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ABSTRACT

Raman scattering measurements are reported for a series

of Hgl_xCdxTe (with x i 0.2) materials from 295K (room
temperature) to 1126K (up to and above their llquidus

temperatures), and for Hgl_xCdxTe (x = 0.S) at 2%5K. The
samples were contained in _IgK-temperature optically-flat

fused silica cell. Variable temperature measurements were

effected in a three-zone, high-temperature furnace equipped

with optical windows, and monitored externally by three
independently programmable temperature controllers. All

studies were made in the backscattering geometry using the
5145 A line of an Ar + ion laser, with incident power less

than 250 mW, as excitation source. An intensity enhancement

is observed for a mode in each of the compositions studied.

The frequency of this mgde varies with composition, 142 cm -1

for HgTe, and 128 cm -A for both the Hgl_xCd_Te ( x = 0.053
and 0.204 ) samples. In addition, a s_ift to lower

frequency as a function of temperature is observed in all

samples. This shift is most prominent for the x = 0.05S

sample. The temperature dependence of these modes as the

liquidus temperatures are achieved and surpassed for these

samples is presented as being associated with a structural

transition in the Hg-rich compositions of the Hgl_xCdxTe
series. To our knowledge this is the first reported study

of Raman scattering by phonons in the melts of these
materials.
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INTRODUCTION

The Hgl_xCdxTe alloy system has received considerable

attentiQnsinl recent years, as can be attested to by several
reviews - on t_e subject, for their use as infrared
detector devices. _ The energy gap in these materials

increases continuously (almost linearly) with cadmium

composition, ranging from -0.3 eV (for x = 0, HgTe) to

+1.6 eV (for x = 1, CdTe) and zero-gap crossover at 4.2K for

x = 0.15. The corresponding spectral range can thus be

tuned with alloy composition from 0.8 m to 50 m. In

particular, the x = 0.20 alloy has an atmospheric window of
8 m to 14 m at 77K. These materials have therefore been

mostly considered for military, space and commercial

applications. It is then not surprising to note that a

significant proportion of past and present research efforts

has been dedicated to the advancement of p_o_o_etector

technologies and of crystal growth techniques. _,u''" These

studies have, in turn, generated enormous interest in the

characterization of basic physical proerties for this

pseudo-binary alloy system.

Recent reports of variations o-_n8 the thermal
conductivities between the solid and melt, changes in the

melt thermal conductivity as a function of temperature and

composition, 9,10 _dJlincreases in the thermal diffusivity
with temperature, _'I are of particular interest to the

work presented here, for they suggest possible chemical or

structural changes in the melt structure near and/or above

the liquidus temperatures. Optical studies of these

materials are of clear significance since they reflect the

nature of their electronic and vibrational structure. These

efforts have concentrated _ three spectroscopic techniuues:
infrared, 12-21 Raman, Zl- and resonance Raman Z7-29

scattering. The temperatures at which these studies were

made range between 1.7K to 300K, the maximum temperature.
All of the Raman studies have included the materials with

0 < x < 0.3 composition; yet, none of the resonance Raman

scattering investigations fall within this range. These
reports have revealed a "two-mode ''_v behavior in the alloys

arising from HgTe-like and CdTe-like modes which exhibit

composition-dependent frequency shif_.^^ Clustering and
defect modes have also been detected _o-z_ suggesting that

surface morphology, such as structural dislocations,

composition gradients, and surface preparation, can be

studied by these techniques.

In this report we present what to our knowledge is the

first study of Raman scattering by phonons in Hgl_xCd-Te
melts. We have performed these studies on al_oy
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compositions of x = 0, 0.05, and 0.20, from room

temperature, 22 °C (295K), up to and above their liquidus

temperatures, 670 °C (943K), 703 °C (976K),and 794 °C

(1067K), respectively. We also report the room temperature

spectrum for x = 0.30 as the first step in a similar

investiEation to be performed on this alloy composition.

The most salient feature in our study is the observation of

an intensity enhancement of a phonon mode in each sample

composition near and above its liquidus temperatures. We

believe this mode to be indicative _Oflla structural phase
transition as suggested by others. 6 The mechanism for

this transition has not yet been identified, though these

results, preliminary as they are, do not indicate a soft

phonon mechanism as being responsible for the structral
transition.
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OBJECTIVES

The primary purpose of this effort is the

characterization of the liquid structure of Hgl_xCdxTe
(x _ 0.30) near and above the liquldus temperatures of each

alloy compsition by means of Raman scattering spectroscopy.
The project was motivated by previous observation u-_ as

discussed earlier. The technique of Raman scattering was

chosen to perform this study for it probes lattice

vibrations, phonons, and is very sensitive to the local
structural environment. In what follows is a brief

theoretical introduction and description of the technique

and its relevant parameters. It is suggested that other
authors be consulted for a detailed treatement of the
phenomenom, 34-36 and in particular, for the case of
semiconductors.27, 37-41

The Raman effect 42 results from the inelastic

scattering of light (of a given frequency, _o ) by the
molecular vibrations and lattice vibrations (in the case of

dense media) of a medium. The scattered light consists of

several frequency components, Wi, and their corresponding

frequency shifts, d_ : COo - ui[ are characteristic of the
material and independent of thg choice of incident light

frequency (except for the case of resonance light

scattering). This frequency spread is identified by two

regions, Stokes scattering ( &_j > 0) and anti-Stokes
scattering (6_i < 0). Since the populations are governed by
the Bose-Einstein relationship, the intensities of the

Stokes components are usually greater than those of the
anti-Stokes components, they are the ones most frequently
measured in Raman spectroscopy.

In the simplest case of an isolated, free, atom or

molecule, the total intensity of scattered light for an

optical transition from a state m to a state n is given by:

im n = 3z27 _5c4 io (Yo +- Ymn)4 k_l :( <kl)mn:2

in the Kramers-Heisenberg-Weisskopf formalism. The incident

radiation intensity and frequency are I and _ o,
respectively. (_o _ Vmn) is the scattered light frequency,

where Ymn = _m - _n , and k and 1 are molecular fixed
coordinates that characterize the scattered and incident

light, respectively. ( _ kl)mn is a .Gomplex, non-
centrosymmetric polarizability tensor defined 4_ as:

= 1 _.(<n: _k:r> <r: _]:m> + <n: _]:r> <r: _k:m>)
( 4kl)mn -_ r ( _rm - Vo + i _r ) ' '( Vrn + _o + i _r )

"w"
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where:_ n_
kth " an 1_h polarization, respectively, and Dr is the

da _I are electric dipole moment operators inthe

damping constant for the intermediate state(s), accounting

for its finite width(s). The wavefunctions Im>, In>, and

It> are eigenfunctions of the total Hamiltonian. The

summation is performed over all the vibronic states of the

molecules, including m and n, so as to consider the

contributions from all electronic levels and their

corresponding vibrational levels. In this treatment the

wavefunctions are usually expanded in terms of the
transition moments and generalized coordinates to obtain

final expressions for the intensities of the Raman
fundamentals and overtones.

Recently, extensions of the theoretical developments by

Hayes and Loudon34 have been presented for the specific case
of Raman and resonance Raman scattering in
semiconductors. 27,38-41 In this case , and for a similar

experimental configuration as used in our study, the rate of
scattered photons "inside" the sample per unit solid angle

is given by:

dRsin =I_ d_

d_u £ Uo dJL

Rs in is the scattered photon rate (photons/sec) insidewhere

the sample, 3h, is the unit solid angle and d_/dJLis the

differential cross-section. The corresponding scattering

rate "outside" the sample, which are experimentally measured

as the area of the observed Raman peaks, _n t_n be
expressed in terms of the polarizability tensor _',_9 as:

= _ 3 _dlout N(_) + i :_ os: 2Rs°Ut T_ T s Po__s__

(ao + as) _o _s 2 c4 _ph=H V c

where T_ and T s are the incident and scattered transmission

coefflclents, ao and a s are the absorption coefficients at

the incident and scattered frequencies, and _o and Hs are
the indices of refraction at the incident and scattered

frequencies. (It is important to note that these parameters

are temperature dependent). Po is the incident laser power

_b is the observed phonon frequency and N( _ph ) is the
pnonon occupation number. _ s is the scattered photon
frequency, 6Jt °ut is the constant collection solid angle, and

_os is the Raman polarizability tensor. M and V c are the
reduced mass of the unit cell and the primitive cell volume,

respectively.

While this

resonance Raman

analysis has been applied successfully for

scattering in Hgl_xCdxTe (x = 0.966) at
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100K, 27 only one s_dy has been performed at high

temperatures, for Si_°_ In this latter case, the data show

a decrease in Raman signal intensities with increased

temperature, while a resonance enhancement is observed with

temperature dependent shifts and broadenings.

li is of interest to extend this theoretical treatement

to the Raman scattering at high temperatures for Hgl_xCdxTe
of x _0.3 to aid in the elucidation of the melt structures.

The experimental studies reported here are the initial

efforts in such a study.

XXV-5



EXPERIMENTAL

The samples used for this study were provided by NASA

fro_ a series of previously prepared materials (see Table

1). _ Each alloy was prepared from purified elements and

loaded in-situ (inside a rocking-furnace to provide

homogenization) into specially designed high-temperature,

high-press_e, optically flat, fused silica cells (see
Figure i). _ The last four sample cells listed in Table 1

(numbers 5, 6, 7, and 8) were selected for these

measurements based on the quality of the cell surface. The

cell configuration and the high reflectivity of the samples

were among the factors considered in the determination of

the optical configuration to be used.

Variable temperature measurements were performed with a

threeuzone, high-temperature furnace designed and built at

NA_. 4_ A cross-section of this furnace is shown in Figure

2. _u The sample is attached to or placed in a sample holder

and located in the middle zone. Optical access is effected

through coated heat rejection windows.

Each zone is independently controlled and its

temperature monitored by a programmable temperature

controller (Barber-Colman model no. 570). These three

controllers allow for the establishment of sequential

programming (up to eight sequences within each of four

possible programs) of a desired starting temperature, an end

temperature (both in degrees Centigrade) and sequence

duration (in fractions or multiples of minutes or hours).

Any program-sequence can be initiated, held constant or

stopped at any given time.

The sample cells were handled with polyethylene gloves

and thoroughly cleansed with ethanol (99.9%) prior to

placing inside the furnace cavity. This is required to

avoid cell cracking or damage due to dust or excess sodium.

Since the alloys expand upon freezing, every effort was made

to maintain a temperature gradient throughout the zones.

For all temperatures, other than at or very near room

temperature, the top zone was maintained at temperatures

hotter than the middle zone and it, in turn, kept hotter

than the bottom zone. All samples were heated at a rate of

approximately 1 °C/min., allowing for the temperature

differences. Each zone was also allowed to achieve

equilibrium by holding the temperatures constant at several

intervals. It was during these intervals, which lasted

between thirty and ninety minutes, that the spectra were

recorded. After the alloys were completely liquefied, the

samples were rapidly quenched (by cutting-off all electrical
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power to the furnace)
where x > 0.

to avoid CdTe segregation in samples

The cells were fixed in place by the sample holder.

Two different sample hol_rs were used during the course of
this work (see Figures 3, _Q and 4), each with at least three

type-K (chromel-alumel) thermocouples used to monitor either

the three zone temperatures, or the top, middle and bottom

of the cells, respectively. The thermocouple outputs were

connected to a data acquisition/control unit (Hewlett-

Packard model no. 3497A) via a 20-channel thermocouple
acquisition plug-in assembly (Hewlett-Packard model no.

44422A). The HP-3497A was interfaced to a personal computer

(Hewlett-Packard model no. 85B). A computer program,
originally developed by F. R. Szofran and modified for these

purposes, was used to evaluate voltage-to-temperature

conversions with respect to an internal reference, and plot
temperatures, from various channels, versus selected

acquisition time intervals. Temperature stability was
maintained to an uncertainty of ± 2 °C.

The experimental configuration used for the

measurements reported here is shown in Figure 5. The 5145 A

line of a continuous-wave argon ion laser (Spectra Physics
model no. 165) was used as the excitation source. The

positioning optics consisted of a double-mirror combination

to raise the laser beam to the same plane as the
spectrometer slit, an iris and an optical filter that

rejects all but the 5145 A line. The incident laser beam

was then focused with a cylindrical lens (focal lenght of
300 mm), reflected by a small front-surface mirror into the

furnace and onto the sample. This focuses the beam into a

rectangular cross-section, or line image, parallel to the

spectrometer entrance slit. The incident laser power was

maintained at or below 250 mW to further diminish background

scattering from entering the spectrometer. This is best

achieved by operating the laser in the light (power-

stabilized) mode.

The scattered light is then collected and focused by a

double lens a_sembly (focal length of 300 mm), placed

immediately behind the small mirror, and a single lens

(focal length of 254 mm). This lens combination (see Figure

6) offered a good match with the spectrometer optics. The

0.85 m double monochromator (Spex model no. 14018) was

equipped with 1800 grooves/mm gratings. The spectrometer

slit settings are very important in determining the

experimental resolution; but, another equally important

factor is the total amount of signal collected and used for

detection. Since the use of the backscattering geometry
technique, in which both the incident and scattered light

XXV-10
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are co-linear, also allows for a line image focus onto the

spectrometer slit. The entrance slit was kept at settings

that would allow for a maximum collection of the scattered

light. Typical settings were 0.5 mm - 1.0 mm - 0.5 mm slit

widths for the three spectrometers slits and fully opened

(2 cm) slit-helght. Thus, a major portion of the scattered

signal is collected at the sacrifice of increased spectral

bandpass (approximately 5-6 cm-').

The advantages and disadvantages of,_h_nbackscattering

technique have been describe by others. _'-_ The primary

concerns for this work are excitation/collection from only

one, reflective sample surface, vertical line focus and

minimization of local heating. It should be noted that

caution is required to prevent direct laser beam reflection

into the spectrometer and detector. This can cause unwanted

laser-line ghosts, swamp the Raman signals in addition to

possible damage to the detector.

The signals were detected by a refrigerated (-45 °C)

photomultiplier tube (EMI tube model no. 9658 RAM, and

housing model no. CH-25). The output is fed into a pre-

amplifier/discriminator and into a digital photon counter

(Spex model no. DPC-2). Typical dark counts were less tha_

200 counts/sec, while signals were on the order of I0 =

counts/sec. The spectra were then recorded by scanning the
spectrometer (0.2 cm-A/sec) and displayed on an X-Y recorder

(Hewlett-Packard model no. 7034A or 7044A).

A series of preliminary procedures were undertaken

prior to the performance of the experiments discussed here
so as to ensure a successful outcome. The double

monochromator was calibrated with a 200W Hg-Xe arc lamp

(Oriel model • no. 8500). Optical alignments of the

experimental configuration was effected by removing the

photomultiplier tube and replacing it wiht a low-power He-Ne

laser (Spectra Physics model no. 155A). This back-alignment

procedure was used to determine and optimize the optical

path to be used for the optics and sample positions relative

to the Ar + ion laser beam. To confirm that this optical

arrangement was feasible for detection of Raman signals,

carbon tetrachloride (CCl 4) was loaded into a sample cell
similar to those used in these experiments and placed inside

the furnace in a manner typical of the configuration to be

used la_er. The expected Raman bands (_ 214, 314, and
460 cm -_) were easily detected. Subsequently, preliminary

runs with all the samples at room temperature were

performed. Adequate safety precautions were also taken. A

vented plexi-glass enclosure was designed around the upper

part of the furnace, and near the working station. This

XXV-15
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cell explosion.

in the event of a sample
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HESULTS

The results are reported not in chronological order,

but in order of increasing Cd composition for clarity.

Preliminary measurements were performed on all samples to

discern the most likely candidate for which strong Raman

scattering signals could be obtained. Once this was

established we proceeded in order of increasing llquldus

_emperatures. All temperature measurements were performed

for one sample at a time.

A. HgTe

The Raman spectra of the HgTe sample for various

temperatures are shown in Figures 7, 8, and 9. All spectra

were recorded with Sncreasing temperature and a spectral
bandpass of 5 cm -_. The most salient features are the

decrease in intensity and s_ift towards lower frequency of

the room temperature 128 cm -_ peak, _he shift towards lower
frequency of the very broad (18 cm -_) band centered around

254 cm -1, and the appearsnce of a strong broad (8 cm -1) peak

centered around 142 cm -_ with increasing temperature. The

intensity enhancement of this latter band is most evident in

the region between 700 °C and 751 °C. The difference

between the two spectra recorded at 700 °C (see Figure 9) is

that the uppermost spectrum was taken after a refocusing of

the optics for the lower spectrum. This effect was also

noticed for all other recorded Raman spectra as the llquidus

temperatures were approached from below and surpassed. This

may be due to an actual sample shift or settling in the

molten state.

B. Hgo.95Cdo.o5Te

The Raman spectra as a function of temperature for the

5% Cd composition sample are shown in Figures i0 through 14.

As in the previous examples, _ii spectra wer_ obtained with
a spectral bandpass of 5 cm -_. The 128 cm-- peak observed

in the HgTe sample is also detected here, but the shift

towards lower frequency as well as the decrease in intensity

with increasing temperature is m_st prominent in this
sample. The shift is about 35 cm -. This is equally true

for all features observed in the spectra. It should be

noted that during the heating and detection sequence for

this sample several adjustments in the optical focus had to

be made. This may account for the different lineshapes

observed for the same features, and for the almost

dissappearance of any detectable signal between 597 °C and

704 °C.

XXV-17



i

XXV-18



XXV-19



L

XXV- 2 0



XXV-21



0

u_

C

0

o

U

0

o

0 0

o

.--4
!

8

0
"0
c_

o
_-4

XXV-2 2



I

B

XXV-23

_D



t)
0
O_

_D

r'-

e9

r-4

C_

5_
<)

0

Oh

c_

!

"0

-.0
c,4

r-4

io

XXV-24



XXV-2 5



C. Hgo. 796Cd0. 204Te

The Raman spectra as a function of temperature for this

20% Cd composition sample are presented in Figures 15

through 18. Chronologically, this was the first sample on

which the series of experiments were performed; it also

produced the most dramatic signal enhancements with

increased temperature. The spectra shown in Figu__e 15 were
recorded with a spectral bandpass of 2.5 cm - and an

incident laser power of 400 mW. The Raman signals were not

easily detected as the temperature of the sample was

increased, particularly for the series of spectra recorded

between 106 °C and 500 °C. During this run we observed the

first shifts in the scattered signal light relative to the

entrance slit. Because these shifts caused significant

decreases in the total collected signal, it was deemed

necessary to maximize this amount (by increasing the slit

withds) at the expense of a greater spectral bandpass. All

subsequent spectra were then recorded under the same

conditions. As seen in Figure 17, the intensity of the band

at 128 cm -I increases between 765 °C and 853 °C, decreases

in intensity when the temperature is lowered to 750 °C, and

does so by a factor of two when a temperature of 691 °C is

attained.

D. Hg0.70Cd0.30Te

Only room temperature spectra were recorded for this

alloy composition. The only difference between the room

temperature spectra of the 20% sample and this 30% sample is

that the latter exhibits weaker intensities for the same

signals. Consequently, it was the last sample to be run for

the series and not fully completed.
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CONCLUSION

We have presented Raman scattering data for Hg-rich

Hg__xCdxTe melts. The spectra exhibit dramatic intensity
enhancements for modes which can be associated with

structural phase transitions for each sample composition

studied. This argum_n_ is consistent with those previously

suggested by Qth_rs Q-_I to explain changes _ ,_hermal
conductivities, _-10 and in thermal diffuslvity. Au,AA The

measurements performed thus far do not indicate a soft-

photon mediated mechanism for this transition, although a 35
cm -_ shift to lower frequency was detected for the 5% Cd

composition sample near its llquidus temperature.

These results are indeed very encouraging, but more

needs to be done to complete the study. These measurements

should be repeated for the same samples under similar

conditions with shorter temperature intervals. This would

aid in establishing the temperature width of the transition.

In addition, the same experiments should also be performed

for different excitation frequencies to confirm the phonon

mode frequencies. This can be achieved by using the 4880 A

line of the Ar + ion laser used for these experiments. If

this option is used, every precaution must be taken to

assure that a direct change of excitation frequency from the

laser does not alter the optical path of the incident light.

A better solution would be to use a completely different

laser source, such as a He-Ne or Kr + laser, which can be

positioned such that the optical paths are not disturbed

other than by switching one mirror to reflect either one of
the two incident beams.

These changes do not affect an important element in the

detection and analysis of the data, and that is the strong

background scattering that is observed for all of these

materials. A computer data acquisition/control interface to

the digital photon counter and program should help in the

analysis of the data. The scattered background can then be

digitally subtracted from the recorded spectrum leaving only

the relevant part of the spectrum.

In conclusion, the preliminary results presented here

are important for they represent the first observation of

Raman scattering in Hg-Cd-Te melts. These efforts need to

be enhanced with the above suggestions to confirm the

observed phonon frequencies associated with the structural

transitions, and to develop theoretical arguments to

interpret the data within the framework of those previously
presented for resonance Raman studies in these materials _'.
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