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ABSTRACT: The fundamental properties of electrons in the
prototypical n-type oxide nanocrystal, AI3+-doped ZnQO, have
been studied at both the ensemble and single-particle levels by
spectroscopic and electron force microscopic techniques. We
developed and implemented a new synthetic methodology
that enables the tunable incorporation of AI** in the ZnO
nanocrystal in an “etching—regrowth—doping” (ERD) strat-
egy in a single-pot reaction. The ensemble-averaged properties
and evolution of the AP* speciation in ZnO were studied
using electronic absorption spectroscopy and powder X-ray
diffraction and reveal the successful substitution of AI** only
after implementation of the ERD strategy. Characterization of
individual ZnO, surface Al**-doped ZnO, and internal AI**-
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doped ZnO nanocrystals using electrostatic force microscopy reveals strong responses in both the quantity of surface charges
and electron polarizabilities, which are dependent on the amount of AP* in the ZnO lattice. These results appear to suggest that
an upper limit to the electron polarizability exists for AI**-doped ZnO nanocrystals.

H INTRODUCTION

Aliovalent-doped semiconductor nanocrystals (NCs) are
anticipated to have broad new optoelectronic applications
that derive from increased carrier concentrations relative to
their bulk analogues. In colloidal metal oxide NCs such as ZnO
and In,0;, the stabilization of high conduction band electron
(es) densities of 10" to 10* e, per NC has been demonstrated
through aliovalent doping with donors such as A" in ZnO
(AZO) and Sn** in In,0; (indium tin oxide)."” These high e,
densities lead to interesting physical properties including
tunable surface plasmon resonances in the near-infrared (IR)
to mid-IR regions, which could be utilized in electrochromic
smart windows to control heat flow in buildings by reflecting
or transmitting IR radiation. Recently, both n- and p-type
plasmonic NCs have revealed large cyclotron resonances
suggesting significant orbital contributions, which open the
door to potential plasmon—exciton technologies.” However,
carrier concentrations in n-type colloidal NCs, such as AZO,
typically account for only a small fraction of the overall
concentration of aliovalent dopants in the NC. The seeming
lack of control over dopant speciation and the unique defect
chemistries to the NC are suspected to play significant roles in
diminishing the n-type character in these promising optoelec-
tronic materials. We demonstrate a new synthetic strategy for
controlling the concentration and speciation of heterovalent
dopants in ZnO NCs, yielding tunable carrier densities. The
characteristics of these heavily-doped AZO NCs are probed by
electrostatic force microscopy (EFM) on the single particle
level.
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Typical synthetic strategies for the preparation of air-stable
n-type colloidal semiconductor NCs incorgporate aliovalent
dopants directly during the crystal growth.”” Although recent
synthetic advances have demonstrated better control over the
growth kinetics of pure NCs, there is typically still lack of
reproducible control over the yield of dopant incorporation in
doped NC syntheses.” Hutchison and co-workers recently
developed a new synthesis strategy that relies on intricate
control over the NC growth kinetics by restricting the rate at
which metal oleate precursors are reacted with long-chain
alcohol solutions at high temperatures.”® This strategy has
proven successful in producing n-type oxide NCs that display
localized surface plasmon resonances (LSPRs).”” Despite the
potential of these doped NCs as tunable IR absorbing
materials, only a small percentage of the aliovalent dopants
are responsible for these exotic phenomena. The percentage of
“active” dopants is very sensitive to the specific reaction
conditions and thus contribute to wide batch-to-batch
variations in the NC composition and morphology and activity
of AI** dopants in ZnO NCs. In this report, we utilize a single-
pot approach and allow rapid nucleation and growth kinetics to
dictate the formation of a core/shell NC that has an undoped
ZnO core with dopants residing on the NC surface.
Subsequent incorporation of dopant ions is initiated by the
addition of controlled amounts of oleic acid (OA) at lower
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temperature to etch the NC surface, resulting in a smaller
undoped ZnO core (“seed”) and free Zn- and Al-oleate
precursors in solution. Lower growth temperatures and higher
relative concentrations of Al(oleate); compared to Zn(oleate),
enable competitive kinetics during growth to allow for tunable
and reproducible dopant incorporation during NC regrowth.
This etching and regrowth strategy routinely produces dopant
activation of the highest percentages of active AI** dopants in
AZO NCs reported to date.

Direct measurement of surface localized electronic states or
trap sites remains elusive, but has been implicated to explain
luminescence dynamics including blinking in numerous NC
systems.'”"" EFM is a very sensitive technique for studying
localized charges (q) of single nanoparticles and has been
utilized to quantify the charges on NC surfaces, including
CdSe quantum dots (QDs) under ambient conditions (q < 1
e),"”"? laser excitation of the excitonic transition under N, gas
(g~ 1-2 e),"* and electrical bias on conductive substrates (q
< 7 )."” It has also revealed the existence of interfacial charge
separation upon illumination of plasmonic Au—CdSe nanorod
hybrids (CdSe q < 7 e).'® The investigation of surface charges
in n-type metal oxides and chalcogenides by EFM has been
applied here to investigate the surfaces of large Al**-doped
ZnO (AZO) NCs with varying concentrations of delocalized
carriers estimated from fitting the LSPR band by a modified
Drude model.

Here, we describe the synthesis and structural electronic
characterization of AZO-doped NCs with tunable e, densities
using an etching—regrowth—doping (ERD) synthetic strategy.
Surface versus core AI** speciation in the AZO NCs is shown
to be easily tuned by this new etching and regrowth synthetic
procedure revealed by X-ray scattering that suggests a positive
correlation between dopant speciation and dopant activation.
Fourier transform infrared (FTIR) measurements revealed
strong and tunable infrared surface plasmon resonances
indicating the presence of mobile carriers. These ensemble
measurements are comparable to EFM measurements on
individual AZO NCs that exhibit a large number of surface
charges (g > 100 e in highly active plasmonic AZO NCs).
Other batches of AZO NCs exhibiting weaker LSPR exhibit a
significant decrease in the surface charges (q = ~20—4S e), but
not as low as pure ZnO NCs (g = 0). We also calculate
experimental electron polarizabilities that are roughly 2 orders
of magnitude larger in the AZO NCs compared to undoped
ZnO NCs. These results provide new insight into the possible
origin of electron stability in these degenerately doped NCs.

B EXPERIMENTAL SECTION

Materials. All chemicals were used without additional
purification. Sodium hydroxide (NaOH 98.9%) was purchased
from Fisher; zinc chloride (ZnCl,, 97%) and OA (technical
grade, 90%) were purchased from Alfa Aesar; 1-dodecanol
(DDOH, 98%) and 1-octadecene (ODE, technical grade 90%)
were purchased from Acros Organics; and aluminum chloride
(AICL; anhydrous, 99%) was purchased from Strem Chemicals.

Synthesis of Zinc and Aluminum Oleates. The oleate
complexes of zinc and aluminum were synthesized following
literature methods.'” In brief, 20 mmol anhydrous zinc or
aluminum chloride was dissolved in 100 mL of methanol,
followed by addition of OA (2 equiv for Zn; 3 equiv for Al).
After all precursors were dissolved, 200 mL of a methanolic
solution of NaOH (60 mmol for aluminum oleate and 40
mmol for zinc oleate) was added dropwise into the metal

precursor solution. The product zinc or aluminum oleate
immediately precipitated out of solution and was washed four
to five times with methanol before drying under vacuum
overnight. We attempted the synthesis of metal oleates using
hydrated metal chloride salts or tetramethylammonium
hydroxide pentahydrate as the base,'® however, these hydrated
precursors produced negative results compared to the
anhydrous precursors for Al**-doping of ZnO.

Synthesis of AZO NCs Using the ERD Method. In a
typical reaction for AZO NCs, Zn(oleate), (0.63 g, 1 mmol)
and Al(oleate); (0.17 g, 0.2 mmol) were dissolved in a SO mL
three-necked flask containing 10 mL of ODE. The solution was
heated to 100 °C under vacuum for 10 min to remove any
adventitious water. The solution was then heated to 300 °C
under an argon flow. A separate solution of 10 mmol DDOH
in 2 mL of ODE was heated to 150 °C and rapidly injected
into the reaction flask at 300 °C. The reaction temperature
dropped to 280 °C, and the solution was kept at this
temperature for 30 min to allow the ZnO precursor NCs to
nucleate and grow. To initiate NC etching and regrowth, a
solution of 2 mmol OA in 2 mL of ODE was heated to 150 °C
and rapidly injected into the reaction solution followed by
heating at 280 °C for another 40 min. The NCs were cooled to
room temperature, washed three times with ethanol, and
suspended in hexane for spectroscopic investigation.

Physical Methods. Electronic absorption spectra in the
ultraviolet—visible region were collected on hexane suspen-
sions with a Varian Cary 50 Bio spectrometer. FTIR spectra
were collected on a Varian 670 FT spectrometer. Hexane
suspensions were collected either in 1 cm path length quartz
cuvettes or a 0.005 cm path length demountable cell (PIKE
Industries) with KBr windows. Powder X-ray diffraction
(PXRD) patterns were collected on precipitated powders
using a PANalytical X’Pert Material Research Diffractometer.
Microstructure calculations were performed using the MAUD
computer program.19 Transmission electron microscopy
(TEM) images were collected on carbon-coated (3 nm) Cu
TEM grids on a JEOL JEM 2000FX microscope. Particle size
distributions from TEM images were performed using Image].

EFM Measurements and Data Analysis. We carried out
the EFM measurements on an Asylum Research MFP-3D
atomic force microscope with Pt-coated probes (APPNano
ANSCM-PA tips). The colloidal ZnO or AZO NCs were
deposited on glass or highly oriented pyrolytic graphite
(HOPG) substrates. We employed a multipass scan technique
in which the initial scan measures the surface topography
[atomic force microscopy (AFM)], and then the induced
phase shift of the cantilever was measured as a function of the
tip-substrate bias (EFM). The lift height during the EFM scans
was fixed at 40 nm.”"”*

The experimental phase response is composed of electric
field and capacitive interactions, described by the linear
combination of linear and quadratic terms: A® = A-Vgpy +
B-(Vgpy)?, where A and B are fitting parameters related to
charge and polarizability (a), respectively, as A = q(Q/(kz*))
and B = —3a(Q/(kz*))."” Here, Q is the quality factor, k is the
spring constant (50 N/m), and z is the lift height.

B RESULTS AND DISCUSSION

ERD Synthesis, Morphology, and Spectroscopy.
Figure la summarizes our synthetic strategy to prepare AZO
NCs involving a single-pot, multistep reaction. The nucleation
of “initial” AZO NCs is initiated by the addition of oleyl
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Figure 1. (a) Reaction scheme describing the ERD methodology for
preparing tunable AZO NCs. (b) Particle size histograms (top) and
TEM images (bottom) collected on aliquots of the initial AZO NCs
(left), after adding OA to yield etch AZO NCs (middle), and then
after allowing for the AZO NCs to regrow (right).

alcohol to a solution of Zn and Al oleate precursors in
octadecene at 300 °C. TEM images shown in Figure 1b of the
initial AZO NCs after growth at 280 °C for 40 min (step 2)
display highly faceted NCs with an average diameter d = 15.3
+ 1.5 nm. After allowing the growth, but prior to NC
purification, a substoichiometric amount of OA is added at a
slightly lower temperature of 280 °C to partially etch the NCs
(step 3). Successful etching of the initial AZO NC is confirmed
by a decrease in the average NC diameter to 10.1 + 1.6 nm, by
TEM, collected on an aliquot 1 min after addition of OA. The
partial etching step reintroduces both metal oleates into the
growth solution albeit with a much higher Al/Zn ratio than in
the initial reaction solution. Regrowth of the NCs for ~40 min
yields NCs of ~14.0 + 1.8 nm (step 3), which is comparable to
the initial AZO NCs.

Peng and co-workers previously reported the shape
evolution of the undoped ZnO NCs at different stages during
a similar etching and regrowth method with OA substituted by
stearic acid.”® The initial AZO NCs shown in Figure 1b are
consistent with a pyramidal shape. Thus, depending on the
orientation of the pyramidal precursor AZO NCs on the TEM
grid, the projection of the TEM images could appear triangular
or hexagonal. After adding 2 mmol OA to the precursors for 1
min, smaller pseudospherical NCs appear. After 40 min of
regrowth, the NCs become more irregular in shape. The
change in the NC morphology observed during the etching
and regrowth is likely caused by faster etching by OA at the
apex of the nanopyramid compared to the sides and base.

The same aliquots taken during the reaction for TEM
investigation were also studied by electronic absorption and
FTIR spectroscopy to provide insight into the reaction
progress by placing samples between KBr windows in a
demountable IR cell holder with a S gm path length. The TEM
images shown in Figure 1b reveal that the average sizes of the
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Figure 2. (a) Electronic absorption and (b) FTIR spectra of AZO
NCs after the addition of DDOHto the initial oleate precursor
solution at 300 °C (1 min = dashed red line; 40 min = solid red line)
and after etching with 0.2 mmol OA (dashed blue line at 1 min) at
280 °C and allowing to regrow for 40 min (solid blue line). The FTIR
spectrum of OA in ODE is included (black line). The spectra are
normalized to the C=C stretch of the reaction solvent, ODE.

initial and regrown AZO NCs are both much larger than the
excitonic Bohr radius of bulk ZnO, ag = 2.34 nm.”* Despite the
presence of 20% (mol) Al(oleate), in the reaction solution, the
energy of the first exciton immediately after nucleation (~1
min) and growth (40 min) red shifts to lower energies similar
to bulk or undoped large ZnO NCs at ~3.2 eV (see Figure 2a).
The red shift is associated with ZnO growth and a low [eg].
On the basis of this observation, we depict these initial AZO
NCs in Figure la as undoped ZnO NCs with Al residing only
on the NC surface.

In contrast to the behavior of the initial AZO NCs, the
electronic absorption spectra of the regrown AZO NCs display
a significant blue shift of the ZnO band edge by ~0.10 eV after
etching with 2 mmol OA and allowing the AZO NCs to regrow
for 40 min at 280 °C. This blue shift in the band edge energy
indicates that the regrown AZO NCs possess a significant
increase in the concentration of active AI** dopants and [e,].
The amount of OA added to etch the initial particles is critical
to tuning the band edge and [ey,] in the resulting AZO NCs, as
shown in Figure S1. Addition of excess OA results in total
dissolution of the ZnO core, and the AZO NCs that result
from re-nucleation show a decreased [eg,].

The reaction progress was followed by IR spectroscopy, as
shown in Figure 2b. The driving force behind the nucleation
and growth of ZnO NCs is the esterification reaction”*”°
between the metal oleate (M—O,C—R;) and DDOH (R,—
OH). The relevant reactants and products as well as their IR
frequencies between 1500 and 1800 cm™" are given in Table 1.
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Table 1. Spectral Assignment of FTIR Stretches Observed
in the Synthesis of AZO NCs by the ERD Method

assignment molecule hw (cm™) bandshape
v,(R—COO) M(oleate), 1597 broad
v(—C=C-) octadecene 1641 narrow
v(R—C=0) OA 1712 narrow
v(C=0, ester) OA lauryl ester 1741 narrow

The IR spectra of OA in the solvent (ODE) is also included for
reference. The IR spectra shown in Figure 2b are normalized
to the intensity of the C=C stretch of ODE at 1641 cm™".
The initial products after nucleation of the initial AZO NCs
are detected by the broad metal oleate stretch at 1597 cm™
and OA lauryl ester at 1741 cm™". After the initial growth step,
the metal oleate stretch disappears and the ester peak increases
in absorption. After addition of OA, the same features are
observed: initial increase in the metal oleate concentration
followed by a decrease in the metal oleate and increase in the
ester absorption after regrowth. The reaction mechanism is the
same, however, the amount of AI** incorporation is apparently
very different before and after partial etching and regrowth.
LSPR Analysis. The electronic absorption spectra of the
initial and regrown AZO NCs are shown in Figure 3a. In
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Figure 3. (a) Band gap absorption and LSPR for weakly activated
AZO NCs (initial) and highly activated AZO (regrown) after the
addition of OA to initiate ERD. (b) Analytical Al mol fraction (%)
from ICP-AES (empty boxes) from nominally 20 Al mol % added to
the reaction before and after ERD. The amount of “active” AI** in the
different AZO NCs is estimated from the fitting of the LSPR line
shape function using the modified Drude model (shaded region).

addition to the blue shift of the ZnO band gap that was
presented in Figure 2a, there is also a significant change in the
LSPR intensity and central position, as shown in Figure 3a.
The initial AZO NC displays a very weak LSPR that extends
below ~0.15 eV, suggesting a low percentage of active AI**
dopants in these initial AZO NCs. The regrown AZO NCs,
however, display a prominent LSPR at ~0.27 eV.

Estimates of the carrier concentration from the spectra
shown in Figure 3a were obtained by fitting the LSPR to a
modified Drude model®’ ™’

602
P

) @) )

where &, is the high-frequency dielectric constant (&, = 3.71
for ZnO), w, is the bulk plasma frequency defined by the
energy of the LSPR, and I' is the frequency-dependent
damping function that defines the line width of the LSPR. The
carrier concentration (#n) is extracted from the @ term that is
equal to (ne*/(m*e,))"?, where e is the elementary charge, m*
is the carrier effective mass [m*(ey,) = 0.24m, for ZnO and m,

is the electron mass], and &, is the permittivity of free space.”®
Fitting of the LSPRs for the initial and regrown AZO NCs with
eq 1 yields an average carrier concentration for the ensemble of
n=2.1x10" cm™> (~40 e;,/NC) and 9.8 X 10" cm™ (~140
es/NC), respectively. However, the lack of a clear peak
maximum limits the reliability of these data and suggests an
overestimation of the actual carrier concentration for the initial
AZO NCs. The Al and Zn concentrations for both initial and
regrown AZO NCs were determined analytically by inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
measurements, and the Al mole fraction is shown in Figure 3b.
The Al mole fraction for the regrown AZO NCs reaches 1.3%
compared to just 0.6% Al in the initial AZO NC. On the basis
of the analysis of the LSPR energy, we estimate that the
percentage of active AI’* ions increases from ~8% in the initial
AZO NCs to ~18% for the regrown AZO NCs. In comparison
to other reported AZO NCs with similar carrier concentrations
and sizes, our AZO NCs prepared using the ERD strategy have
~2.5 times higher percentage of active AI** dopants.’

The ~500% increase in the average carrier concentration of
the AZO NCs after etching and regrowth suggests an increase
in hybridization between the AI** defects and the ZnO band
structure. It is generally acknowledged that substitutional
dopants in semiconductor NCs have superior electronic
coupling to the host compared to surface-bound dopants.””>*’
Both isovalent and aliovalent transition metal dopants such as
Co*" and Fe’* have been shown using spectroscopic
techniques to substitute not only at Zn** lattice sites but also
on the surface in pseudo-octahedral coordination of ZnO
NCs.””** Whereas AI** could occupy similar sites in the ZnO
NC, there are few direct physical methods to determine the
speciation of A" because it is diamagnetic.

Structural Analysis. As an alternative to direct spectro-
scopic evidence of the AI** speciation in the AZO NCs, we
performed a structural investigation via Rietveld refinement of
the PXRD patterns as an indirect probe (see Figure 4a). The
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Figure 4. (a,b) PXRD data and Rietveld analysis of pure ZnO, less-
activated AZO, and highly activated AZO NCs. The percent lattice
contraction in panel (b) is relative to the undoped ZnO NCs
prepared by the same method before etching. Lattice strain for
undoped ZnO NCs is included for reference. (c,d) Local dopant
structure illustration for two different AZO NCs. For highly activated
AZO, the contribution to lattice contraction is due to the increased
concentration of substitutional AI**, which has a smaller crystal radius
compared to Zn?* ions.
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patterns for pure ZnO and the initial and regrown AZO NCs
are nearly identical and only index to zincite.”* The crystallite
sizes estimated from the Scherrer equation for all AZO and
pure ZnO NCs are similar to the observations from TEM
(12—15 nm, see the Supporting Information). However, close
inspection of the patterns reveals slight shifts of the reflections
to larger 20 with increasing total Al content in the AZO NCs,
especially in the (002) peak. This effective lattice contraction is
most pronounced in the ¢ lattice parameter, as shown in Figure
4b, and is consistent with the substitution of smaller AI** ions
(crystal radius, r. = 0.53 A) at Zn*" sites (r, = 0.74 A).*

Microstructure analysis shown in Figure 4b (right axis)
provides relative estimates of the lattice strain caused by point
defects (extrinsic and intrinsic defects including vacancies) and
size of a NC."” The undoped ZnO NCs provide a baseline for
the expected lattice strain originating from the NC size. Strain
analysis of both sets of AZO NCs display about twice the
lattice strain that is attributed to changes in the microenviron-
ments around the AI®* defects. Thus, the increased strain for
the AZO versus undoped ZnO is expected and similar to
previous observations.” However, if the strain is considered
among the two AZO NCs (initial vs regrown) on a per dopant
basis, then the regrown AZO NCs would have a significantly
lower amount of strain per AI** because the AI** content is 2
times larger than the less active initial AZO NC, as determined
by ICP above. The lower strain per AI** for the regrown AZO
NCs prepared by the ERD method suggest that more AI**
defects occupy substitutional sites, which is consistent with the
increased carrier concentration, as shown in Figure 3.
Furthermore, the increased AI** incorporation is attributed
to the lower regrowth temperature and increased Al(oleate);/
Zn(oleate), ratio after partial etching of the initial AZO NCs
with OA.

EFM of Individual NCs. Figure S shows the phase-shift
versus tip bias for representative pure ZnO and AZO NCs
deposited on different substrates—glass and HOPG. The
insets depict the corresponding surface morphologies and
height line sections obtained from AFM measurements on
individual NCs. In Figure Sa, the undoped NC on glass
possesses a linear component with q = 0. By contrast, an AZO
NC on glass shown in Figure Sb displays parabolic phase-shift
behavior with a much higher slope of the linear component
that indicates ¢ = 91 e. The response of the AZO NCs
deposited on conductive substrates such as HOPG is
dominated by the linear component, as shown in Figure 5d.
The calculated charge q = 124 e is of the same order of
magnitude of that on glass. The pure ZnO NCs on HOPG
shown in Figure Sc consistently displays a very small parabolic
phase shift again with g = 0.

Figure 6 compares the electron polarizability term extracted
from the fits for the EFM response for a statistically relevant
number of pure ZnO NCs and initial and regrown AZO NCs
deposited on glass versus g. The inset is a bar chart of the
conduction band electrons estimated from the LSPR given in
Figure 3a. The regrown AZO NCs possess polarizabilities that
are 1-2 orders of magnitude greater than those of pure ZnO
NCs, which is similar to previously reported values for pure
CdSe NCs."> On the other hand, the initial AZO NCs have
only a slightly smaller polarizability than the regrown AZO
NCs. The polarizability directly links the dielectric constants
(rather than the eg,), which are closer for nonactivated and
activated AZO NCs than the undoped ZnO NCs. We also
measured gold nanoparticles as a reference (see Figure S3); the
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Figure S. Representative phase shifts vs tip bias for different QDs: (a)
undoped NC on glass, (b) activated-doped NC on glass, (c) undoped
NC on HOPG, and (d) activated-doped NC on HOPG. The top-
right inset shows representative AFM images for each sample. The
insets show the amplitude and width line scans on individual NCs that
were fit to a Gaussian profile. The phase shift data have been
multiplied by —1 for stylistic purposes only.
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deposited on glass. The inset is the ensemble averaged free carriers
per NC for the different ZnO and AZO NCs determined by fitting the
LSPR band to the Drude model.

gold nanoparticle has a surface charge close to zero (q = ~1 e)
and a polarizability that is ~1—2 orders of magnitude higher
than the average value of the regrown AZO NCs.”**” The
average 140 e,/NC for the regrown AZO NCs combined with
relative low polarizabilities confirms the localized surface
charge measured by EFM. Despite the differences in q of the
different AZO NCs, the polarizability of the charges associated
with these AZO NCs are similar and on average is an order of
magnitude larger than undoped ZnO NCs.
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B CONCLUSIONS

We have shown that an effective “single-pot” strategy based on
ERD yields high-quality AZO NCs with a significantly
enhanced number density and surface charge, as demonstrated
by ensemble and single-particle measurements. By controlling
the dopant speciation via low-temperature growth from seeded
ZnO NCs using chemical etchants that also passivate the
surface, we have demonstrated a new paradigm in inorganic
electronic materials in which quantitative surface charge and
polarizability can be detected and quantified directly using
single-particle EFM measurements. This work further provides
a clear distinction in the evolution of the structure and
electronic characteristics of AZO NCs from nondoped to

degenerately-doped.
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