
PHYSICAL REVIE%' B VOLUME 42, NUMBER 14 15 NOVEMBER 1990-I

Phonon coupling to excitations of free and localized electrons in n-type ZnSe
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The coupling mechanisms between longitudinal-optical phonons and electronic excitations in n-

type ZnSe layers were investigated with Raman spectroscopy in conjunction with transport mea-
surements. The layers were grown by molecular-beam epitaxy and were intentionally doped below
the Mott criterion for the insulator-metal transition. The nature of the electron-phonon interaction
is determined by the degree of electron localization, which was effectively changed by temperature
and donor concentration. The longitudinal-optical phonons couple to plasmons when electrons are
thermally excited into the conduction band and to a continuum of electronic excitations when elec-
trons are localized in an impurity band or at donor sites. In both cases unbound phonons are ob-
served. From the renormalized phonon frequencies at high temperature, values of free-electron
concentration as a function of temperature were established. They are in excellent agreement with
Hall-effect determinations. At low temperatures the phonon Raman profiles are asymmetric and
show Fano-type line shapes. The electronic continuum responsible for the phonon self-energies at
low temperature was identified as Raman scattering by bound electrons.

I. INTRODUCTION

The interaction between electrons and optical phonons
in doped semiconductors has been extensively investigat-
ed in recent years with inelastic light scattering. Most of
these investigations were carried out in group IV or III-V
semiconducting materials. In the elemental semiconduc-
tors, the phonons couple to interband and intraband exci-
tations of the carriers through the deformation-potential
mechanism. Striking quantum-interference effects with
associated changes in phonon self-energies result from
this coupling in p-type Si and Ge and n-type Si.' In the
polar materials, such as GaAs, the nature of the coupling
depends markedly on the transverse or longitudinal char-
acter of the phonons. For example, the macroscopic elec-
tric field of the longitudinal phonons interacts very
strongly with the charge-density Auctuation of the free
carriers giving rise to the so-called coupled plasmon-
phonon modes. ' The renormalization of the phonon fre-
quencies due to this interaction is, in most instances,
much larger than those yielded by the self-energy contri-
butions of the deformation potential.

In contrast to the case of group IV and III-V materials
far less experimental work on this subject has been re-
ported in doped II-VI semiconductors, particularly in the
"wide-band-gap" system represented by ZnSe, ZnS, and
ZnTe. The lack of experimental reports stems in part
from the difhculties encountered in producing samples
with reproducible parameters by conventional bulk-
growth techniques. Recent developments in advanced
deposition techniques for thin films now allow the growth
of II-VI epitaxial layers with high structural quality and
reproducible optoelectronic properties including doping. '
This, in turn, has renewed the interest in the characteri-
zation and fundamental properties of these materials.

We report here on the mechanisms of the electron-
phonon interaction in n-type ZnSe layers, which were in-

tentionally doped with shallow donors in concentrations
below the Mott criterion for the metal-insulator transi-
tion. The coupling mechanism between the longitudinal-
optical phonons and the electronic excitations were estab-
lished by performing Raman-scattering experiments and
by correlating them with measurements of transport
properties carried out in the same samples. We have
monitored the Raman frequencies and line shapes for
different degrees of electron localization and we will show
that the longitudinal-optical phonons of ZnSe can either
form a coupled system with the plasrnons or display self-
energy effects typical of discrete-continuum interactions.
Temperature is a very effective way to control localiza-
tion of electron wave functions in ZnSe because the ion-
ization energy ED of donors ranges between 25 and 28
meV. This means that at room temperature most of the
donor atoms have contributed their electrons to delocal-
ized conduction-band states. Conversely, when
k~T &&ED (ktt is the Boltzmann constant) strong locali-
zation of the electrons is expected either at the donor
sites or, as the concentration approaches the metal-
insulator transition, in an impurity band.

The organization of the paper is as follows. Section II
gives an account of the sample growth and experimental
conditions of the optical and transport measurements.
Section III summarizes the relevant transport properties
for the interpretation of the Raman results, which are
presented and discussed in Sec. IV. Concluding remarks
are given in Sec. V.

II. EXPERIMENTAL

The ZnSe layers were grown by molecular-beam epi-
taxy (MBE) on (001) surfaces of GaAs wafers. High-
purity elemental sources of Zn and Se were used to gen-
erate the molecular beams for the ZnSe growth and dop-
ing was achieved in situ with a source of In. Before the
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ZnSe deposition, the GaAs surfaces were chemically
cleaned and the native oxide was desorbed following stan-
dard MBE procedures. Typical substrate temperatures
for growth were around 300 C and growth rates were of
the order of 1 pm an hour. The flux stoichiometry ratio
Zn to Se was 1:2 and the layer thicknesses range between
3 and 4 pm. The donor concentrations were determined
from the Hall effect and capacitance versus voltage mea-
surements. The Hall-effect measurements were carried
out in the van der Pauw geometry with layers grown on
semi-insulating substrates. The metal contacts were pro-
vided by In deposited on the sample surfaces after
growth. The capacitance versus voltage characterization
was done in structures grown on n-type GaAs substrates
with Au dots for contacts on the ZnSe surface and In on
the back surface of the substrate.

The Raman experiments were conducted in back-
scattering geometry with the exciting and scattered light
propagating along the [001] and the [001] directions, re-
spectively. The polarization of the incoming and scatter-
ing photons was along [110]. This scattering geometry is
described by the standard notation z (x +y, x +y )z. '
Most of the Raman spectra were excited with the 488.0
nm (2.54 eV) visible line of an Ar+-ion laser operating in
a continuous wave mode. The energy of such laser pho-
tons is smaller than the fundamental band edge of ZnSe,
which lies between 2.63 and 2.82 eV going from room
temperature down to 4 K. The Raman-scattered light is
generated in the entire volume of the epitaxial layers and,
therefore, it is representative of the doped bulk portion of
the ZnSe specimen. Contributions to the total Raman
signal from light scattered in depleted space-charge re-
gions at the ZnSe-air or ZnSe-GaAs interfaces are expect-
ed to be negligible with the below band-gap excitation.
The Raman-scattered photons were analyzed with a Spex
1404 double monochromator and detected with photon
counting electrons. The reproducibility of Raman peak
positions was better than + 0.1 cm '. For the
temperature-dependent measurements, the samples were
mounted on a copper cold finger of a closed cycle He cry-
ostat. The temperature was tuned between 300 and 12 K
with an accuracy better than +0.2 K.

III. SUMMARY OF TRANSPORT PROPERTIES

The dots in Fig. 1 represent results of Hall-effect mea-
surements as a function of temperature T for a typical n-

type-doped ZnSe layer. One can see that the values of
(RHe) ', where RH is the Hall coefficient and e is the
electron charge, display a pronounced dip in the neigh-
borhood of 50 K. The presence of this dip and the
overall dependence on T correspond to a "two-carrier
system" in which impurity band conduction occurs along
with transport in the conduction band. For T above the
one corresponding to the dip in (RHe) ', transport is
dominated by free carriers populating delocalized states
of the conduction band. On the right-hand side of the
minimum in (RHe) for T &50 K, conduction proceeds
through localized states of an impurity band. These qual-
itative conclusions can be rigorously obtained by ap-
propriate modeling of the Hall-effect results. In particu-
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FIG. 1. Hall-effect results as a function of temperature for a
typical n-type doped ZnSe layer with 1.7X10" donors cm
grown by molecular-beam epitaxy. The dip in the inverse of the
Hall coefticient RH at around 50 K establishes the presence of a
two-carrier system. Temperatures larger than 50 K activate
electrons into conduction-band states. The free-electron con-
centration n ( T) is then given by (RH e ) '. At temperatures
below 50 K, conduction in an impurity band dominates. The
optically established carrier concentration is plotted for com-
parison. Good agreement is obtained with the transport deter-
mination.

lar, it can be shown that for T& 100 K the free-carrier
concentration n (T) in the conduction band is given by
n ( T) =(RHe )

The decrease of n (T) with decreasing T from 300 to
100 K is due to the progressive freeze out of the elec-
trons. A model fit to n(T) in the range of T with the
standard expressions of semiconductor statistics yields a
donor concentration ND of 1.7X10' cm with a com-
pensation ratio of 0.08 and an activation energy of 14
meV to promote carriers into the delocalized conduction
states. The so-determined ND is smaller than the pre-
dicted donor concentration of =4X10' cm for the
Mott insulator-metal transition in ZnSe. Therefore, the
impurity band comes about from partial overlap of donor
wave functions or broadening of donor orbitals by poten-
tial fluctuations.

Conductivity and mobility measurements reinforce the
interpretation of the Hall-effect data; in particular, the
presence of localized carriers at low T. Between 300 and
100 K the functional dependence of the conductivity o.

on T takes the form lno. o- —T ', which is the expected
behavior for free carriers. Below 50 K a dependence of
the type lno. ~ —T ' is measured, which identifies the
conduction mechanism in the impurity band as variable
range hopping. The mobility as a function of T also
shows the transition from one conduction regime to
another. Room temperature mobility for the sample of
Fig. 1 is 400 cm /V sec, which is a state of the art value
for a doped sample in the low 10' donors cm range.
With decreasing T the mobility increases steadily and
reaches a maximum value of 800 cm /V sec at T=100 K.
Further cooling of the sample decreases the mobility, but



PHONON COUPLING TO EXCITATIONS OF FREE AND. . . 9069

at a smaller rate than the one expected if free carriers are
subject to impurity scattering after phonons have been
quenched. Below 50 K, the mobility settles slowly to a
more or less constant value of 40 cm /Vsec. This is
much larger than any calculated mobility value for non-
degenerate ZnSe with free-carrier concentration deter-
mined by semiconductor statistics and impurity scatter-
ing as the main scattering process. It is in line with the
transport process inferred from the conductivity data for
localized electrons.

IV. RAMAN SCATTERING RESULTS AND DISCUSSION

Figure 2 compares first-order Raman spectra of doped
and undoped ZnSe layers for selected values of T. These
spectra were excited with 488.0-nm laser radiation and
arise from scattering by long-wavelength longitudinal-
optical (LO) modes, which are allowed by the scattering
selection rules for the geometry described in Sec. II. The
undoped layer is semi-insulating and its free-carrier con-
centration at 300 K is less than 10' electrons cm . The
doped layer is the one whose transport properties were
described in the preceding section and given in Fig. 1.
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The striking feature of the data in Fig. 2 is the shift to
higher frequencies of the spectra corresponding to the
doped layer when compared with those of the reference
sample. In addition, these spectra are substantially
broader. At the lowest T, they display a pronounced
asymmetry towards the high-energy side.

The measured peak positions for the doped and control
samples are plotted against T in Fig. 3. The LO frequen-
cies of the undoped sample, which we will label QL& in
this discussion, show a clear softening with increasing T.
This effect, which has been seen already in ZnSe and oth-
er semiconductors, arises from anharmonic contributions
in the phonon-phonon interaction. " In the plot of the
frequencies of the doped layer, referred to as QL8', we
can distinguish a kink at around 60 K. Contrary to the
well-established softening of Q„o with T, Q„E' increases
monotonically between 60 and 300 K. Below 60 K, it
does not change with T within the experimental uncer-
tainty although it remains slightly higher than QLO. We
note that the kink in the temperature dependence of
QLE' occurs at comparable temperatures as the dip in
(RHe) shown in Fig. 1. We will argue that, just like
the dip in (RHe) indicates a transition from localiza-
tion to delocalization in the electron system, the kink in
the frequency plot of QLg' establishes a transition be-
tween two different modes of electron-phonon coupling in
the doped layers.

We postulate that above 100 K the upward renormal-
ization of QLg' is due to the coupling of the phonons
with the charge-density fluctuations of the free carriers,
which populate the conduction band with a density n ( T).
The Raman modes of the doped sample in Fig. 2 for
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FIG. 2. Raman spectra of longitudinal-optical phonons for
doped (1.7X10"donors crn ) and undoped ZnSe layers excit-
ed with 488.0-nm laser radiation. The scattering geometry is
given by z(x +y, x +y)z and this notation is described in Sec.
II. The peaks for the doped layer are shifted to higher frequen-
cies at all temperatures. The lineshape for the doped sample at
13 K displays asymmetrical broadening.

FIG. 3. Peak frequencies of the Raman spectra measured in
the previous figure as a function of temperature. The frequen-
cies of the undoped layer are labeled 0« in the text. In the
case of the doped sample the notation A„g' is being used. No-
tice the kink in the plot of the doped frequencies. It happens at
around the same temperature as the dip in (RHe) ' seen in Fig.
1. Between 13 and 50 K a discrete-continuum interaction re-
normalizes the doped frequencies. Above 100 K the plasmon-
phonon coupling is responsible for their substantial upward
shift.
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n (T)e
p (2)

in which e and m are the high-frequency dielectric
constant and the conduction-band e6'ective mass, respec-
tively. Therefore, one way to test the validity of the
above-stated description is by determining with the help
of Eqs. (1) and (2) "optical values" of n (T) and by com-
paring them with the transport determination. With ALQ
and ALE' taken from Fig. 3 for T) 100 K, measured
values of QTo as a function of T (not shown here, but we

have established that the QLQ-QTQ splitting is 46.5 cm
and is independent of T), e„=6.1 and m*=0. 16, we ob-
tained the values of n ( T) represented by the open trian-
gles in Fig. 1.

The optical and transport determinations compare
very favorably, thus justifying the assumptions about the
phonon-plasmon coupling. Minor quantitative disagree-
ments (less than 10%) are probably the result of not hav-
ing considered any dependence of m " on n ( T). The
overall good agreement in Fig. 1 is also an indication that
ALg' is not mobility limited for Nn up to low 10'
donors cm and that wave-vector nonconservation does
not play a leading role in the light-scattering process of
these doped layers. The increasing splitting QL&' —Q, LQ
with T above 100 K in Fig. 3 is a lucid manifestation in
the optical properties of the ionization of the donors with
the associated population of conduction-band states by
electrons. We have also studied samples with lower
donor concentrations (10' & ND & 10' cm ). As ex-
pected the splittings between the doped and undoped fre-
quencies for a given T decrease with XD but the general
behavior is similar to the one shown in Fig. 3 ~ A success-
ful determination of n (T) with an optical technique in a
wide-band-gap semiconductor is relevant from a techno-
logical point of view. In many of the intended solid-state
devices comprising the wide-band-gap II-VI semiconduc-
tors, one finds them as buried layers between materials of
even larger forbidden gaps. Direct access to the carriers
with conventional transport techniques becomes extreme-
ly difficult under such conditions. Also, for certain types
of doping (for example, p-type ZnSe and n type ZnTe) th-e

technology of reliable metal ohmic contacts is lacking
and alternative ways to ascertain the presence of carriers
and hence the activation of a dopant atom are of further-
most priority.

To explain the origin of the small shift in ALE' for

100& T &300 K are then identified as the phononlike
component of the plasmon-phonon coupled modes. '
Under this assumption, QLg' is given by the relationship

g2 ~do~ed
f12 f1dosed

f12 ~dosed

where OTQ is the temperature-dependent frequency of the
transverse-optical (TO) phonons in the undoped sample
and 0 is the plasma frequency of the charge-density ex-
citations of the free electrons in the doped sample. The
plasma frequency is related to the temperature-dependent
electron concentration n ( T) through the expression
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FIG. 4. Rarnan spectrum of a doped ZnSe layer {1.7X10"
donors crn ') taken at 13 K with laser photons at 457.9 nm in
the scattering geometry of Fig. 2. The longitudinal-optical pho-
non peak at 256.8 cm ' is prominently seen and towards lower
frequencies the broad band is resonant electronic Raman
scattering by bound electrons. The inset depicts such a process.
The asymmetry in the phonon line shape seen in Fig. 2 is also
observed here. A weak antiresonance on the low-energy side of
the phonon peak can be distinguished. The weaker structure at
around 295 crn ' is due to the longitudinal-optical phonon of
the GaAs substrate. It is observed because the ZnSe layer is

transparent to the incoming laser radiation.

T & 50 K in Fig. 3 we invoke a discrete-continuum type
interaction, in which the discrete state of the LO phonon
couples to a continuum of excitations of the now local-
ized electrons. Insight into the nature of the electronic
excitations producing the continuum was gained by per-
forming Raman experiments with laser energy below but
close to the fundamental gap of ZnSe. We present in Fig.
4 Raman results obtained with laser light at 457.9 nm
(2.71 eV) which happens to be in near resonance with the
low-energy side of a weak and featureless luminescence
background below the gap. In addition to the slightly up-
ward shifted LO-phonon line at 256.8 cm ', a broad
band appears in the Raman spectrum. This extra Raman
signal was not observed with the 488.0-nm laser excita-
tion of Fig. 2. It corresponds to electronic Raman
scattering from transitions between bound donor states.
This process, which is depicted in the inset to Fig. 4, pro-
vides the electronic continuum that interacts with the
photon. The peak riding on the broad band at around
210 cm ' arises from scattering by the TO phonons due
probably to some relaxation in the selection rules. The
two lower-energy features at around 175 and 197 cm
can be identified with the 1S-2s and 1s-3s transitions of
the donors. Scattering to the right-hand side of the TO
line spreading all the way up to the LO peak is due to
transitions from the 1s fundamental state to levels at or



42 PHONON COUPLING TO EXCITATIONS OF FREE AND. . . 9071

above the ionization threshold of the donors. For an iso-
lated In donor ED is 28.2 meV (225 cm '). The elec-
tronic transitions that in isolated donors will be of
discrete nature are broadened in the doped samples for
the same reasons that the impurity band is formed. It is
intriguing that spectroscopical signatures of individual
donors are observed though the transport proceeds
through an impurity band. The high-energy side of the
electronic continuum overlaps with the LO-phonon line
and a weak antiresonance is observed just before the LO-
peak maximum. The asymmetrical broadening of the
phonon line already seen in the data of Fig. 2 is apparent
in Fig. 4.

In the framework of the discrete-continuum interac-
tion the renormalization of the phonon frequency in the
doped sample QLg' is given by'
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Q o' =Q +V R(E) (3)

where V is the matrix element for the coupling between
the discrete phonon state and the continuum of electronic
excitations and R (E) is the Hilbert transform of the den-

sity p(E) of continuum states. To perform a quantitative
comparison between theory and experiment we need a
microscopic model for V and R (E) which we lack
presently. Renormalization of phonon frequencies due to
interactions with bound electron or hole excitations of
the type 1s-2s have been reported in doped semiconduc-
tors. " ' A convenient way to observe these interac-
tions is in the phonon replica of photoluminescence ei-
ther from recombinations of neutral donor and acceptor
bound excitons or from the so-called "two-electron" or
"two-hole" transitions. In most cases, the phonon energy
is less than the 1s-2s energy and the result of the interac-
tion is the creation of bound phonons with smaller fre-
quencies in the neighborhood of the impurity. The situa-
tion considered here is quite different as the LO phonons
remain unbound and their frequencies increase. Another
important point is that the electronic continuum is not
provided by intraband transitions of free carriers at the
zone center because symmetry considerations preclude in
such case coupling with zone-center phonons. The kind
of discrete-continuum interaction considered here can
lead to the asymmetries measured in the LO line shapes
in Figs. 2 and 4 because of quantum-mechanical interfer-
ence. Indeed, the Fano-Breit-Wigner profile provides a
good fit to these asymmetrical line shapes. The depen-
dence of the Fano fitting parameters and behavior of the
electronic scattering on laser wavelength and ND go
beyond the scope of the present work and will be dealt
with separately.

The interaction with the electrons not only renormal-
izes the frequency of the phonons but changes their life-
times as well. The latter effect shows up in broader Ra-
man lines for the doped samples. The breadths at half
maximum of the Raman peaks in Fig. 2 corrected for
spectrometer resolution and those of samples with small-
er ND are plotted against T in Fig. 5. The correlation be-
tween ND and the symbols used in Fig. 5 is explained in
the figure caption. The increase with T of the LO-
phonon linewidth T„o in the undoped sample is due to
anharmonic decay into acoustic phonons. " In the

FIG. 5. Lindwidths of the Raman peaks of ZnSe layers mea-
sured with 488.0-nm laser excitation as a function of tempera-
ture. The data have been corrected for instrumental resolution.
In the text, the linewidths of the undoped layer are labeled I LQ

and those of the doped samples I „g' . The donor concentra-
tion ND of the doped samples is the following: crosses,
1.7X10' donors cm ', open triangles, 3.6X10' donors cm
and open circles, 2. 1X10' donors cm ', respectively. The
broadening I „g' -I Lo increases with temperature when elec-
trons populate conduction-band states and remains constant
when the electrons are subject to localization.

doped samples the linewidth I Lg' also increases with T
and for a given T with ND. The contribution to I L8' of
the electron-phonon interaction is determined by the
broadening I zg' —I Lo, which excludes the thermal
effects. An inspection of the behavior of I LE'" in Fig. 5

also indicates the presence of two regimes depending on
the degree of electron localization. When the electrons
are localized, I LE' —I Lo remains more or less constant
with increasing T. On the other hand, when free elec-
trons start to populate the conduction band as evidenced
by QLE' and the Hall effect, I LE' deviates markedly
from I „o and I LE' —I „o substantially increases. The
value of T at which this change in behavior takes place
increases with decreasing ND. In Fig. 5 we observe that
it occurs at around 50, 100, and 150 K for ND1. 7X10',
3.6X10', and 2. 1X10' donors cm, respectively.

The increasing I „8' —I Lo with T in the regime of
delocalized electrons can be attributed to plasmon damp-
ing by electron collisions. The collision rates become
larger as more electrons are thermally promoted to the
conduction band, thus producing a larger phenomenolog-
ical plasmon damping with T. This damping smears the
plasma response of the electron gas which in turn
broadens the coupled phonon-plasma mode. When the
electrons are localized, the low-T broadening is the imag-
inary part of the phonon self-energy due to the interac-
tion with the continuum. The discrete-continuum in-
teraction theory predicts for the broadening, '

I doped I V2

We have found an empirical correlation between the
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doped ZnSe

can be taken as additional indication of wave-function
overlap. '
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FIG. 6. Low-temperature (13 K) broadening of the Raman
lines of doped ZnSe layers plotted against the free-electron den-

sity at room temperature. The Raman data corresponds to the
488.0-nm layer excitation and have been corrected for instru-

mental resolution. An empirical correlation is found.

broadening 1 Lg' —I'„o at 13 K and the electron concen-
tration at room temperature n (300 K). The plot in Fig.
6 establishes an almost linear relationship in the semilog-
arithmic graph. If we assume that V does not change
with doping and consider that in lightly compensated
samples n (300)=ND, the plot in Fig. 6 will indicate that
p(E) is not linearly proportional to Nn. The departure
from a linear dependence particularly at the highest XD

V. CONCLUSIONS

The aim of this work has been to provide some basic
experimental information on intrinsic properties of pho-
nons and electrons in a typical wide-band-gap semicon-
ductor. %e focused on the general characteristics of the
coupling between electrons and longitudinal-optical pho-
nons in n-type ZnSe layers, which were doped below the
Mott criterion for the metal-insulator transition. We
showed that phonon-plasmon coupling dominates when
free electrons populate delocalized states in the conduc-
tion band. A discrete-continuum interaction prevails
when electrons are localized in donor states and gives rise
to asymmetrical Fano line shapes in the phonon spectra.
In addition, we have obtained data and found empirical
correlations for future characterization of these materi-
als. We have determined carrier concentrations, estab-
lished a relationship between phonon linewidths at low
temperature and carrier concentration, and observed Ra-
man scattering from donors. These results open possibili-
ties for further investigations of fundamental properties
of wide-band-gap semiconductors. Among them are the
evolution of the electron-phonon interaction as the
insulator-metal transition is approached and the
electron-electron scattering in the electron gas. Also,
comparisons of activation energies for transport process-
es and the spectroscopic determinations of bound elec-
tronic transitions should help in the understanding of the
formation of impurity bands.
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