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Abstract: Colloidal InP quantum rods (QRs) having controlled diameters and lengths are grown by the
solution—liquid—solid method, from Bi nanoparticles in the presence of hexadecylamine and other
conventional quantum dot surfactants. These quantum rods show band-edge photoluminescence after HF
photochemical etching. Photoluminescence efficiency is further enhanced after the Bi tips are selectively
removed from the QRs by oleic acid etching. The QRs are anisotropically 3D confined, the nature of which
is compared to the corresponding isotropic 3D confinement in quantum dots and 2D confinement in quantum
wires. The 3D—2D rod—wire transition length is experimentally determined to be 25 nm, which is about 2

times the bulk InP exciton Bohr radius (of ~11 nm).

Introduction

Semiconductor quantum rods (QRs) exist within the transi-

QRs exhibit potential technological advantages over QDs in
applications such as lasérlight-harvesting (photovoltaic) celfs,
linearly polarized emissiofil® and their propensity to form

tional regime between 3D-confined quantum dots (QDs) and liquid crystalline phasek From the perspectives of both

2D-confined quantum wires (QW4¥%.They are anisotropically

3D confined and exhibit both diameter- and length-dependent

optical propertie$:* The length at which the third dimension

fundamental studies and technical applications, shape-controlled
synthesis of high-quality QRs having narrow diameter and length
distributions is highly desirable. Shape-controlled growth of

of confinement in QRs becomes fully relaxed such that they nanocrystals remains one of the most important challenges in

acquire the 2D confinement of QWs is not fully understood.
Theoretical studies of CdSe QRs suggested that the third
confinement dimension disappears in QRs longer than ap-

proximately twice the bulk exciton Bohr radius (which is 5.6
nm in CdSe}:® An experimental study by Banin and co-workers

found that the band gap in CdSe QRs showed no significant

dependence on rod length for lengths longer than 11 nm, in

agreement with the theoretical resultslowever, a separate

analysis of experimental data from Alivisatos and co-workers
found that CdSe QRs achieved 2D confinement at lengths of

ca.=30 nm, or approximately 6 times the Bohr radfuko date,
the 3D-2D transition lengths in IHV QRs have not been

determined. Because of the generally larger exciton Bohr radii
in Il =V semiconductors, and consequently larger confinemen

effects, the 3B-2D transition should occur at longer lengths in
=V QRs than in IFVI QRs. Determining that transition
length in InP QRs and comparing it to the bulk exciton Bohr
radius of 11 nm is a major goal of this work.
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nanoscience.

Research on the synthesis of colloidal QRs has focused largely
on wurtzite I-VI semiconductor systenfsi21° where the
surfactant-controlled growth approach has been demonstfatéd.
Anisotropic growth at high monomer concentrations is believed
to result from variations in growth rates along different
crystallographic directions because of differential binding of
surfactants to different crystal faces. Syntheses of colloidal
Il -V QRs are less advanced, with complications arising from
the higher symmetry of the zinc blende crystal structure, higher
covalent character, and less-available precuSgireparation
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of InAs®>?2and InP QR% -2 by the solutior-liquid—solid (SLS) mmol of In), HDA (570 mg, 2.36 mmol), TOP (90 mg, 0.24 mmol),
mechanis# has been separately demonstrated by Banin and TOPO (250 mg, 0.65 mmol), and polydecene (3 g) were loaded into a
co-workers and Miié and co-workers, where metallic nano- Schlenk reaction tube. In a separate vial, the Bi nanoparticle stock
particles preformed or generated in situ catalyzed the anisotropicselution (146-200 mg, 0.0056:0.008 mmol Bi atoms) and DOA (30
growth of rods. However, IV QRs have not been obtained mg, 0.12 mmol) (in some experiments) were diluted with polydecene
over a sufficiently large diameter range for systematic study of t0 0.5 mL, and the vial was septum capped. The P(giMstock
ylarg 9 Y Y O solution (0.5 mL, 0.26:0.21 mmol P(SiMgs) was loaded into a

the diameter dependgnce of the band Q?F" or over a SUfﬁCiemsyringe. The reaction mixture in the Schlenk tube was degassed under
length range to identify the 3B2D transition length.

vacuum (102 torr) at~100°C for 5 min, then inserted into a preheated

In this article, we demonstrate the SLS growth of soluble, salt bath (NaN@KNOs, 46:54 by weight), held at a desired temperature
narrowly dispersed InP QRs with controlled diameters and (238-266°C; Table S1). The tube was allowed to equilibrate fer2l
lengths, using near-monodispersed colloidal Bi nanoparticles min, and then the P(SiM} stock solution was quickly injected into
as Catalysts and hexadecy'am"']e (HDA) and Other Conventiona|the tube. The color of the reaction mixture |mmed|ate|y turned brlght
QD surfactants as stabilizers. The diameters of InP QRs Wereyellowish_ red. Ata de.sired_ ti_me (Ta_lble S1), the mixture _containing Bi
mainly dependent on the diameters of Bi nanoparticles em- nanoparticles was quickly injected into the tube by a syringe. A brown

. . __to grayish olive color resulted in about 30 s. The tube was withdrawn

ployed, whereas the lengths were determined by the reaction

. The Bi icl d of th d from the bath at a desired time (total reaction time-85min) and
time. The Bi nanoparticles present at one end of the rods WEre,liowed to cool to room temperature. The P(SiMestock solution

selectively removed, and the absorption spectra of like QRs with 5 gj nanoparticle mixture were injected together in the same syringe
and without the Bi tips were compared. No detectable changesin some experiments, but generally they yielded slightly broader size
were observed, indicating that the Bi tips did not influence the distributions.

absorption properties of the InP QRs. The as-synthesized, The InP QRs were isolated as a gel-like precipitate from the reaction
nonemissive InP QRs exhibited band-edge photoluminescencemixture by adding toluene (ca. 2 mL) and 2-propanol (ca. 3 mL),
(PL) after photochemical etching with HEThe PL efficiency followed by centrifugation (benchtop centrifuge) and decanting of the
was further enhanced when the Bi tips were removed, indicating supernatant. The precipitate was redispersed in a mixture of toluene
partial PL quenching by the Bi tips. We further compared the (ca. 3 mL) and 2-propanol (ca. 5 mL) upon sonication in a cleaning
guantum confinement of InP QDs, QRs, and QWs and deter- bath. The QRs were collected as a black precipitate by adding methanol

mined that the InP QRs acquire the 2D confinement of QWs at
lengths>25 nm, which is roughly twice the bulk exciton Bohr
radius. InAs QRs with narrowly dispersed diameters and lengths
were grown similarly using either near-monodispersed Bi or In
nanoparticles.

Experimental Section

Materials. The precursor tris(trimethylsilyl)phosphine (P(Sij/i
was prepared by a literature methdStock solutions of P(SiMg;
(containing 0.46-0.42 mmol P(SiMgs/mL polydecene) were prepared
and stored in a refrigerator for later use. The preparation of the indium
myristate (In(myr)) stock solution was described elsewh&&he Bi
nanoparticle stock solutions (containing 0.04 mmol Bi atoms/g of
solution) were prepared as previously described (methddiig)general
synthetic procedure is also described in the Supporting Information.
Tri-n-octylphosphine (TOP, 90%), dioctylamine (DOA, 98%), HDA
(90%), trin-octylphosphine oxide (TOPO, 90%), oleic acid (OA, 90%),
and hydrogenated poly(1-decene) were purchased from Aldrich. HDA
and TOPO were vacuum distilled at 200. Other reagents were used
as received.

Synthesis of InP QRs.All synthetic procedures were conducted
under dry, Q-free N; (g), but the isolation and purification steps were
conducted in the ambient atmosphere. The quantities of reagents an
reaction conditions used are recorded in Table S1 (Supporting Informa-
tion). In a typical preparation, the In(myrgtock solution (1.65 g, 0.25
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(ca. 1 mL), followed by centrifugation and decanting of the supernatant.
This redispersiorrcentrifugation purification process was repeated an
additional time in a mixture of toluene (ca. 2 mL), 2-propanol (ca. 4
mL), and methanol (ca. 2 mL). The finally collected QRs were
redispersed in toluene upon sonication to form a uniform and optically
clear light brown solution for spectroscopic and TEM analyses. The
absorption spectra showed no changes after such samples were allowed
to stand for a few weeks in capped cuvettes.

Removal of Bi Nanoparticles from InP QRs. To the toluene
solution (ca. 3 mL) of the purified InP QRs (whole batch) was added
OA (250-800 mg, 0.89-2.83 mmol), and the mixture was sonicated
in a cleaning bath at room temperature (the temperature generally
increased to~50 °C because of heat generated by sonication). The
amount of OA and the duration of etching are listed in Table S2.
Typically, more OA and longer times were used when larger Bi
nanoparticles were employed initially in the synthesis. The Bi tips could
be removed within 68 h of sonication. The insoluble impurities in
the solution were isolated and removed as a precipitate by centrifuga-
tion. The QRs in the supernatant were precipitated by adding methanol
(ca. 5 mL), followed by centrifugation and decanting of the supernatant.
The isolated QRs were redispersed in toluene for subsequent spectro-
scopic and TEM analyses. To narrow the length distributions, size-
selective precipitation was performed by carefully adding methanol to

Othe QR supernatant (after the insoluble impurities were removed) until

the solution became a little cloudy, followed by centrifugation. The
precipitate was the first fraction having longer QRs. The supernatant
containing shorter QRs could be further subjected to the size-selective
precipitation process. The slightly thinner rods could be obtained by
employing further etching with OA (Tables S1 and S2).

HF Photochemical Etching of InP QRs.The etching experiments
were performed in air in 30-mL transparent Nalgene Teflon FEP bottles
using a modified literature methdd.The HF etching solution (2.40
M) was prepared by diluting HF (1.065 g, 50 wt.%) in a mixture of
n-butyl alcohol (10 mL) and water (140 mg). InP QRs constituting the
entire batch from a single preparation were dispersed in toluene (3 mL),
combined withn-butyl alcohol (9 mL), isooctane (3 mL), and TOPO
(300—500 mg, 0.8-1.3 mmol). The HF etching solution (0.5 mL)
was then added with stirring, and the mixture was exposed to the 300-W
xenon lamp (+2 h). The lamp was equipped with a long-pass filter
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having a cutoff wavelength of 700 nm. The QRs were then isolated as
a precipitate by addition of C4€N (3 mL), followed by centrifugation

and decanting of the supernatant. The isolated QRs were redispersed
in toluene for subsequent spectroscopic and TEM analyses.

Results

Synthesis of InP QRs.The InP QRs were grown from Bi
nanoparticles in polydecene (boiling point 315 °C) using
P(SiMe)s and In(myr} (eq 1 and Table S1). The reaction
mixtures contained conventional QD surfactants such as HDA,
TOPO, and TOP to manipulate the growth of InP QRs. Addition
of DOA to the Bi solution further protected Bi nanoparticles
from agglomeration at high temperatures. The optimal In(ghyr)
P(SiMe3); molar ratio was 1.11.2, and the Bi/P(SiMgs; molar
ratio was 24-36. The optimal HDA/TOPO/TOP/myristate molar
ratio was 10/3/1/3.

238-266°C, polydecene solvent

In(myristate) + P(SiMey), Bi nanoparticles
HDA, TOPO, TOP, (DOA)

InP QRs (1)

The synthesis of InP QRs was conducted under conditions
quite similar to those employed for the growth of InP QW's,
except for a few important differences. First, 1-octylphosphonic
acid, which was essential to the growth of InP Q¥Wsyas
omitted in the QR synthesis. Second, the Bi nanoparticle/InP
precursor ratio was increased by-2 times to limit the
nanostructure growth to rod lengths. Third, the reaction time ]
was kept short to also limit growth to rod lengths. ] ; g = »

Flgqre 1 ShOW,S representayve TEM images of the InP QRs. Figure 1. TEM images of InP QRs (mean diametel) by mean length
The Bi nanoparticles can be identified at one end of the QRs, (1)). (a) 4.8 nmx 16.2 nm, (b) 5.7 nmx 20.2 nm, (c) 6.3 nmx 17.1 nm,
confirming the SLS growth mechanisiiMost of the QRs were gdm.ld ir;::étg.r%) gr:lﬂiésvr;% (itre])a7-[g flr?z?(z)%: gxnlﬂs (fT)hFéRnTE;gJIﬁ;Z%%gL a
Ztt':tliizgaf 222;;/ %TS (s;gnm deuc(ifedﬂLeS?;ngreéiﬂ li(rl‘:la(ggs (rlzelgg;?edstlh)étspacing of 0.34 nm indexed to the zinc blende structure of bulk ¢

= 0.3388 nm). Inset: a fast Fourier transform of the image, indicating that
the QRs had mean diameters of 428 nm and mean lengths  the rod grows in the [111] orientation.
of 10-39 nm excluding the Bi tips (see Figure S2 for
representative size distribution histograms). The standard devia-
tions in the diameter distributions ranged from 10 to 17% of
the mean diameter, demonstrating that the QR specimens
approached monodispersity in that dimension. The standard

InP rods-Bi attached

deviations in the length distributions ranged from 24 to 44% of
the mean length, which were broad, but were narrowed by
length-selective etching or precipitation upon removal of the
Bi nanoparticles (see below).

Counts (a.u.)

200

220

InP rods-Bi removed

311
A InP zinc blende
A A /

The diameters of the QR (¢ depended mainly on the o1
diameters of the Bi nanoparticled.{) used in their growth 003
(Figure S3). The relationship betwedgy andd.y; was empiri- (d)
cally fitted to the linear expression in eq 2. The lengths of the L A y

20 30 40 50 60 70
QRs depended on the reaction time (Table S1). 20¢)
Figure 2. X-ray powder diffraction patterns for (a) as-prepared InP QR
bulk specimensd ~ 6 nm), (b) OA-etched InP QR bulk specimermb~
6 nm), and (c) the simulated pattern for zinc blende (cubic) InP (ICDD
PDF file 00-032-0452) and (d) for rhombohedral Bi (ICDD PDF file 00-
044-1246).

104140 o1 006202 Bi rhombohedral

d,,fnm] = (0.43+ 0.031,.[nm] + (1.66+ 0.24) (2)

A representative high-resolution TEM (HRTEM) image of a
single rod (Figure 1f) established that the InP QRs exhibited
the zinc blende structure of bulk InP and grew in the [111]
orientation. X-ray powder diffraction of the QR specimens dispersive X-ray (EDX) spectroscopy indicated an average
(Figure 2a) confirmed that the QRs had the zinc blende structurecomposition of In/P~ (50 + 1)/(50 + 1) (Figure S5).
of bulk InP. Twin defects were observed for some rods, with Removal of the Bi Tips. A method was sought to remove
the {111} twin planes oriented either 19with respect to or the Bi tips by taking advantage of the reactivity difference of
perpendicular to the [111] growth direction (Figure S4). Energy Bi and InP toward potential etching reagents. Very dilute

J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007 14383
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Wavelength (nm) Wavelength (nm)
900800 700 600 500 1000 800 600

(a)

6.1 x 38,8 nm
5.9 x 36.5 nm
5.7 x 28.4 nm
5.4 x 30.2 nm
5.1x241 nm
4.8 x 28.5 nm
4.5x19.9 nm
4.2x17.5nm

14 1.6 1.8 20 22 24 26 12 1.4 16 1.8 20 22

Energy (eV) Energy (eV)
Wavelength (hm) Wavelength (nm})
1000 800 600 1000 800 600
6.0 x42.2 nm
(c) 5.4%27.9 nm (d)
5.2 x 35.3 nm
5.3 x 26.8 nm
5I'I'I —- 5.2 x 25.7 nm /\
- ) o ' —_ 5.2x31.9nm
Figure 3. TEM images of InP QRs after the Bi tips were removed by OA 3 5.1 x 33.2 nm >
etching @ x I). (&) 4.0 nmx 12.5 nm, (b) 4.2 nmx 15.0 nm, (c) 4.5 nm S 4.8 x 25.3 nm ™
x 24.8 nm, and (d) 7.1 nnx 31.6 nm. < 5.3x19.4nm /\ c
4.5 x 31.7 nm —
) X . X 4.7 x19.2 nm
hydrochloric acid was such a strong etchant that it dissolved 4.5 x 30.6 nm /\
both Bi and InP nanostructures. Carboxylic acids employed with 4sxz23nm /\
sonication efficiently removed Bi while maintaining the intact 4.6 x17.7 nm
InP QRs. However, the short-chain carboxylic acids such as 45 x17.2 nm

1214161820222426 12 14 16 1.8 20 22

acetic acid caused severe aggregation because of the poor Energy (eV) Energy (eV)

resultant solubility of the etched QRs. Dispersibility was
vy Q P Y Figure 4. Representative absorption spectra of as-prepared InP QRs (a)

improved Somewhat by using the Iong-chain myriSti_C aCid_' and InP QRs after the Bi tips were removed by OA etching (c); and
However, well-dispersed InP QRs were achieved by using oleic corresponding lowest-energy excitonic peaks (b and d) extracted by

acid (OA, Figure 3). After being etched with OA, residual Bi nonlinear Ieast-_squgres fitting and background subt(action (various colors),
was undetectable by XRD (Figure 2b) and EDX (Figure S5) and the Gaussian fits to those peaks (gray). Rod diameterslijes) and
- . - e . lengths [ values) are given in the keys  I).
The small, irregularly shaped nanoparticles evident in Figure 3
are poorly formed rods, which were also present before Bi tip

removal (Figure 1). detected by either positive- or negative-mode ESI MS. This

study showed that the InP QRs were passivated only by HDA.

The diameters of the InP QRs were effectively thinned by This is comparable to a similar study of the surface ligands for

the OA etching procedure, whereas the lengths remained 29 - . .
unchanged or were longer (Tables S1 and S2). Presumably, the!nP QWSs:Zin which we found a predominant amount of HDA

destruction of ultra-short QRs during etching and/or their and only small amounts of TOPO and myristate.
separation in a length-selective precipitation process were For OA-etched InP QRs, HDAn{z = 242.3), TOPO 1fVz
responsible for increasing the fraction of long QRs in these = 387.4), and\-hexadecyltetradecanamide/g = 452.5) were
etched samples. The OA-etched QRs had mean diameters ofdentified by the positive-mode ESI MS (Figure S8). However,
3.8-7.4 nm and mean lengths of 4@2 nm. The standard their ratios were not investigatell-Hexadecyltetradecanamide
deviations in the diameter distributions ranged from 11 to 18% is a condensation product of HDA and myristic acid. The
of the mean diameter, and the standard deviations in the lengthpresence of TOPO ardhexadecyltetradecanamide could result
distributions ranged from 26 to 42% of the mean length (see from the incompletely purified InP QRs used for OA etching.
Figure S6 for representative size-distribution histograms). The Apparently, the InP QRs became partially passivated by TOPO
length distributions were narrowed compared to those of the and N-hexadecyltetradecanamide in the OA etching process.
corresponding QRs before OA etching (Tables S1 and S2). Many other peaks were present, among which @ & 283.5,
Surface Ligand Characterization. To investigate which positive mode) could not be identified, even in the negative
ligands passivated the InP QRs, the QRs were carefully purified, mode (z = 281.5).
the ligands were removed and recovered using a method adapted Apsorption Spectroscopy The QR band gaps were estimated
from Peng and Pentj,and the recovered ligands were then from the lowest-energy exciton features in the absorption spectra
analyzed by TOF ESI MS. (Figure 4a,cf° Each spectrum showed two excitonic peaks,

For the as-prepared InP QRs containing Bi tips, only HDA which were broader than the corresponding peaks in the QD
(m/z = 242.3, positive mode) was detected by the ESI MS

_(Figure 87)' Althoth TOPO, TOP_’ and myriStaFe (from the (30) Yu, H,; Li, J.; Loomis, R. A.; Wang, L.-W.; Buhro, W. BENat. Mater.
indium precursor) were also used in the synthesis, none were " 2003 2, 517-520.

14384 J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007
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absorption spectra reported previoudly 3¢ The peaks in the Wavelength (nm)
QD spectra were sharper and better resolved because the size 900 800 700 600 500

distributions of the dot specimens were narrower (size distribu-
tions about:8—10%)173336 than those of the QR specimens
reported here. The peaks in QR spectra were sharper than those

——As prepared InP rods
—— HF-photoetched InP rods

in quantum wire spectra (size distributions ab&aB8—21%Yy°30
because of the narrower diameter distributions in QR specimens.
To determine the band gap energies of the QRs, the absorption
spectra in Figure 4a,c were empirically fit and the backgrounds
subtracted using commercial nonlinear least-squares fitting
software. The lowest-energy features in the resulting background-
subtracted spectra (Figure 4b,d) were fit with Gaussian functions,
and the band gap energies were assigned as the centers of
Gaussian peaks (Tables S1 and &F;, values were calculated

as the increases in the band gap energy over the bulk value for 18
InP (1.35 eV at 298 K). ’

Recent results have shown that the lowest-energy excitonic
peak of InP QDs was red-shifted after the growth of metallic
indium islands on the QD surfaéé.Comparison of the
absorption spectra for InP QRs of like diameter and length with
and without Bi tips would distinguish whether the Bi tips could
affect the absorption properties of QRs. The QRs (without Bi)
of 5.4 d) nm x 27.9 () nm had the band gap energy of 1.60
+ 0.01 eV, whereas the QRs (with Bi) of 5.4 nm (27.5—
28.1) nm had the similar band gap energies of (+.5%0) +
0.01 eV, demonstrating that the Bi tips did not influence the
absorption spectra of InP QRs. This will be considered further
in the Discussion.

Fluorescence Spectroscopylhe as-prepared InP QRs did
not show detectable room temperature PL, which is not
surprising in comparison to the PL from InP QDs. To the best
of our knowledge, the PL quantum yield (QY) for the as-grown
InP QDs was normally lower than 0.2%3>3¢although it could
reach 2% for those synthesized in a noncoordinating sofféft.
The PL QY was further enhanced by etching the InP QDs with
fluoride compounds (i.e., HF}=34 The reproducibility and
reliability of the etching procedure was considerably improved
by combining the HF treatment with photochemical irradia-
tion27:36 The PL QYs for InP QDs of 40% have now been
reported. could act as quenching centers to partially quench the PL, as

We adapted this photochemical etching technique to InP QRs.has been demonstrated in Au/CdSe GR&p/InP QRS and
Figure 5a shows representative room temperature absorptionin/InP QDs%" In these cases, partial or complete PL quenching
and PL spectra of InP QRs after HF photochemical etching. As was ascribed to electrerhole separation to different locations
expected, the excitonic absorption peaks shifted to higher energyin the heterostructures, which decreased the probability of their
after etching, as the QR size decreased from 5.n24.1 nm radiative recombinatiof’3® Therefore, we considered that
to 5.0 nmx 21.9 nm as measured by TEM. The PL QYs for removal of the Bi tips from the InP QRs may increase the PL
InP QRs reached only 0.16%, perhaps because of the presenceys.
of Bi tips even after HF etching (Figure 5a, inset). The Bitips ~ The OA-etched QRs exhibited very weak room temperature
band-edge PL with a QY up to 0.05%. Further applying HF
photochemical etching as described earlier enhanced the PL QYs
up to 0.6%, much improved as compared with that when Bi
tips were present (Figure 5b). To our knowledge, these results
constitute the first report of PL QYs for HV QRs. The low
PL efficiency for InP QRs is not surprising when compared
with that of single (0.011%]Y"° or ensembles of InP wires (PL
not detected at room temperatuf@Previous work has shown
that the PL QYs decrease in the order of @bshort QRs>
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Figure 5. Representative PL (dotted line) and corresponding absorption

(solid line) spectra. (a) InP QRs with Bi tips before (black, 5.1 rri4.1

nm) and after HF photoetching (red, 5.0 mm21.9 nm). Inset is the TEM

image of InP QRs after etching. (b) InP QRs after the Bi tips were removed

and after HF photoetching (4.2 nmn12.6 nm). The samples in (a) and (b)

are different.
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Figure 6. TEM images of InAs QRs grown from (a) Bi and (b) In nanoparticles.

medium QRs> long QRs > QWs'31840 pecause of an d(nm)
increasing spatial separation of electron and hole wave functions 1|° ? T ? ? T
and the increasing probability of surface carrier trapping. s e
Growth of InAs QRs. Diameter- and length-controlled InAs 0.5
QRs were also grown from Bi nanoparticles by the SLS .
mechanism. Figure 6a shows a TEM image of InAs QRs 0.4
synthesized from In(mys)and As(SiMeg)s in polydecene at
272 °C. Alternatively, InAs QRs were also grown from In
nanoparticles at 256300 °C (Figure 6b). The In atoms from
the In nanoparticles were consumed during growth as the indium
source, finally resulting in In nanoparticle-free InAs QRs, which 0.2
were uniform and straight with well-controlled diameters and )
lengths.

e = rods above wire line (L<24 nm)

e = rods on wire line dot line

14.0
10'4--; t  wire line
g

Discussion

We previously argued that, to a rough first approximation, 2

the quantum-confined band gap shifk&, in quantum wells, .”gz (hm™)

quantum wires, and quantum dots should all scale linearly with 1087 &6 5 4

1/d?, on the basis of an overly simple but intuitively attractive 0.6 s lovaa by o Veuin v 1oy

effective mass approximation, particle-in-a-box (EMA-PIB) e = rods above wire line (L<22 nm)  dot line

model?2°:30This EMA-PIB model compares the kinetic con- 1 o = rods on wire line

finement energies of electrons and holes in various confinement 1

geometries (dimensionalities) and led us to an approximate “rule

of thumb” that in plots ofAEy vs 142 for corresponding sets <

of QDs and QWs the ratios of the slopes shouldhg/Adot = 2
w
<

0.585%2930 We have experimentally compared the diameter
dependencies of the band gaps of QWs and QDs in th& #iP ! 27.9835.7—
and CdSe systems, and both comparisons were found to be 0.2-
consistent with the proposed rule of thumb. Such comparisons ] /
provide a picture of how quantum confinement scales with the 0414 / 42.2
geometric dimensionality of confinement. 28.9-31.8

As noted earlier, the anisotropic, 3D quantum confinement 0;)10620;)30640;350660;)7
in QRs is intermediate to that in QDs and QWs; thus, the QR 1R (nm'z)

band gaps should be lower (higher) than those of QDs (QWSs) _ - .

f like di ter. In olots oAE 1R f di t Figure 7. Plots of AEy vs 12 The red and pink lines are linear least-
orliké diameter. In plots oRlEg VS or correspon mg sets squares fits to InP Q734 and QW data, respectively. (a) Purple points
of QDs, QWs, and QRs, the QR values should fall in a rod correspond to InP QRs (with Bi) df< 24 nm, and blue points tb> 24
zone between the dot and wire lines. The QR band gaps of shorthm. (b) Violet points correspond to InP QRs (without Bi)lok 22 nm,
rods should tend toward the dot line, whereas those of long 2"d olive points td = 22 nm.
rods should tend toward the wire line. Obviously, QRs of plotted vs 1d? in Figure 7a. The purple points, corresponding
intermediate length should have band gaps that fall in the middle to the short rodsl(< 24 nm), are located above the wire line
of the rod zone. QRs having lengths sufficient to surpass the and within the rod zone; thus, these short rods behave optically
3D—2D transition length should have band gaps that fall on as true QRs. All other rods in Figure 7a (blue points) fall on or

2328348
25.6-35.3 (b)

the wire line. very close to the wire line, some of which are in the-3ZD
The size dependencies of the band gaps in InP QRs aretransition regime from QRs to QWSs. The long rods having
compared with those of InP QDs and QWs in FigureAE, similar diameters but different lengths were grouped together

values for InP QD$2734 QRs (with Bi tips), and QWS are to determine the 3B2D transition length within each group.
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In each diameter grouping, the longer of the long rods behave emission from the resulting localized domains. Consequently,
optically as true wires, whereas the shortest of the long rods, the larger experimental 3E2D transition length in the CdSe
having lengths labeled with blue numbers (Figure 7a), are muchQRs may reflect the increased overall length necessary to
closer to the rod-to-wire transition. The average of these blue, produce average localized domains having lengths of twice the
transition-length values is 24.8 nm, suggesting that an InP QR bulk exciton Bohr radius (11.2 nm). Although imperfections
becomes a QW at lengths af25 nm, or about twice the bulk  are also clearly evident in the InP QRs grown by the SLS
InP exciton Bohr radius (of11 nm). method (Figures 1 and 3), these may be crystallographically

As we have shown earlier that the Bi tips had no significant more uniform and closer to single crystal in character because
influence on the InP QR band gaps measured by absorptionof the different, catalyst droplet-mediated growth mechanism.
spectroscopy, one might anticipate that the Bi tips would not
affect the calculated 3B2D QR—QW transition length. Data
for InP QRs after removal of the Bi tips are shown in Figure ~ We have grown soluble, narrowly dispersed InP QRs with
7b. The violet pointsl(< 22 nm) in Figure 7b located above controlled diameters and lengths by the SLS mechanism in the
the wire line correspond to true QRs. The olive points labeled presence of conventional QD surfactants. QRs that were
with olive numbers represent the rod-to-wire transition as photochemically etched in the presence of HF exhibited band-
described earlier. These olive numbers averaged to 25.7 nm.edge PL, with QYs of up to 0.6% after the Bi tips were removed.
comparable to the transition length of 24.8 nm obtained earlier Comparisons between QRs with and without Bi tips showed
for InP QRs with intact Bi tips. Thus, the Bi tips did not affect that the Bi tips did not affect the absorption properties of InP
the 3D-2D QR—-QW transition length. QRs and the rodwire transition length. The 3B2D QR—

We have therefore found a 322D QR—QW transition length QW transition length in the InP QRs was determined to be 25
in INP QRs of 25 nm, which is approximately twice the bulk Nnm, which is about 2 times the bulk InP exciton Bohr radius
exciton Bohr radius of 11 nm. This result provides an interesting (of ~11 nm).
contrast to the transition length determined similarly for CdSe
QRs? As noted earlier, the transition length in CdSe QRs was D
theoretically predicted to be about. twice the exciton Bohr radius to the National Science Foundation for funding this work under
of 5.6 nn®6 but was found experimentally to k30 nm, or Grant No. CHE-0518427.
about 6 times the Bohr radidd/Ve suspect that the discrepancy
between the theoretical and experimental transition lengths may Supporting Information Available: ~ Additional methods
be due to the surfactant-controlled synthetic method employed (TEM, XRD, absorption and fluorescence spectroscopy, surface-
for the CdSe QR&1-17- ligand characterizations, and syntheses of Bi nanoparticles and

CdSe QRs prepared by surfactant-controlled growth often InAs QRs), tables listing detailed synthetic conditions, enlarge-
contain diameter fluctuations and other irregularities. A recent ments of Figures 1la and 3c, diameter and length distribution
STEM study conducted by Krauss and co-workers found histograms of InP QRs, a plot of InP QR diameter as a function
random, small-angle crystallographic twists and bends in of the initial Bi catalyst nanoparticle diameter, HRTEM images
different segments of CdSe QRs obtained in this manner andof INnP QRs having twinning defects, EDX spectra for as-
suggested that an attachment and coalescence mechanism mayepared and OA-etched InP QRs, and mass spectra of the
have contributed to their growf Experimenta? and theoreti-  surface ligands for as-prepared and OA-etched InP QRs. This
cal® studies have established that diameter fluctuations in material is available free of charge via the Internet at
quantum wires can induce exciton localization and dotlike http://pubs.acs.org.

JA075015C

Conclusion
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