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his study compares the diameter de-

pendence of the effective band gaps

in InAs quantum dots (QDs) and
wires (QWs). Here the effective band gap,
AE,, is defined as the energy of the first ex-
citonic transition. Simple models suggest
that the QD and QW AE s should scale with
the inverse square of diameter (d~2), and
that the AE s of QDs should exceed those
of QWs having the same diameter by the ra-
tio AE,2"/AE,°P ~ 0.6. We show experi-
mentally and theoretically that AE, for InAs
QDs and QW:s scales approximately with
d~" rather than with d 2, and ascribe the
reduced inverse scaling dimension to
valence-band —conduction-band (VB—CB)
coupling induced by the narrow band gap
of InAs. Despite this difference in the AE,
scaling dimension, the effective band gaps
in InAs QDs exceed those of the corre-
sponding QWs by the predicted amount.

In recent years a strong interest has de-
veloped in how quantum confinement in
semiconductors is influenced by the shape
of the nanostructure, including how shape
or confinement dimensionality influences
the size dependence of electron—hole con-
finement energies.' ~2° To analyze such
shape and size dependences, we have used
effective-mass-approximation, particle-in-a-
box (EMA-PIB) models,®'®"”~2° which were
first introduced many years ago to de-
scribe the electronic structures of semicon-
ductor quantum wells>' ~%* and QDs.>*~2¢
The EMA-PIB models suffer from severe
oversimplifications, including assumptions
of parabolic band shapes, infinite surface
potential barriers, and size-independent
electron and hole effective masses, and
omissions of actual valence-band complex-
ity and (often) electron and hole electro-
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ABSTRACT Colloidal InAs quantum wires having diameters in the range of 5—57 nm and narrow diameter

distributions are grown from Bi nanoparticles by the solution—liquid —solid (SLS) mechanism. The diameter

dependence of the effective band gaps (A£s) in the wires is determined from photoluminescence spectra and

compared to the experimental results for InAs quantum dots and rods and to the predictions of various theoretical

models. The AEg values for InAs quantum dots and wires are found to scale linearly with inverse diameter @),

whereas the simplest confinement models predict that A, should scale with inverse-square diameter (d=?). The

difference in the observed and predicted scaling dimension is attributed to conduction-band nonparabolicity

induced by strong valence-band— conduction-band coupling in the narrow-gap InAs semiconductor.
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effective band gap - quantum confinement - nonparabolicity -

valence-band—conduction-band coupling

static interactions. More-accurate theoreti-
cal models are now available.'*1627 31
However, the appeal of the EMA-PIB mod-
els is that they are conceptually straightfor-
ward, they predict very transparently how
quantum confinement depends upon
shape, and they are readily tested by experi-
ment to determine the limits of their
usefulness.

The EMA-PIB models are readily applied
to comparisons of the expected confine-
ment effects in corresponding sets of quan-
tum wells, QWs, QDs, and quantum rods
(QRs). Particle-in-a-box expressions for cal-
culating the kinetic confinement energies in
planar quantum wells,>' ~23 cylindrical
QWSs, 81532734 and spherical QDs**2° are
given in egs 1—3, where m_* and m,* are
the effective masses of electrons and holes,
respectively. The equations take similar
form, and differ only in the coefficients on
the right-hand side of the expressions. In all
three cases, plots of AE, versus d~? (where
d is thickness or diameter) are predicted to
be linear, with QDs exhibiting the largest
slopes and AE, values, and quantum wells
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Figure 1. Slope relationships for the size dependence (d =
thickness or diameter) of the effective band gaps (AEs) in
quantum wells, QWs, QRs, and QDs composed of the same
semiconductor material, as predicted by simple EMA—PIB
models. The slope ratios are determined to be A, .;/Aire/
Agor = 1:00:2.34:4.00. Note the rod zone bounded by the dot
and wire lines.

exhibiting the smallest. The predicted slope relation-
ships are depicted graphically in Figure 1, and the slope
ratios Aire/Agor = 0.585%'%"7 and A, oi/Aire = 0.427'°
are calculated from the coefficients in eqs 1—3. By a re-
lated analysis, the AE, values for QRs are predicted to
fall in a zone bounded by the QD and QW lines (Figure

1).10,18

T 1 1
quantum well: AEg= — —t— M
8d*[|m; my,
ol |
quantum wire: AEg =234 — = +—1
8d*j|m; my
T 1 1
quantumdot: AE, =4|—|—+— 3)
8d°[|m; my

Our specific contribution has been the synthesis of
various families of QWs, and a comparison of their effec-
tive band gaps to those of the corresponding QDs,
quantum wells, and QRs.>'%'7~2° These comparisons
reveal that the AE values calculated by eqgs 1—3 signifi-
cantly overestimate experimental values when m_*
and m,* are assigned bulk values. Indeed, EMA-PIB
models are known to overestimate electron—hole con-
finement energies because of the deficiencies outlined
above.3,26,35737

However, recent experimental examples have con-
firmed the relative predictions of Figure 1. Plots of AE
versus d—2 for CdSe and InP QWs and QDs have given
experimental QW/QD slope ratios of A,,;,e/Agot=0.53 *
0.05"%nd 0.64 *+ 0.03,°'” respectively, which are close
to the EMA-PIB value of 0.585. Similar plots for GaAs
quantum wells and QWs have given experimental A,,.,,/
Aire SlOpe ratios in the range of 0.41 = 0.07 to 0.49 =
0.09,"® which are close to the EMA-PIB slope ratio of
0.427. Additionally, the placement of experimental AE,

data for CdSe and InP QRs with respect to experimen-
tal QD and QW lines in plots like Figure 1 have con-
firmed the predicted boundaries of the QR zone and
have allowed experimental determination of the transi-
tion length at which QRs begin to exhibit the confine-
ment behavior of QWs.'*'® Therefore, although the ab-
solute slopes predicted by eqs 1—3 are inaccurate, the
slope ratios predicted are consistent with experimental
results. The examples so far listed suggest that Figure 1
is, to a first approximation, a reasonable comparative
picture of how quantum confinement depends on
shape or the geometric dimensionality of confinement.

Because Figure 1 is only an approximate picture,
due to the low level of theory employed, one may ex-
pect to find exceptions to its relative predictions. At
least two such exceptions have been identified. First,
we recently measured an experimental slope ratio for
CdTe QWs and QDs of 1.09, near unity, which departs
significantly from the EMA-PIB value of 0.585.° A theo-
retical analysis suggested that the discrepancy was
due to the omission of electron—hole Coulomb interac-
tions in eqs 2,3. The analysis further suggested that
two regimes generally exist for such QW/QD slope-
ratio comparisons: a divergence regime in which the
slope ratios approach the EMA-PIB value, and a conver-
gence regime in which the slope ratios approach unity.
The convergence and divergence regimes occur above
and below a threshold diameter, d,;,, respectively, which
varies with semiconductor composition. Semiconduc-
tors having small electron—hole Coulomb energies ac-
quire large dy, values (=10 nm), and thus QW-QD com-
parisons tend to be made in the divergence regime
(slope ratio ~ 0.6), as in the cases cited above. In con-
trast, semiconductors having large electron—hole Cou-
lomb energies acquire small d,, values (<10 nm), and
thus QW-QD comparisons are most readily made in the
convergence regime (slope ratio =~ 1.0), as in the CdTe
system. Therefore, Figure 1 fails when electron—hole
Coulomb energies, which are unaccounted for by the
EMA-PIB models in their simplest form, become large
and significant in comparison to the kinetic confine-
ment energies.*°

A second category of exception to Figure 1 is the
prediction of the linear scaling of AE, with d 2, which
is studied here. In the CdSe,'® InP,”'” and GaAs'? sys-
tems of quantum nanostructures discussed above, the
AEg—vs—d_2 data were well fit linearly; however, the lines
did not extrapolate through the Figure-1 origin, as
they must do upon relaxation of quantum confine-
ment at large length scales. This discrepancy was inves-
tigated by our theoretical collaborators Li and Wang us-
ing density functional theory under the local-density
approximation (LDA) implementing a charge-patching
method and with LDA band gap corrections (CPM-
LDA+C)."® The CPM-LDA+C calculations provided AE,
data for quantum nanostructures of varying diameter,
composition, and shape. The theoretical AE; data were
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fit to the empirical expression in eq 4, which yielded
the scaling parameters « and 3 as a function of compo-
sition and shape. In general, a single value of « and a
single value of B should not apply over the entire diam-
eter range of 0 < d < «.? However, eq 4 has proven suc-
cessful over limited diameter ranges of approximately
1 < d < 20 nm,"® which are typical of experimental
studies of quantum confinement in semiconductors.
By this model AE, scales linearly with d~*, where the
« values are found to be in the range of ca. 1 < a < 2,
rather than 2."® The origins of such differences in the
scaling dimension are analyzed in this study.
AE,=fd ¢ (4)

The linear fits to the experimental AEg—vs—d_2 data
do not extrapolate through the Figure-1 origin be-
cause the « values are not precisely equal to 2. Thus,
plotting the AE, data versus d~2, when the actual scal-
ing is to a values below 2, produces gentle curves that
intersect the origin as they must.*'%'”'° For the CdSe,
InP, GaAs, and CdTe systems referenced above, the cur-
vature was sufficiently gentle that linear fits were pos-
sible over the limited diameter ranges studied, allowing
the analyses described above. However, in the InAs sys-
tem studied here, the curvature in the AEg—vs—d_2 data
is so severe that linear fitting of A, to the inverse-
square diameter becomes impossible.

We show herein that the departure from d 2 scal-
ing is a result of band nonparabolicity, particularly in
the conduction band. Curvature in the AEg—vs—d_2 data
is always present because the band shapes are not ac-
tually parabolic as they are assumed to be by the EMA-
PIB models. This curvature is less severe for quantum
nanostructures having comparatively large band gaps.
However, band nonparabolicity is increased in quantum
nanostructures derived from small-gap semiconduc-
tors like InAs, because of a higher degree VB—CB
mixing,?®2° which induces « values that deviate more
significantly from 2 toward lower values. Even so, for
QW—QD comparisons made in the divergence regime,
the QW/QD slope ratios remain near the EMA-PIB value
of ~0.6, at the reduced scaling dimension d™* appro-
priate to the specific case. Therefore the QW—QD slope-
ratio prediction of Figure 1 appears to be a surpris-
ingly general approximation.

RESULTS

Synthesis. Fanfair and Korgel previously reported the
solution—liquid—solid (SLS)*#3° growth of InAs nanow-
ires from Bi nanoparticles using the general strategy
employed here.*® However, nanowire diameter and
diameter-distribution control, and the spectroscopic
properties of the nanowires were not addressed. We
found that the selection of precursors, ligands, and
metal-catalyst nanoparticles played an important role
in the diameter-controlled SLS growth of InAs nanow-
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Figure 2. TEM images of InAs QWs grown from Bi nanopar-
ticles in the presence of HDA: (a—c) 8.8 nm diameter wires
having a diameter distribution of +=11%. The red arrows in-
dicate the Bi-catalyst tips. (d) Electron-diffraction pattern in
an 011 zone from the QW shown. The observed reflections
are indexed, demonstrating the 111 orientation of the wire
long axis. The measured (and theoretical, ICDD-PDF file
00—015—0869) d spacings are: 111, 0.346 = 0.005 nm (0.350
nm); 200, 0.299 =+ 0.005 nm (0.303 nm); 220, 0.214 % 0.005
nm (0.214 nm).

ires. Initial efforts resulting in nonoptimal QW growth
are described in the Supporting Information.

High-quality InAs QWs were grown from Bi nanopar-
ticles in the presence of n-hexadecylamine (HDA) (eq
5). As shown in Figure 2, narrow QW diameter distribu-
tions, a high degree of QW straightness, and excellent
QW crystallinity were achieved. The amounts of re-
agents used, however, were quite influential to the
quality of wires. The optimal In(myr);/As(SiMe;); ratio
was 1.6—2.1 (see Table S1, Supporting Information). The
optimal HDA/In(myr); ratio was 6.9—8.4 for growing
thin wires (d < 10 nm) and 4.1—4.8 for growing thick
wires (d > 10 nm). Other ratios not in the above ranges
generated kinks, broad diameter distributions, and
other nonwire morphologies. Addition of tri-n-
octylphosphine (TOP) was useful to improve the
straightness and diameter distributions for thin wires,
in which kinks occurred more frequently. Lower con-
centrations of Bi nanoparticles should be used to grow
thin wires because the small Bi nanoparticles employed
had a high tendency to agglomerate. The high agglom-
eration tendency also required reaction temperatures
at the lower end of the indicated range (eq 5) for suc-
cessful growth of thinner wires.

240 — 335 °C,
polydecene solvent

Intmyn; + As(SiMe;), InAs QWs (5)

Bi nanoparticles
HDA, (TOP)

X-ray powder diffraction (XRD) patterns of the InAs
nanowires revealed the zinc-blende structure of bulk
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Figure 3. Representative TEM images of InAs QWs having
various diameters (mean diameter = 1 standard deviation
in the diameter distribution, expressed as a percentage of
the mean diameter). (a) 5.2 nm % 13%, (b) 7.3 nm = 19%, (c)
9.7 nm £ 15%, (d) 13.6 nm £ 12%, (e) 22.8 nm % 15%, and
(f) 57.0 nm = 19%.

InAs (Figure S3a, Supporting Information). Energy dis-
persive X-ray spectroscopy (EDX) indicated an average
composition of In/As =~ (50 = 1)/(50 = 1) (Figure S3b).
The selected-area electron diffraction (SAED) pattern in
the 011 zone is shown in Figure 2d. Indexing of the re-
flections established the {111} close-packed crystallo-
graphic planes were oriented perpendicular the wire
long axis, indicating the 111 growth direction.

Representative TEM images of InAs QWs of various
diameters are shown in Figure 3. The wires were uni-
form along the growth direction and approached
single-crystal character, although twinning defects
(stacking faults) and kinks were observed (see below).
Stacking faults were more evident in the thicker wires.
Kinks were more evident in thinner wires. The wires
were generally longer than 1T pum and up to 10 pm in
length, and had diameters in the range of 5—57 nm,
with standard deviations in the diameter distributions
of 11—19% of the mean diameters, indicating that the
nanowire diameter approached monodispersity. The
diameter-distribution histograms are shown in Support-
ing Information, Figures S4—5.

The diameters of the wires were dependent on the
diameters of Bi nanoparticles employed. The Bi-
nanoparticle-diameter (dg;) dependence of the InAs
nanowire diameters (d,,;,.) Was empirically fit to eq 6
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Figure 4. Representative HRTEM images of 7-nm-diameter
InAs QWs viewed in a 011 zone axis. (a) The measured d, ,,
lattice spacing of 0.35 nm indexed to the zinc-blende struc-
ture of bulk InAs (d,,; = 0.3498 nm); (inset) a fast Fourier
transform (FFT) of the image, indicating the wire long axis
was oriented in the 111 direction. (b) The {111} twin plane
oriented perpendicular to the 111 growth direction; (inset)
a FFT of the image collected in the area indicated by the
dashed square.

(Supporting Information, Figure S6). Thus, the diam-
eters of the wires were almost half of the initial diam-
eters of the Bi nanoparticles employed. We have previ-
ously interpreted nonzero intercepts like that in eq 6
(1.59 nm) to indicate initial swelling of the Bi nanoparti-
cles by dissolution of semiconductor constituents prior
to the achievement of a level of supersaturation neces-
sary to induce QW nucleation and subsequent
growth.3®

d

wire

[nm]=(0.43 £0.01)dg; + (1.59 £ 0.19) [nm] (6)

Figure 4 shows high-resolution (HR) TEM images of
7 nm diameter InAs wires viewed in a 011 zone axis. A
(111) twin boundary is evident in Figure 4b, in which a
180° rotation of the lattice occurs as revealed by a 142°
angle between the lattice fringes on opposite sides of
the boundary. HRTEM images of 5 and 20 nm diameter
wires are shown in Supporting Information, Figure S7.
Twinning occurred more frequently in thicker wires,
consistent with the observation from Korgel and co-
workers.*' The high frequency of twin formation in the
thicker wires might be attributed to the higher temper-
atures employed in their growth.*?

To investigate which ligands passivated the InAs
QWs, the QWs were purified and digested, and the
ligands were recovered (see the Experimental Details
section) and analyzed by electrospray ionization-mass
spectrometry (ESI MS). Only HDA (m/z = 242.3, positive-
mode) was detected by the ESI MS (Supporting Infor-
mation, Figure S8). Myristate (m/z = 229.3, positive-
mode; 227.3, negative mode) was not detected.
Therefore, InAs QWs were passivated only by HDA.

www.acsnano.org
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Figure 5. PL spectra for InAs QWs of various diameters. The
Gaussian fits to these spectra are shown in gray. The position
of the bulk InAs band gap is indicated by the red arrow.

Photoluminescence Spectroscopy and Diameter Dependence
of the InAs QW Band Gap. The absorption spectra of the
InAs QW specimens did not exhibit well-resolved exci-
tonic features for all diameters studied (Supporting In-
formation, Figure S9). Fortunately, the QWs exhibited
room-temperature PL (Figure 5). As expected, the emis-
sion features red-shifted with increasing QW diameter.
The features were broader than those produced by the
best QD samples,**** presumably because of the
broader diameter distributions in the QW specimens.
However, the peaks were well fit by Gaussian line
shapes (shown in gray), allowing determination of the
peak centers, which were taken as the energies of the
first excitonic transitions in the QWs. These energies
were used to calculate the effective band gaps of the
QWs, that is, the confinement-induced increases over
the bulk band gap (the AE, values in Table 1).

The QW AE, values were plotted versus diameter
(Figure 6a), along with the corresponding data for InAs
QDs. The QD data were taken from the PL spectra re-
ported by Alivisatos and co-workers,** and the
scanning-tunneling-microscopy (STM) measurements
of Banin and co-workers.*® These experimental data are
compared in Figure 6 to the theoretical results of Li
and Wang,'® Banin and co-workers,'" Delerue and co-
workers,*® and Niquet and co-workers.?' Banin's experi-

TABLE 1. Spectroscopic Data for InAs QWs

InAs QW PL peak PL peak/band gap effective

diameter, d (nm) (nm) (eV) band gap,

AE (eV)

bulk 0.354

13.6 £ 1.6 2457 =3 0.506 = 0.001 0.152 % 0.001
10.6 = 1.8 2282 = 4 0.545 == 0.001 0.191 =+ 0.001
9715 2189 =5 0.568 == 0.001 0.214 = 0.001
9.0 =10 2151 %3 0.578 = 0.001 0.224 = 0.001
71314 2075 =3 0.599 = 0.001 0.245 = 0.001
52*07 1529 £2 0.813 = 0.001 0.459 =+ 0.001
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Figure 6. Effective band gap data for InAs QDs and QWs
plotted as: (a) AE, vs d; (b) AE, vs d=?(c) AE, vs d~". The or-
ange, blue, and black curves are least-squares fits to the ex-
perimental QD (dark cyan squares*® and pink circles*’), theo-
retical QD (blue triangles'®), and theoretical QW (black
triangles'®) data, respectively. The green star is the theoreti-
cal QW having an infinite length and a diameter of 4 nm."’
The red hexagons are the current experimental QW data.
The light green diamonds are experimental data for QWs of
25 and 45-nm diameters.*® The fitting equations are AE (exp
QD) = 3.23d~ %, AE (theor QD) = 4.11d~"?", and AE(th-
eor QW) = 238d~"°Z The purple curve is the fit to the ex-
perimental QDs using the theoretical QW d~'-°2 scaling,
which yielded AE (exp QD) = 3.91d™"°? The blue dashed
curve and the black dashed curve are additional theoretical
predictions for QDs*° and QWs,?’ respectively.

mental data for InAs QRs'"'2 are also included, as are

Zanolli's experimental data for InAs QWs.*®

As noted in the Introduction, the overly simple EMA-
PIB model predicts that AE, values for QDs and QWs
should scale linearly with the inverse square of the di-
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ameter (d2).2'%"77 19 Higher-level CPM-LDA+C calcu-
lations indicate that AE scales with d™* where « has
values in the range of ~1 to 2, which are composition
and confinement-geometry dependent.'® Thus plots of
AE, versus d 2 for QDs and QWs using experimental or
theoretical data often contain gentle curvature because
a is not precisely 2.°'%'77 9 Even so, experimental
and theoretical data for QDs and QWs plotted as AE,
versus d 2 have been reasonably well fit linearly, over
limited diameter ranges, which has allowed several use-
ful comparisons based on the slopes of the fits.>'%'7~1°

The data for InAs QDs and QWs are exceptional (to
date), because they cannot be practically analyzed us-
ing the d~ 2 scaling. The « value for InAs QWs is 1.02,
which is among the lowest known. Consequently, the
AEg-vs-d’2 plot using the CPM-LDA+C theoretical data
for InAs QWs is markedly nonlinear (Figure 6b). As the
diameter ranges for the experimental and theoretical
QW data do not overlap, we believe it most appropri-
ate to plot the combined data on a common curve. Fur-
thermore, the theoretical data for InAs QDs produce a
= 1.21, whereas the experimental data for InAs QDs are
best fit with « = 0.88. Thus, the best compromise scal-
ing for comparing all of the theoretical and experimen-
tal QD and QW data is AE, vs d .

Accordingly, Figure 6c plots the AE, values for InAs
QDs and QWs vs d~'. The CPM-LDA+C theoretical and
experimental QW data are in excellent agreement as all
points fall on the same (black) curve, which is nearly lin-
ear (a = 1.02) at the d ' scaling. A separate theoreti-
cal curve for QWs (black dashes in Figure 6) was pro-
posed by Niquet, Delerue, and co-workers,*' who used
a different empirical fitting function than that em-
ployed for the CPM-LDA+C data (eq 4).'® The theoreti-
cal predictions of the two methods are quite similar (see
Figure 6c¢).

The CPM-LDA+C theoretical and experimental QD
data do not agree as closely, and show curvature in op-
posite directions (Figure 6¢), as indicated by the fitted
« values given above. The blue and orange curves are
the fits to the CPM-LDA+C theoretical and experimen-
tal QD data, respectively. Although the Delerue—Niquet
theoretical curve®® (blue dashes in Figure 6) provides a
better fit to experimental QD data, the CPM-LDA+C re-
sults are employed for the comparisons in this study.
Note that the QW data lie below the QD data, consis-
tent with expectation that 2D confinement in wires is
weaker than 3D confinement in dots. The quantitative
difference in the QW and QD data is analyzed next.

The EMA-PIB model predicts a slope ratio A,;,o/Agor
= 0.585 in plots of AE  versus d 2 for sets of QWs and
QDs composed of the same semiconductor material.
However, as revealed in Figure 6c, the AE data for InAs
QDs and QWs are nearly linear with respect to d™'
rather than d~ 2. Consequently, we sought to calculate
a QW-QD slope ratio by a common scaling with a near
one. As indicated above, the experimental and theoreti-
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Figure 7. Effective band gap data for InAs QRs plotted as
AE, vs d~" in comparison with the QD and QW values. The
~4 nm diameter QRs (pink stars), and 3.7 nm diameter QRs
(empty red stars) were taken from refs 11 and 13, respec-
tively. The lengths for some QRs are marked.

cal data for InAs QWs were well fit with « = 1.02. The av-
erage of the experimental (a = 0.88) and theoretical
values (« = 1.21) for InAs QDs was o = 1.04, essentially
identical to the QW value. Therefore, we refit the experi-
mental QD data with respect to d~ %% (o« = 1.02; purple
curve in Figure 6¢) for direct comparison to the fitting
results for QWs. The slope ratio was thus B,i;e/Baot =
2.38/3.91 = 0.609, very close to the value predicted by
the EMA-PIB model (for the d 2 scaling). The similarity
of these values will be analyzed in the Discussion.

We also plotted literature InAs QR data'""'® versus
d~"in Figure 7. The experimental curves for QDs and
QWs from Figure 6c are replotted in Figure 7 to pro-
vide the boundaries of the expected QR zone, within
which the QR AE; values should appear. As expected,
the QR values fell within or close to the QR zone. The
AE, values for the shorter QRs were well inside the
zone, whereas the values for the longer QRs were on
or below the QW curve, suggesting that the long QRs
had achieved the 2D confinement of QWs. The length
(~20 nm) at which the QR to QW transition apparently
occurred was somewhat shorter than expected by com-
parison to the bulk exciton Bohr radius for InAs of 35
nm. QRs shorter than 35 nm should be still confined in
the third, length dimension. Additional theoretical
study or experimental band gap data for QWs having
diameters in the range of 2—5 nm will be necessary to
clearly define the QR—QW transition length in the InAs
system.

DISCUSSION

A primary purpose of this study, and related studies
in this series,®'%'7192% has been to establish how the
size dependences of the confinement energies, the
AEgs, should compare in corresponding sets of QWs
and QDs. As noted above, the overly simple EMA-PIB
model predicts that plots of AE, versus d~2forQWs and
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QDs should be linear and exhibit a slope ratio A,,;../
Agor = 0.585. However, in general the AE, values do
not scale linearly with d~2, and for the InAs QDs and
QWs compared here a nearly linear scaling is achieved
with AE versus d~'. Thus a new question arises: what
should the QW/QD slope ratio be at the d~ " scaling
used here, or other at scalings that may be more appro-
priate in QW-QD comparisons for other semiconductor
systems?

Therefore, we now calculate a theoretical QW/QD
slope ratio appropriate for the d~* scaling employed
in the present comparison. This ratio is calculated us-
ing Li and Wang's theoretical data for InAs QDs and
QWs determined by CPM-LDA+C.'® We reiterate that
in general a single value of a should not apply over the
entire diameter range of 0 < d < «, but a single « suc-
cessfully describes the diameter dependence of AE,
(by eq 4) over limited, relevant diameter ranges of ap-
proximately 1 < d < 20 nm."® Equation 4 should not be
used to extrapolate AE, values outside this limited
range.

The QD and QW data are separately fit according to
eq 4, yielding ayo, = 1.21, Byor = 411, aire = 1.02,
and Byire = 2.38. The theoretical QW/QD slope ratio
would thus be B.,i.o/Bgos however, the B values used
must be calculated at the same value of «. The fitted
Qgor and a0 Values differ slightly, and so a common
value must be chosen. Li and Wang's convention'* is to
use the ay,, value, and so to refit the QW data accord-
ing to eq 4 using oy, thereby obtaining a new B’
value. By that convention, we calculate a theoretical
QW/QD slope ratio of B',ire/Baot = 0.625. Alternatively,
both the QD and QW data could be refit to an average
value of a = 1.11. Using that procedure, we calculate a
theoretical QW/QD slope ratio of B',,i,o/B’ g0t = 0.657. A
final option is to refit the QD data using «,,;,., and thus
obtain a Byire/B gor = 0.690 at a common a = 1.02.
Therefore, the theoretical QW/QD slope ratio is within
0.62—0.69, and the experimental value of 0.61 (deter-
mined above) falls very close to this range. All of these
values are near the EMA-PIB slope ratio of 0.585.

Li and Wang have previously calculated B',,i;e/Bdot
(QW/QD) slope ratios for various QW—QD composi-
tions having «y,, values ranging from 1.02—1.69."°
With an important exception (see below), the theoreti-
cal QW/QD slope ratios were in the range of
0.495—0.676 at the various optimal d™* scalings em-
ployed. As noted by Li and Wang and in the discussion
above, this range is remarkably consistent with the
EMA-PIB slope ratio of 0.585. Their theoretical finding,
that QW/QD slope ratios are 0.6 * 0.1 even for « val-
ues considerably smaller than 2, is supported by the ex-
perimental results of this study. Therefore, despite the
general inadequacy of the d™ 2 scaling at small diam-
eters, the EMA-PIB QW/QD slope-ratio prediction ap-
pears to be a surprisingly robust approximation, for
QD—QW comparisons made in the divergence regime.
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As noted in the Introduction, deviations from
QW/QD slope ratios of ~0.6 occur in the convergence re-
gime, at diameters greater than a threshold diameter,
dy,, Which varies from semiconductor to semiconduc-
tor.?° At diameters above d,;,, the slope ratio tends to-
ward unity (1.0), as QD and QW effective band gaps
converge to similar values (at equal QW and QD diam-
eters). As previously indicated, semiconductors having
large electron—hole Coulomb energies tend to have
small d,;, values (<10 nm), and so QW/QD slope-ratio
determinations are most readily made in the conver-
gence regime. Therefore, Li and Wang reported a theo-
retical B',,ire/Bgot SIOpe ratio 0.971 for AIN QWs and
QDs."® Furthermore, we measured an experimental
QW/QD slope ratio of 1.09 for CdTe QWs and QDs.?°
Both AIN and CdTe have relatively large Coulomb ener-
gies (the calculated bulk exciton binding energies are
42.5 and 10.7 meV, respectively). We have previously ar-
gued that QW—QD effective-band gap convergence in
such cases is enforced by comparatively larger Coulomb
interactions in QDs than in QWSs having synthetically rel-
evant capping ligands.?®

In contrast, semiconductors with small Coulomb en-
ergies have larger d,, values (=10 nm), and QW/QD
slope ratios are thus obtained in the divergence regime
(slope ratio ~ 0.6). Bulk InAs has a small Coulomb en-
ergy of 1.5 meV (calculated bulk exciton binding en-
ergy).? Correspondingly, we estimate the exciton bind-
ing energies for InAs QWs having diameters in our
range of 5—14 nm to be 14—13 meV, respectively, us-
ing the method of Shabaev and Efros;'” these binding
energies are only 8—3%, respectively, of the AEs of the
QWs (see Supporting Information). Similarly, The exci-
ton binding energies for InAs QDs having diameters in
the range of 2—7 nm (see Figure 6) are estimated to be
170—48 meV, respectively, using Brus’s method;*®
these binding energies are only 10—8%, respectively,
of the AE s of the QDs (see Supporting Information).
The calculated d,, value for InAs is 17.7 nm,?° consis-
tent with its small Coulomb energy. Therefore, we mea-
sured an experimental slope ratio of 0.61, within the di-
vergence regime for this system.

We now consider why the AE scaling for InAs QDs
and QWs departs so significantly from the d~ 2 scaling
predicted by the EMA-PIB model. The exciton binding
(electron—hole Coulomb) energies in InAs QDs and
QWs make relatively small contributions to the AEs
and can be neglected, as rationalized above. The con-
finement of the electron in InAs QDs and QWs makes
the dominant contribution to AE,. (The component of
the bulk InAs exciton Bohr radius assigned to the elec-
tron is 33.6 nm, whereas that assigned to the heavy hole
is 2.1 nm;® hence the electron is more strongly con-
fined.) Therefore, this discussion will focus on the shape
of the electron (conduction) band, and its effect on
AE,. The EMA-PIB model assumes a parabolic electron
band in k space (Figure 8a), for which the AE scaling is
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Figure 8. Comparison of different models used for the cal-
culation of (a) electron band structure in k space and (b) AE,
vs d~2 for InAs QDs. The comparison of the band structures
from different models in panel a is made qualitatively. AEQS
and AEg" represent AEg at small d (dg) and large d (d,), re-
spectively. The curves for the EMA—PIB model in panel b are
calculated using bulk effective masses of the electron and
heavy hole”® and the curves for the 6-band and 8-band mod-
els in panel b are taken from ref 59. The pink circles are ex-
perimental data for InAs QDs taken from ref 45.

precisely d 2 (Figure 8b).%* However, the parabolic
shape is a fair approximation only near k = 0; that is,
near the bottom of the band. Quantum confinement
raises the energy of the first quantized level above the
bottom of the band, to nonzero values of k. As d de-
creases, the position of the first quantized level shifts
to progressively larger absolute values of k and thus to
higher energies in the band, where the band shape de-
viates from parabolic toward lower energy (Figure
8a).282° This nonparabolicity may be described by as-
sighing a diameter (or energy) dependence to the elec-
tron effective mass (m.*), such that m_* increases as d
decreases.*’*® Therefore, the confinement energy AE,
increases more slowly with decreasing d than pre-
dicted by the parabolic band shape of the EMA-PIB
model (Figure 8a), imparting downward curvature to
the AE_-vs-d ™2 plot (Figure 8b),* which is better fit by
an a value of less than 2.

Even though the « values for QDs and QWs of a
wide range of compositions are less than 2,"%2° the ex-
perimental AEg-vs-d’2 data have conformed fairly
closely to linear fits over the limited diameter ranges
of our prior studies, for InP, CdSe, and CdTe QDs and
QWs. That is because the curvature in the data has been
reasonably gentle, reflecting « values significantly
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greater than 1. In the case of InAs, however, the devia-
tion from linearity is so severe, and the a values so low,
that linear fitting is no longer possible. An additional
component to the deviation from electron-band para-
bolicity is present in this case.

InAs is a narrow-gap semiconductor, for which
VB—CB coupling in quantum nanostructures has a sig-
nificant influence on the shape of the electron band
(i.e., conduction band). Ekimov, Efros and co-workers,?”
and Efros and Rosen?? have developed 6-band and
8-band theoretical models to describe cases for which
VB—CB coupling are not, and are important, respec-
tively. The 6-band model, which considers mixing of
the valence bands with one another only, is best ap-
plied to quantum nanostructures derived from com-
paratively wide-gap semiconductors such as CdS and
CdSe, where the electron band behaves essentially in-
dependently.?® However, quantum nanostructures de-
rived from narrow-gap semiconductors such as PbS, Pb-
Se,”® and InAs?® are better described by an 8-band®®
or related models,?®>” which explicitly consider the sig-
nificant mixing of valence-band character into the elec-
tron band (and vice versa).

Figure 8 reveals the effects of VB—CB coupling that
are important to this discussion. The mixing of valence-
band character into the electron band induces a greater
nonparabolicity in this band than is present in quan-
tum nanostructures derived from wider-gap semicon-
ductors (Figure 8a).?%2°*"This in turn results in a more
severe downward curvature in the AEg—vs—d’2 plot. Fig-
ure 8b compares a AEg-vs-d’2 plot for InAs QDs de-
rived from experimental data® to the predictions of
the EMA-PIB, 6-band, and 8-band models.>® The 8-band
model, which mixes valence-band character into the
electron band and induces the greatest deviation from
the d ™2 scaling, obviously corresponds most closely to
the experimental data.>®

The magnitude of VB—CB coupling is approximated
by eq 7, where E is the bulk band gap and C'is a cou-
pling constant that takes values in the range of 0 (no
coupling) to 1 (maximum coupling).?® Values of C for
5-nm-diameter QDs and QWs composed of various
semiconductors are recorded in Table 2. For the com-
paratively wide-gap semiconductors CdSe, CdTe, GaAs,
and InP, C ranges from 0.31—0.48. We have succeeded
in making slope-ratio comparisons using the d~2 scal-
ing for these systems.”'%171920 |n contrast, the C val-
ues for InAs QDs and QWs are 0.83 and 0.75, respec-
tively. At these larger values, the VB—CB coupling is
sufficiently strong that the d~ 2 scaling fails, and a lower
value of a must be used. Thus we may anticipate a simi-
lar failure of the d~ 2 scaling for other QD—QW compari-
sons involving narrow-gap semiconductors.

1

AE, 15

C=|—>- ]2 )
[E9+AE9
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TABLE 2. VB—CB Coupling Constant (C) for QDs and QWs

(ﬂ
semiconductor Band gap, *°E, Q w
(d = 5nm) (eV, 300 K)
InAs 0.354 0.83 0.75
InP 1.35 0.48 0.40
GaAs 1.43 - 0.44
(dTe 1.49 0.44 0.44
(dSe 175 0.36 0.31

“Calculated from eq 7 according to ref 29. AEs for InAs QDs and QWs are extrapo-
lated from AF,(exp QD) = 3.23d~** and AF(theor QW) = 2.38d~ ", respec-
tively (see Figure 6 for details). AE;s for InP,"” GaAs,' CdTe,”® and CdSe™ QDs and
QWs are extrapolated from the AEg—vs—d’Z plots using published experimental
data.

CONCLUSION

The overly simple EMA-PIB model asserts that the
electron—hole confinement energies in QDs and QWs
should scale with the inverse-square of the diameter,
and that the QW—QD slope ratio from the AEg-vs-d’2
plots should be 0.6. Neither of these approximations is

EXPERIMENTAL DETAILS

Materials. The precursor tris(trimethylsilyl)arsine (As(SiMe;)5)
was prepared by a literature method.®® Stock solutions of As-
(SiMe3); (containing 0.30—0.33 mmol As(SiMe;)s/mL poly-
decene) were prepared and stored in a refrigerator for later use.
Stock solutions of Bi-catalyst nanoparticles (containing 0.04
mmol Bi atoms/g solution, if not specifically mentioned other-
wise) were prepared as described previously.®' Preparation of in-
dium myristate (In(myr);) and a stock solution of it was de-
scribed previously.17 Myristic acid (99.5%), tri-n-octylphosphine
(TOP, 90%), n-hexadecylamine (HDA, 90%), and hydrogenated
poly(1-decene) were purchased from Aldrich. HDA was vacuum
distilled at 200 °C. The other reagents were used as received.

Synthesis of InAs QWs. All synthetic steps were conducted un-
der dry, O,-free N,(g), but the isolation and purification steps
were conducted in the ambient atmosphere. The quantities of
reagents used are recorded in Table S1 (Supporting Information).
In a typical preparation, In(myr); stock solution (1.81 g, 0.27
mmol of In), HDA (550 mg, 2.28 mmol), TOP (in some experi-
ments), and polydecene (3 g) were loaded into a Schlenk reac-
tion tube. In a separate vial, the Bi nanoparticle solution (40—80
mg, 0.0016—0.0032 mmol of Bi atoms) was diluted with poly-
decene to 0.5 mL, and the vial was septum capped. The As-
(SiMes); stock solution (0.5 mL, 0.15—0.17 mmol of As(SiMes)s)
and the Bi particle stock solution were loaded into the same 3 mL
syringe. The reaction mixture in the Schlenk tube was degassed
under vacuum (1073 torr) at ~100 °C for 5 min, and then inserted
into a preheated salt bath (NaNO;/KNO;, 46:54 by weight), held
at a desired temperature (240—335 °C; see Supporting Informa-
tion, Table S1). The reaction tube was allowed to equilibrate for
1—2 min, and then the As(SiMe;); and Bi nanoparticle mixture
was quickly injected into the reaction tube. The color of the re-
action mixture immediately turned red and finally to grayish
brown. The reaction tube was withdrawn from the bath at 5 min
after the injection and allowed to cool to room temperature.
Black precipitates were observed in the mixtures, which were
shown to be the InAs QWs. Alternatively, the As(SiMes); stock so-
lution could be injected first to produce a deep red solution
and then followed 0.5—1 min later by the injection of the Bi
stock solution (see Table S1 for details), which generally resulted
in better control over diameter distributions and QW
straightness.

A small portion of the solidified reaction mixture was taken
and the black InAs QW precipitate was isolated by adding tolu-
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universally valid. First, our prior study in the CdTe sys-
tem established that in cases of comparatively high
electron—hole Coulomb energies, quantum-confined
QD and QW band gaps may be contained within a con-
vergence diameter regime for which QW—QD slope ra-
tios approach unity rather than 0.6.2° Second, in all
cases, AE actually scales with d™ over limited, rel-
evant diameter ranges, where « is in the range of 1—-2,
but is always <2. Even so, for QD—QW comparisons
within the band gap divergence regime, at diameters
below a threshold value d,, that varies with the semi-
conductor, the QW/QD slope ratios are in the range of
0.5—0.7, irrespective of the precise value of a. This
range is notably consistent with the approximate value
of 0.6 calculated by the EMA-PIB model. We showed
here that departure from the approximate d 2 scaling
is especially pronounced in QDs and QWs of narrow-
gap semiconductors, for which the shape of the elec-
tron band deviates most severely from the parabolic
approximation.2829°7

ene (ca. 5 mL) and isopropyl alcohol (ca. 2 mL) to the mixture, fol-
lowed by centrifugation (benchtop centrifuge) and decanting
of the supernatant. The QWs were purified by redispersion in a
mixture of toluene (ca. 4 mL) and isopropyl alcohol (ca. 2 mL)
upon sonication in a cleaning bath, followed by centrifugation
and decanting of the supernatant. Two such redispersion-
centrifugation purification cycles were generally sufficient to pre-
pare QW specimens for absorption and emission spectroscopic
and TEM analyses. After purification the InAs QWs were redis-
persed in carbon tetrachloride (CCl,) (or toluene) upon sonica-
tion to form uniform and optically clear light-brown solutions for
spectroscopic (or TEM) analyses. After a few hours the QWs be-
gan to precipitate from the CCl, or toluene dispersions; however,
they were easily redispersed by gentle shaking. HRTEM imaging
showed that there was no noticeable change in the surface ox-
ide layer 3 weeks after the purification.

Recovery and Characterization of Ligands on the Surface of InAs QWs.
The method employed was adapted from Peng and co-
workers.®? The as-prepared wires were isolated from the solidi-
fied reaction mixture by adding toluene (ca. 5 mL) and isopro-
pyl alcohol (ca. 5 mL) and collected by centrifugation as de-
scribed above. The redispersion-centrifugation purification cycle
was repeated three times to the isolated wires to ensure that all
free ligands were removed. The powder containing the purified
wires was digested by HCI. The organic ligands were extracted
into chloroform and the chloroform layer was isolated and sub-
sequently vaccuum-dried. The organic ligands were extracted by
methanol and analyzed by electrospray-ionization mass spec-
trometry (ESI-MS) on Q-TOF using CH;CN/H,0 (50/50, v/v) as the
solvent, by the Washington University Mass Spectrometry
Resource.

Optical Spectroscopy. The InAs QWs were precipitated and puri-
fied as described above. The wires were redispersed in CCl, for
the spectroscopic analysis. Absorption spectra were taken using
a Perkin-Elmer Lamda 950 UV—vis—NIR spectrometer. The PL
spectra were collected using a home-built computer-controlled
spectrometer with a liquid-nitrogen-cooled InSb detector, from
dilute samples in CCl,, excited by an 808 nm diode laser chopped
at 3 kHz.

Transmission Electron Microscopy (TEM). All of the samples were pu-
rified by isopropyl alcohol/toluene precipitation from the reac-
tion solution as described above. Carbon-coated copper grids
were dipped in the toluene solution and then immediately taken
out to evaporate the solvent. TEM images and energy-dispersive
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X-ray analysis (EDX) of InAs nanowires were collected using a
JEOL 2000 FX microscope with an acceleration voltage of 200
kV. Selected-area electron-diffraction (SAED) patterns were taken
with a camera length of 120 cm. The diameter statistics for the
wire samples were measured by a commercial software-Image
Pro Progress (version 4.5) at the 2X zoom from 200—600 wires
in TEM images taken at a magnification of 500K X, and expressed
as the statistical mean diameter = 1 standard deviation (Sup-
porting Information, Table S1). High-resolution TEM (HRTEM) was
carried out on a JEOL JEM-2100F TEM at 200 kV.

X-ray Powder Diffraction (XRD). XRD patterns were obtained us-
ing a Rigaku Dmax A vertical powder diffractometer with Cu Ka
radiation (\ = 1.5418 A) and Materials Data Incorporated (MDI)
automation and Jade software.
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