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Abstract
Porous layers fabricated by electrochemical anodization of (111)A-oriented
n-GaP:Te substrates were studied by Raman scattering spectroscopy in the
temperature interval from 10 to 300 K. Along with the transverse-optical (TO)
and longitudinal-optical (LO) modes, the RS spectra of porous layers show
Fröhlich-type vibrations located in the frequency gap between the bulk optical
phonons. A longitudinal–transverse splitting of these surface-related vibrations
was evidenced at low temperatures. Apart from that, the porous layers prepared
on highly doped substrates were found to show LO-phonon–plasmon coupled
(LOPC) modes in the whole temperature interval studied. Observation of
LOPC modes at low temperatures is explained taking into account that the
GaP skeleton consists of both depleted surface layers surrounding the pores
and conductive regions. The free electrons in these regions, originating from
the impurities actually located in the depletion layers, are shown to be subject
to spatial confinement increasing with decreasing temperature.

1. Introduction

After the discovery of visible photoluminescence in porous Si by Canham [1], a great deal
of interest has been paid to manufacturing and characterization of different porous materials
including Si [2], Ge [3, 4], SiC [5, 6], III–V [7–14] and II–VI [15, 16] compounds. The
experience gained shows that porosity represents an effective tool for engineering the band
gap, band structure, phonon spectrum, refractive indices, resistivity, thermal conductivity etc of
semiconductor materials. Spectacular changes in the material properties may occur at different
characteristic dimensions l of the porous skeleton entities. When the dimensions involved are
lower than the exciton Bohr radius, the quantum size effect on free carriers gives rise to a
band gap increase and sharp modification of the optical and electrical properties. The exciton
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Bohr radius ab depends upon the nature of materials and is equal to ∼4.9 nm in Si, ∼14 nm
in GaAs, ∼1.7 nm in GaP [2] etc. Considerable changes in specific material properties may
occur, however, at characteristic dimensions l higher than the exciton Bohr radius provided that
these dimensions correlate with or are much lower than the wavelength of the electromagnetic
radiation. In the case of correlation, a strong diffuse scattering of light takes place in porous
semiconductors leading to the onset of light localization [17, 18]. When the electromagnetic
radiation with λ � l propagates through porous structures of polar materials, the polarization
of the skeleton entities in the electric field of radiation results in the excitation of electrical
dipoles vibrating at specific frequencies located in the gap between the bulk optical phonons.
These elementary excitations, predicted by Fröhlich [19], are called Fröhlich-type vibrations.
In connection with strong tendencies to further miniaturization in modern electronics, one may
expect the properties of many elements in optoelectronics circuits to be governed by Fröhlich
vibrations. So, the study of Fröhlich vibrational modes becomes an important scientific task.

Fröhlich-type surface related vibrations were observed in porous structures of different
III–V compounds [11, 14, 20–22]. In porous GaP, for instance, the Fröhlich mode frequency
was found to depend upon the degree of porosity and dielectric function of the surrounding
medium [14, 21–23]. Under hydrostatic pressure, an increase in the frequency gap between the
Fröhlich mode and the LO phonon was observed and attributed to pressure-induced changes
in the anharmonicity of the Fröhlich vibrations [24]. In this work, we present the results of a
Raman scattering (RS) study of the first-order modes in porous GaP in the temperature interval
from 10 to 300 K, with particular emphasis on Fröhlich vibrations and LO-phonon–plasmon
coupling occurring in honeycomb-like porous GaP structures. A T–L splitting of the surface-
related Fröhlich mode and regions with spatially confined free carriers were evidenced in the
porous layers at low temperatures.

2. Experiment

(111)-oriented n-GaP substrates used in the present study were cut from Te-doped liquid-
encapsulation-Czochralsky-grown ingots with the free electron concentrations n1 = 2 × 1017

cm−3 and n2 = 1×1018 cm−3 at 300 K. Porosity was introduced by anodic etching of samples
for 30 min in a 0.5 M aqueous solution of sulphuric acid at the current density 5 mA cm−2 using
a conventional electrochemical cell with a Pt working electrode. According to images obtained
by a scanning electron microscope, the ∼10 µm thick porous layers possess a honeycomb-like
morphology with quasi-uniformly distributed pores, the average pore and skeleton thickness
being about 150 and 50 nm for samples with initial carrier concentrations n1 and n2 respectively
(let us denote them as porous samples GaP-1 and GaP-2).

RS measurements on bulk GaP and porous specimens were carried out in a nearly
backscattering geometry using a double spectrometer with spectral resolution less than
0.5 cm−1. The samples mounted in an LTS-22-C-330 Workhorse-type optical cryogenic system
were excited by the 488 nm line of an argon ion laser. To avoid local heating [14], the power
of the laser beam was kept below 20 mW for a light spot diameter of about 100 µm on the
sample surface.

3. Results and discussion

Figure 1 presents the RS spectra of porous samples GaP-1 and GaP-2 at different temperatures.
Like bulk GaP, the porous samples show at 300 K an intense TO peak at ∼365 cm−1 with a
pronounced asymmetric shape. With decreasing temperature, a narrowing of the peak occurs,
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Figure 1. Raman spectra from porous samples at different temperatures: (A) GaP-1, (B) GaP-2.

accompanied by a decrease of the band asymmetry in the low-energy wing. According to
[25], the asymmetric TO band shape under ambient conditions is caused by the third-order
anharmonic interaction of the q ∼ 0 TO phonons with the nearly degenerate sum combination
(358 cm−1) of the TA(X) and LA(X) vibrations. The changes in the TO band shape with de-
creasing temperature may be attributed to a weakening of the anharmonic interaction involved.

As to the RS spectra in the vicinity of the bulk LO mode, they exhibit a complex structure
(figure 1). Figure 2 illustrates the RS spectra of both bulk and porous GaP samples in the region
of the zone-centre LO phonon (∼403 cm−1) measured at 300 K. The low doped substrate
shows a pure LO phonon while the high doped substrate exhibits a LO band possessing a
well pronounced shoulder on the high-energy wing. As one can see from figure 2, porosity
induces considerable changes in the RS spectra of both low and high doped GaP. According
to the results of a spectral decomposition (figure 3), along with the LO-phonon peak, both
porous samples GaP-1 and GaP-2 show a broad RS band marked ‘F’ with the maximum at
∼400 cm−1. A similar band was observed in porous GaP earlier and attributed to a Fröhlich
vibrational mode [14]. The origin of the large width of this band will be discussed below.

Apart from the LO and Fröhlich bands, the porous sample GaP-2 shows a relatively broad
peak with the maximum at ∼408 cm−1. Such a peak is inherent also to bulk highly doped
GaP (figure 3(c)). Taking into account the upward frequency shift of this band in comparison
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Figure 2. Raman spectra from the bulk and from porous GaP samples in the region of the LO
mode at room temperature: (1) porous sample GaP-1; (2) porous sample GaP-2; (3) bulk sample
GaP-1; (4) bulk sample GaP-2.

with the position of the pure LO phonon, one may consider the interaction between lattice
vibrations and free carrier plasma as a possible reason for its occurrence.

It is well known [26] that in doped polar semiconductors the plasmon interacts with the LO
phonon and the RS spectra are dominated by the LO-phonon–plasmon coupled modes (LOPC),
usually denoted by L− and L+, instead of the LO phonon. The features of this interaction was
studied systematically in GaAs and other III–V compounds [20, 26–28]. It was found, in
particular, that in contrast to the case of GaAs [28] the L− mode cannot be observed in GaP
due to strong damping caused by the low mobility of free carriers [26]. On the other hand, the
simultaneous observation of the LO-phonon–plasmon mode L+ and of the ‘unscreened’ LO
phonon (figures 3(b),(c)) hints at the existence of regions with quite different concentrations
of free carriers in both bulk and porous GaP-2 samples.

With decreasing temperature, the Raman scattering intensity was found to increase
monotonically. At 10 K, along with the pure LO phonon, the porous sample GaP-1 exhibits
two low-frequency modes marked ‘F1’ and ‘F2’ with the maxima at 394.5 and 401 cm−1,
respectively (figure 4(a)). Similar peaks were evidenced by the spectral decomposition
performed in the porous GaP-2 sample as well (figure 4(b)). Apart from that, as in the case
of RS measurements at room temperature (figure 3(b)), this sample shows a RS peak at a
frequency higher than the frequency of the pure LO band (figure 4(b)). Unlike the porous
sample GaP-2, the substrate shows at 10 K only one RS peak at 404 cm−1 corresponding to
the pure LO phonon. Below we will analyse the reasons giving rise to the observed difference
in the temperature dependence of RS in bulk and porous GaP-2.

III–V compounds, and GaP in particular, are characterized by the existence of a surface
depleted layer with the thickness

LD = (2ϕ0ε0εS/eN
+
D)

1/2 (1)

where eϕ0 = 0.8 eV is the surface potential, ε0εS is the static dielectric constant of the material
and N+

D is the concentration of ionized donors. For the given concentrations of free carriers,
at room temperature the LD is equal to ∼50 and ∼20 nm respectively for bulk samples GaP-1
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Figure 3. Decomposition of the Raman spectra in the
region of LO-phonon scattering at room temperature,
from (A) porous sample GaP-1; (B) porous sample
GaP-2; (C) bulk sample GaP-2.

Figure 4. Decomposition of the Raman spectra in the
region of LO-phonon scattering at 10 K, from (A) porous
sample GaP-1; (B) porous sample GaP-2; (C) bulk
sample GaP-2.

and GaP-2. Taking into account the wavelength of the exciting light (488 nm) and the band gap
of GaP (Eg = 2.24 eV at 300 K) [29], it is obvious that the laser beam provides the excitation
of a layer with the thickness of about a few hundred nanometres. Under such conditions of
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Figure 5. Representation of the volume distribution within a porous membrane: (I) pore volume;
(II) depleted GaP volume; (III) GaP volume containing free charge carriers. The dotted line shows
the depletion layer at room temperature, the dash–dot line that at 10 K.
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Figure 6. The curve shows the dark conductivity at different temperatures, the symbols the
concentration of free carrier as determined by Raman scattering in the highly doped GaP sample
(GaP-2). The inset represents the thermally stimulated conductivity.

excitation one may expect both surface depleted layers and bulk areas containing free carriers
to contribute to the Raman scattering. Indeed, as one can see from figure 3(c), the RS spectra
of highly doped GaP substrate shows both the LO and LOPC modes. The ‘unscreened’ LO
phonon comes from the surface depleted layer, while the L+ mode originates from the deeper
regions where the coupling between LO phonon and plasmon dominates. Unlike bulk GaP-2,
the substrate GaP-1 shows only the LO peak in the RS spectrum (figure 2), thus reflecting the
absence of plasmon excitations at the electron concentration n1.

With decreasing temperature, the concentration of free carriers should diminish due to their
trapping. One may expect, therefore, at sufficiently low temperatures the RS spectra of highly
doped GaP to be dominated by the pure LO phonon. Indeed, as seen from figure 4(c), at 10 K
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the highly doped substrate shows only a peak corresponding to the unscreened LO phonon.
At the same time the porous sample GaP-2 exhibits an L+ mode in the whole temperature
interval studied, including 10 K (see figure 4(b)). This result demonstrates the existence of
high density of free carriers in the porous layer even at 10 K.

As shown recently [23], the free carrier distribution in porous GaP structures at room
temperature is highly inhomogeneous. Depending upon the value of LD , a part of the porous
skeleton contains no free carriers. It consists of carrier exhausted areas surrounding the pores.
Another part, covering the remaining regions of the GaP skeleton, contains free carriers and
contributes to the occurrence of L+ modes. Comparing the value of LD (≈20 nm) with the
thickness of the walls (≈50 nm) between pores in sample GaP-2, the spatial distribution of
pores ‘I’, exhausted areas ‘II’ and regions ‘III’ containing free carriers can be represented as
shown in figure 5. Note that at room temperature the exhausted areas do not touch each other
thus leaving space for free carriers to move freely along the honeycomb-like structure. With
decreasing temperature, however, free carrier trapping in the region ‘III’ takes place. On the
one hand, it leads to the increase in LD and, in consequence of this, to the expansion of the
exhausted areas up to overlapping, as illustrated in figure 5. On the other hand, not all free
carriers confined in the region ‘III’ can be trapped. Indeed, assuming that the ionized donors are
uniformly distributed along the GaP skeleton, it is obvious that only some of them are placed
in the region ‘III’ and can participate in the free carrier trapping with decreasing temperature.
The ionized donors from the region ‘II’ cannot contribute to the charge carrier trapping and,
therefore, the free electrons originating from these donors remain in the conduction band down
to very low temperatures.

It is interesting to note that, in case of overlapping of the exhausted areas, the free carriers
will be confined in column-like structures. One may expect, therefore, a sharp reduction
with decreasing temperature in the porous structure conductivity measured in the direction
perpendicular to pores. To verify this, ohmic contacts were prepared by vacuum evaporation
of Ni–AuGe–Ni with subsequent rapid thermal annealing [30] on the top surface of a porous
layer of GaP-2 detached from the substrate. As expected, the dark conductivity of this layer
shows a decrease of more than six orders of magnitude with lowering the temperature from
about 160 to 10 K (figure 6).

Figure 6 illustrates also the thermally stimulated conductivity spectrum taken from the
GaP-2 porous sample after white light (tungsten lamp) illumination for 30 seconds at 10 K
with a thermal scan at a rate of 0.1 K s−1. In our opinion the photo-excited carriers are as well
confined in the regions ‘III’ at low temperatures. The feature marked in the TSC curve by an
arrow is indicative of the release of the confined carriers from the regions ‘III’ at about 160 K.
At this temperature the exhausted areas no longer overlap due to the increase of conductivity
and decrease of LD . Under such conditions the photo-excited carriers can move freely along
the honeycomb-like structure.

To calculate the free electron concentration in the regions ‘III’, the L+ mode in the RS
spectra of porous sample GaP-2 was analysed as a function of temperature. The analysis was
based on the computer simulation of the RS spectra in the vicinity of the LO frequency taking
into account the LO mode of the Lorentzian form, two L and T surface modes of Gaussian
form and a band caused by the LO-phonon–plasmon coupling.

Raman scattering from LO-phonon–plasmon-coupled modes is defined by the following
mechanisms:

(A) modulation of the optical polarizability by the atomic displacement (deformation potential
scattering) and by the macroscopic longitudinal electric field (electrooptical scattering),

(B) scattering due to density fluctuations of the free carriers.
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According to [31], Raman efficiencies due to the mechanisms (A) and (B) can be converted
as proportional to

SA(ω) = [(ω2
0 − ω2)/(ω2

T − ω2)]2x Im − {1/[ε(q, ω)]} (2)

and

SB(ω) = [(ω2
L − ω2)/(ω2

T − ω2)]2x Im − {1/[ε(q, ω)]} (3)

where ω2
0 = ω2

T (1 +C), C being the Faust–Henry coefficient [32], and ωT and ωL are the TO
and LO mode frequency, respectively.

ε(q, ω) is the total dielectric function of the LOPC system and takes the familiar Drude
form

ε(q,�) = ε∞

[
1 +

� 2
L −� 2

T

� 2
T −� 2 − iγ�

− � 2
P (q)

� 2 − i�P�

]
. (4)

In this expression ε∞ is the high-frequency dielectric constant; γ and �P are the
phenomenological damping constants of the atomic and free-carrier oscillations, respectively.
ωP (q) is the plasma frequency given as a function of the carrier density N by the relation

ω2
P (q) = (4πNe2)/(ε∞m∗) + 3/5(qVF ) (5)

where m∗ is the free-carrier effective mass and VF is the Fermi velocity

VF = (h̄/m∗)(3π2N)1/3. (6)

For a quasi-backscattering geometry one can take the scattering wave vector as |q| =
4πn/λL, where n is the refractive index of GaP at the laser wavelength λL = 488 nm.

In cases of large effective carrier masses the light scattering efficiency SA via deformation
potential and electrooptic mechanisms dominates, and the contributionSB due to charge density
fluctuations is negligible [33]. As to the effective mass m∗, the bare mass rather than the
(experimentally measured) polaron mass has to be used [34]. According to Beni and Rice
[35], the values of the bare masses for electrons in GaP are m‖ = 1.781 m0, m⊥ = 0.25 m0.
The effective mass then is given by

m∗ =
[

1

3

(
2

m⊥
+

1

m‖

)]−1

= 0.35m0. (7)

Using relations (4)–(6) in the limit of negligible phonon damping one can write for SA

SA = [ω2
Pω�P (ω

2
0 − ω2)]/% (8)

where

% = [ω2(ω2
L − ω2)− ω2

P (ω
2
T − ω2)]2 + ω2�2

P (ω
2
L − ω2)2. (9)

Assuming that the average scattering time τ of the carriers is equal to (�P )−1, a simple
relationship between carrier mobility and damping constant is obtained:

µ = |e|/(m∗�P ). (10)

For high mobility values when �P � ωP , the peaks of SA are mainly determined by the zeros
of the first term of the denominator leading to the well known LOPC frequencies:

ω2
± = [(ω2

L + ω2
P )/2] ± {[(ω2

L + ω2
P )/2]2 − ω2

Pω
2
T }1/2 (11)

and the RS spectrum consists of two peaks located at the frequencies ω− and ω+.
For low values of mobility, when �P ∼ ωP , one of the ω− or ω+ signals decreases rapidly

below the detection limit, while the remaining one is strongly broadened and shifts towards
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Figure 7. Raman shift of the LO mode with temperature: , porous sample GaP-1; +, porous
sample GaP-2 [1].

the LO or TO frequency with decreasing mobility. In our experiments the ω− intensity is
vanishing and the LOPC signal is determined by the ω+ peak.

Analytical adjustment using a standard fitting procedure allowed us to determine the main
electrical parameters of the samples: carrier concentration and mobility. The derived data
on free electron concentration at different temperatures are summarized in figure 6. One can
see that the concentration of charge carriers decreases insignificantly with the temperature
decrease from 300 to 10 K.

Another effect of the carrier confinement is the unusual dependence of the LO-mode shift
with temperature. As illustrated in figure 7, starting from the temperature of about 160 K, a
downward frequency shift of the LO mode occurs in the GaP-2 porous sample with decreasing
temperature. This mode softening can be explained taking into account the existence of strong
electric fields between exhausted areas ‘II’ and regions ‘III’ with high free carrier concentration.
Evidently, the built-in electric fields achieve especially high values when the free carriers start
to be confined in column-like structures.

Strain induced by free carriers is a common feature of confined systems. It was shown
that carrier induced strain may explain many of the unusual properties of porous silicon [36].
A carrier-induced strain model was proposed to explain the optical properties of Si and GaAs
nanocrystals [37].

The average stresses in material can be estimated from the shifts of the LO phonon [38].
Investigation of porous GaP under hydrostatic pressure [24] showed that elastic properties of
porous GaP do not differ essentially from those of bulk material. The frequency of the LO
mode in bulk and porous GaP increases linearly with pressure at the rate of 0.4 cm−1 kbar−1.
One can deduce from the results of these investigations that the shift of the LO mode of
1 cm−1 corresponds to the pressure of ∼2.5 kbar. Taking into account the decrease of the LO
frequency in our structures at temperatures below 160 K one can conclude that the strains are
tensile rather than compressive. Additional investigations are necessary to evaluate the built-in
electric fields, since the piezoelectric constants of the material depend upon the orientation,
temperature, carrier concentration etc. One can perform a rough estimation of these values.
Anastassakis calculated the electric fields of ∼7×106 V m−1 [39] in GaAs for the appropriate
values of strains. Taking into consideration the appropriate values of elastic constants of GaP
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and GaAs [40], one can estimate the built-in electric fields in our samples at T < 160 K to be
of the same order. On the other hand, calculation of the electric fields between the exhausted
regions and regions with the carrier concentration of 1018 cm−3 and the dimensions of ∼50 nm
gives values of ∼5 × 106 V m−1.

So, in spite of the sharp reduction of in-plane conductivity, the porous layer GaP-2 contains
regions with a relatively high concentration of free carriers even at temperatures as low as 10 K.
A comparative analysis of the obtained results shows that the free electrons are confined in
column-like areas. As a result, the layer conductivity is highly anisotropic, its minimum value
being observed in the directions perpendicular to the pores.

The observation of two RS peaks F1 and F2 at low temperatures (figure 4) may be attributed
to the longitudinal–transverse (L–T) splitting of the Fröhlich mode [22]. One can note that the
L–T splitting of a Fröhlich mode was observed recently [41, 42] in porous structures of SiC, GaP
and InP compounds by Fourier transform infrared spectroscopy. Theoretical considerations of
the observed splitting were carried out [41, 42] in terms of effective medium expressions for the
dielectric function. Note that in the case of infrared reflectance investigations the wavelength
of electromagnetic radiation proves to be much larger than the lateral dimensions of pores and
pore walls and, therefore, the porous structure can be considered as a homogeneous material
for which the effective medium approaches apply.

4. Conclusion

First order Raman spectra of porous GaP layers contain Fröhlich-type vibrations in addition
to the TO and LO modes inherent to bulk material. The longitudinal–transverse splitting
of the Fröhlich mode in Raman spectra was observed for the first time in a porous III–V
compound at low temperatures. Both bulk and porous GaP possessing free electrons with
the concentration as high as n ∼ 1018 cm−3 show LO-phonon–plasmon coupling at room
temperature. In contrast to bulk material, porous GaP layers exhibit LOPC modes also at low
temperatures. The analysis of Raman scattering from the LOPC modes along with the data
of electrical characterization and thermally stimulated conductivity indicate the formation of
high conductivity (n ∼ 1018 cm−3) regions with the dimensions of ∼50 nm embedded in a low
conductivity porous GaP matrix at temperatures lower than 160 K. The spatial confinement
of free electrons in these regions leads to the appearance in porous GaP structures of strong
built-in electric fields estimated at 5 × 106 V m−1.
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