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Surface-enhanced Raman scattering for magnetic semiconductor ZnSe:Fe hybrid structures
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Micro-Raman spectroscopy has been carried out on hybrid systems consisting of magnetic Fe and Co
nanoclusters immersed in a semiconductor ZnSe host. The experimental results clearly reveal surface-enhanced
Raman scattering for the ZnSe matrix phonon modes. The intensity enhancement correlates with the Fe content
and sample morphology. Enhancement factors of up to about one order were achieved, as compared to the pure
ZnSe sample.
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One of the novel approaches of creating new electronienally related to resonance phenomena, i.e., when the inci-
devices is based on the control of not only the charge, butlent laser resonates with a strong interband electronic
also the spin of electrors’ In the so-called spintronics field, transition!®
the study of hybrid semiconductor ferromagnetic structures In this work we report on micro-Raman spectroscopy car-
is attracting more and more attentiof. Most of the work  ried out on hybrid systems consisting of magnetic Fe and Co
done up till now on diluted magnetic semiconductors ornanoclusters immersed in a semiconductor ZnSe host. The
composite structures used samples fabricated by moleculagxperimental results clearly reveal an increase in the scat-
beam epitaxy. Alternative efforts using much cheaper andered intensities of the ZnSe matrix phonon modes, that cor-
simpler electrodeposition methods recently succeeded in falvelates with the Fe content and sample morphology. En-
ricating such hybrid systenfs. hancement factors of up to about one order were achieved for

Hybrid systems combining ZnSe and Fe have beersamples electrochemically grown from plating solutions with
pointed out as attractive candidates to be explored, since thealie highest Fe concentration. This finding opens up a range
have modest lattice mismatch and high chemical stability abf interesting new possibilities for optical studies of such
the Fe/ZnSe interfaces. In addition ZnSe is one of the mostybrid systems, including, e.di) interactions between pho-
promising 11-VI materials for optoelectronic applications togenerated carriers and phonons of the semiconductor ma-
due to its direct band gap in the blue-green region of therix and (ii) the electromagnetic coupling between the metal
visible spectrum. clusters. Both phenomena should have influence on the

Raman scattering is a very powerful and versatile tool fortransport and magnetic properties. Other Raman measure-
the characterization of new materials. For more than 20ments were performed in order to investigate the desorption
yeard it has been known that the proximity of metallic struc- of a Se excess in the outermost layer from a ZnSe:Co
tures to a sample has profound effects on the Raman spectsample. The high laser intensity used for the measurement
of that sample. The selection rules as well as the mode inwas able to cause the desorption of Se prompting us to in-
tensities can be altered by the presence of the féfhe  vestigate the Raman spectra on line andsitu. All the
Raman spectra of certain molecules adsorbed on specialsamples were grown on mechanically and chemically pol-
prepared metal surfaces are even &-1fold more intense ished stainless-steel substrates by simultaneous electro-
than expected, due to the so-called surface-enhanced Ramelmemical deposition of Zn, Se, and Fe or Co. Aqueous solu-
scattering(SERS. It has been recognized that the enhancetions containing reagent grade ZnSO SeQ, and
ment has both a chemical and an electromagnetic otigin.Fe(NH,),(SQ,), or CoSQ were used as electrolyte solu-
Since its discovery, SERS has been demonstrated with mariipns with different molar concentrations. The micrometer-
molecules and with a number of metals, including Cu, Ag,thick films were electrodeposited at 65°C under potentio-
Au, Li, Na, K, In, Pt, and Rh. Very recently SERS from bare static conditions using a conventional stationary parallel-
Fe electrodes was observed for the first time. Dependinglate system. More details about the growth procedure and
critically on the Fe surface roughening procedure, surfacethe electrochemical conditions can be found elsewhére.
enhancement factors of two to three orders for pyridine adshown in our previous work, ferromagnetic clusters with a
sorbed on Fe were achiev&lDespite the fact that SERS multidomain structure dominate the magnetic properties of
spectroscopy has been successfully used to study moleculdsse sample¥.
adsorbed on rough metal surfaces, only a few attempts The Raman-scattering measurements were performed at
succeeded in observing this effect for semiconductor systent®om temperature in the backscattering configuration from
on metals. Honmaet al!* have observed SERS of CdS the sample growth surface. The 514.5-nm li@e41 eV} of
from Ag-CdS hybrid colloidal particles in solution and Suh an Ar* laser was focused to a spot diameter of aboun2.
and Leé? reported for the first time SERS of CdS nanowiresAfter being dispersed by a Jobin-Yvon T64000 micro-Raman
grown on predeposited Ag into anodic aluminum system, the scattered light was detected by a liquid nitrogen-
oxide pores. On the other hand, the observed intensity ercooled charge coupled device. The spectral resolution was
hancements in the Raman spectra of semiconductors are naet to about 4 cmt.
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FIG. 1. TEM bright field micrographs of ZnSe:Fe samples
prepared from solutions containing@ 1/8 mM Fe and(b) 1
mM Fe.

Intensity

Figure 1 shows transmission electron microsc6pgM)
bright field images from two ZnSe:Fe samples, obtained us-
ing a JEOL 1200EX-II electron microscope. A typical image (c)
of a sample prepared from the solution containing 1/8 mM
Fe is shown in Fig. (). Fe clustergdark regiong exhibit- (b)
ing an almost physically uncoupled network, are dispersed in
the ZnSe matrix. They have an average size of about 95 nm. (a)
A t%/pical image orl: the sampltib;abtained from the Iso(ljution . ; . .
with 1 mM Fe is shown in Fig. (b). Here again, mainly due ' * ' '
to the high electronic density difference, it is possible to 100 200 300 ) 400_1 500
distinguish Fe-rich region@ark zones Below the percola- Raman shift (cm )
tion threshold the clustering process is a segregation-
nucleation diffusion and growth process. Although the F!G- 2. Room-temperature Raman spectra(af pure ZnSe
sample shows similar average size for the Fe clusters, orgPosited at=0.85 V. (b), (c), and (d) correspond to ZnSe:Fe

. . . amples deposited under periodically pulsed potentials between
can observe an increase in the cluster density, and conséol85 V and—1.1 V for, respectively(b) 1 s and 0.1 s from 1
quently a larger interaction between them. For higher con-

. L . . . mM Fe solutiony(c) 1 s and 0.1 s from 100 mM Fe solution aftl
centrations the samples exhibit percolating regions, havmg s and 1 s from 100 mM Ee solution
average sizes as large as 950 nm. '

Figure 2 depicts the Raman spectra of four ZnSe:Fe elec-

trodeposited samples grown under different conditions. Adntermed!ate compounds. Thus, no change in the gap of the
increase of Fe incorporation in the samples going ftao material is expected and consequently resonance effects can

(d) is expected, with() being a pure ZnSe sample. The be excluded. We attribute the spectral enhancement in our
spectra were shifted vertically for better visualization. Thesamples to the SL_Jrface-enhanced R?‘m?‘” scattering of Zn_Se
range between 180 cn and 320 cm? of each spectra of due to the formation of Fe granules inside the sample. This

Fig. 2 was fitted using three Lorentzian line shapes, in orde?ﬁeCt is mainly due 1o the resonant excitation .Of surface
to obtain the frequency position, the linewidth and the inte_pIasmons on the Fe clusters, rather than to chemisorption. In

grated intensity of each peak. These fitting parameters arI@Ct’ as the ZnSe TO-LO peak positions and W|dths.rema|n
given in Table 1. For all the spectra shown in Fig. 2 one ca ractically unchanged for all the samples, as shown in Table

observe a structure at 252 ¢ attributed to the LO phonon " no intermediate con_\pound of theé;r;(Ee,(Se type Is ex-
of the ZnSe matrix, and a weak leakage from the TO as ected to be present in our sampte8esides the fact that

shoulder at 205 cm*. Both modes are expected for pure 'de ;:_?emflct?]l effgct Lepdresertns_a} C;Pange Ir"t tge natulre and
crystalline ZnSé® The pronounced peak at about 235¢m identity of the adsorbed material, 1ts magnitude rarely ex-

can be attributed to a trigonal Se pha&%&’ since an excess ﬁeﬁds f"’fl falgtgrr 3|f 10 érlglcqosm;iagisonhw\l/th tuevirzet%tr?ma%-
of Se on top of a stoichiometric ZnSe template naturally etic eflect- Frevious studies have sho atapres-

occurs due to the growth conditions. We will address this
issue later. The second-order zone-boundary X)Afhode

at about 140 cm! can be more clearly observed for the
samples labeled gg) and(b). Increasing Fe content causes
the spectra range under 150 thmto become more pro-
nounced, indicating an increase of disorder in the sample%
since these modes are known to be disorder activated. Figur

TABLE |. Fitting parameters for the frequency positian in
cm™ L, full width at half maximuml” in cm™* and integrated inten-
sity | in arbitrary units for the peaks between 180 ¢nand 320
cm ! shown in the Raman spectra of Fig. 2.

ectrum ZnSe-LO ZnSe-TO Se

2 exhibits a pronounced increase in the scattered intensity far o3 o) o3

the ZnSe LO and TO phonons with increasing Fe content. Aria) 253(21; 9 205 (25; 2 236 (9; 149
equivalent increase of the second-order ZnSe LO mode ing) 252 (22; 21) 204 (25; 6) 235(12; 14
tensity can also be observed at about 500 tnSimilarly to (©) 252(21; 62 205(25; 19 236 (15; 30
small area electron diffractiofSAED) pattern and x-ray (q) 252 (22; 89 205 (25; 22 235(18; 39

diffraction}* Raman measurements showed no evidence of
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ence of some kind of surface roughness is a necessary,
although not sufficient, requirement for a great surface-
enhancement factdri® An increase of Fe incorporation and
consequently interface area and roughness is expected in the I, ~ 10° W/em®
samples going fronfa) to (d), as shown by TEM analysis 20 20 60
above. The Raman peaks integrated intensity, shown in Table £ 60 min Time (min)

| allowed for the enhancement factors to be obtained. An
enhancement factor of about one order of magnitude for the
ZnSe-LO mode was achieved for the sample labelettias

i.e., obtained from plating solutions with the highest Fe con-
centration, in comparison with the pure ZnSe sample. In fact,
SERS intensities were found to increase rapidly with de-
creasing interparticle separation, due to coupling effétts.
Linss et al!® succeeded to find a correlation between linear
optical constants and Raman enhancement in phtalocyanine
thin solid films with incorporated silver clusters. Assuming  FiG. 3. Room-temperature Raman spectra of the ZnSe:Co
nonabsorbing phtalocyanine molecules and a uniform distrisample grown from a 50 mM Co solution. The black arrow indi-
bution of cluster sizes, a simple semiclassical estimation ofates the phonon mode attributed to an excess Se phase. The inset
the enhancement factor could be provided. In our case, thshows the dependence of the Se mode intensity as a function of the
cluster size distribution is not uniform at all. Besides, theexposure time to the intense laser beam.

electrodynamic interaction between the clusters may cause

an extra complication in the optical behavior of the Sample\experiment in order to avoid contributions from SERS effect

;peually for the gampleg with high Fe content, W.h'(.:h eXh'b'on the integrated intensities of the Raman peaks. Indicated
its even percolating regions. The accurate prediction of th

%y the black arrow are the peaks related to the Se trigonal

optical behavior of this type of sample and its relation to )
SERS effect is complicated from a theoretical point of viewphase' Wh|I§-lthe ZnSg TO anc_j L_O mOC!E‘S' at_ _2053cm
and 252 cm*® respectively, maintain their positions and

and it is beyond the scope of this work. - - ' '
Although the Raman spectra of the ZnSe:Co samples arfll widths at half maximum, the |nFenS|ty of the Se mode
very similar to the ZnSe:Fe samples no SERS effect could bat 235 cm * decreases as a function of exposure time to
observed. One of the possible reasons is the difference in tHg€ incident laser. In the inset of Fig. 3 the integrated
average cluster sizes of both samples and consequently in th#ensity of the Se trigonal peak is plotted against the
film morphology. Such correlation has been demonstrated fogxposure time of sample to the incident laser beam. The
SERS from molecules adsorbed on Ag spheres of differendependence of the Se peak intensity on laser exposure time
sizes and shapédn our case plating solutions with 1/4 mM shows an exponential decay behavior, as revealed by the
Fe, for example, gives origin to Fe clusters having averagsolid curve. As the intensity of the incident laser beam is
sizes of about 95 nm with clear boundaries and roundedbout 16 Wi/cn?, and consequently large compared to pre-
shapes. On the other hand, for plating solutions with 1/4 mM/ious measurements, we attribute the intensity decay as a
Co, the Co clusters exhibit less clear boundaries and an a¥aser-based removal of the Se layer from the sample surface.
erage size of about 250 ntfi. It is also worth to note that from the data in Table | the
Let us turn now to the analysis of the phonon peak at 23%nhancement factor for the ZnSe LO peak at the ZnSe:Fe
cm %, previously ascribed to a trigonal Se phase mtdéA samples is about one order of magnitude, while the enhance-
_Ram_an spectrum taken from the substrate_ showed nNo MOd&sSent factor for the Se trigonal peak is only about 3 going
in this range. The assignment of the 235-cpeak to the ¢ spectrum(a) to (d), therefore, the SERS effect comes
trlgpngl phase is in agreement with previous x-ray Photo, redominantly from the granular structure fo the Fe clusters
emission Spectroscopy profile analyses, which showe bulk.
e e e In conclusion, we have megsurd he surface enhanced
Se phase formatio. The Se-rich outermost layer can Raman scattering from ZnSe:Fe hybrid structures without
act in our samples .as a natural protection layer againsqeed of spemally prepargd SERS substrgtes. Our results
Clearly reveal an increase in the ZnSe matrix phonon modes

contamination of the ZnSe surface during exposure to alrScattered intensities that correlates with the Fe content and

Analogous procedures are carried out for GaAs or even - o
ZnSe MBE grown layers using As and Se capping,sample morphology. These findings reveal possibilities of

respectively721 Raman spectra taken from a ZnSe:CoStUdy and control of optical processes and electromagnetic

) . - coupling in hybrid structures.
sample, grown from a plating solution containing 50 mM
Co, for different times during the laser cap-removal process The authors are indebted to CME-UFPR and
are shown in Fig. 3. The spectra are shifted vertically for theGPO-UNICAMP for technical help with the experiments.
sake of clarity. Although the contribution of Se seems to beThis work was partially supported by CNPg, PROCAD-
much prominent in the ZnSe:Fe samples, we decided t€APES, PRONEX/MCT and FUNPARBrazilian funding
use only the ZnSe:Co samples in the laser cap-removalgencies
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