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Roughness-induced Raman scattering from surface carbon on PbTe
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Surface-roughness features on the scale of 0.1—0.3 pm induce enhanced Raman scattering
from adsorbed amorphous carbon on PbTe. Analogous to the scattering by adsorbates on metal
surfaces, the spectra show a strong continuum extending beyond 3000 cm ' and no significant
polarization dependence. The wavelength dependence of the enhancement exhibits a correlation
with the band-structure properties of PbTe. These results are considered an indication that the
scattering is due to roughness-induced coupling of the photons to nonvertical interband transi-
tions at the surface. We discuss a possible explanation of the data in terms of a scattering
mechanism which relies on the electrostatic interaction between electronic excitations of the
substrate and the vibrational modes of the adsorbate.

Surface-enhanced Raman scattering (SERS) by
molecules adsorbed on metal substrates has attracted
considerable experimental and theoretical interest in
the past few years. "Although there has been some
controversy in the literature, it is now generally be-
lieved that several mechanisms contribute to the
enhancement. " In this work, we report the first ob-
servation of this effect for a nonmetal substrate. Our
results show that SERS in PbTe exhibits most of the
features that are known to characterize SERS in met-
als, an indication that mechanisms which do not rely
on specific properties of the latter materials could
also be involved in an interpretation of this
phenomenon.

Samples of single-crystal PbTe were grown by
molecular-beam epitaxy on (111)BaF2. Details con-
cerning sample preparation and characterization pro-
cedures have been published elsewhere. 4 Film thick-
nesses range from 1 to 3 p,m. Raman data were ob-
tained from more than 20 undoped, n-type (Bi-doped),
and p-type (Tl-doped) samples, but no correlation
with the nature or level of the doping was found.
Samples with different surface morphologies were ob-
tained by varying the temperature of the BaF2 sub-
strate during growth. Figure 1 shows electron micro-
graphs of two distinct surface structures considered in
this Communication. The surface of type-I samples,
grown at -400'C, is smooth on the scale & 300 A.
Type-II samples (-250 'C substrate temperature)
exhibit an irregular array of triangular pits (-0.1 pm
size, average separation -0.25 p, m), undoubtedly a
remnant of their registration with the BaF2 substrate.

Raman spectra were obtained with the samples in
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FIG. 1. Electron micrographs of (a) type-I and (b) type-II
PbTe samples, grown on (111)BaF2. Substrate tempera-
tures during growth are (a) 400'C and (b) 250'C.

10~ Torr vacuum in the backscattering geometry,
focusing the beam with a cylindrical lens to avoid ex-
cessive laser heating. Typical laser powers were
30—50 mW. The discrete visible lines of a Kr+ laser
were used to determine the scattering intensities in
the range 1.83—2.60 eV. Prior to the Raman mea-
surements, the samples were etched in a solution
consisting of 10 parts saturated KOH, 10 parts
ethylene glycol, and 0.3 parts hydrogen peroxide at
O'C (this step was found to be crucial to assure
reproducibility). The solution is known to etch PbTe
at a rate of -40 A/s. ' After immersion in the etchant
for 10—15 s, the samples were quenched in ethanol,
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FIG. 2. Raman spectra from 1—2 monolayers of carbon
(see discussion in the text) on type-I (lower curve) and
type-II (upper curve) PbTe surfaces. The inset shows the
spectrum of a type-II sample after annealing —12 h at
200'C.

rinsed in distilled water, and dryed in Nq gas. Depth
profile (argon sputtering) Auger measurements indi-

cate that this procedure leads to the formation of a
—204-thick surface layer (for both type-I and -II
samples) consisting of carbon and Pb and Te oxides.
Minor amounts of Cl were also found (( I at. %).
The amount of carbon in the layers varied from 20
at. % to 40 at. % for different samples, irrespective of
the surface morphology. Furthermore, Auger data
obtained after sputtering -50 A with the argon
beam at an angle of -20' above the surface exhibit
no traces of carbon, indicating that the pits in type-II
samples do not act as carbon sinks (a possibility that
could have lead to an underestimation of the total
amount of carbon present in those samples). After
being etched, the samples were transferred into the
vacuum system. No special precautions were taken
to prevent short contacts of the prepared surfaces
with the air as the Auger data show that the carbon
coverage increases only slowly as a function of time
under these conditions (samples held in ambient
pressure for a month exhibit a —60-A-thick surface

layer with -40 at. % carbon).
The Raman results are summarized in Fig. 2. The

upper curve shows data typical of type-II samples.
The spectrum is unpolarized and dominated by a

broad, featureless band extending from 700 to 2200
cm ' on top of a continuum background. The lower

trace in the figure is the spectrum of type-I samples
obtained under similar conditions and plotted on the
same scale. The broad band and the continuum, as
seen in a smaller scale, show a dramatic decrease in

intensity by a factor of —100. We show below that
the broad structure is due to scattering from carbon
on the PbTe surface. Based on the fact that the total
amount of carbon in type-I and -II samples is approx-
imately the same (I—2 equivalent monolayers), we

attribute the enhanced scattering in the latter samples

to the presence of the array of pits. A crude estimate
of the absolute value of the enhancement was made

by comparing the integrated intensity in the spectrum
of the type-II sample to that of the Eg mode of gra-

phite at 1582 cm '. Assuming the same bond polari-

zability, we find an enhancement factor of 0.5—1

x 10, an indication that the scattering from type-I
samples may also be (weakly) enhanced.

The assignment of the band in Fig. 2 to Raman
scattering from carbon is based on the similarity with

the spectrum of amorphous carbon which shows a
—400-cm '-broad peak with maximum at 1550
cm '.' Annealing studies done on our samples at
200'C and 10~ Torr vacuum indicate that the band

gradually narrows as a function of time and eventual-

ly develops a double peak structure, as shown in the
inset of Fig. 2. The two peaks at 1360 and 1590 cm '

have often been found in SERS studies on metals
and ascribed to the presence of graphitic carbon on
the surface. It is not clear why the carbon peak in

our samples is far broader (factor of -3) than what

is found in bulk amorphous carbon. However, it is

most probably related to large fluctuations in the
C—C bond length that are suppressed by the anneal-

ing.
As in SERS from metals, our data also show the

presence of a continuum extending beyond 3000
cm '. Different interpretations have been proposed
for the origin of the continuum in the case of metals
involving the vibrational modes of the adsorbate, '

surface plasmon polaritons, ' and electron-hole pair
excitations. ' Surface plasmons in PbTe are heavily

damped (see below) and, therefore, unlikely to cou-

ple effectively to the light. Scattering associated with

the recombination of electron-hole pairs cannot ex-
plain our results because such excitations should ex-
hibit a low-energy cutoff at the position of the band

gap of PbTe (-1500 cm ') which is not apparent
from the data. ' We believe that the continuum here
originates from electronic excitations and/or vibra-

tional modes intrinsic to adsorbed carbon. In this

respect, it is important to point out the similarities
with the Raman data of some intercalate-graphite
compounds, for which the origin of the continuum is

still the source of much controversy. '

The relative magnitude of the enhancement was

determined for five discrete lines of a Kr+ laser at
co =1.83, 1.91, 2.33, 2.38, and 2.60 eV, after correct-
ing for the system response. The intensity of the car-
bon band is approximately the same for the green-
blue lines, but a factor of -200 larger than in the
red. There are different possible interpretations of
this behavior which relate to different models of
SERS.' First, the real part of a(co) for PbTe changes
from being positive in the red to negative values at
-2.1 eV, and remains negative up to co -5.5 eV."
This fact and the energy dependence of the scattering

might suggest the involvement of electromagnetic
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resonances of the roughness features as the cause of
the enhancement. "These resonances are known to

play an important role in SERS from metals. A

problem with this interpretation is that the reso-
nances are clearly too broad in PbTe [the imaginary
part of a(cu) —15—20 in the visible "] to account for
the factor of —200 difference between the red and
green-blue regions. We have calculated the response
function for surface plasmons at different wave vec-
tors and found that it varies at most by a factor of
-2 in the range of interest. An additional point
against the participation of surface plasmons in the
scattering process is that the scale of roughness in

our samples should lead to photon-plasmon coupling
at co =4—5 eV, i.e., far away from the range studied.
Mie-type resonances associated with the pits are also
expected to be heavily damped partly due to the large
values of 1m[a(cu)], but also because 2mg/X =1 (g
is a characteristic size of the pits).

A more likely explanation of our results is that the
relevant intermediate states in the Raman process in-

volve interband transitions in PbTe (which can be
nonvertical due to the presence of roughness). This
is suggested by the fact that the range where we find
the large enhancement correlates with the position of
a number of critical points in the joint density of
states of PbTe (Ref. 17) (the onset of transitions
among bands in the X and 5 directions are at
ai —2.1—2.3 eV). Furthermore, no critical points oc-
cur for 1.25 & c» & 2 eV (Ref. 17), a region which in-

cludes the laser lines for which the large decrease in

the enhancement is observed.
To understand the role played by the roughness,

we consider the Fourier transform of the Coulomb
interaction between an electron (or a hole) confined

in the substrate and the dipole moment p, associated
with a vibrational mode of the adsorbate (this
analysis assumes that the modes that scatter are also
infrared active, a condition that applies to amorphous
carbon due to the lack of symmetry constraints).
Various models of SERS have already referred to this
interaction as the source of scattering in the case of

metal substrates. "' The Hamiltonian

op+I V k'

where r „r„arethe position vectors of the electron

and molecule, Vthe sample volume, and eo the low-

frequency dielectric constant of the substrate, gives

rise to transitions between electronic states at qi, q2
such that (qt —q2) = k, while promoting the oscilla-

tor to a higher (or lower) quantum state. For a

smooth surface,
~
k

~

= ko && m/ap (ko is the wave

vector of the photons and ao is the lattice parameter)
and the Raman matrix vanishes due to the cancella-

tion of the electron and hole contributions. ' In the
presence of roughness k = 27rni/I, j is a unit vector
parallel to the surface, and I is a roughness length

(I =2500 A in type-II samples). Cancellation does
not happen in this case provided ao/I is not too small.

Even if ao/I « I, the electron and hole contribu-

tions will not cancel out when the roughness is ran-

dom, due to the lack of coherence between the two

terms. This situation is likely to lead to a large
enhancement factor because of the k ' divergency in

Eq. (1) and is consistent with our scale of roughness.
For the mechanism to be operative, it is required that
most of the power be coupled to electronic excita-
tions near the surface as indicated by the exponential
factor in the Hamiltonian. The penetration de th of
visible light in PbTe is of the order of -200 . This
is close to values found in noble metals.

In summary, we have shown that a nonmetal sub-

strate can also exhibit SERS with properties similar to
those of metals, and we have discussed a possible ex-
planation of the data which stresses the effect of
roughness on the coherence of the electron and hole
contributions to the scattering matrix.
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