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Electronic Raman scattering on shallow donors in semiconductors is enormously en-
hanced when the incident photon energy approaches the fundamental exciton region. This
excitonic resonance was observed for the first time and it was found that opeg = 5% 10”14
cm? for CdTe and GaAs in the » = 2 free-exciton resonance. The enhancement of = 101°
over off-resonance excitation and the peculiar » =2 exciton predominance are well de~
scribed in a model of exciton-polariton—mediated light scattering.

PACS numbers:

The inelastic scattering of light by low-lying
electronic excitations in solids—electronic
Raman scattering (ERS)—has been thoroughly
investigated in various configurations since its
proposal by Elliott and Loudon.! Donor and ac-
ceptor excitations in GaP and Si have been stud-
ied® with fixed incident-light frequencies w; off
resonance, i.e., far below the fundamental band
gap E,, and extremely small scattering cross
sections o of ~1072° ¢cm? were found, The scat-
tering was described in a second-ovdey-periuyr-
bation treatment involving interband transitions
between one-electron states in valence and con-
duction bands and reasonable qualitative agree-
ment between theoretical cross sections and ex-
periment was found. Later, Burstein, Pinczuk,
and Buchner? discussed the relative importance

71.36.+c, 71.55.Fr, 78.30.Gt

of thivd-ovder processes for ERS in the context
of resonant light scattering by collective carrier
excitations. More recently, Yu studied ERS in
relatively highly doped CdS (N ;=10 cm~3) with
w; below the fundamental exciton.* A weak reso-
nant enhancement of <10 in efficiency was found
below the I, bound-exciton level and was attribut-
ed to resonant interband terms in a perturbation
scheme. To our knowledge, the effects of elec-
tron-hole correlation and exciton-polariton—-
mediated resonances on ERS have been neither
observed nor discussed up to now.

We report in this Letter the first experimental
observation of an enormous resonance enhance-
ment of ERS on shallow donors in semiconduc-
tors by a factor of ~10'° in 0, when w; is tuned
into the fundamental exciton region. We give an
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explanation for the peculiar n =2 free-exciton—
mediated resonance which we observed in CdTe
and GaAs and we outline a calculation of 0, in-
volving effective-mass—donor and excitonic polar-
iton states as proper crystal eigenstates for de-
scription. The polariton scattering concept, i.e.,
the correct (nonperturbative) treatment of the
long-range e-/ correlation and the exciton-photon
interaction,®® is shown to be of fundamental im-
portance for a quantitative explanation of the ob-
served resonant ERS spectra.

The experiments were done at T=1.4 K on
cleaved bulk CdTe and as-grown GaAs epitaxial
layers oriented in [110] and [100] directions
and having neutral shallow donor concentrations
N ;=(0.8-4) 10" cm™,. The spectra were taken
with a 1-m double-grating spectrometer in back-
scattering configuration. A cw tunable Oxazine-
750 dye laser with <0.1 A linewidth and ~5 mW
of incident linearly polarized light power on 0.2
X2 mm? spot size was used for excitation, In the
following, we will report for the sake of clarity
only the key results in CdTe.

Figure 1 shows highly resolved sections of reso-
nant ERS spectra for six different incident-light
energies %w; around the two dominant resonances
which we found: (i) the n=2 exciton X, at hw
=1.6023 eV (right side), and (ii) the donor-bound
exciton D° X at Aw=1.5927 eV (left side). The
most prominent inelastic ERS peaks are due to
the excitation of donor electrons from their 1s
ground state into » =2 final states, with a corre-
sponding Stokes shift AE,, ,,,=10.62 meV rela-
tive to Zw;, which is indicated by the solid arrows
pointing upward in Fig. 1.” The enormous in-
crease of scattered-light intensity in very narrow
(=<1 meV) spectral regions around both the X,
and the D° X resonances (marked by open arrows
pointing downward) is documented in Fig. 1. The
ERS peaks were found to be fully polarized; the
luminescence background caused by bound-exciton
recombination at 1.5899, 1.5912, and 1.5926 eV
was unpolarized. In addition to donor 1s—-n
=2s, 2p excitations (with splitting 0FE, ,,=0.145
meV’) we observed =3 and n=4 as well as tran-
sitions to the continuum (Fig. 1, lower-right and
top-left spectrum).

In Fig. 2 we plot the measured scattering effi-
ciencies (defined as the number of outgoing pho-
tons per steradian and per incoming photon) for
donor 1s —2s and 1s - 2p ERS processes as a
function of incident photon energy %w;. The two
dominant sharp resonances are centered around
the X, and the D° X level. The other free-exciton
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FIG. 1. Resonant ERS spectra of CdTe (Np = 2x10!4
cm™®) at T=1.4 K. Spectra for six different incident
photon energies Zw; slightly above the n =2 free-exciton
resonance X, (right side, Aw;— 7wy, =+0.22, +0.43,
+0.59 meV for top, middle, and lower trace) and slightly
below the D% X resonance (left side, Kw; —Fwpo, 3=~ 0.0,
—0.57, —1.36 meV) are shown. The solid arrows point-
ing upward indicate the corresponding six peak positions
for scattered photons leaving donor electrons in their
excited 2s final state, from which AE;,,,; was deter-
mined. Further scattering channels involving different
donor final states (2p and n=3,4,...,%) are also indi~
cated. The open arrows pointing downward mark the
exact positions of both resonance energies with respect
to the 1s —~2s process. The lower left and the two lower
right traces were each shifted down by a factor of 10
for clarity.

levels X, (r=1,3,4,...) do not mediate reso-
nances of comparable strength and narrow width.
To compare our results with the off-resonant da-
ta of Ref. 2, we used a relative calibration proce-
dure (via LO-phonon Raman signals) and found a
ten-orders—of-magnitude resonance enhance-
ment of o per donor! We will show in the follow-
ing that one definitely has to go beyond second-
order processes and perturbative treatments of
ERS to explain this enormous effect.

The usually adopted procedure—iteration of the
A -p interaction of photons with one-electron
states as shown in the second-order diagram of
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FIG. 2. Experimental electronic Raman scattering
efficiency 1 per steradian for the donor 1s —>2s and
1s —~2p excitation process as a function of incident
photon energy %Zw;. 7 reaches the enormous value of
8X107° when Kw; is resonant with the # =2 excitonic
polariton, other free-exciton levels being less efficient.
Lines connect the experimental points for clarity.

Fig. 3(a)—leads under off-resonance conditions
to very small cross sections of the order of the
classical Thomson value 0,=6X1072% cm?,"®
This is in qualitative agreement with the early
off-resonant experiments.? Within the effective-
mass approximation for donors, ¢ would even
vanish because of the orthogonality of the n=1
and n =2 donor levels.! Only in the continuum
“resonance” region, where fiw;=E,-E j is ful-
filled (E , is the donor binding energy), would this
procedure lead to relatively large “resonant,”
but nondiverging cross sections®:

0=ap? (Ve /vpp)? =107 cm?, (1)

because of the smallness of the energy denomina-
tor 7Zw - (E, — Ep) in the perturbation formula.
Here ap is the donor Bohr radius, v, the photon
velocity ¢/, in the medium of background refrac-
tive index n,, v.; the conduction electron velocity
at the wave vector k =n,E,/Tic.

Our experimental findings —an extremely large
Opear ™ 5%107 14 ¢m?—clearly show the inadequa-
cy of such a two-step perturbative approach. One
has to resort to higher-order processes involving
electron-hole paivs and take into account their
correlation,!® The new scheme is indicated in
Fig. 3(b): The third-order diagram describes the
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FIG. 3. Electronic Raman-scattering processes:
(a) Diagram in second-order perturbation based on the
iterated A - p interaction term (v denotes intermediate
valence-band states). (b) Exciton-mediated scattering
process in third order. Only the direct donor electron-
hole interaction term is shown for simplicity (four other
terms have to be added; see text). (c) Polariton-medi-
ated scattering. The incident photon w; converts to a
polariton (double line) at the crystal interface, which
in turn scatters on the donor electron like the corre-
sponding exciton of (b). The scattered polariton converts
back into a scattered photon wg at the interface.

generation of an e-4 pair by an incident photon,
the subsequent interaction of the correlated e-2
pair (“exciton”) via screened Coulomb interac-
tion with the donor-bound electron, and finally
conversion of the pair back into a scattered pho-
ton. For simplicity, only the direct interaction
of the hole with the donor electron is represented.
Four other related diagrams (including exchange)
have to be considered also for the evaluation of
the total scattering probability.

When the exciton-photon interaction is strong
(the usual case in the direct-band-gap semicon-
ductors discussed here), it cannot be treated as
a perturbation and one has to consider the propa-
gation of coupled-mode excitations in the crystal,
i.e., the excitonic polaritons. In the framework
of polariton scattering®: ! the total scattering
process may now be visualized to occur in three
steps [see the diagram of Fig. 3(c)]: The inci-
dent photon converts at the crystal interface in-
to a polariton (with efficiency ~1), then the po-
lariton is scattered by the donor electron into
another polariton state and is finally converted
back into a scattered photon (with efficiency ~1).
The total scattering efficiency is almost complete-
ly determined by the polariton-donor intevaction
strength alone, which in favorable cases can be
treated in first-order perturbation theory.*

To test the validity of the latter approach, we
calculate the total scattering cross section at the
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free-exciton resonance, taking the polariton-
donor interaction to be equal to the exciton-donor
interaction at the same wave vector* and treating
it in Born approximation. We find

O-%ast}-zvexz/vinvout (2)

where v, vi,, and v, are group velocities of
the bare exciton, and the ingoing and outgoing po-
laritons at the polariton wave vector. F repre-
sents the sum of five dimensionless two-center
Coulomb integrals between initial and final states
of the scattering process. & was calculated nu-
merically and is of the order of unity.® Compar-
ing Eq. (2) with the simple perturbative approach
of Eq. (1), we gain a factor of ~ 10° in our model
of polariton-mediated ERS! Using experimentally
determined exciton parameters for CdTe {LT
splitting 0.4 meV, translational heavy-exciton
mass (1.3 m,) along [110], and exciton Bohr
radius (85 A)}, we find from Eq. (2) an estimate
for the maximum cross section 0., ~107** cm?
at the X, resonance. The dependence of o on in-
going and outgoing polariton group velocities ex-
plains why the X, resonance in Fig. 2 is much
more pronounced than the remaining X, (z =1, 3,
4,...) resonances: The donor 1s— 2s energy is
close to the X,— X, energy separation and causes
a “doubly” resonant behavior of the denominator
in Eq. (2).

The theoretical cross sections are converted
into an efficiency per steradian, n (ordinate unit
of Fig. 2), by calculating

1 =NpoL/4m, (3)

where L is the effective polariton damping length,
Taking L to be 107* ¢m (the reciprocal measured
absorption coefficient at the peak of X,) we find a
theoretical 7 ,, 1~ 1.6 X 1075, The fair agreement
with the experimentally determined peak effi-
ciency of 8X10°% (see Fig. 2) asserts the validity
of the proposed model. In addition, Eq. (2) pre-
dicts the correct ratio between X, and X, ERS
efficiencies (see Fig. 2) due to the different final
states densities. Attempts to treat the sharp
D% X resonance along similar lines turn out to be
more difficult: (i) Simple perturbative methods
(i.e., the first Born approximation for polariton
scattering on donors) fail probably in this case
of a relatively strong attractive potential with a
series of bound states, and (ii) D% X wave func-
tions of sufficient accuracy for ground and excited
states are not at hand.

In conclusion, we have demonstrated that the
cross section for resonant ERS on shallow donors
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in semiconductors is enormously enhanced as a
consequence of electron-hole correlation and the
excitonic-polariton effect. The analysis of scat-
tering formulas shows that at resonance the
three-step scattering probability reduces to a
first-order polariton scattering probability. This
new approach overcomes the second-order-per-
turbation results (weak direct iterated A+ p inter-
action between localized donor and delocalized
one-electron band states) by five orders of mag-
nitude in ¢ and brings qualitative agreement with
experiment. Apart from this conceptual success
of the polariton description of resonant light scat-
tering, future applications of resonant ERS will
include the possibility of impurity-level spec-
troscopy with excellent sensitivity in the visible
spectral range” and with high spatial resolution
for the chemical analysis of shallow impurities
in semiconductors.
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Silver-Molecule Separation Dependence of Surface-Enhanced Raman Scattering
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Surface-enhanced Raman scattering from a layer of organic molecules adsorbed on
aluminum oxide and covered by a controlled-roughness silver film has been studied. The
molecule-silver distance dependence of the Raman-scattering enhancement by the surface
was measured in four separate experiments. Large enhancements (~ 103) persist in our
samples for molecule-silver separation as large as 100 IOX, and thus the use of surface-
enhanced Raman scattering is shown to be a viable technique for vibrational spectroscopy

of a large variety of interface systems.

PACS numbers: 78.30.Jw, 68.20.+t

The discovery' of surface-enhanced Raman scat-
tering (SERS), giant enhancements of the order of
10%-10° of the Raman scattering from monolayers
of certain molecules on roughened surfaces of sil-
ver, has aroused considerable excitement. Nu-
merous models have been proposed to explain
SERS,%"!7 but to date, its microscopic origins are
still controversial.? We report in this Letter the
results of SERS experiments which use samples
that are thin-film multilayered structures of Al/
Al,0,/Raman-active molecule/spacer/rough Ag
film. We find a large (~10°®) SERS for molecules

separated by distances ~100 A from the silver
surface. This enhancement is adequate for ob-
serving a monolayer of molecules of ordinary
Raman cross section with present experimental
techniques.

We have performed two types of experiments:
(a) A smooth layer of a weak Raman scatterer,
poly-methylmethacrylate (PMMA), was placed
between a strongly Raman-active monolayer of
chemisorbed p-nitrobenzoic acid (PNBA) and a
rough Ag film; and (b) variable-thickness films
of a strongly Raman-active polymer, poly(p-nitro-
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FIG. 1. (a) Spacer experiment 1(a) (inset shows the geometry). The intensity of the 1595-cm™! (open symbols) and
1425-cm™?! (closed symbols) Raman peaks of PNBA above the background (logarithmic scale) vs d. Error bars are
the size of the symbols and represent statistical accuracy only. (b) Thickness experiment 1(b) (inset shows the
sample structure). The intensity of the 1596-cm™! (circles) and 1346-cm™! (triangles) Raman peaks of PPNS above
the background (linear scale) vs ¢t. Error bars represent statistical accuracy only.
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