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Abstract:

We report on the investigation by spectroscopic ellipsometry of films containing Cdi.xHgyTe
alloy quantum dots (QDs). The alloy QDs were fabricated from colloidal CdTe QDs grown by an
aqueous synthesis process followed by an ion-exchange step in which Hg®" ions progressively
replace Cd®*. For ellipsometric studies, several films were prepared on glass substrates using
layer-by-layer (LBL) deposition. The contribution of the QDs to the measured ellipsometric
spectra is extracted from a multi-sample, transmission and multi- angle-of-incidence
ellipsometric data analysis fitted using standard multilayer and effective medium models that
include surface roughness effects, modeled by an effective medium approximation. The
relationship of the dielectric function of the QDs retrieved from these studies to that of the

corresponding I1-VI bulk material counterparts is presented and discussed.
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1. Introduction:

Cd1.xHgxTe quantum dots (QDs) are semiconducting nanocrystals that have attracted widespread
attention owing to their distinct optical and electronic properties. QDs are quasi-spherical
crystals with maximum radii of a few nanometers, in which the spacing and density of the energy
levels available for electron occupation become highly dependent on the dimensions of the
particle because of quantum size effects [1]. Well controlled synthesis methods, such as
hydrothermal growth [2-5], allow for the production of large quantities of QDs with narrow size
distributions in which the average nanocrystal radii are chosen by varying the synthesis duration.
The resulting QDs therefore present tunable absorption peak positions, narrow emission spectra
and long lifetimes [4] that may be tailored to a variety of uses, such as biological applications [6],

photovoltaic devices [7], and light-emitting diode (LED) display applications [8].

Many photometric studies of QDs have been carried out [9,10], allowing for the collection of
spectrally resolved absorption and emission information, however, only few optical studies of the
complex dielectric function of QDs using spectroscopic ellipsometry (SE) have been reported,
for instance HgTe [11], CdTe [12], Si [13] and Ge [14] QDs. The dielectric function information
is essential to understand the interaction of QDs with light and thereby predict and optimize the
optical behavior and performance of QD-based devices. SE can reveal detailed information about
transitions at higher energies, rather than simply the energy gap associated with the band edge
transition most often extracted from regular absorption spectroscopy. For example, accurate
knowledge of the QD dielectric function is a basic requirement for device rationalization and
optimization in nanowire-based solar cells where QDs are being used as sensitizers (QDSC)
[15,16]. In such applications, not only the expected groundbreaking performance has not been
materialized but, in fact, detailed knowledge of their operation remains elusive [15,16]. A clear
example is the poor performance, compared to the TiO nanoparticle, of ZnO nanorod/nanowire
scaffolding sensitized with QDSCs despite ZnO having higher electron mobility, enhanced
charge collection, and better electron injection kinetics [16-19]. In addition, light trapping in
nanostructures is thought to have the potential to overcome the Yablonovitch and Cody limit [20-
24].



Studies of the complex dielectric function of QD materials are severely limited as in most cases
they relate to absorption measurements usually reported in arbitrary units. For example, in the
case of CdSe QDs, one of the most widely studied QD materials, published (n, k) data is
restricted to QDs with ~4 nm diameter [25]; and even in this case (n, k) values are available only
over a limited (450-800 nm) spectral range while the corresponding NIR absorption tail extends

much further than expected for direct gap absorption CdSe QDs [26,27].

This work focuses on ternary alloy Cd;.x<HgxTe QDs produced by an ion-exchange process in
which Hg** replace progressively Cd*" ions, with strong emissions [28] and long lifetimes [29] as
well as the tunable emission and absorption behavior typical of QDs. This system may offer
great potential for light-emitting device (LED) display applications, optoelectronics, solar cells
and photovoltaic uses [30]. In many of these applications there is great potential to enhance
performance by taking advantage of carrier multiplication effects under so called hot excitation
conditions. In particular the initial excess photon energy could be translated into one or more
additional excitons by the process of exciton fission or multiple exciton generation. Whilst the
precise mechanisms (there may be several [31]) by which this multiplication process can occur in
QDs remains the subject of much research work, one approach is simply to mimic the favorable
conditions already known to promote multiplication in bulk materials. In some bulk Cd;.xHgxTe
alloy avalanche photodiode designs [32], advantage is taken of a resonant alignment of the
bandgap transition energy with the energy gap between the split-off and the degenerate light and
heavy hole valence bands such that (transition energy) conditions for the split-off band inverse
Auger process [33] (also referred to as an impact ionization process) are engineered to be
especially favorable. In order to be able to do similar transition energy engineering in QDs it is
therefore necessary to determine both the composition and size effects on the bandgap energy
and on the spin orbit transition between the split-off and degenerate light and heavy hole levels
[12] so that the two can be closely tailored (by adjusting the composition) after taking account of
the effect of quantum confinement [34].

We have determined the optical properties of Cd;xHgxTe QDs in the 250-1700 nm spectral range
by spectroscopic ellipsometry (SE) measured in QD films prepared by layer-by-layer (LBL)
deposition on glass substrates. In addition, the morphology and surface roughness of the
prepared films is evaluated by SE using an effective medium approximation (EMA), being in



good agreement with complementary surface characterization by atomic force microscopy
(AFM).

2. Experimental details

Synthesis of Cd;—, HgxTe alloy colloidal QDs: The Cd;.xHgxTe QDs were formed by chemical
modification of CdTe QDs through exchange between Hg®* and Cd*" ions [35]. The CdTe QD
starting material (2.3 nm diameter) with a cubic zinc blende crystal structure was synthesized
and stabilized as previously reported [36,37] and then, Hg®* ions were added to the CdTe
colloidal solutions at a fixed pH = 11. Additional mercaptopropionic acid ligand was present in
the added Hg?* ion solution to solubilize the ions at high pH. In practice the relative amount of
Hg?* actually exchanged differed from the proportion added to the solution, and for higher Hg?*
doses the final Hg content was significantly lower than the ratio added in solution, as reviewed
by Gupta et al.[10].

Deposition of Cd;.xHgxTe QD thin films: In this work, we used a previously reported [38-43]
layer-by-layer (LBL) assembly method to deposit multilayer films. Firstly, glass substrates were
thoroughly cleaned by ultrasonication in methanol, acetone and methanol, each for 15 min, then
the slides were rinsed with 2-propanol and water and finally dried with N». In order to deposit a
Cdi1xHgxTe QD thin film, the clean glass substrate was first dipped into polyethylenimine (PEI)
solution in water for 10 minutes. The substrate was then washed in deionized water for 2 min,
followed by a 10 min dip into the CdixHgxTe QDs solution. In the final step, the sample was
washed in deionized water for 2 min and dried in air. The described process forms a single layer
film and in order to deposit thicker films the process was repeated. The drying step was
conducted at the end rather than in every cycle of deposition. In this work, we prepared four

films by performing 1, 2, 4 and 8 cycles.

Sample Characterization:
Figure 1 shows the absorption and photoluminescence spectra of the obtained Cd;xHgxTe QDs
compared to the starting CdTe QDs. Both the absorption excitonic peak position and the

luminescence emission maximum shift to longer wavelength due to the exchange of Cd by Hg.



Assuming that the QD size remains constant, we ascribe the observed shift to alloying. Taking as
reference the dependence at room temperature of the bandgap on composition for bulk alloys
[44], the observed red shift of 0.81 eV corresponds to a relative concentration of mercury of 42%.
This assumes that as in bulk Cd;.xHgxTe alloys there is no, or very little optical bowing. Since
the alloy QD peak width indicates some compositional inhomogeneity (alloy fractional widths
given by the FWHM/peak wavelength ratio exceed those of the CdTe starting QDs), we estimate
that the inhomogeneous broadening of the alloy QD peak is caused by a composition fluctuation
close to +10%.
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Figure 1. Optical absorption and room temperature photoluminescence (PL) spectra for CdTe and Cd1«
HgTe QD solutions.

The structural characterization of the films was performed by Atomic Force Microscopy (AFM)
using a Digital Instruments Nanoscope IV in tapping mode with a silicon tip coated with Al,
force constant of 40 N/m and a resonant frequency of 300 kHz. We evaluated both the film
thicknesses and surface roughness. The AFM investigation of the samples showed that the
thickness increase was not linear with the number of deposition cycles. The surface roughness
values also increased superlinearly. Figure 2 shows the AFM characterization of the thickest and
roughest 8-cycles film. The values for all samples are listed in Table 1 together with the

structural values that fit the optical data.
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Figure 2. Atomic Force Microscopy characterization of a LBL assembled film of CdHgTe nanoparticles with 8
deposition cycles on glass substrate. The left image shows a 30x30 um? region and, on the right panel, the
profile along the marked line allows for evaluation of the average film thickness and roughness which in this
case are 107.3 nm and 32.9 nm, respectively.

Table 1. Structural parameters, surface roughness and bulk film thickness, determined from AFM and SE. The

quoted error bars of SE parameters are estimated from the fitting process.

Sample Surface roughness (nm) Film thickness (nm)
AFM SE AFM SE

1 cycle 1.3 1.3 (fixed) 35 3.4+0.1

2 cycles 2.8 3.910.1 11.8 13.9+0.1

4 cycles 8.0 4.9+0.1 27.9 32.840.2

8 cycles 32.9 26.3+3.4 107.3 98.1+4.1

The optical properties of the Cdi.xHgxTe (QDs) thin films at room temperature were measured
using a J. A. Woollam M2000 ellipsometer (rotating compensator type). The spectral range was
between 0.7 eV and 6.5 eV. We measured transmission spectra at normal incidence as well as
ellipsometry spectra at angles of incidence 55°, 60°, 65°, 70° and 75°. For modeling the SE data,
both the J. A. Woollam WVASE32 software as well as in-house developed codes (Fortran and
python) were used. Thickness data and roughness values obtained from AFM measurements
were taken as a starting point for the model. For fitting, we used a 5 phase model consisting of

the substrate, a compound layer of polymer (PEI) and Cd;xHgxTe QDs modeled with the



effective medium approximation and air, taking into account both an intermixed layer between

the substrate and the film and a roughness layer on the surface of the film.

3. Results and discussion

The dielectric function of the Cd;xHgxTe QDs was evaluated from the transmission and
spectroscopic ellipsometry data by multi-sample analysis including the SE spectra measured at
five angles of incidence. This procedure can provide sufficient information to identify a unique
solution that describes optical properties in complex samples [45]. As already mentioned, the
structural parameters obtained from AFM measurements were taken into account to describe the
optical measurements but they were treated as fitting parameters except in a few cases, as

explained below.

In a first step, the optical constants of the employed glass substrate were determined by
simultaneous fitting of the transmission and ellipsometry data. We also determined the optical
constants of PEI by depositing a PEI-only film. These optical constants were fixed for the
subsequent analysis. Then, the data measured for the four samples (with 1, 2, 4, and 8 deposition
cycles) were analyzed together. In this procedure, several identical models -one for each sample-
were defined with coupled optical properties for the unknown QDs dielectric function, then all
data were fitted simultaneously. As already anticipated, the models consisted of 5 phases: the
already known glass substrate, an EMA layer of 2 nm thickness (glass roughness determined by
AFM) to represent the intermixing of glass and the film, the film, a surface roughness and the
ambient (air). The roughness of the 1-cycle film was also fixed to the AFM value of 1.3 nm,
whereas its thickness, as well as the thickness and roughness of 2-, 4-, and 8- cycle films, were
left as fitting parameters. The surface roughness was modelled in the standard way using an
EMA with 50% void volume fraction and 50% contribution from the effective dielectric function
of the film. The outcome of this analysis was the dielectric function of the films and the
thickness of the film and surface roughness layer.

Since a numerical point-by-point analysis was too unstable, we run the fits using
parameterizations of the unknown film dielectric function. We used both a numerical approach

using spline parameterizations [46] and, subsequently, a more physical model with standard



critical-point lineshapes to parameterize several observed interband transitions that will be
discussed below. Both fitting approaches gave almost identical results in terms of quality of the
fits. The structural values obtained from SE are quoted in Table 1 and the fitted curves are shown
in Figs. 3 and 4. After this fitting process we obtained an effective film dielectric function that
corresponds to the QDS/PEI composite. It is not surprising that the largest deviations from the
model, especially in Fig. 3, are observed for the thickest sample which has a large roughness and
for which the proposed structural model is probably too simplistic. Still, the common model

describes rather well all samples.
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Figure 3. Spectroscopic ellipsometry parameters (v, A) showing the experimental data (circles) and best fit
model (solid lines) for the 1 cycle (a) and (b), 2 cycles (c) and (d), 4 cycles (e) and (f), and 8 cycles (g) and (h).
The density of plotted experimental points has been reduced for clarity. The best model was obtained by
multi-sample, multi angle-of-incidence fitting to all ellipsometric and transmission (Fig. 4) data.
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Figure 4. Transmission for HgCdTe films prepared by LBL deposition with 1, 2, 4, and 8 deposition cycles
including the measured (symbols) and best fit (lines) data. The density of plotted experimental points has
been reduced for clarity.

In order to obtain the absolute values of the real and imaginary parts of the dielectric function of
the QDs we have to take into account that these values depend on the relative amount of QDs
and PEI in the film [47]. For this purpose, the effective film dielectric function was modeled as
an EMA consisting of the known PEI dielectric function and the to-be-determined contribution
from the QD dielectric function. The relative volume fraction of QDs in the film is difficult to
know. The mass loading of deposited material could in principle be determined by including a
quartz microbalance sensor alongside the coated slides. To make the mass measurements the
dipping process had to be paused and the film had to be dried out. The ratio in frequency step
from the quartz crystal was about 5—10:1, which for a 8:1 ratio in QD:polymer densities would
mean that the relative volume fraction of QDs in the film should be approximately near 50%.
We assumed this value and the optical constants obtained for the Cdy ss Hgo.42Te QDs in this way
are plotted in Fig. 5, in which the result for a 50% relative volume fraction of QDs in the film is
represented as the thicker curves in Fig. 5. A variation of £10% is also represented in the figure
as thinner lines. The higher absolute value of the dielectric function of the QD component
obtains for the larger PEI amount, to compensate for the much lower refractive index of PEI in
its contribution to the effective film function. Since it is difficult to know which the precise
fraction is, the presented absolute value should be still regarded as approximate, probably within

the given bounds.



Independently of the absolute value of the dielectric function, the observed features (inflexions
and turning points) arise from the QDs because PEI is transparent in this range. We observe three
interband transitions which are related to the corresponding interband transitions of bulk alloys
[48]: the fundamental gap transition Ey, and the upper transitions E; (at the L point) and E; (at
the X point) of the zinc blende Brillouin zone. The dielectric functions for the bulk alloys of
appropriate compositions plotted in Fig. 5 are calculated using a parameterized model based on
literature data [49]. The E; transition in the bulk displays very clear spin-orbit split components
[48,49] which are not resolved in the QDs. We assume that this is due to the increased
broadening of these transitions and that the structure present in the QD spectrum shows the
average of these two components. Although relatively broadened, the three mentioned transitions
are quite well defined in the QDs and, as in similar systems [47], strongly blue-shifted by
quantum confinement effects. Since the transition energies also shift with alloy composition, the
figure shows the expected variation for a possible variation of £10% in the alloy composition,
where a lower Hg content also induces blue shifts in the energies. However, these are clearly

smaller than the blue shifts measured in the QDs, as indicated in Fig. 5.
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Figure 5. The dielectric function of the ternary quantum dots extracted from the optical data analysis of the
prepared films (thick blue lines) as compared to that of Cdo.ss Hgo42 Te bulk reference (red curve). Solid lines
display the imaginary parts and dash-dotted lines the real parts. For comparison, 10% variations in both alloy
composition and in PEI content within the film are shown as thin lines. The observed blue shifts of the
interband transitions Eo, E1, and E; are indicated by arrows.

Conclusion:

We have obtained the optical properties of thin films prepared from Cdyss Hgo42Te QDs
assembled on glass substrates using layer-by-layer (LBL) deposition from successive dipping of
the substrate into polyethylenimine (PEI) solution and into CdyssHgo42Te QDs solution. An
optical model was used to determine the optical properties of the QDs taking into account 1) the
pre-determined optical properties of the glass substrate and PEI, and 2) the thickness and surface
roughness of the films determined from AFM measurements. The simultaneous data analysis of
all sample transmission spectra and multi- angle-of-incidence spectroscopic ellipsometry of films
prepared with 1, 2, 4, and 8 LBL cycles enabled determination of the bulk film thickness, their
surface roughness and their effective dielectric function. To avoid excessive cross-correlations of
the parameters of the optical model, the surface roughness of the 1 cycle film determined from
AFM was fixed, whereas all other thicknesses were fitted.

Compared to the bulk properties of Cdgss Hgo42Te, we found that it is possible to identify the Eo,
E; and E; transition energies in the Cdyss Hgo.42Te QD films and observe quantum confinement
related blue shifts for this alloy composition and size. Spin-orbit effects for the E; transition
energy are particularly relevant in the design of alloy QDs with strong multiple exciton
generation (MEG) quantum yields and a knowledge of the shift in the transition energies helps to

design materials that may take advantage of resonant enhancement of exciton fission[34].
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