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Resonant Raman scattering in InP/In 4,dGay 5P quantum dot structures
embedded in a waveguide
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We report on Raman scattering in nanostructures with InP quantum dots ip a8#s,P matrix embedded
in an Iny4Alg 5P waveguide. At resonant excitation with the quantum dot excitons, broad Raman peaks
corresponding to acoustic and optical vibrations were observed. Their polarization was studied for in-plane
propagation of the exciting and scattered light in forward scattering geometry. In comparison with the con-
ventional backscattering configuration, the Raman signals are drastically enhanced due to the increased scat-
tering volume[S0163-18208)01643-9

The optical properties of quasi-zero-dimensional nano-The latter approach has been recently used in Raman studies
structures are presently of great interest. Several techniques isolated carbon nanocrystallités Another possibility to
yield semiconductor quantum dot®QD’s) with a well-  obtain strong QD Raman signals is to use a waveguide ge-
defined and tunable size distribution. Examples(@&D’s  ometry where the exciting and scattered light propagate
embedded in a glass matrix grown by diffusion-controlledalong the QD sheets embedded between cladding layers.
phase decomposition of solid solutioh§i) QD’s grown by  This increases the scattering volume of the low-dimensional
methods of colloidal chemistry/;* and(iii) epitaxially grown  gpjects enormously. In a waveguide configuration, Raman
QD's using the Stranski-Krastanouself-organized”)  gcattering by optical phonons has been recently studied in

growth mode>~" The first two methods, which have been 5, ac/alAs multiple quantum wel and in LiINbO, thin
mostly applied to II-VI semiconductors, produce a three-g, .22

dimensional distribution of nearly spherical nanocrystals In this paper we report on Raman studies of self-

with radii from 1 to 10 nm. The last technique leads to theOr anized InP QD’s in an matrix where the ex-

formation of two-dimensional arrays of pyramid-shaped 9 s %-52P.

QD’s that typically have a base width of 220 nm and a N and scattered photons are guided By}lo s clad-

height of 2-5 nm. Recently, the vibrational properties of ding Ia_yers. The pbserved resongnt enhancement of Raman
scattering by optical and acoustic phonons as well as the

both sphericdt®'®and pyramiddf:~'3 QD’s have been ex- . u-ar :
tensively studied by resonant Raman scattering, which is aRPr"esponding polarization effects are dlsg:3uzsAsed. The spectra
p2

effective method, especially for nanocrystals distributed in '€ compared with those of bulkglgGa
volume. For example, the confinement of optical vibrations, Samples were grown by solid-source molecular-beam ep-
which can be described macroscopically as being due to #axy on (001-oriented GaAs substrates. One specimen
difference in the bulk dispersions and the dielectric proper{sample ] contains a single layer of InP quantum dots sym-
ties of the QD material and the matri%;'®has been experi- Mmetrically placed in an kudGa s matrix, lattice-matched
mentally observed in CdSe QD's® to GaAs, with a total thickness of 0.13n. Another one
For quasi-two-dimensional arrays of nanocrystals, how{sample 2 consists of three layers of dots separated by 4 nm
ever, conventional backscattering experiments are limited b@f Ing 46Ga 5. The average amount of InP in a single QD
the small scattering volume of the QD’s, and problems simidayer is equivalent to a uniform coverage of 3.0 monolayers
lar to Raman studies on thin films appéaMoreover, the (ML). The growth process is described in detail in Refs. 7
surrounding matrix usually has Raman-active vibrations a@nd 18. The average QD size is approximately 3 nm in
well. Since it is probed in a much larger scattering volume height and 16 nm in base length. The dot concentration is
strong background signals appear which complicate or eveabout 5<10'° cm™2. The 0.13um-thick Iny 4Ga 5P ma-
impede the analysis of the QD response. Several experimetrix containing the QD’s was surrounded by twoudm-thick
tal approaches can be used to improve the situation. For selfrg 467l g 5P cladding layers. These layers have a lower re-
organized systems one can enhance the Raman signal of iffactive index than the pygGa s P matrix, and thus the
terest by growing stacks of quantum dot layet8However,  whole structure acts as a waveguide for transmission along
this increases the scattering volume only linearly with thethe plane. Note that these samples were designed to operate
number of QD sheets. A significant signal enhancement caas semiconductor lasers under optical pumpitigheir pho-
be achieved by tuning the laser excitation in resonance witholuminescencéPL) spectra have been systematically stud-
excitonic QD states or by applying interference-enhanceded. They exhibit a broad PL band due to QD excitons. It is
Raman scatterirld combined with multichannel detectidh. centered around 1.76 eV and has a full width at half maxi-
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mum (FWHM) of about 30 meV, which reflects the size L0 Inp-like LO GaP-like
distribution of the dotd? 3 (@ ("X E s3em’  383em’
Raman experiments were carried out with the samples at a LO GaAs TO InP-like . '

temperaturel = 10 K. Tuneable Ti-sapphire and dy@CM) 296 cm’ l 330 e’
lasers were used for excitation within the energy distribution i :
of the QD excitons. Raman spectra were measured with a v
SPEX 1404 double monochromator and a DILOR XY spec-
trometer, equipped with a cooled GaAs photomultiplier and a
charge-coupled device detector, respectively. Both the inten-
sity and the linear polarization of the Raman signals were
analyzed in the conventional backscattering configuration
(laser beam and scattered light parallel to the sample growth
directionz) as well as for in-plane propagation. In the fol-
lowing, y’[[(110) is the direction of the exciting light for

in-plane propagation and’||(1T0). The laser spot had a

330 cm’

Intensity (arb. units)

diameter of about 52 m; the propagation length of the light 0 : : : :
along the waveguide was about 1 mm. 3003200 340 . ‘360 y 380400
Figure Xa) shows resonant Raman spectra in the optical- Raman shift (cm )

phonon frequency range measured in three different scatter-
ing configurations. The excitation energy of 1.76 eV coin-
cides with the maximum of the PL spectrum obtained at
nonresonant excitatigrsee the solid line in Fig.(®)]. In the

backscattering configuratiar(x’,x’)z we observe the GaP-
like longitudinal optical(LO) (383 cni'!) and the InP-like

LO (363cm1) and transverse opticalTO) phonons
(330cm't) from the In, ,Ga 5P matrix as well as the LO
phonon from the GaAs substrate (296 ¢ This spectrum
does not change when the excitation energy varies over a
wide range of about- 100 meV around the QD exciton tran-
sition. It reproduces the optical-phonon spectrum of bulk
Iy <Ga P epilayers?

For in-plane propagation of the exciting and scattered
light (other configurations in Fig.)1 the spectra change.
They consist of maxima at about 330 and 370 érmear the e e
InP-like TO mode and in between the InP- and GaP-like LO 0 300 320 340 360 380 400
phonons, respectively. The FWHM of these maxima is about
30cmi i The LO maximum at 370 cmt is strongly polar-
ized in they’(x’,x")y’ configuration[Fig. 1(a)] where it is
about two orders of magnitude stronger than in the FIG. 1. (a) Resonant Raman spectra for a sample with a single
y'(x',2)y’, y'(zx)y’, and y'(z,2)y’ geometries[Fig. layer of InP QD’s(samBIe 1, measured with resonant excitation at
1(b)]. In the crossed polarization configuratigh(x’,z)y’, 1.76 eV. In thez(x’,x")z spectra a linear PL background has been
the TO band around 330 ci is almost as strong as the LO Subtracted for claritytb) Raman spectra for in-plane propagation of
maximum. In the in-plane backscattering configurationthe exciting End scattered light. Before plotting, these spectra and
they’(x’,x")y’ curve in(a) were multiplied by a factor of 100 in
order to facilitate the comparison with tgé(x’,x’)y’ spectrum in
(8. The spectra were vertically shifted for clarity; the respective
zero-signal levels are indicated by the horizontal solid lines.

Intensity (arb. units)

1 -
y(xz)y’

y(z2)y

Raman shift (cm'l)

y'(x’,x")y" [bottom spectrum of Fig. (&), shown enlarged
by a factor of 100 a similar broad maximum at about
370cm ! is observed. However, due to the complicated
alignment(the Raman signal was optimized by maximizing
the intensity of the light transmitted through the wavegyide
the total intensity is much lower, a fact which limits the data
analysis. Hereafter, we therefore discuss only results obPerot interferences over the 1 mm length of the sample along
tained in the forward-scattering configuration. Note that wethey’ direction? When the excitation energy departs from
did not find qualitative differences in the Raman spectra othe resonance, the Raman lines at 363 and 383 ¢ctypical
samples 1 and 2, and therefore only data for samggntle  for the In 4dGa 5P matrix, become dominant. The intensity
QD layep will be discussed. of the LO maximum at 370 cm' vs the excitation energy is

Resonant excitation in an in-plane geometry is required irshown by the filled squares in Fig(. It closely follows the
order to observe the broad maxima at 330 and 370'cm luminescence spectrufsolid line). The dashed line in Fig.
Figure Za) shows several spectra with normalized peak in-2(b) represents the transmission spectrum for in-plane propa-
tensities measured at excitation energies around the Pgation of light (/' direction with x’' polarization. The
maximum(1.76 e\J. A weak fine structure of these maxima threshold at 1.75eV corresponds to the absorption edge of
with a modulation period of about 1.5 ¢rhis due to Fabry- heavy-hole-like excitons confined in the QB%.



PRB 58 BRIEF REPORTS 12 635

| (a) LO InP-like  LO GaP-like

x 25

TO InP-like

—

1.775

Intensity (arb. units)

Intensity (arb. units)

1 s 1 Pl | . | . 1 " 1 . 1 . |

0 n

0 100 200 300 400 500 600 700 800
. -1

Raman shift (cm )

300 320 340 360 380 400 420
. -1
Raman shift (cm )

FIG. 3. Raman spectra with peaks due to acoustic and optical
phonons measured in thé(x’,x’)y’ (solid line) andy’(z,x")y’
(dashed ling configurations. See text for details.

1.0

240cm! (see Fig. 3 We attribute them to the disorder-
activated transverse acousti®ATA) and longitudinal
acoustic(DALA) bands, which appear in the Raman spec-
trum of bulk In, <Ga, P at 80 and 200 cm', respectively?*
The origin of the discrepancy in the mode frequencies is
unclear at present. Note, however, that the DATA and
DALA maxima depend on the Jsa _,P compositionx,

Intensity (arb. units)

0.2

and, e.g., in pure InP the corresponding values are 62 and
167.5cm !, respectively’’ The polarization of the acoustic-
phonon peaks differs from that of the optical modes. The

maximum at 57 cm* can be seen only ig’(z,x’)y’ geom-
etry, while the 240 cm® peak appears most strongly in the
y’(x’,x")y’ configuration.

For resonantly excited in-plane scattering we thus observe
four Raman peaks at 57, 240, 330, and 370 tniThe reso-
nance profiles for the last three peaks nearly coincide with

FIG. 2. (a) Raman spectry’ (x’,x’)y’ configuratiorj excited the QD PL spectrunisee Fig. #b)], while that of the first
around the resonance of the InP QD exciton. The respective lasgreak, which also has a different polarization behavior, is
energies are given in eV next to the spectra which were normalizeghifted by about 10 meV towards higher energies. This indi-
before plotting. The vertical dashed lines guide the eye and markates that the four peaks are related to the InP QD’s. The
the position of the optical phonons of the, lgGay s matrix.(b)  strong enhancement of the Raman signal inythes’,x")y’

Solid line: PL from InP quantum dots measured in #(&'.x")z  geometry results from an effective coupling of the light with

configuration under nonresonant excitation; dashed line: transmigpe heavy-hole-like QD exciton ground state, whose periodic

sion spectrum iry’(x’,x")y’ configuration; filled squares: intensity part of the wave function haX and Y Component§? The

qf th_e LO-phonon peak at 370 crhvs excitatiqn energy. Therela-  ¢pist of the resonance curve for the peak at 57 éris prob-

tive intensities of the spectra {a) can be obtained from these data. ably due to a resonance with excited light-hole-like QD ex-
citons, which contain significanZ contributions in their

We also observe a weak second-order rep{iaO) of  wave function. The polarization of the TA phonon signal,
the 370cm* LO peak at about 740 cnt. The correspond- which is forbidden in the parallel configuration, supports this
ing spectrum is shown in Fig. 3. The ratio of the first- to interpretation.
second-order scattering intensities is about 40 for incoming Quantum dots break the translational symmetry of a crys-
resonance with the QD excitons. This strong multiphonortal to a certain degree. As a reswktvector conservation is
scattering is characteristic of resonantly excited Raman proelaxed in Raman processes which involve QD excitons as
cesses in low-dimensional systeffis. intermediate stateS31%Along these lines, the large width

In the acoustic-phonon frequency range, superimposed oof the peaks at 330 and 370 cfhcan be partially explained
the luminescence background, two peaks appear at 57 afy contributions from the entire TO and LO dispersion

1.75

165 1.70

Energy (eV)
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branches of IgGa _,P to the Raman spectrum. This is sup- Phonon frequencies, respectivélyThe reason for this might
ported by measurements of disorder-activated LO and Tde related to the strong dispersion overlap of the QD and
phonons in bulk InP where widths of about 15¢hnhave ~ matrix phonons.
been observetf, comparable to the FWHM of the 330 and  In conclusion, for resonant excitation at QD exciton ener-
370cm ! maxima. For long-wavelength optical phonons, gies and for in-plane propagation of the exciting and scat-
the InP QD’s can be considered as a strong compositionakred light in a waveguide configuration, we have observed
disorder of the InGa, _ P matrix, and the InP-like and GaP- Raman peaks corresponding to acoustic and optical phonons
like phonon frequencies can, in principle, fluctuate betweenin InP QD/In, 4,fGay 5P matrix structures. In comparison
the values for bulk InP and §ngGay 5. with the conventional backscattering geometry, which only
An exact analysis of the optical-phonon spectra shouldshows the peaks expected from the two-mode behavior of the
take into accounti) the strain between the InP g?t§ and the|n, ,(Ga P matrix, strong Raman signals from processes
matrix, which in this system is around-3.5 GPa,“ (i) the  jnyolving both the matrix and the QD system have been
excitation of interface mode$F, modes involving shape ef-  ohiained. These features result from the combination of re-

fects on the electrostatic interactiprand (iii) the possible laxed crystal-momentum conservation in the InP QD's, the

ponﬂnement O.f bu!khke modes in _InP QD's. For a.s'nglelresonant excitation conditions, and the large number of QD’s
interface, IF vibrations propagate in the frequency mtervaprobed

between the TO and LO modes of one matefialP or
Ing 4G 5 P) if the dielectric constant of the other one has The authors are grateful to J. Fox for discussions. Thanks
the opposite sigi® The peak at 370 cAt thus may have a are due to P. Hiessl, H. Hirt, and M. Siemers for their help
contribution due to IF modes. Polarization selection ruleswith the experiment and to L. Lastras for a critical reading of
allow scattering by both LO and IF modes in the samethe manuscript. A. A. Sirenko would like to thank the Alex-
[y'(x’',x")y’'] configuratior?® We have not found Raman ander von Humboldt Foundation, the N8Erant No. DMR-
features related to confined InP-like LO or TO QD phonons9623315, and the DOE(Grant No. DE-FG02-84ER45095
which are expected around 348.5 and 306 &rthe bulk InP  for financial support.
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