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Resonance Raman spectra of wurtzite and zincblende CdSe nanocrystals
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Abstract. Resonance Raman spectra and absolute differential Raman cross-sections have been
measured for CdSe nanocrystals in both the wurtzite and zincblende crystal forms at four
excitation wavelengths from 4579 to 514.5 nm. The frequency and bandshape of the
longitudinal optical (LO) phonon fundamental is essentially identical for both crystal forms at
each excitation wavelength. The LO phonon overtone to fundamental intensity ratio appears to
be slightly higher for the wurtzite form, which may suggest slightly stronger exciton-phonon
coupling from the Frohlich mechanism in the wurtzite form. The LO fundamental Raman

cross-sections are very similar for both crystal forms at each excitation wavelength.

Keywords. Semiconductor nanocrystal; electron-phonon coupling; resonance Raman



Most of the II-VI compound semiconductors (e.g. Zn, Cd, or Hg with S, Se, or Te) are found
in one of two crystal structures near ambient temperature and pressure: wurtzite (WZ) or
zincblende (ZB). These two structures are quite similar to one another, with each atom having
essentially the same tetrahedral arrangement of nearest neighbors in each structure. While
there have been many theoretical studies comparing various properties of different crystal
forms of a given material for both III-V and II-VI semiconductors,[1-6] there are relatively few
experimental comparisons for the bulk crystals. However, high quality nanocrystals of some
materials can be prepared in either form by manipulating the growth conditions. For example,
CdSe adopts the wurtzite structure in the bulk, but nanocrystals can be prepared in both crystal
structures.[7,8] Conversely, CdTe normally has the zincblende structure in the bulk, but
nanocrystals having the wurtzite structure have been reported.[9,10]

Because the two crystal structures are so similar, many of their optical, electronic, and
mechanical properties are also very similar, as are the ways in which these properties are
modified by quantum confinement. For example, the size-dependent optical spectra of WZ and
ZB CdSe and CdTe differ only in subtle ways, and the lowest-frequency absorption maximum
as a function of size is nearly the same for the two crystal structures.[11,12] One significant
difference between the WZ and ZB structures is their piezoelectricity. The electromechanical
tensor of a WZ crystal has a large (3,3) element, meaning that compression or expansion along
the c axis generates a substantial electric field along that axis. In contrast, the electromechanical
tensor of a ZB crystal has only smaller, off-diagonal elements. Piezoelectric effects can
significantly alter the spectroscopy and dynamics of these nanocrystals. In a recent study,
internal electric fields produced in part by the material’s piezoelectric response were shown to
have an effect on the Auger dynamics in WZ CdSe nanoparticles.[13] The differences in

piezoelectricity might be expected to contribute to different magnitudes of electron-phonon



coupling in the two crystal forms, but to our knowledge this has not been explored, at least in
II-VI systems.

Electron-phonon coupling in bulk semiconductors is ascribed to three principal
mechanisms: deformation potential coupling, piezoelectric coupling, and Frohlich coupling.[14]
Deformation potential coupling is the variation in the electronic band energies caused by the
changes in bond lengths and bond angles upon displacing the atoms. It occurs in all materials,
polar or not, and can act on both acoustic and optical phonons. Deformation potential coupling
is fundamentally a short-range effect in that it depends almost entirely on near-neighbor
interactions. It is the dominant vibronic coupling mechanism in molecules. The bandgap
deformation potentials are quite similar in WZ and ZB forms of the same material,[2,4,5,15,16]
so this coupling mechanism is not expected to vary much between the two crystal forms.
Piezoelectric coupling arises from the macroscopic electric field induced by strain in a
noncentrosymmetric crystal. It exists only in polar crystals and acts only on acoustic phonons,
in which the phonon causes macroscopic distortion of the lattice. As the largest component of
the electromechanical tensor is considerably larger in WZ than in ZB crystals,[3,6,14,17] one
might expect stronger coupling to acoustic phonons in WZ crystals; however, since piezoelectric
coupling is a long-range effect (proportional to 1/q), its importance in small nanocrystals has
been questioned.[18,19] Frohlich coupling also exists only in polar crystals and acts on long-
wavelength optical phonons that do not cause macroscopic distortion of the lattice but do
produce net charge separation which generates a macroscopic electric field. Like piezoelectric
coupling, it is a long-range effect that may be less important in nanocrystals than on the bulk.
In a bulk semiconductor the Frohlich Hamiltonian is proportional to [w;o (5t — £51)]*/2 where
wpo is the longitudinal optical phonon frequency, ¢, is the “high-frequency” dielectric constant
(at frequencies above vibrational resonances but below electronic resonances), and ¢, is the
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static dielectric constant. As the difference between ¢,, and ¢, is expected to be larger for WZ
crystals along the c axis than for ZB crystals, the electron-phonon coupling to optical phonons
should be correspondingly larger.

In this paper we present an experimental comparison of the resonance Raman spectra of
small, approximately spherical CdSe nanocrystals in both wurtzite and zincblende forms.
Raman spectra have been reported for bulk ZnS in WZ and ZB forms,[20] CdS platelets and thin
films containing varying amounts of both WZ and ZB structures,[21,22] nanocrystals of GaAs
and InAs with different percentages of WZ and ZB structure,[23,24] and large (not quantum
confined) WZ and ZB GaAs nanowires.[25,26] However, we know of no previous studies
comparing the experimental phonon spectra of wurtzite and zincblende nanocrystals of any II-
VI compound. Here we compare the Raman frequencies, bandshapes, and overtone intensities
for WZ and ZB CdSe nanocrystals of comparable size, using excitation at several different
wavelengths above the band gap. We also report what we believe to be the first values of

absolute Raman scattering cross-sections for these nanocrystals.

Methods

CdSe nanocrystals in the zincblende and wurtzite crystal forms were synthesized as
described in ref. [13]. The sizes of the NCs were determined from the wavelength of the lowest-
energy absorption maximum using eq. (14) of ref. [27], resulting in diameters of 3.26 nm for the
WZ crystals absorbing at 553 nm and 3.15 nm for the ZB crystals absorbing at 548 nm.
Although the relationship in ref. [27] was developed for the WZ form, Capek et al. show that the
correspondence between absorption maximum and size is nearly identical for WZ and ZB
crystals.[28] The nanocrystal concentrations in the spectroscopic samples were determined

from their absorbances at the peak of the lowest-energy absorption band via eqgs. (15) and (16) of
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ref. [27], which accounts for the monodispersity of the sample through the half-width at half
maximum of the low-energy side of the absorption band. While again this expression is derived
for the WZ form, other studies indicate that the molar absorptivities of the two crystal forms are
very similar.[28-30]

Samples for Raman spectroscopy were dissolved in cyclohexane at concentrations ranging
from 6 to 21 pM. They were contained in 1 mm path length fused silica cuvettes which were
placed on the stage of a Jobin-Yvon T64000 Raman microscope system consisting of a 0.64-m
triple spectrograph coupled to a confocal Raman microprobe based on an Olympus BX-41
microscope with a 10X objective. Excitation at 457.9, 476.5, 496.5, and 514.5 nm was provided
by a Coherent Innova 90C-5 argon-ion laser. The laser power measured at the sample was
about 2.5 mW; neither the appearance of the CdSe Raman lines nor the intensity of the CdSe
lines relative to those of the cyclohexane solvent were changed by reducing the power by a
factor of five. The detector was a UV coated, back illuminated, liquid nitrogen cooled CCD with
>70% quantum efficiency from 425-800 nm. Spectral resolution was 3-4 cm? and all spectra
were obtained at ambient temperature. Typically, signal was integrated on the detector for 20
to 60 s before being read out, and 10 to 200 such integrations (10-60 minutes total) were
summed to obtain the spectrum of each sample. Longer integrations were needed at 496.5 nm
and particularly at 514.5 nm to reduce the shot noise from the underlying fluorescence
background.

Absolute differential Raman cross-sections were determined from the integrated area of the
~206 cm! longitudinal optical (LO) phonon relative to that of the 801 cm™ cyclohexane line, for
which the absolute cross-section has been determined as a function of excitation
wavelength.[31] Igor Pro 6.22A (Wavemetrics) was used to fit the raw data to a sum of two
peaks (Gaussian and Voigt) plus a cubic background over the 125-300 cm? region, and to a
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single Voigt peak plus a cubic background in the 725-875 cm region. The absolute differential

Raman cross-section for the LO phonon was then calculated as follows:

—2.303(ap+a
(d_") = (d_”) (ar+aro) {1_9 (e Cyc)} Ceyc Icase (1)
an/cdse an/cyc (ar+acyc) {1—e_2-3°3(“L+“LO)} Ccase Icyc

Here (d—a) is the absolute differential cross-section for the 801 cm cyclohexane line,
cyc

converted from total cross-section assuming a depolarization ratio of 0.08. C.,. and C¢qs, are
the molar concentrations in the solution (the concentration of liquid cyclohexane is 9.25 M), and
Icgse and Iy are the integrated peak areas.

The quantity in square brackets corrects the observed intensities for the differential
reabsorption of the backscattered Raman light at the frequencies of the LO phonon and the
cyclohexane standard; a;, a;, and a.,, are the absorbances of the sample at the laser, scattered
LO phonon, and scattered cyclohexane wavelengths, respectively, in the 1 mm path length of
the sample cell. This equation is derived under the assumption of pure 180° backscattering; that
is, the numerical aperture of the microscope objective is ignored. The incident laser light is
assumed to be attenuated following Beer’s Law as the light penetrates through the sample, the
amount of Raman scattered light generated at each point is proportional to the laser intensity at
that point, and then the Raman scattered light leaving the sample is also attenuated according
to Beer’'s Law. At the concentrations employed, this correction was no larger than 8% for any
sample at any excitation wavelength.

For examination of the overtone to fundamental ratios, a pure cyclohexane spectrum was
first subtracted from each CdSe spectrum, scaled to remove the strong 801 cm? line from the
subtracted spectrum. This was needed to remove the contribution to the overtone region from
the weak cyclohexane peaks at 384 and 427 cm!. Igor Pro was then used to fit and subtract a
polynomial background from each spectrum in order to remove the fluorescence component.
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Results and Discussion

The absorption spectra of the WZ and ZB nanocrystals are quite similar. The first
absorption maximum, assigned as the 1S.-1S;/2 transition, is at 548 nm for the ZB crystals and at
553 nm for the WZ crystals. The spectra differ mainly in the region just to the blue of the main
absorption band, where the ZB crystals exhibit a weak, resolved band separated by about 0.18
eV from the main absorption while the WZ crystals exhibit only a shoulder about 0.13 eV to the
blue of the main peak. This feature is assigned as the 15.-2Ss/> transition, and the difference in
splitting between the 1S.-1S3/2 and 1S.-2S;,> transitions is a well-known difference between the
optical spectra of the two crystal forms.[8]

Figure 1 shows raw resonance Raman spectra of WZ and ZB CdSe nanocrystals at two
excitation wavelengths. There is almost no observable fluorescence in the region of the Raman
spectrum with 457.9 nm excitation, while with 514.5 nm excitation the background is quite
strong, particularly for the WZ sample. This fluorescence comes from a small population of

much smaller CdSe particles.
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Figure 1. Raw resonance Raman spectra of ~3.2 nm diameter CdSe nanocrystals in
cyclohexane in the wurtzite (WZ) and zincblende (ZB) forms. The peak near 206 cm™ is the
CdSe LO phonon and the peak at 801 cm is the cyclohexane internal standard band. Weak
lines at 384 and 426 cm! (asterisks) are from the cyclohexane solvent and very weak features at
522, 673, and 786 cm! in the WZ spectrum are from residual toluene. The WZ spectrum has
been displaced vertically for clarity in the 457.9 nm spectrum. Nanocrystal concentrations are

12.3 yM (WZ) and 12.2 yM (ZB) at 457.9 nm, 15.8 uM (WZ) and 21.5 pM (ZB) at 514.5 nm.

Figure 2 compares the resonance Raman spectra of WZ and ZB CdSe nanocrystals in the
region of the LO phonon fundamental and its first overtone at all four excitation wavelengths,
following subtraction of the cyclohexane solvent spectrum and the fluorescence background.
The bandshape in the LO phonon region varies somewhat with excitation wavelength, showing
a broader base at shorter wavelengths, but is nearly identical for the two crystal forms at each
wavelength. The peak frequency of the LO phonon fundamental is 206 + 1 cm! for both crystal
forms at each excitation wavelength. The overtone to fundamental intensity ratios are also quite
similar, but the wurtzite nanocrystals appear to have slightly higher relative intensities in the
overtone region based on visual inspection. These differences are also evident in the integrated
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peak areas (Table 1). The bandshape and intensity of the weak, broad overtone band is very
sensitive to the choice of background subtraction parameters at the longer excitation
wavelengths, where there is a strong fluorescence background and no overtone intensity can be
observed in the raw data. For these reasons we are unwilling to draw any conclusions about

the excitation wavelength dependence of the overtone intensity.

Table 1. LO phonon overtone to fundamental ratios based on integrated intensities

Excitation wavelength / nm | wurtzite | zincblende
457.9 0.14 0.11
476.5 0.13 0.09
496.5 0.20 0.13
514.5 0.12 0.11
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Figure 2. Background and solvent subtracted resonance Raman spectra of ~3.2 nm diameter
CdSe nanocrystals in cyclohexane in the wurtzite (upper, displaced vertically) and zincblende

(lower) forms. All spectra have been normalized to the LO fundamental maximum.

Figure 3 plots the differential Raman cross-section for the LO phonon fundamental for both
forms at each of the four excitation wavelengths as calculated from eq. (1). The error bars
represent the experimental standard deviations of 2-4 measurements taken on different days
and at different concentrations, but do not include estimates of systematic errors arising from,
for example, the uncertainties in the cyclohexane standard cross-sections. The absorption
spectra are plotted alongside for comparison. This plot shows that the two crystal forms have
very similar absolute differential Raman cross-sections, and that the Raman cross-sections for
the LO phonon fundamental do not increase significantly as the absorption cross-section

increases at shorter excitation wavelengths.
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Figure 3. Molar absorptivity (lines) and differential resonance Raman cross-section for the LO
phonon fundamental (points) for ~3.2 nm diameter CdSe nanocrystals in cyclohexane in the

wurtzite (WZ) and zincblende (ZB) crystal forms.

The Raman spectra of the two crystal forms in the region of the LO phonon fundamental are
essentially superimposable at all four excitation wavelengths used. Our data show no evidence
for differences in the frequencies or relative intensities of the resonance Raman-enhanced
modes for the two crystal structures. In both cases there is a fairly sharp peak at 206 cm-! with
at least one shoulder at lower frequencies, which becomes more apparent at shorter excitation
wavelengths. This shoulder is usually assigned as a “surface optical” phonon based on
continuum mechanics calculations, although atomistic simulations[32] suggest that the actual
phonon mode descriptions are not so simple. Experimental and theoretical studies on the WZ

and ZB forms of ZnS similarly find very similar frequencies for the optical phonons.[20,33]
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Resonance Raman spectra contain information about not only the ground-state phonon
frequencies but also the magnitude of exciton-phonon coupling. It is often assumed that the
Huang-Rhys factor, S, may be obtained from the intensity ratio of the first overtone to the
fundamental. Within the assumption of linear exciton-phonon coupling, the intensity of the v =
0 — v = 2 vibronic transition, relative to the v=0 — v =1, is given by S/2. However, the
situation is more complicated in resonance Raman scattering where many different vibronic
levels participate as intermediate states in the two-photon process.[34-36] While high overtone
intensities do generally require strong electron-phonon coupling, the overtone to fundamental
intensity ratio cannot be used directly to obtain the Huang-Rhys factor. The overtone to
fundamental ratio is also influenced by the frequency of the vibration (low-frequency modes,
such as the LO phonon, tend to show weaker overtones than higher-frequency modes with the
same Huang-Rhys factor), excited-state dephasing rate (faster dephasing reduces overtone
intensities), presence of other vibronically active vibrations, and constructive or destructive
interferences among multiple overlapping electronic transitions contributing to the resonance
enhancement. Accurate determination of exciton-phonon coupling strengths from resonance
Raman intensities generally requires detailed modeling of the ground- and excited-state
structure and dynamics, constrained by both absolute scattering cross-sections and the
electronic absorption spectrum.[34-36] In view of the relatively close similarity between the
electronic spectra of WZ and ZB nanocrystals, it is probably reasonable to ascribe the slightly
higher overtone intensities in the wurtzite form to slightly stronger exciton-phonon coupling.
However, numerical simulations of the spectra need to be carried out to exclude other
explanations.

In one previous study comparing exciton-phonon coupling in WZ and ZB GaN epilayers,
Xu et al. concluded from the temperature dependence of the exciton luminescence linewidth
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that the exciton-phonon coupling is about twice as large in the zincblende form as in the
wurtzite form.[37] However, even for a given crystal form (wurtzite CdSe nanocrystals), efforts
to measure the strength of exciton-phonon coupling have resulted in no consensus on either the
magnitude of the Huang-Rhys factors or their size dependence, with S values varying by nearly
two orders of magnitude for particles of similar size and general morphology depending on
method of preparation and the experimental technique employed.[38] Values based on
overtone intensities in resonance Raman spectra are often higher than those derived from other
experimental methods, leading to the suggestion that many resonance Raman measurements
are influenced by photoinduced charging or other changes caused by prolonged irradiation of
often solid-phase samples. Accumulation of trapped charges, usually at the surface of the
nanocrystal, has also been implicated as a confounding factor in a number of photophysical
processes including multiple exciton generation,[39-43] luminescence blinking,[42,43] and
dynamics of excitons and multiexcitons.[13,43,44] Literature values for the intensity ratio
Iro/Lio for CdSe nanoparticles in the 2-5 nm diameter size range, under varying excitation
conditions, are mostly in the range from 0.2-0.4.[45-48] Our values of 0.15 to 0.2 for the
wurtzite form are on the low end of this range and we observed no power dependence of our
spectra, suggesting that these values represent intrinsic properties of the nanocrystal.

Although relative Raman excitation profiles for CdSe nanocrystals have been published
before,[47] to our knowledge absolute Raman cross-sections have been reported only for CdS
nanoclusters.[49] The total Raman cross-section for the CdS LO phonon fundamental,
measured near the peak of the lowest-energy absorption band, was found to be 2-4 x 10-¢ A2 for
3-7 nm diameter particles at room temperature. These total cross sections correspond, assuming
a depolarization ratio of 1/3, to a differential Raman cross-section of 2-4 x 107 A2, These are
several times larger than the values we measure for 3.2 nm diameter CdSe particles at 300 K
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using excitation to the blue of the first absorption band. In the CdS work, the particles studied
had very little fluorescence so it was possible to scan the excitation through the entire lowest-
energy transition, which was in the 440-470 nm region for the CdS particles used. Our CdSe
nanocrystals have few defects and exhibit strong fluorescence, making it impossible to detect
Raman scattering when exciting near the first absorption maximum, where we might expect to
observe higher Raman cross-sections.

The absolute Raman cross-sections for both crystal forms are nearly the same at 514.5 nm
and 457.9 nm excitation although the absorption cross-sections are more than a factor of two
greater at the shorter wavelength. More recent measurements on wurtzite NCs, using samples
that have better monodispersity as evidenced by a clearly resolved 1S.-2S;/> transition, show
smaller Raman cross-sections in the 514.5 to 496.5 nm range but also show a large increase at
532 and 543.5 nm (experiments performed on samples whose fluorescence has been quenched
by adding hole accepting surface ligands.) Previously reported relative Raman excitation
profiles also showed a pronounced diminution on the high-energy side of the first excitonic
absorption band.[49,50] As resonance Raman cross-sections scale as the square of the oscillator
strength for the resonant transition, one would generally expect stronger Raman scattering at
shorter excitation wavelengths where the absorbance is higher. Several explanations can be
proposed for the weaker than expected scattering: the electron-phonon coupling may be smaller
for the higher-energy excitations,[46] electronic dephasing and/or population decay may be
faster at higher energies,[34-36] or contributions from multiple overlapping resonant states at
higher energies may interfere destructively in the resonance Raman amplitude.[36]
Distinguishing among these possibilities will require additional experimental results and
detailed simulations of the absorption spectra and excitation profiles,[35,36] currently
underway. Interestingly, low-temperature photoluminescence excitation (PLE) spectra were
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found to show much more structure than the absorbance at shorter wavelengths,[51] although
subsequent literature reports disagree on this point.[52,53] Understanding the dynamics of
these higher excited states is central for assessing the feasibility of multiple exciton generation,

hot carrier transfer, and other technologically important processes.
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