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Raman scattering of longitudinal-optical-phonon-plasmon coupling
in Cl-doped ZnSe under high pressure
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The vibrational, electronic, and crystalline properties of n-type chlorine-doped ZnSe �ZnSe:Cl�
layers with a carrier concentration from 8.2�1015 to 1.8�1018 cm−3 are studied by Raman
spectroscopy. The spectral line shapes of the longitudinal-optical-phonon and plasmon coupling
mode are analyzed using the Raman scattering efficiency and the dielectric function to obtain the
electron densities and mobility. The splitting of the transverse-optical �TO� phonon and the redshift
of the chlorine-related impurity vibration mode are clearly observed when pressure is applied. The
semiconductor-to-metal phase transition pressure of ZnSe:Cl layers declines as the carrier
concentration increases, indicating that n-type doping reduces crystal stability. Additionally, the
pressure-induced weakening of the longitudinal-optical-phonon-plasmon coupling efficiency
suggests that pressure tends to degrade the n-type characteristic of ZnSe:Cl because of the
emergence of the new deep donorlike state. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2826936�

I. INTRODUCTION

Materials at high pressure exhibit interesting phenom-
ena. For example, Mao et al. made optical measurements at
�250 GPa and observed that hydrogen becomes metallic
due to a band overlap.1 Water �H2O� molecules under high
pressure cleave and form O2 and H2 bonds.2 Semiconductors
at high pressure also exhibit fascinating behavior. Smith et
al.3 found that ZnSe undergoes a crystallographic phase tran-
sition from a fourfold coordination zinc blende �ZB� struc-
ture to a sixfold-coordinated rock-salt �RS� structure at about
13.5 GPa. Itkin et al. studied the sharp drop of resistance
from 1021 to 104 � in ZnSe at 13.5 GPa,4 which indicates
that pressure-induced metallization of ZnSe occurs when the
crystalline structure is transformed from ZB to RS. The high-
pressure resistance measurement is consistent with the opti-
cal measurement, yielding a monotonic energy blueshift with
pressure and an abrupt transformation to opaque at 13.5
GPa.5 Our earlier studies investigated the physical properties
of undoped ZnSe6 and ZnSe-based ternary compounds,
ZnMnSe,7 ZnFeSe,6 ZnCdSe,8,9 and ZnSeTe,10 at high pres-
sure using energy-dispersive x-ray diffraction, Raman scat-
tering, and photoluminescence measurements. The disap-
pearance of the longitudinal-optical �LO� phonon at high
pressure is caused by the metallization of the ZnSe-based
ternary compounds.

Recently, longitudinal-optical-phonon and plasmon cou-
pling �LOPC� was investigated using Raman scattering to
characterize the hole concentration of GaMnAs.11,12 The
strong interaction between LO phonons and collective exci-
tations �plasmons� via their associated macroscopic electric
fields has also been extensively studied13 in other compound

semiconductors such as SiC, GaAs, and GaN.14–16 According
to related works, the free carrier concentration and mobility
can be obtained by analyzing the line shapes of the measured
Raman spectra. A question arises: based on the powerful
high-pressure approach for tuning the physical properties of
semiconductors, can the applied high pressure significantly
alter the interesting LO phonon and plasmon coupling? The
applied pressure modifies the vibration frequency of the LO
phonon and the carrier concentration by contracting the lat-
tice. A notable change in the LOPC under the applied high
pressure might be expected. In particular, little attention has
been paid to the LOPC of the II–VI semiconductors because
of their low electron mobility and large plasmon damping.
Furthermore, the pressure-induced semiconductor-to-metal
phase transition and the crystal stability of n-type ZnSe:Cl
layers, which are affected by the doping concentration, re-
main unexplored.

In this work, Raman scattering is adopted to investigate
the LOPC as a function of applied pressure for n-type
ZnSe:Cl layers. Based on the Raman scattering efficiency
and the dielectric function, the spectral line shape is analyzed
to obtain the free carrier concentration and mobility. More-
over, the semiconductor-to-metal phase transition of n-type
ZnSe:Cl layers is studied.

II. EXPERIMENT

ZnSe:Cl layers were grown by molecular beam epitaxy
on semi-insulating GaAs �001� substrates, which were
chemically etched and thermally desorbed to remove residual
oxide just prior to growth. The Cl beam was supplied in situ
from a ZnCl2 compound source, using the conventional ef-
fusion cell. The Cl-doping level was controlled by adjusting
the ZnCl2 effuse temperature �TCl�. The substrate tempera-
ture was maintained at 300 °C, and the thickness of the
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ZnSe:Cl layers was fixed at about 0.9 �m. The samples
were electrically characterized using conventional Hall mea-
surements at room temperature �RT� in the Van der Pauw
configuration. The undoped sample was highly resistive with
carrier concentration of under 1015 cm−3 at RT and the net
n-type carrier concentration from 8.2�1015 to 1.8
�1018 cm−3 for TCl between 110 and 140 °C was discussed.

High-pressure measurements were made in a gasket dia-
mond anvil cell �DAC�. A methanol-ethanol 4:1 mixed liq-
uid, loaded under high pressure, was used as a pressure-
transmitting medium to maintain the hydrostatic conditions.
The hydrostatic pressure was calibrated by the spectral shift
of the ruby R1 line. The pressure gradient was less than 0.2
GPa, as determined by measurements made at various posi-
tions of the sample chamber. Before the ZnSe:Cl sample was
loaded into the DAC, the GaAs substrate was removed by
mechanical polishing and chemical etching.

Raman spectra were obtained at RT and collected in the
backscattering configuration using a 514.5 nm line of an
Ar+-ion laser as the excitation source. The spectra were ob-
tained using a SPEX 1404 double grating spectrometer

equipped with a multichannel LN2-cooled charge-coupled
device. The reproducibility of the Raman peak frequencies
was better than ±0.1 cm−1. The photoluminescence �PL�
spectra were obtained at RT, using the 325 nm line of a
He-Cd laser, and detected with a photomultiplier tube.

III. RESULTS AND DISCUSSION

Figure 1 presents the Raman spectra of n-type ZnSe:Cl
layers for various carrier concentration and an undoped ZnSe
layer. The spectra were all obtained at room temperature and
ambient pressure under z�x+y ,x+y�z̄ backscattering geom-
etry. In this configuration, based on the selection rule, scat-
tering from the LO phonon is allowed, while that from the
transverse-optical �TO� phonon is forbidden. However, a
weak TO feature, which appears at around 203.5 cm−1, is
attributable to a slight deviation from perfect backscattering
geometry. As the carrier concentration increases from less
than 1015 cm−3 �undoped� to 1.8�1018 cm−3 �TCl

=140 °C�, the LO-phonon line shifts from 252.2 to
248.8 cm−1 due to coupling of the LO phonons and plas-
mons �LOPC�. This LOPC mode behavior is characteristic of
semiconductors with low carrier mobility or large plasmon
damping. Therefore, only one overdamped phononlike
LOPC mode near the LO phonon is observed, rather than
two coupled LOPC modes.11–13,17 Also, the linewidth, which
is the full width at half maximum �FWHM�, of the LOPC
mode broadens from 10.4 to 25.6 cm−1, and the peak inten-
sity ratios �ILOPC / ITO�, which are given in Table I, drop from
6.7 to 1.3. A line shape analysis of the LOPC mode is per-
formed and displayed as solid lines in Fig. 1 to examine
further the correlation between the vibrational and the elec-
tronic properties of n-type ZnSe:Cl for various carrier con-
centration. The line shape fitting analysis is based on the
Raman efficiency and is given by18

I��� = SA���Im�− 1/����� , �1�

where � represents the Raman shift and S is an
�-independent proportionality constant. A��� is a coefficient
given by

A��� = 1 + 2C�T
2��p

2���T
2 − �2� − �2���2 + �2 − �p

2��/�

+ C2��T
2/����p

2����L
2 − �T

2� + ���p
2 − 2�2��

+ �2���2 + �2��/��L
2 − �T

2� , �2�

FIG. 1. Raman spectra �open circles� with calculated line shape analysis
�solid lines� of n-type ZnSe:Cl layers for various carrier densities at 300 K
and ambient pressure, including Lorentzian fit for the TO phonon.

TABLE I. Hall carrier concentration �nH� and mobility ��H�, LOPC mode frequencies, linewidth �FWHM�, and peak intensity ratio �ILOPC / ITO� of all studied
ZnSe samples with various ZnCl2 doping temperatures �TCl�.

TCl

�°C�
Hall concentration

nH �cm−3�
Hall mobility
�H �cm2 /V s�

LOPC mode frequency
�cm−1�

FWHM of
LOPC mode

�cm−1�

Intensity ratio
�ILOPC / ITO�

Undoped ¯ ¯ 252.2a 10.4a 6.7a

110 8.2�1015 154 251.3 19.8 5.2
120 2.4�1017 141 250.5 24.4 3.0
130 6.8�1017 106 249.2 25.3 1.3
140 1.8�1018 67 248.8 25.6 1.3

aPhonon frequency, FWHM, and intensity ratio of undoped ZnSe LO phonon.
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� = �p
2����T

2 − �2�2 + ����2� + �2���L
2 − �T

2���2 + �2� .

�3�

Here, the dimensionless Faust–Henry coefficient �C� can be
deduced from the intensity ratio of LO and TO phonon peaks
from an undoped ZnSe layer19

ILO

ITO
= ��I − �L

�I − �T
	4�T

�L
�1 +

�T
2 − �L

2

C�T
2 	2

. �4�

In Eq. �4�, �I is the incident photon frequency. The Faust–
Henry coefficient used in the analysis is C=−0.21. The di-
electric function with the plasmon damping term ��� is given
by

���� = �	�1 +
�L

2 − �T
2

�T
2 − �2 − i��

−
�p

2

�2 − i��
	 , �5�

where �	 is the high-frequency dielectric constant; �L��T�
are the LO �TO� phonon frequencies of undoped ZnSe; � is
the phonon damping constant, and �P is the plasmon fre-
quency,

�p
2 =

4
ne2

�	m* , �6�

where m* is an electron effective mass.
Hence, the free electron density, n, can be estimated us-

ing Eq. �6� with line shape analysis. Table II gives the fitting
parameters and ���P is clearly observed, revealing that the

plasmon is overdamped. The overdamped plasmon strongly
influences the linewidth of the LOPC mode and yields only
one observable phononlike mode.13,17

Table II presents the carrier concentration obtained from
Raman �nR� measurements at 300 K as a function of ZnCl2
effusion cell temperature. Figure 2 plots the carrier concen-
trations obtained from the Hall �nH� and Raman �nR� mea-
surements. The figure demonstrates that the carrier concen-
tration obtained from the two methods agree closely,
revealing that the Raman scattering is an effective and non-
destructive approach for determining the free carrier density
in n-type ZnSe:Cl layers. The slight deviation between these
two experimental results has several causes. First, the GaAs
TO phonon near the high-frequency side of the LOPC mode
may influence the accuracy of the line shape fitting. Second,
the Cl-related impurity mode, which is only clearly identified
at high pressure appears at the low frequency side of LOPC
and will be discussed later. However, it may slightly affect
the line shape analysis. Finally, m*=0.16m0 and �	=6.1,20

were used in Eq. �6� to calculate the free carrier density.
Because of the polaron effect,21 it is rather difficult to deter-
mine the electron effective mass properly. The possible val-
ues of electron concentration and mobility calculated by us-
ing different values of effective mass and dielectrics were
expressed by the error bars in Figs. 2 and 3.

Figure 3 compares the mobility obtained from the Hall
measurements ��H� and the line shape analysis of Raman
spectra ��R� using the equation �R=e /m*�. The mobility
ratio ��H /�R� is between 2.0 and 3.4, depending on the elec-

FIG. 2. Carrier concentration obtained at 300 K from Hall measurement nH

�full squares�, compared with those obtained from optical Raman measure-
ment nR �open circles�, as a function of the ZnCl2 source temperature. The
dashed line is merely a guide for the eye.

TABLE II. Carrier concentration �nR�, mobility ��R�, and mobility ratios ��H /�R� obtained by optical Raman
measurements. Plasmon frequency ��p�, plasmon damping constant ���, and phonon damping constant ��� are
derived by the calculated line shape analysis.

Fitting parameters

TCl

�°C�
Carrier concentration from Raman

nR �cm−3�
Mobility from Raman

�R �cm2 /V s�
Mobility ratio

��H /�R�
�p

�cm−1�
�

�cm−1�
�

�cm−1�

110 7.3�1015 76 2.0 26 770 23
120 2.1�1017 45 3.1 140 1300 29
130 4.8�1017 32 3.3 210 1800 50
140 7.1�1017 20 3.4 255 2890 53

FIG. 3. Mobility obtained at 300 K from Hall measurement �H vs those
obtained from optical Raman measurement �R. The solid, dashed, and dot-
ted lines, respectively, represent the ratio, �H /�R=1, 2, and 3.
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tron concentration. Similar experimental results were re-
ported in p-type GaAs with lower mobility. For instance,
Fukasawa et al.,22 Gargouri et al.,23 Mlayah et al.,24 and
Irmer et al.,25 respectively, obtained �H /�R
1.5−2.6, 3.7,
2.0, and 2.3. The difference between �H �Hall mobility� and
�R �optical Raman mobility� is reasonable because the opti-
cal Raman mobility is calculated from the plasmon damping
due to individual excitation, while the Hall mobility origi-
nates from electron scattering with phonons and ionized im-
purities.

Figure 4�a� shows the up-stroke pressure-dependent Ra-
man spectra of n-type ZnSe:Cl layer �8.2�1015 cm−3� at
room temperature. The applied pressure reduces the lattice
constant and the crystal volume, shifting the LOPC and TO
phonons to higher frequencies, accompanied with a decrease
in intensity. As presented in Fig. 4�a�, the TO phonon splits
into two peaks at 7.6±0.3 GPa and the peaks depend differ-
ently on pressure. Investigations of nonmagnetic and mag-
netic II–VI ternary compounds have shown that pressure-
induced TO phonon splitting contributes to the formation of
an additional �cinnabar� phase.6,7,10 Furthermore, a weak fea-
ture, which is assigned to a Cl-related impurity mode �I�,
appears at the low-frequency side of the LOPC mode. As the
pressure increases, this phonon mode tends to exhibit nega-
tive dependence on pressure and becomes more intense. At
3.0±0.3 GPa, the I mode overlaps with the TO phonon. As
the pressure increases further, the two modes cross each
other. Figure 4�b� plots the Raman-shift versus the pressure
of all of the phonon modes, with quadratic polynomial fit-
ting. The LO phonon disappears and the sample becomes
opaque at 13.6±0.2 GPa. These facts are evidence of the
semiconductor-to-metal phase transition. The transition pres-
sure, which is almost identical to that of the undoped binary
ZnSe crystals,9,10 can be attributed to the lower doping con-
centration. However, two TO phonon modes and the I mode
are still observed in the Raman spectra when the
semiconductor-to-metal phase transition occurs because the
Cl-related and TO modes are transverse vibration modes and

can exist on the surface of metal even if the depth of pen-
etration by the excitation laser beam into the metal is merely
several tens of angstroms.6,9

Figure 5�a� displays the up-stroke pressure-dependent
Raman spectra of ZnSe:Cl layer �1.8�1018 cm−3�. Figure
5�b� summarizes all of the phonon modes. As can be seen in
Fig. 5�a�, the Cl-related impurity mode �I� is more clearly
identified than that of the samples with lower concentration.
The mode I and the TO phonon are found to overlap at
3.4±0.3 GPa. Additionally, at 7.6±0.4 GPa, pressure-
induced TO phonon splitting is observed. However, as the
applied pressure is increased to 12.5±0.1 GPa, the LO pho-
non disappears and the sample becomes opaque. The
semiconductor-to-metal phase transition pressure is lower,
12.5 GPa, than that of the sample with the lower concentra-
tion �8.2�1015 cm−3�, 13.6 GPa, discussed earlier.

Figure 6 plots the phase transition pressure versus the
carrier concentration of all studied ZnSe:Cl layers. As the
carrier concentration is increased from 8.2�1015 to 1.8
�1018 cm−3, the phase transition pressure falls from 13.6 to
12.5 GPa, indicating that n-type doping tends to reduce the
stability of the crystal. The inset in Fig. 6 presents the PL
spectra of all samples excited by the 325 nm line of a He-Cd
laser at room temperature, to understand the source of the
decrease in the phase transition pressure as carrier concen-
tration increases. The sharp peak at 2.68 eV is the near band
edge emission, arising from a ClSe donor to valence band
transition. The broad midgap band in the 1.8 to 2.4 eV range
is typically assigned to the donor-to-acceptor pair recombi-
nation or self-activated �SA� emission.26 The SA emission is
caused by recombination from the intentional shallow donor
�ClSe� to the deep acceptor state �zinc vacancy�. The oscilla-
tions are interference fringes associated with the thin-film
nature of the specimens. As the carrier concentration in-
creases, the SA emission becomes more pronounced: the
density of shallow donor �ClSe� and deep acceptor state �zinc
vacancy� pairs increases. Such a crystal defect serves as the
nucleation sites for the structural phase transition. This result
corroborates the work of Pöykkö et al.,27 who found that

FIG. 4. �a� Up-stroke pressure-dependent Raman spec-
tra of the ZnSe:Cl layer �nH=8.2�1015 cm−3� at 300
K. The behavior of mode I and the TO phonon are
indicated by solid and dotted arrows, respectively. �b�
Pressure dependence of Raman shifts for LO, TO, TO
split, and mode I of the ZnSe:Cl layer �nH=8.2
�1015 cm−3�. The solid curves are quadratic polyno-
mial fits.
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defect complexes that are formed by Cl-impurity atoms and
the native defects in ZnSe soften the lattice by producing
large distortions. Muratov et al.28 claimed that the zinc va-
cancies in ZnSe result in large lattice relaxation and alter the
overall symmetry of a ZnSe crystal because of the relative
shift in the distances of the first and second neighboring
atoms from each vacancy. Therefore, the Cl donor and zinc
vacancy pairs in n-type ZnSe:Cl layers are very likely to
reduce the crystalline stability and the semiconductor-to-
metal phase transition pressure.

Figure 7 plots the dependence of undoped ZnSe LO pho-
non and ZnSe:Cl �nH=8.2�1015 cm−3 and 1.8�1018 cm−3�
LOPC mode frequencies on pressure to further elucidate the
pressure-dependent LOPC mode of n-type ZnSe:Cl layers.
The solid curve shows a quadratic polynomial fit to the un-
doped ZnSe LO phonon results and the dashed line displays

the same fitting curve but shifted downward to capture the
assumed behavior of the LOPC mode of ZnSe:Cl �nH=1.8
�1018 cm−3� under pressure. Apparently, when the applied
pressure is less than 2.5–3.0 GPa, the behavior of the LOPC
mode of ZnSe:Cl �nH=1.8�1018 cm−3� follows the dashed
curve. However, it deviates and turns to follow undoped be-
havior as the pressure increases further. Similar results are
observed for other samples with different carrier concentra-
tion. Moreover, as the carrier density increases, this behavior
becomes pronounced. In addition to the blueshift of the
LOPC mode, the decline in the FWHM in the LOPC mode
when pressure is applied �inset in Fig. 7� is also a signature
of a decreasing in electron concentration, as discussed in Fig.

FIG. 5. �a� Up-stroke pressure-dependent Raman spec-
tra of the ZnSe:Cl layer �nH=1.8�1018 cm−3� at 300
K. The LO phonon disappears at about 12.5 GPa. �b�
Pressure-dependent Raman shifts of the ZnSe:Cl layer
�nH=1.8�1018 cm−3�. The solid curves represent qua-
dratic polynomial fits.

FIG. 6. Carrier concentration �nH�-dependent phase transition
�semiconductor-to-metal� pressure of the n-type ZnSe:Cl layers. The dashed
curve represents a quadratic polynomial fit. The inset displays the PL spectra
of undoped ZnSe and the n-type ZnSe:Cl layers at 300 K, excited by a
He-Cd 325 nm laser.

FIG. 7. Pressure-dependent LO phonon of undoped ZnSe �full squares� and
the LOPC mode of n-type ZnSe:Cl for nH=8.2�1015 cm−3 �open triangles�
and nH=1.8�1018 cm−3 �full circles�. The solid curve is a quadratic poly-
nomial fit of an undoped ZnSe LO phonon and the dashed curve is the same
curve but shifted downward to capture the presumed behavior of the LOPC
mode of ZnSe:Cl �nH=1.8�1018 cm−3�. The inset plots the pressure-
dependent FWHM of the undoped ZnSe LO phonon and the ZnSe:Cl LOPC
mode �nH=1.8�1018 cm−3�.
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1. This behavior could also be associated with the pressure-
induced weakening of LO-phonon-plasmon coupling that is
caused by the fall in electron concentration.

Photoluminescence measurements made by Ritter et al.
also revealed the degradation of n-type behavior in ZnSe at
high pressure.26 They indicated that applied hydrostatic pres-
sure destabilizes the deep acceptor ground state of the zinc-
vacancies-donor complexes and cause a new deep donorlike
state �D� to enter the band gap of n-type ZnSe, modifying the
rate of pressure shift of the SA emission, and degrading the
n-type behavior of n-type ZnSe. Ritter et al.26 concluded that
the D state, which is located at 0.15–0.18 eV above the con-
duction band edge �CBE� at ambient pressure �Fig. 8�, is
very likely to be an excited state of the zinc-vacancies-donor
complex. The pressure at which the LOPC mode deviates
and turns to follow the undoped LO phonon is identical to
the change in pressure of the SA emission in Ref. 26. Ac-
cordingly, the pressure-induced weakening of LO-phonon-
plasmon coupling can be interpreted as being related to the
emergence of the new deep donorlike state. The D state ex-
hibits a much weaker dependence on pressure than the
CBE.26 Consequently, the energy difference between the D
state and the conduction band minimum �at � point�,
�E�ED−EC�, varies with the applied pressure. As can be
seen in Fig. 8, �E is positive at ambient pressure. Under
compression, �E decreases and eventually becomes nega-
tive. As �E becomes negative at about 2.5–3.0 GPa, the D
state becomes entirely trapped with the transfer of electrons
from the conduction band, degrading the n-type behavior of
ZnSe:Cl, and reducing the LO-phonon-plasmon coupling ef-
ficiency.

IV. CONCLUSIONS

This work studied the vibrational, electronic, and crys-
talline properties of n-type ZnSe:Cl layers with carrier con-
centration from 8.2�1015 cm−3 to 1.8�1018 cm−3 using
Raman spectroscopy. The spectra are well modeled by taking
into account the phononlike coupled mode of the electron
plasmons and the LO phonon. The Raman scattering effi-
ciency and the dielectric function were calculated for the
spectral line shape fittings. Carrier concentration obtained

from the Hall and optical Raman measurements agree well.
The semiconductor-to-metal phase transition pressure of
n-type ZnSe:Cl layer declines as the carrier concentration
increases. As the carrier concentration increases from 8.2
�1015 to 1.8�1018 cm−3, the phase transition pressure falls
from 13.6 to 12.5 GPa, suggesting that n-type doping tends
to reduce structural stability. Additionally, high-pressure Ra-
man measurements revealed degradation of n-type behavior
in ZnSe under compression. This behavior is attributable to
the emergence of deep donorlike states.
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