model. The upper bound aspect can be demonstrated with the n=1,
2, and 3 energies of the normal phase data which give band gaps of
3.0203 eV and 3.0198 eV using the n=1 and 2, and n=2 and 3 energies,

respectively, in Equation (29). The 3.0198 eV value is usually taken as



Table 4. Properties of TIBr obtained by various methods. The first two columns are calculated
from the n=1 and n=2 energies and the band masses with no correction to the Coulomb
potential. The third column is calculated in the Wannier limit and the fourth and fifth
are estimates made using a corrected potential. The band masses are from Reference 27

TiBr Wannier Estimates
fcc sC Limit sc fcc sc
Ey(eV) 3.327 3.0203° 3.0198° -- | --
R (meV) 242 10.3° 9.8 60-100° 4.9¢
& 11.8 13.3 16.1 10-15 --
a (R) 25.2 52.8 63.9 12-16 ~ 4o
EZI(v/cm) 9.7 x loh 2.0 x lo“ 1.5 x 10" - --

901

aReference i0.
b
Reference 27.

cReference 50.
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the actual band gap energy for sc TIBr since the n=2 state marks the
approximate onset of Wannier behavior.

The T1Br fcc exciton binding energy in Table 4 obtained from the n=1l
and n=2 energies is also an upper bound with the actual value given by
the difference between the n=] energy and the Wannier limit band gap
energy. Again the normal phase TIBr values are illustrative. The sc
binding energies are 10.3 and 9.8 in meV when calculated from the band gap
obtained with the n=1 and 2, and n=2 and 3 energies, respectively, with
the latter value usually considered the actual binding energy.

Since Wannier behavior essentially begins for sc TiBr with the

=2 state, the simultaneous equations generated from Equation (29) with
the n=2 and n=3 energies provide a binding energy R' = 6.5 meV which is
valid for calculating the binding energy of higher-hydrogenic states with
n > 2, their radii, and the effective static dielectric constant, ez,
for the exciton. In the sc phase case, a value of ez = 16.1 is calcula-
ted from Equation (11) which can be compared with values obtained from
the n=1 and n=2 energies, €, = 13.3, and from the Iiterature,.e0 = 35.1,6h
where the band masses for the reduced mass were taken from Reference 27.
Hence the fcc eo‘value obtained from the n=1 and n=2 energies and band
masses also from Reference 27 can be expected to be low with respect to
both the exciton effective and actual static dielectric constants.

The Bohr radius in Table 4 for the fcc phase can be expected to be
low relative to its Wannier limit from the sc values given. Since the

Wannier limit value for the actual n=1 radius is usually considered to

be high, the ionization fields in Table 4 calculated with the fcc value
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may be quite good for field ionization of the n=1 exciton state as de-
fined by Equation 11,

-

of Table 4 can be compared with fcc experimental

27

The fcc estimates
values in view of the trends indicated by sc values since the Wannier
limit and the central cell corrected estimates should bring the quantities
of both methods to the same place, namely the real crystal properties.

On this basis the fcc estimated static dielectric constant and radius
appear to be somewhat low and the binding energy high. The table also
indicates that the onset of fcc Wannier bghavior should be expected after
the n=2 exciton state in contrast to the sc case.

Figure 29 provides additional evidence of the larger ionization
field for the fcc phase relative to the sc phase due to the greater field
sensitivity of the sc n=1 feature’which has a smaller absorption peak
height but a larger EA negative peak at n=l.

The assignment of the o and B features which do not have a place in
the band structures has not been established, although Heidrich gg_gl,z7
suggested that they might be due to either the n=2 exciton state or
intervalley scattering of n=1 excitons. THe n=2 assignment would not be
consistent with the n=2 location from the T1Br EA measurement of this
study. The electromodulation structure associated with the 1' split
peak in the normal phase, if applicable to the abnormal phase, would not
support the intervalley scattering origin for o and B since the unusual
lineshape associated with o and 8 is not observed. Two characteristics
of « and B8 have been observed which bring into question the intrinsic

nature of these features including their sensitivity to sample preparation
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and the occurrence of the two nonintrinsic peaks above the n=1 energy
in the normal phase when the fcc sample thickness was increased to 700 R.
In view of these facts, more investigation is needed of o and B8 and an
explanation of the unusual EA lineshape may help to clarify the origin

of these features.
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CHAPTER IX. CONCLUSION

The electromodulation spectra of the normal (sc) phase T1C1 and
TiBr samples have been reduced to values of electric field induced changes
in the dielectric function that are in reasonably good agreement with the
calculations of Blossey”a considering the experimental probiems involived
with the measurement and the scope of the calculation which did not in-
clude photoconductivity effects. A sample preparation technique was
developed which allowed the measurements to be made near liquid helium
temperature with a low level of static strain in the sample and with no
observed dynamic strain due to the electric field modulation. Photo-
conductivity effects were controlled to the extent that the electro-
modulation spectrum could be measured over the exciton and interband
region with substantially lower distortion than has been reported in e-
lectroreflective measurementsl*6 where structure is nearly absent for the
n=1 exciton state. Electromodulation features were observed which are
tentatively assigned to intrinsic exciton state splitting and to an
exciton-phonon quasibound state. These features should be studied in
more detail with efforts directed at improving reproducibility and
resolution.

The results indicate the importance of photocarrier effects in both
theory and experiment in the electromodulation of exciton states. In the
future, calculations should include the effect of photocarriers on the
field seen by the exciton and experimentally samples should be developed

with known and reproducible photocarrier properties with temperature
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control between liquid helium and nitrogen temperatures and bipolar
modulation fields.

The abnormal (fcc) phase EA measurements have demonstrated the use-
fulness of the modulation method in resolving exciton states by deter-
mining the n=2 energy in TI1Br. This has enabled a number of quantities
to be calculéted from the Wannier exciton model. The resolution of the
n=2 energy in TICl is probably alsc possible with an EA measurement and
patience with the signal to noise problem. The o and B features are
still unassigned but the unusual EA lineshape and sample preparation
sensitivity found in this investigation may prove useful in making

definitive assignments in conjunction with future work.
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APPENDIX: ELECTROMODULATION MEASUREMENT

The electromodulation method used in this investigation involves
modulating the light transmission through the sample by applying a
square wave electric field to the sample perpendicular to the light path.
The AC field is used rather than a DC field to avoid problems inherent
in low Tevel DC measurements such as time stability.

The square wave electric field causes the transmitted light inten-
sity to have an AC component which depends on the incident photon energy.
If the photon energy corresponds to the maxima of an absorption peak,
which is broadened, shifted and possibly split by the field, the trans-
mission will be enhanced at this energy and will have an AC component
which is in phase with the applied field. A photomultiplier converts
the modulated light intensity into a voltage signal, across a resistor to
ground, which is amplified by a phase sensitive (lock-in) amplifier.
Since the signal is in phase with the applied field, which provides a
frequency and phase reference to the lock-in, the lock-in output is
positive indicating that the field has caused an increase in the trans-
mission of the sample. A field-induced decrease in the transmission
occurs when the incident photon energy corresponds to a location in a
spectrum where the absorption is increased by the field, as occurs in the
wing of the absorption peak discussed above. The decreased transmission
when the field is on causes an AC signal component which is out of phase
180° with the applied field, resulting in a negative amplifier output which

corresponds with the reduced transmission. The broadening of bound
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exciton state absorption peaks is due to a reduction in the lifetime of
the state by the electric field and the shifting and splitting of peaks
is due tovmixing of states by the field perturbation.“a’b

Above the band gap, where the continuum states exist, rounded
oscillatory structure is seen in electromodulation spectra as is shown
in Figure 2. This structure does not have a simple physical explanation
similar to the bound state case but each peak has been recognized from

the calculation as due to a term in a series which is summed.”a’b



10.

1la.

11b.

12.
13.
4.
15.

16.
17.
18.

19.

114

REFERENCES

J. Frenkel, Phys. Rev. 37, 17 (1931); 37, 1276 (1931).
G. H. Wannier, Phys. Rev. 52, 191 (1937).
R. J. Elliott, Phys. Rev. 106, 1384 (1957).

R. S. Knox, Theory of Excitons (Academic Press, New York, 1963).

D. Dexter and R. S. Xnox, Excitons (Wiley, New York, 1965).

M. Cardona, Modulation Spectroscopy (Academic Press, New York, 1969).

R. K. Willardson and A. C. Beer, editors, Semiconductors and Semi~

metals (Academic Press, New York, 1972), Vol. 9.

H. Overhof and J. Treusch, Solid State Commun. 9, 53 (i1971).
M. Inoue and M. Okazaki, J. Phys. Soc. Japan 31, 1315 (1971).
S. Kurita and K. Kobayashi, J. Phys. Soc. Japan 30, 1645 (1971).

D. F. Blossey, Ph.D. Thesis, Univ. of Illinois, 1969; Phys. Rev. B2,
3976 (1970); Phys. Rev. B3, 1382 (1971).

D. F. Blossey and P. Handier, in Semiconductors and Semimetals, edited
by R. K. Willardson and A. C. Beer (Academic Press, New York, 1970),
Vol. 9.

H. Haken, Z. Phys. 146, 527 (1956).

J. Callaway, Energy Band Theory (Academic Press, New York, 1964).

W. Franz, Z. Naturforsch. 13, 484 (1958).

L. V. Keldysh, Zh. Eksperim. i Teor. Fiz. 34, 1138 (1958); [Soviet
Phys. JETP 7, 788 (1958)1.

K. Tharmalingam, Phys. Rev. 130, 2204 (1963).
J. Callaway, Phys. Rev. 130; 549 (1963); 134 A998 (196L).

J. 0. Dimmock, in Semiconductors and Semimetals, edited by R. K.
Willardson and A. C. Beer (Academic Press, New York, 1966), Vol. 3.

G. Dresselhaus, Phy. Chem. Solids 1, 14 (1956).



20.
21.
22.
23.
24,
25.
26.
27.

28.
29.
30.
31.
32.

33.

34,

35.
36.

37.
38.

39.

Lo.

4.

R.
L.
J.
R.
L.
T.
K.

K'

115

J. Elliott, Phys. Rev. 108, 1384 (1957).

Van Hove, Phys. Rev. 89, 1189 (1953).

C. Phillips, Phys. Rev. 104, 1263 (1956).

Kronig, J. Opt. Soc. Am. 12, 547 (1926).

G. Schultz, Acta Crystallogr. 4, 487 (1951).

Ichikawa, Phys. Stat. Sol. (b) 65, 411 (1974).

Heidrich and B. Kramer, Phys. Stat. Sol. (b) 72, 547 (i975.).

Heidrich, W. Staude, and J. Treusch, Phys. Rev. Lett. 33, 1220

(1974) .

JD

J.

J.

S.

HD

R.

Overton and J. P. Hernandez, Phys. Rev. B7, 778 (1973).

P. Van Dyke and G. A. Samara, Phys. Rev. Bl1, 4935 (1975).
Treusch, Phys. Rev. Lett. 34, 1343 (1975).

Tutihasi, Phys. Chem. of Solids 12, 344 (1959).

Zinngrebe, Z. Phys. 154, 495 (1959).

Z. Bachrach and F. C. Brown, Phys. Rev. Lett. 21, 684 (1968);

Bull. Am. Phys. Soc. 1k, 558 (1969); Phys. Rev. BT, 818 (1970).

S.

Kurita and K. Kobayashi, J. Phys. Soc. Japan 26, 1557 (1969); 28,

1096 (1970); 28, 1097 (1970).

D.
A.

E.

C. Hinson and J. R. Stevenson, Phys. Rev. 159, 711 (1967).

Feldman, Bull. Amer. Phys. Soc. 14, 428 (1969).

Mohler, G. Schgl, and J. Treusch, Phys. Rev. Lett. 27, 424 (1971).

Ch. Uihlein and J. Treusch, Solid State Commun. 17, 685 (1975).

S.

Kurita, K. Kobayashi and Y. Onodera, Prog. Theor. Phys. Suppl.

No. 57, 10 (1975).

S.

Kondo, K. Nakamura, M. Fujita and Y. Nakai, J. Phys. Soc. Japan

37, 573 (1974); 38, 1400 (1975).

S.

Kurita, K. Kobayashi, and M. Matsushita, J. Phys. Soc. Japan 33,

270 (1972).



42,
43.
bk,

h5.
bo.
l’7-

48.

h9.
50.
51.
52.
53.
5h.
55.

56.

57.

58.

59.
60.

116

Y. Toyozawa and J. Hermanson, Phys. Rev. Lett. 21, 1637 (1968).
J. C. Hermanson, Phys. Rev. B2, 5043 (1970).

Y. Toyozawa, in Proceedings of the 3rd International Conference on
Photoconductivity, edited by E. M. Pell (Pergamon, New York, 1971).

J. Bordas and E. A. Davis, Surface Science 37, 828 (1973).

R. Shimizu and T. Koda, J. Phys. Soc. Japan 38, 1550 (1975).

In absorption spectra this effect is observed as a quenching of
higher energy exciton state absorption strengths as these states are
shifted by a magnetic field through the energy equal to a lower
state energy plus the energy of an LO phonon.

H. Tamura, T. Masumi and K. Kobayashi, J. Phys. Soc. Japan 23, 1173
(1967) .

K. Hattori, J. Phys. Soc. Japan 38, 351 (1975).

J. Pollmann, Phys. Status Solidi (b) 63, 548 (1974).

J. Pollmann and H. Buttner, Solid State Commun. 17, 1171 (1975).
K. K. Bajaj, Solid State Commun. 15, 1221 (1974).

J. Heinricks and N. Kumar, Solid State Commun. 16, 1035 (1975).

K. K. Bajaj and C. A. Aldrich, Solid State Commun. 18, 641 (1976).

J. W. Hodby, J. A. Borders, F. C. Brown and S. Foner, Phys. Rev.
Lett. 19, 952 (1967).

H. Tamura, T. Masumi and K. Kobayashi, in Proceedings of the 3rd
international Conference on Photoconductivity, edited by E. M. Pell

(Pergamon Press, New York, 1971).

J. W. Hodby, G. T. Jenkin, K. Kobayashi and H. Tamura, Solid State
Commun. 10, 1017 (1972).

D. Frthlich, B. Staginnus and S. Thurm, Phys. Status Solidi 593 287
(1970).

Y. Onodera, Optics Commun. 3, 113 (1971).

?. Frohlich, J. Treusch and W. Kottler, Phys. Rev. Lett. 29, 1603
1972).



117

61. A. D. Brothers and D. W. Lynch, Phys. Rev. 180, 911 (1969).

62. A. J. Grant, W. Y. Liang and A. D. Yoffe, Phil. Mag. 22, 1129 (1970).
63. A. D. Redmond and B. Yates, J. Phys. 5, 1589 (1972).

64. R. P. Lowndes, Phys. Lett. 21, 15 (1966).

65. K. Hojendshl, Kgl. Danske Videnskab. Selskab. Mat.-Fys. Medd. 16,
No. 2 (1938).

66. E. R. Cowley and A. Okazaki, Proc. Roy. Soc. (London) A300, 45 (1967).

67. R. Shimizu, T. Murakashi and T. Koda, J. Phys. Soc. Japan 33, 866
1972).

68. R. Shimizu, T. Koda and T. Murahashi, J. Phys. Soc. Japan 36, 16l
(1974) .

69. R. Shimizu and T. Koda, J. Phys. Soc. Japan 37, 1468 (1974).

70. J. Nakarhara and K. Kobayashi, J. Phys. Soc. Japan 40, 180 (1976);
4o, 189 (1976).

71a. z. Nakahara, K. Kobayashi and M. Seki, Solid State Commun. 18, 245
1976).

71b. J. Nakahara, K. Kobayashi and A. Fujii, J. Phys. Soc. Japan 37, 1312
(1974); 37, 1319 (1974).

72. T. Kawai, K. Kobayashi and H. Fujita, J. Phys. Soc. Japan 21, 453
(1966).

73. Y. Makita, K. Kobayashi and M. Kanada, J. Phys. Soc. Japan 25, 816
(1968).

74, Y. Makita and K. Kobayashi, J. Phys. Soc. Japan 32, 1262 (1972); 38
435 (1975).

75. R. Shimizu and T. Koda, to be published in Proceedings of the 1975
International Conference on Luminescence at Tokyo, 1975.

76. S. Kurihara, K. Fueki and Takashi Muraibo, J. of Solid State Chem. 8,
229 (1973).

77. A. C. Bailey and B. Yates, Phil. Mag. 16, 1241 (1967).

78. Dr. C. H. Culp provided much appreciated assistance in designing the
high voltage square wave generator.



