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ABSTRACT: Electron transfer to and from metal oxide nanocrystals (NCs)
modulates their infrared localized surface plasmon resonance (LSPR),
revealing fundamental aspects of their photophysics and enabling dynamic
optical applications. We synthesized and chemically reduced dopant-
segregated Sn-doped In2O3 NCs, investigating the influence of radial dopant
segregation on LSPR modulation and near-field enhancement (NFE). We
found that core-doped NCs show large LSPR shifts and NFE change during
chemical titration, enabling broadband modulation in LSPR energy of over
1000 cm−1 and of peak extinction over 300%. Simulations reveal that the
evolution of the LSPR spectra during chemical reduction results from raising
the surface Fermi level and increasing the donor defect density in the shell
region. These results establish dopant segregation as a useful strategy to
engineer the dynamic optical modulation in plasmonic semiconductor NC
heterostructures going beyond what is possible with conventional plasmonic metals.
KEYWORDS: metal oxide nanocrystals, localized surface plasmon resonance, chemical modulation, doping, near-field enhancement,
indium tin oxide

Degenerately doped semiconductor nanocrystals (NCs),
particularly doped metal oxide NCs, have received

considerable interest for their tunable localized surface
plasmon resonance (LSPR) in the near- to mid-infrared region
of the spectrum.1−4 LSPR, a coherent oscillation of the
electron density driven by incident radiation, concentrates
electromagnetic radiation around and between nanoparticles,
which has been shown to be useful for photovoltaics,5,6

photothermal therapy,7,8 sensing,9,10 surface-enhanced infrared
spectroscopy,11−13 and more. Furthermore, the change in
LSPR absorption due to postsynthetic modulation of
electronic charge in metal oxide NCs enables electrochromic
smart windows14−18 and redox sensing.19−23 The potential of
doped metal oxide NCs for such applications depends on the
near-field enhancement (NFE), which quantifies the intensity
by which light is concentrated near the NC surface, and on the
dynamic range of LSPR modulation.
In Sn-doped In2O3 (Sn:In2O3) NCs, a prototypical doped

metal oxide material, both NFE and LSPR modulation are
strongly impacted by the presence of electron-deficient
depletion layers in the near-surface region.16,24,25 Within the
depletion layer, the energy bands bend upward due to surface
Fermi level pinning, and the free electron concentration is
relatively low.26 Consequently, the depletion layer reduces
refractive index sensitivity,24,27 lowers the LSPR energy,
extinction cross-section, and NFE,28 and lessens conductivity
in NC films.29 However, a wide depletion layer can be
beneficial for dynamic modulation of LSPR in electrochromic

or dynamic sensing applications because it increases the
volume of the active material that can be capacitively charged
and discharged.25,30 Maximal shifts in the LSPR energy are
observed when electrons are added to or removed from NCs
with low dopant concentrations that reduce the curvature of
the bands and increase depletion width.24 The depletion width
can be tuned selectively for a given overall dopant
concentration by varying the radial distributions of dopants
with shell-doped NCs exhibiting a smaller depletion width than
NCs with uniform or core-segregated doping.29 The
compression of the depletion width by tuning dopant
placement strongly affects the sensitivity of the LSPR energy
to changes in the solvent refractive index,27 suggesting the
highest NFE occurs for shell-doped NCs. Given the indications
that surface depletion greatly impacts LSPR modulation of
NCs with spatially uniform dopant concentrations,23,24,31 we
expected that the radial distribution of dopants may also
substantially affect the dynamic range for LSPR energy,
extinction, and NFE modulation upon reduction and oxidation
of the NCs.
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Radial segregation of dopants not only modifies the
depletion layer near the NC surface but also drives band
bending at the buried interface between doped and undoped
regions. This double band bending has been simulated
previously25,29 and has been shown experimentally to promote
two peaks in the LSPR spectra of core/shell Sn:In2O3 NC
heterostructures.27 We hypothesized that by engineering the
band bending in the depletion layer through dopant
segregation, we could expand the range of dynamic modulation
of LSPR. This investigation can provide a model for predicting
postsynthetic changes in complex plasmonic systems where
dual plasmon peaks are observed either due to heterostructure
formation (metal/metal or metal/doped semiconductor)32−37

or anisotropy.38−41 Moreover, the implications of surface
depletion in manipulating the distribution of charge carriers
within the NCs can be implemented in semiconductor
heterostructures beyond plasmonics, for example, those
based on GaAs/(Ga,Al)As.42,43

By monitoring the changing LSPR absorption while
postsynthetically reducing solvent-dispersed NCs,30,44,45 we
investigated the influence of dopant radial distribution on
spectral modulation and NFE of core−shell Sn:In2O3 NCs of
the same size but with different dopant placements. We found
that dopant segregation to either the core or the shell has a
profound influence on the extent of LSPR modulation,
allowing the realization of broadband modulation of LSPR
energy over 1000 cm−1 and of peak extinction over 300% in
core-doped NCs. Through simulations, we demonstrate the
ability to track nanometer-scale changes in the intra-NC
electron density profiles based on benchtop, ensemble
measurements. These insights allow us to determine that
surface Fermi level and the donor defect concentration in the
shell region are responsible factors driving the spectral changes
during chemical titration, providing a new understanding of the
electronic changes that occur during postsynthetic doping.
Furthermore, simulating the NFE through the reduction
process revealed that core-doped NCs exhibit a greater change
in both the maximum intensity and decay length of the NFE
away from the NC surface than shell-doped NCs. This study
illustrates how dopant modulation and depletion layer
engineering can create semiconductor NC heterostructures
to control the band profile to engineer not only the static but
also the dynamic plasmonic response.
To precisely control dopant incorporation and NC size, we

employed slow-injection syntheses and purified NC cores
before shell overgrowth to minimize compositional gradations
and create abrupt compositional heterojunctions.26−28,46−48

Since the volume fraction of the depletion layer and its impact
on LSPR are sensitive to changes in NC diameter, we fixed the
overall diameter of the Sn:In2O3 NCs at about 24 nm while
varying the dopant radial distribution. A summary of the
synthesized NCs, including their average overall and core
diameters obtained from bright-field scanning transmission
electron microscopy (STEM), is provided in Table 1. The
sample codes are assigned as “CD”, “SD”, or “UD”, indicating
whether the dopants are segregated in the core, the shell, or
uniformly throughout the NC, respectively. Because all NCs
were near 24 nm in overall diameter, the two-digit number at
the end of the sample code represents the approximate size of
the core. For instance, CD16 refers to a NC sample in which
dopants are segregated in a 16 nm core with an approximately
4 nm thick undoped In2O3 shell.

All NCs made from their constituent cores (Figures S1 and
S2 in the Supporting Information) have a nearly spherical
morphology with an average diameter of about 24 nm (with
the notable exception of CD20) and low polydispersity
(Figures 1a−c, S3, and S4). To evaluate the radial distribution

of dopants, we compare the near-surface Sn doping
percentages obtained from X-ray photoelectron spectroscopy
(XPS) with the overall Sn doping percentages acquired from
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) (Figure 1d and Table 1). As expected from the
synthesis, NCs with dopants segregated in the core (shell)
display a much lower (higher) XPS doping % (XPS fittings in
Figure S5) compared to the overall doping percentage
obtained from ICP-AES. Core-doped NCs display a near-
surface doping percentage almost one-third of the overall
doping concentration, whereas the shell-doped NCs display a
near-surface doping percentage almost twice the ICP-AES
doping percentage.

Table 1. Experimentally Observed Physical Characteristics
of Synthesized Sn:In2O3 NCs

Sample
Code

Core
Diameter
[nm]

Overall
Diameter
[nm]

Shell
Thickness
[nm]

at% Sn by
ICP-AES

at% Sn
by XPS

CD16 16.7 ± 1.4 24.4 ± 2.2 3.9 ± 2.6 1.6 0.5
CD18 17.9 ± 1.7 24.7 ± 1.2 3.4 ± 2.1 2.1 0.6
CD20 20.8 ± 2.7 28.9 ± 3.3 4.1 ± 4.3 2.1 0.7
UD24 − 23.8 ± 1.8 − 8.3 10.4
SD18 18.4 ± 2.3 25.0 ± 2.1 3.3 ± 3.1 3.5 6.1
SD16 16.9 ± 1.4 23.6 ± 2.2 3.4 ± 2.6 4.3 7.9
SD14 13.5 ± 2.1 24.4 ± 2.2 5.5 ± 3.0 5.9 9.8

Figure 1. (a−c) STEM images of different core−shell-doped
Sn:In2O3 NCs depicting a spherical morphology and an average
diameter of ∼24 nm for all samples. All scale bars are 100 nm. (d) A
comparison of the overall doping percentage (obtained from ICP-
AES) with the near-surface doping percentage (obtained from XPS)
reveals the extent of dopant segregation in different core−shell
Sn:In2O3 NCs.
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Dopant segregation creates a contrast in the electrostatic
potential that establishes an electron concentration difference
within the shell and the core regions. Consequently, the NCs
contain an undoped region with a low electron concentration
and a doped region with a high electron concentration. This
metallic core/metallic shell structure has been shown to give
rise to dual-mode plasmonic absorption.27 As expected, all the
NCs belonging to the CD and SD series exhibit dual-mode
LSPR spectra in contrast to the uniformly doped sample
(UD24) that displays a single plasmonic peak (Figure 2a).
These two LSPR modes originate from two distinct dielectric
interfaces (core/shell and shell/surface) as depicted by the
NFE maps in Figure 2b. For simplicity, we will refer to the
high-energy LSPR mode as the “core” mode and the low-
energy LSPR mode as the “surface” mode throughout the
manuscript.
Aiming to understand how these differences in the radial

distribution of dopants and electrons impact the modulation of
LSPR, we performed chemical titrations on all NCs using a
reducing agent, decamethylcobaltocene (CoCp2*). To perform
these chemical reduction experiments, NCs were dispersed in a
toluene:tetrahydrofuran (1:1 volume ratio) mixture anaerobi-
cally, and 50 μL of 0.005 M [H(OEt)2]+[BAr4F]− (also known
as Brookhart’s acid) in THF was subsequently added.
Thereafter, 5 μL aliquots of 0.005 M CoCp2* solution in
toluene were added to the NC dispersion while extinction
spectra were collected continuously (see the experimental
section in the SI for details).
Prior work found that volumetric addition of CoCp2* to NC

dispersions increases both the LSPR energy and extinction for
uniformly doped Sn:In2O3 NCs.30 The LSPR energy and
extinction increase until a saturation point, and they decrease
gradually after that, suggesting the transfer of electrons from
CoCp2* to the NCs (Figure 3a) until a thermodynamic limit is
reached and a decrease in the colloidal stability past saturation,
respectively. Quite expectedly, chemical reduction of the
uniformly doped NCs (UD24) follows this behavior (Figure
S6).
NCs with spatially segregated dopants exhibit distinct

spectral evolution during reduction. Though shell-doped
(Figures 3b and S7) and core-doped (Figure 3c) NCs both
exhibit two spectral modes throughout, the core and surface
modes respond differently to reduction for the two types of
heterostructures. With the addition of CoCp2*, there is a
gradual increase in the LSPR energy and extinction of both the
core and surface modes for all shell-doped samples. These

changes are intuitive, since an increase in the electron
concentration is expected to increase both the LSPR energy
and extinction. To track the peak positions and intensities, we
fit the spectra to a summation of two plasmonic peaks (Figure
S8) and plotted the ratios of the post-titration peak positions
to the pretitration peak positions (Figure 3d). We did the same
for the peak extinction (Figure 3e). Interestingly, for all
samples in the SD series, the energy difference between the
core and surface modes (Δωsplit) is not affected significantly by
the chemical reduction (Table 2), no matter the shell
thickness. However, the extent of the LSPR shift (for both
core and surface modes) increases for thinner Sn:In2O3 shells
(from SD14 to SD18), as depicted in Table 2 and Figure 3d.
Since the extent of LSPR peak shifting is governed by

Figure 2. (a) Extinction spectra of different core−shell Sn:In2O3 NCs. (b) NFE maps for a core-doped particle with a Fermi level of 2.4 eV
(relative to the center of the band gap) under excitation near the high energy “core mode” (left) and low energy “surface mode” (right). Numbers
marked in white represent the maximum and minimum value of NFE.

Figure 3. (a) Chemical equation depicting the mechanism of electron
transfer from CoCp2* to NC. Trends in infrared plasmonic
modulation, with examples of series of spectra during reductive
titration for (b) SD18 and (c) CD18. Relative change in (d) peak
position and (e) extinction upon reduction.
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depletion effects in doped metal oxide NCs, it follows logically
that an increase in the thickness of the doped shell which
increases overall doping (increasing LSPR peak energy and
reducing the depletion volume) leads to a systematic yet
modest shift in the LSPR energy and extinction for the shell-
doped series.
Increasing reduction by CoCp2* induces a drastically

different optical response for core-doped NCs (Figures 3c
and S9). Both LSPR modes again increase in energy, but the
shift of the core mode is much greater than that of the surface
mode (Figure 3d and Table 2). The core mode is modulated
by almost 1100 cm−1, which is the largest modulation observed
so far for Sn:In2O3 NCs�even larger than that observed for
low-doped small-sized (8 nm 4.5% Sn doping) uniformly
doped Sn:In2O3 NCs.

30 The drastic modulation is particularly

unexpected in NCs that are 8% doped in the core region
(highly doped) and large in size (∼24 nm). While the stronger,
surface mode is shifted more modestly, similar to the shifts
found for shell-doped NCs, the extinction at this peak is greatly
enhanced, by up to 300% by chemical reduction (Figure 3e).
Conversely, for the core-doped series, the core mode decreases
in extinction by nearly 2-fold while its energy increases (Figure
3d,e). A large LSPR shift paired with a decrease in extinction is
counterintuitive because raising electron concentration usually
increases both LSPR energy and extinction concomi-
tantly.24,28,30,49

To rationalize these differences in modulation behavior, we
simulated the plasmonic absorption of NCs that were modeled
in COMSOL to exactly resemble the size and doping
distributions of our samples. We reliably reproduced both

Table 2. Determining the Maximum Shift in the LSPR Frequency of Different Sn:In2O3 NCs after Reducing with CoCp2*a

Sample Code ωhi,i [cm−1] ωlo,i [cm−1] ωhi,f [cm−1] ωlo,f [cm−1] Δωhi [cm−1] Δωlo [cm−1] Δωsplit,i [cm−1] Δωsplit,f [cm−1]

CD16 5455 3685 6181 4211 726 526 1770 1970
CD18 5981 4296 7057 4782 1076 486 1685 2275
CD20 5516 4170 6499 4635 983 465 1346 1864
UD24 5811 - 6086 - 275 - - -
SD18 7070 3632 7588 4060 518 428 3438 3528
SD16 7491 4141 7943 4474 452 333 3550 3469
SD14 7764 4739 8039 5066 275 327 3025 2973

aThe LSPR frequencies are shown for the core (surface) peak before, ωhi,i (ωlo,i), and after, ωhi,f (ωlo,f), chemical reduction. These values were
obtained by deconvoluting the extinction spectra into individual LSPR peaks by fitting. Δωhi and Δωlo represent the maximal shifts in peak
positions of the core and surface modes upon reduction, respectively. Δωsplit,i and Δωsplit,f represent the magnitudes of the peak splittings between
the core and surface modes before and after reduction, respectively.

Figure 4. Simulated trends in plasmonic extinction, electron concentration, and conduction band edge energies for (a−c) SD18 and (d−f) CD18.
The arrows indicate increasing reduction. Zero energy is set to the middle of the band-gap, and the band edge energy at the surface serves as a
reference energy.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c04199
Nano Lett. 2023, 23, 908−915

911

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04199/suppl_file/nl2c04199_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04199?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04199?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04199?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04199?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


LSPR energy and extinction trends of all dopant-segregated
and uniform doping samples across all titrations (Figures S10−
S12) by changing two physical parameters: (1) the Fermi level
at the NC surface Es and (2) the donor concentration in the
shell (Nshell) (see Supplementary Text T1 for details).
Changing only one of the parameters did not result in a
satisfactory reproduction of both energy and extinction trends
(Figures S13 and S14). We identified that these were the two
key parameters after observing that the spectra could not be
reproduced by varying other possible parameters such as the
donor concentration in the core (Ncore) or the refractive index
of the surroundings (Figures S15 and S16). Prior work has
shown that doping indium oxide with aliovalent donors adds
free electrons while stabilizing, or lowering, the energy of the

conduction band.50 In contrast, photodoping was shown to
add electrons while raising the surface Fermi level, which must
be equilibrated to the Fermi level in the NC core.51 Our results
indicate that chemical titration by this method promotes both
of these phenomena. In other work studying postsynthetic
modulation of dopant-segregated Sn:In2O3 NCs, photodoping
was shown to increase the electron density near the surface,
but no effect on the surface Fermi level was reported.25 These
differences in the analysis may reflect underlying differences in
charge compensation mechanisms. Our current data set also
provides a more complete view of the evolution in spectral
lineshapes than was available in the recent photodoping study;
the additional information helps inform the analysis and
reveals the importance of changes to both Es and Nshell.

Figure 5. NFE maps for the surface mode for CD18 (ai) before and (aii) after reduction. NFE maps for the surface mode for SD18 (bi) before and
(bii) after reduction. Vertical line scans for NFE maps of (aiii) CD18 and (biii) SD18. Simulated (ci) NFE at the NC surface and (cii) decay length
across all samples.
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The changing spatial distribution of electrons, shaped by the
band bending electrostatic landscape created by the surface
Fermi level and donor concentration profile, is responsible for
the evolving lineshapes of the plasmonic spectra during
chemical reduction. This assessment holds for both shell-
and core-doped NCs, as exemplified by SD18 and CD18
(simulations shown in Figure 4), where the distribution of
dopants determines the initial distribution of electrons and the
subsequent modulation of that electron profile. For the shell-
doped NCs, reduction broadens the thin shell of high electron
concentration by progressively filling the near-surface
depletion layer. The core-doped NCs contain a double band
bending region as observed in prior work.25 Reduction
modulates the width and electron density in both band
bending regions, effectively compressing the surface depletion
layer and increasing the electron density in the optically active
shell. Electron transfer from CoCp2* raises the Fermi level
(Figure 4c,f). With increasing reduction, the electron
concentration tends toward uniformity and the spectra tend
toward a single peak of high energy and intensity. In the
interim, the contribution of the optically active shell (whose
presence promotes the core mode) trends toward subsuming
the core mode peak, manifesting in the progressive
disappearance of the core mode.
We initially expected that any one or any combination of

four parameters (Ncore, Nshell, Es, and refractive index of
surroundings) could change throughout the course of
reduction and impact the optical response. After sweeping
through all parameters (Supplementary Text T2), we found
that increasing Nshell and Es with chemical reduction was the
only combination that reproduced the LSPR energy and
extinction trends in our data. In a sample set encompassing
NCs of seven distinct dopant distributions, our simulations
reliably reproduce the evolution of the plasmonic response
through the course of titration. This broad-ranging efficacy in
reproducing the experimental trends makes us confident that
Nshell and Es are the two primary physical parameters
responsible for the spectral changes with increasing CoCp2*.
The ability of the simulations to consistently reproduce the
absorption characteristics of different Sn:In2O3 NCs through a
spherical approximation makes it evident that slight deviation
from spherical geometry has no profound effect on the LSPR
absorption. The initial and final values of these parameters,
where simulations were found to approximate the experimental
spectra, are listed in Table S1 along with the change in the
number of electrons (i.e., electrons stored) per NC.
Comparison of the parameters makes it evident that there is
a greater change in Nshell and Es in core-doped NCs vs shell-
doped or uniformly doped Sn:In2O3 NCs, which translates to a
broader modulation of LSPR energy and extinction for core-
doped Sn:In2O3 NCs. The magnitude of change in Es with
chemical reduction is in accordance with expected values from
literature reports.45,50,52 Further, the number of electrons
stored is consistent among most samples with the large size of
NCs allowing them to add a high number of electrons,45

indicating that it is the spatial location, not the quantity, of
electrons stored that strongly affects the optical response.
Lastly, our simulations also enable mapping of the enhanced

electric field, which offers an additional lens through which to
view the advantage of increased plasmonic modulation in core-
doped samples. The magnitude and spatial extent of the NFE
are central to enhanced sensing and detection and to
enhancing light absorption or emission for energy conversion.

We mapped the NFE at the peak of both the core and surface
modes for all samples, both before and after reduction (Figures
S17−S23). We found that the increased modulation in
absorption also manifests in an increase in the modulation of
NFE. As an example, we plot the NFE maps and vertical line
scans of those maps for CD18 and SD18 (Figure 5ai−aiii and
bi−biii). Apparently, the NFE around the NC extends much
further with reduction in CD18 than SD18 (Figure 5ai,aii and
bi,bii). To evaluate the sensitivity of the LSPR to the
surroundings, two aspects of the NFE can be considered:
(1) the magnitude near the NC surface and (2) the spatial
extent of NFE in the surrounding area. We investigated these
two metrics for the more intense, low energy peaks of each
sample by taking vertical line scans of the NFE maps (Figure
5aiii,biii) and recording the NFE at the surface and the decay
length (distance from the NC surface at which the NFE
diminishes to 1/e times the value at the surface).
The magnitude of the NFE at the surface and its decay

length are modulated significantly more in CD18 than in
SD18. For all core- and shell-doped NCs, chemical reduction
causes a change in decay length behavior for core and surface
peaks, which is attributed to a modification in electron
distribution after chemical reduction (Figure 5ci,cii). On
average, the core-doped NCs increase in NFE and decay length
by 21 and 79%, respectively, while for shell-doped NCs these
parameters increase by only 6 and 16%, respectively. Although
the NFE at the surface is consistently higher for shell-doped
samples before reduction, the core-doped samples have a
comparable NFE after reduction. The same holds for the decay
length, and in fact, the largest decay length we found was about
8 nm in CD16, after reduction (Figures S24 and S25). A
decrease in surface depletion due to chemical reduction
increases the plasmonic volume and electron concentration in
the shell thus increasing NFE and decay length. This increase
indicates that the enhanced electric field under LSPR
excitation can influence the photophysical properties of
adjacent molecules and materials in a larger surrounding
region, and stronger coupling can be anticipated between
neighboring NCs in an assembly.
In conclusion, by leveraging the flexibility of the continuous

growth procedure, we synthesized core/shell Sn:In2O3 NCs of
similar sizes but different dopant distributions (core, shell, or
uniformly doped). Due to the presence of two distinct regions
of the electron concentration, the dopant-segregated core/shell
Sn:In2O3 NCs exhibited dual plasmon peaks while the
uniformly doped NCs exhibited only a single plasmon peak.
By employing CoCp2* as a reducing agent, we investigated the
effect of postsynthetic doping on two electronic interfaces
simultaneously and learned that dopant segregation drastically
impacts the extent of LSPR modulation. While shell-doped
NCs displayed a modest modulation of LSPR energy and
extinction in both plasmonic peaks, core-doped NCs exhibited
broadband modulation of both LSPR energy (∼1100 cm−1)
and extinction (over 300% enhancement). The large shifts we
observed bring the reduced NCs well within the NIR window
for applications in photothermal therapy,7,8 electrochromics,17

and photovoltaics.53 These shifts result from extensive electron
storage in the NCs. Simulations suggest these electrons are
compensated partly by increasing the donor density in the shell
region, and they bring about a significant increase in the
surface Fermi energy. Through analysis of near-field intensity
maps, we discovered that during the reduction process, the
near-field intensity in core-doped NCs grows to a larger extent
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and extends farther in space than for shell-doped NCs. With
such strong and spatially extensive regions of NFE, the reduced
core-doped NCs are attractive candidates for dynamic sensing,
surface-enhanced infrared absorption, and other near-field
applications where modulation or postsynthetic tuning may be
advantageous. More broadly, dopant segregation is a powerful
tool to achieve depletion layer engineering in heterostructured
NCs and may facilitate the design of new optical phenomena
in other depletion layer engineered semiconductor hetero-
structures or those based on other heterostructures like silica/
Au core/shell nanocrystals34 and modulation-doped GaAs/
(AI,Ga)As.42
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