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Multiphonon resonant Raman scattering in high-manganese-concentration Cd& Mn„Te films
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We have measured resonant Raman scattering and photoluminescence (PL) from Cdl Mn„Te
(111) films deposited on (111)-oriented GaAs substrates. Film thickness varied from 0.6 to 1.8 pm
and manganese concentrations x varied from 0.44 to 0.70 in the seven samples produced for this

study using pulsed laser evaporation and epitaxy. Raman scattering shows that the films are of high

quality throughout the composition range. The "CdTe-like" and "MnTe-like" LO-phonon modes

appear in combinations up to the eighth order at 13 K under outgoing resonance conditions near
the Eo gap PL emission peak. Using Raman LO-phonon energy-composition relations reported in

the literature for bulk Cd, ,Mn„Te, we have estimated the film Mn compositions and found them

to be in close agreement with values obtained using energy-dispersive x-ray analysis (EDAX). The
PL peak energy was also used to estimate the manganese composition. The best agreement with the
Raman and EDAX determinations results when the PL emission is interpreted as being due to a
neutral acceptor-bound magnetic polaron instead of an exciton process.

The bulk Cd, ,Mn„Te (CMT) semiconductor alloy
system has been studied extensively because of the wide
tunability of its gap (1.58 to 2.30 eV as x ranges from 0 to
0.7) and the many novel properties and potential applica-
tions it might have in the visible region. The unfilled 3d
shell in the Mn produces localized magnetic moments
which interact with the conduction- and valence-band
electrons, resulting in very strong magnetic and
magneto-optic effects. ' For several years high-quality
thin films, epilayers, and quantum-well structures have
been deposited on commercially available substrates.
While much of this work has been accomplished using
molecular-beam epitaxy (MBE), ' in anticipation of the
need to reduce fabrication costs, films have been deposit-
ed using metal-organic chemical vapor deposition '

(MOCVD) ionized-cluster-beam techniques' and pulsed
laser evaporation and epitaxy (PLEE)." The film growth
results reported so far have been mainly for low Mn com-
position samples (x(0.35). However, recently, one of
us' has reported PLEE-grown alloys with Mn concentra-
tions approaching the zinc-blende structural limit of
x=0.7. In this paper we further investigate the proper-
ties of these higher-range-Mn-concentration samples us-
ing Raman and photoluminescence (PL) techniques.

To date most of the Raman spectra from bulk and film
CdTe and Cd, Mn Te have shown only low overtone
numbers (order m= 1—3). However, LO overtones up to
m =4 have been reported in MOCVD-grown CMT sam-
ples and m=6 overtones have been reported by Feng
and co-workers' for PLEE-grown CdTe under outgoing
resonance conditions near the Eo+Ao gap. Here we re-
port Raman results with LO-phonon overtones up to
m =8 and related PL for CMT epilayer films grown on
GaAs (111)using PLEE. The overtones originate as out-
going resonant Raman scattering at what is believed to be

acceptor-related photoluminescence just below the funda-
mental gap Eo.

The Cd, „Mn„Te (111) alloy films were grown on Si-
doped GaAs (111) substrates using the FLEE method at
the National Research Council of Canada. A high-
vacuurn deposition system employing dual pulsed lasers
[excimer and Nd:YAG (Nd-doped yttrium aluminum
garnet)] was used to grow the films. Vapors produced by
simultaneous pulse evaporation from two targets were de-
posited epitaxially on a heated GaAs substrate. A XeC1
excimer laser operating at 0.308 pm and triggered at up
to 80 Hz vaporized Cdo 44Mno 56Te targets, while a
Nd: YAG laser triggered between 0.5 and 5 kHz was used
to generate additional Cd Aux. The small laser spot size
at the target pellet and the near ambient temperature of
the unablated target bulk contribute to the production of
very clean films. Due to the pulsed character of the eva-
poration process, film thickness can be controlled to the
submonolayer level. Under optimized film growth condi-
tions (excess Cd flux and substrate temperatures in the
210—290'C range) in situ reflection high-energy electron
diFraction showed sharp (111) patterns and scanning
electron microscopy revealed in most cases a featureless
surface morphology. Energy-dispersive x-ray analysis
(EDAX) was used to obtain average composition read-
ings for each film. The analyzed area was about 50X 50
pm and the x values are listed in Table I. No clustering
of the Mn or Te was apparent in the seven samples
prepared for this study. Further details of the sample
preparation are given elsewhere. '

Raman and resonant Raman measurements were per-
formed in the 90' backscattering geometry at Lakehead
University. The samples were mounted on the cold finger
of a closed-cycle helium refrigerator, which could be held
at any temperature down to about 12 K. Temperature
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TABLE I. Properties of FLEE Cd, Mn, Te (111)layers grown on GaAs (111)substrates.

Sample

CMT-1
CMT-2
CMT-3
CMT-4
CMT-5
CMT-6
CMT-7

T,
('C)

210
250
270
290
270
270
290

(pm)

0.8
0.6
1.4
1.1
0.9
1.2
1.8

EDAX

0.70
0.51
0.50
0.51
0.56
0.54
0.45

PL,„,.

0.48
0 44
0.43
0.49
0.51
0.36

PLBMP

0.54
0.51
0.50
0.56
0.57
0.42

Raman

0.70
0.54
0.51
0.50
0.56
0.58
0.44

measurement and control were accomplished using a
Lakeshore Model DRC-91C controller with calibrated Si
thermometer mounted next to the sample on the support-
ing brass finger. The Raman signal was excited with vari-
ous lines of an Ar+-ion laser focused to a spot size of
about 0.25 mm. The scattered light was analyzed using a
Jobin-Yvon S-3000 triple spectrometer in the photon-
counting mode, with slit settings yielding a resolution of
—3 cm '. The detector was a thermoelectrically cooled
Harnamatsu 934-02 photomultiplier.

Figure 1 shows the Raman spectrum for sample CMT-
5 at 13 K. The excitation intensity was 50 mW at 488
nm. Phonon lines occur at multiples and combinations of
the "CdTe-like" LO& and "MnTe-like" LO2 phonon fre-
quencies up to eighth order. Such high-order overtones
are shown for the first time in CMT, and we take this as
an indication of the high quality of the films. The peaks
associated with the fifth overtones lie at the top of the PL
emission and are reduced in intensity as compared to

those of the fourth and sixth overtones. This is in con-
trast to the behavior seen in CdTe overtone enhancement
where the strongest effect occurs at the PL emission max-
imum.

Figure 2 shows photoluminescence and Raman lines
for the 1.4-pm-thick sample CMT-3 excited with the
488-nm laser line. The photoluminescence was taken
with 10 mW of input power while the Raman excitation
intensity was 50 mW. The broad, intense emission cen-
tered at 2.0 eV is identified as the Mn + luminescence
band which has an excitation threshold of 2.15 eV. ' '
The peak at 2.28 eV (and a similar Mn concentration-
dependent peak in the other samples) is either a neutral
acceptor-bound exciton luminescence ( A, X) or an
acceptor-bound magnetic polaron (BMP) peak (e, A ), as
discussed in detail by Bugajski et al. ' They showed that
in p-type doped bulk samples, as x is increased from 0 to
0.3, the neutral donor-bound exciton (D,X), neutral
acceptor-bound exciton ( A, X) acceptor-bound magnetic
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FIG. 1. Rarnan spectrum of FLEE-grown Cd~ &4Mno «Te
(111)film (0.9 pm thick) on GaAs (111)measured at 13 K. Out-

going resonant enhancement occurs with the PL emission near
the Eo gap.

FIG. 2. Photoluminescence and Raman lines for sample
CMT-3 with Mn composition x=0.51 and a thickness of 1.4
pm. The PL peak at 2.30 eV appears to be a bound magnetic
polaron emission. The 2.0-eV peak is the Mn + luminescence.
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polaron intensities change rapidly with composition. As
x increases, the exciton emissions rapidly weaken and
broaden in energy, while the BMP emission intensity
grows. The manganese fraction in our samples lies be-
tween 0.44 x 0.70. At such high concentrations the
( A, X) and (e, A ) ernissions are the most likely candi-
dates for the luminescence. If the peak is due to exciton
emission, its location would be within a few meV of the
fundamental gap Eo. The low-temperature relation for
the free exciton energy versus composition from Ref. 9
for T= 2 K (and to a good approximation T= 13 K) is (in
eV)

Eo(x)=1.595+1.52(x) .

Bugajski and co-workers showed that the bound magnet-
ic polaron energy saturates at —110 meV below the
conduction-band edge for x ~0.25. Thus, if the PL peak
is due to a BMP emission, to obtain a composition esti-
mate from it an offset of —110 meV should be added to
the peak energy before using Eq. (1). Under this assump-
tion, values of composition x for six samples are given in
Table I. The column labeled PLBMp is calculated assum-
ing the luminescence is due to a BMP, the column labeled
PL,„, assumes that the emission is excitonic and offset
below the gap by —15 meV. No estimate is given for
sample CMT-1 because at x=0.70, the PL emission lies
at slightly higher energy than the 457.9-nm line of the
Ar+-ion laser. It appears that the PLBMp estimates agree
best with other methods for determining the Mn content.

Figure 3 shows two Raman spectra for sample CMT-4
for exciting lines of 488.0 and 514.5 nm. The signal in-
tensity for the upper curve is twice as strong as that for

the lower, even though the excitation power is the same
in both cases. Because of the scale reduction, there ap-
pears to be fewer overtones in the upper curve but both
spectra show six. The arrows point to the same absolute
energy in the two spectra and demonstrate that if the PL
peak position is to be estimated accurately, it must be
determined from nonresonant conditions.

In general, it was found that the resonance Raman
enhancement increased as the incident photon energy ap-
proached the PL peak energy, but that the Raman inten-
sity dropped rapidly when either the incoming or outgo-
ing photon energy was less than the PL peak energy.
This is illustrated in Fig. 4, which shows Raman spectra
excited using the 488.0-nm Ar+-ion laser line for samples
CMT-3, CMT-2, and CMT-6. Enhancement to the sixth
or seventh overtone occurs when the outgoing photon en-
ergies straddle or lie to the high-energy side of the PL
emission peak. The full width at half maximum (FWHM)
PL peak width for resonant conditions averages 700—800
cm ' in all samples, while the nonresonant peak width is
300-400 cm '. The former is at least twice as wide as
the PL band associated with Eo+ ho resonance enhance-
ment in pure CdTe and may be additional evidence for
interpreting the PL peak as being that of a bound mag-
netic polaron. It can also be seen that as the energy gap
decreases with decreasing x the position of the PL peak
moves towards lower energy and the enhancement weak-
ens.

Venugopalan et al. ' have calibrated composition x for
bulk alloy Cd, ,Mn, Te samples against the "CdTe-like"
and "MnTe-like" Raman LO and TO modes for room
temperature and 80 K. We estimate the LO-mode ener-
gies by relations obtained from their graph.

FLEE Cd „MnzTe/GaAs (ill)
CMT 4 13K

x = 0.50

I I
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FIG. 3. Raman spectra for CMT-4 with excitation wave-

lengths of 488.0 and 514.5 nm. The arrows point to the same
energy in each case. As increased resonance occurs in spectrum
(b) the FWHM of the PL peak doubles and its intensity grows
in proportion to the phonon intensities.

FIG. 4. Raman spectrum with PL peak for three samples
with increasing Mn concentration and laser excitation at 2.541
eV. The PL-peak energy scales with x, even though the sample
thicknesses vary by more than a factor of 2 (see Table I).
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ELO =173—26x for CeTe-like LO fundamental-mode
1

energy, and ELo =196+24x for the MnTe-like

equivalent. The uncertainty in the intercepts is about 2
cm ' at either end of the composition range. Positioning
of the LO modes at 13 K should be about 1—2 cm
higher in energy than their 80-K results, but differences
between LO, and LO2 energies would be essentially the
same at the two temperatures. Using these assumptions,
composition estimates for all the samples from funda-
mental LO peak locations are also given in Table I under
the column titled Raman.

There is good agreement between the Raman estimate
of composition, the EDAX estimate, and the PLBMP esti-
mate, considering that the uncertainty in the EDAX and
Raman values are about +0.01. Interpreting the PL
emission as being due to a neutral acceptor-bound exci-
ton ( A, X) yields consistently low composition estimates.
The agreement between the EDAX composition value
(which samples the complete film thickness) and the less

penetrating Raman measurement suggests that the films
are of uniform composition throughout. These spectra
provide the basis for further theoretical analysis, particu-
larly in regard to an understanding of the intensity distri-
bution of the striking LO overtone structure. We hope to
provide further insight into this in the near future.

In conclusion, observation of Raman modes from
fourth order (nonresonant case) to eighth order under
resonant conditions has been reported for the first time in
high-concentration manganese CMT alloys. Good agree-
ment between composition determinations using Raman,
PL, and film averaging EDAX has been obtained. We
believe that these results attest to the stability of the
growth conditions and to the high quality of the PLEE-
grown CMT/GaAs.

The work at Lakehead University was partially funded

by a grant from the National Research Council of Cana-
da.
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