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Treatment of InP colloidal quantum dots (QDs) !

with hydrofluoric acid (HF) has been an effective method to

improve their photoluminescence quantum yield (PLQY) without

growing a shell. Previous work has shown that this can occur Hexane w or Heat
through the dissolution of the fluorinated phosphorus and
subsequent passivation of indium on the reconstructed surface W/HF X=P, As
by excess ligands. In this article, we demonstrate that very
significant luminescence enhancements occur at lower HF
exposure though a different mechanism. At lower exposure to
HF, the main role of the fluoride ions is to directly passivate the
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surface indium dangling bonds in the form of atomic ligands. The

PLQY enhancement in this case is accompanied by red shifts of the emission and absorption peaks rather than blue shifts
caused by etching as seen at higher exposures. Density functional theory shows that the surface fluorination is
thermodynamically preferred and that the observed spectral characteristics might be due to greater exciton delocalization
over the outermost surface layer of the InP QDs as well as alteration of the optical oscillator strength by the highly
electronegative fluoride layer. Passivation of surface indium with fluorides can be applied to other indium-based QDs.
PLQY of InAs QDs could also be increased by an order of magnitude via fluorination. We fabricated fluorinated InAs QD-
based electrical devices exhibiting improved switching and higher mobility than those of 1,2-ethanedithiol cross-linked
QD devices. The effective surface passivation eliminates persistent photoconductivity usually found in InAs QD-based

solid films.

indium phosphide, quantum dots, fluorine, etching, atomic ligand, indium arsenide

n semiconductor colloidal quantum dots (QDs) with a

large surface to volume ratio, passivation of surface defects

is key to obtain high-quality materials for optoelectronic
devices.'”® The most common effective method for surface
passivation is the growth of a wide-band gap shell coating.”~"*
However, this approach diminishes carrier mobility, since the
shell hampers charge transport between QDs, which is
required for applications in solar cells, photodetectors, and
field-effect transistors (FETs).””>%'°~*! Alternatively, atomic
or short-chain molecular ligands can passivate the surface
defects and promote spatial proximity and electronic coupling
between QDs. Various types of chemical units such as
bifunctional organic molecules, inorganic molecules, single
ions, and metal chalcogenide complexes have been used as
ligands for QD thin films.>~>*'572! Cd- and Pb-based QDs

have been extensively studied, and their passivation methods

v ACS Publications  © xxxx American Chemical Society

are well-developed to minimize surface imperfections.””® In
fact, Cd- and Pb-chalcogenide QD solid films have shown
excellent electronic qualities that are suitable for existing
H316721 These are attributed to their
ionic bonding characters that are highly tolerant to the in-gap
states (IGS) when the global charge neutrality or chemical
stoichiometry is satisfied.”””*’ Unfortunately, Cd- and Pb-
based QD devices are frequently prohibited for some
commercial uses by restriction of hazardous substances
directives, owing to their potential harmful effects on health
and the environment.””*> Accordingly, there is a high demand

conventional devices.
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Figure 1. (a) Optical absorption and (b) photoluminescence (PL) spectra of pristine InP QDs (black), HF-treated InP QDs (orange), and
HF-treated InP QDs after 1-month aging at room temperature (red) normalized by the optical density at 450 nm as an excitation
wavelength. Absorption peak positions and relative PL intensities of HF-treated InP QDs as functions of (c) distilled water concentrations
(0, 0.4, 1, 2, 4, and 10 vol %) at [HF]/[QD] = 1000 and (d) [HF]/[QD] = 0, 10, 100, 1000, and 10000 without adding water. Red solid
circle and vacant diamond in (c) indicate the absorption peak position and the relative PL intensity before the HF treatment, respectively.

for alternative materials that do not involve heavy metal ions
for practical applications. On one hand, among various
candidates, III-V QDs such as InP or InAs have been mostly
considered owing to their relatively low toxicity as well as their
optical characteristics being comparable to Cd- or Pb-based
QDs.”*7*° On the other hand, III-V QDs are easily oxidized
and present weak electronic tolerance to surface defects due to
their high covalent character.”**'™** In brief, it is intrinsically
more challenging to handle III-V QDs and to improve their
quality to acceptable levels.

InP is the III-V material with the highest level of colloidal
synthesis development, owing in part to its ability to shift
across the visible spectrum with quantum confinement. One of
the most effective ways to improve the photoluminescence
(PL) of InP QDs is HF etching primarily introduced by Micic
et al. in 1996.>* A photoluminescence quantum yield (PLQY)
of InP QD higher than 40% can be achieved by a room-
temperature HF reaction. Talapin et al. showed that HF
etching of InP QDs is a photochemical reaction.’® Adams et
al>**” suggested a more detailed mechanism involving the
photochemical removal of P dangling bonds and the
subsequent passivation of the reconstructed In dangling
bonds by residual ligands such as trioctylphosphine oxide,
based on synchrotron X-ray photoelectron spectroscopy (XPS)
analyses. Here we present evidence that PLQY enhancement

by HF treatment can arise at low concentration through
passivation of indium dangling bonds by fluoride ions acting as
atomic ligands before HF exposure produces the photo-
chemical etching as observed previously. Owing to the strong
electron-withdrawing property of fluoride on the surface, the
subsequent optical property becomes distinct in comparison to
those of as-synthesized InP and ZnS-shell-passivated InP QDs.
Following these ideas, we also observed that the PLQY of InAs
QDs can also be improved by HF treatment again because the
fluoride ions effectively passivate surface indium sites.

RESULTS AND DISCUSSION

Photophysical Properties of HF-Treated InP QDs.
Figure 1(a,b) show the absorption and PL spectra of InP QDs
before and after HF treatment. The PLQY of InP QDs is
enhanced from 3% to 36% under AM1.5 white light irradiation
for 30 min after the addition of a dilute HF to InP QD solution
([HF]/[QD] = 5000:1). It is generally accepted that HF
induces the QD etching, causin% blue shifts of the optical
absorption and PL peaks.”*™*" However, we observed
significant red shifts of absorption and PL peaks at some HF
exposure. The second derivatives of the absorption spectra in
Figure S1 show more clearly the red shifts of both the first (A
=0.08 eV) and the second (A = 0.16 eV) peaks. Change of the
feature around the absorption edge results from the larger red
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Figure 2. (a) F 1s, (b) In 3d, (c) P 2p, and (d) O 1s XPS spectra of pristine InP (black), HF-treated InP (red), InF; (orange), and
trimethylammonium hexafluorophosphate (TMAPF, blue). Measured and fitted data are expressed as vacant circles and solid lines,
respectively. (e) "H NMR spectra of InP QDs treated with various HF concentrations as [HF]/[QD] = 0, 5, 10, 100, and 300 and (f) RBS

curves of pristine (black) and HF-treated InP (red) QDs.

shift of the second peak than the first and their broadening as
well. Additional red shifts and PLQY improvement to 45% in
samples stored for 1 month under ambient conditions
corroborate that there was negligible etching despite the
significant PLQY enhancement. If the red shift of 0.08 eV
originates from the increase of QD sizes, the size change
should be about 0.3—0.4 nm.** However, almost constant QD
sizes before and after the HF treatment obtained from
scanning transmission electron microscope images suggest
that the change of the absorption edge might not result from
the simple morphological change (Figure S2 in the SI). To
understand this new HF treatment regime, we varied the
experimental conditions for the HF treatment and found two
parameters that control the peak shifts. First, concentrations of
distilled water in the solvent can affect the degree of etching.
Distilled water has been intentionally added as a cosolvent for
the HF reaction in previous studies.”* *' As shown in Figures
1(c) and S3 in the SI, the HF treatment induces red shifts of
the absorption peak from 584 nm to 599 nm without
additional water. The effect of water from the 48 wt % HF
aqueous solution is negligible, since it is just 0.005 vol % of the
total QD solution at the tested HF concentration as [HF]/
[QD] = 1000. The red shift gradually decreases along with
increasing water concentrations, and finally it shows a blue
shift from the initial 584 nm to 576 nm at 10 vol % water.

Another condition for the etching is a high concentration of
HE. The blue shift of the absorption peak from 585 nm to 581
nm could be found also at [HF]/[QD] = 10 000 even without
additional water, although the red shifts consistently increase
to some extent ([HF]/[QD] < 1000) (Figures 1(d) and S4 in
the SI). These results suggest that the etching of InP QDs
could occur in some chemically reactive environments and not
be the inevitable consequence of the HF treatment. Instead, we
observe the regime of relatively low HF and water
concentrations where the HF treatment induces the red shifts
of the absorption and PL peaks coupled with a very significant
PL quantum yield enhancement.

Surface Chemistry of HF-Treated InP QDs. We
investigated the chemical change caused by the HF treatment
([HF]/[QD] = 5000) to understand the structural origin of
the photophysical change discussed above. In the XPS spectra
shown in Figure 2(a), the F 1s peak is detected only in the HF-
treated QDs even after washing twice with acetonitrile,
indicating that fluoride is chemically bound to InP QDs. The
peak position at 684.7 eV suggests that the bond with fluoride
might be associated with indium instead of phosphorus,
because it is much closer to the F 1s peak from InF; with In—F
at 685.6 eV rather than that from trimethylammonium
hexafluorophosphate (TMAPF,) with P—F at 686.8 eV. A
blue shift of In 3d XPS peaks toward the same peak from InF;
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after the HF treatment also supports the reaction of In with
HF (Figure 2(b) and Table 1). This is consistent with the blue

Table 1. Binding Energy of XPS Peaks of Pristine and HF-
Treated InP QDs, InF;, and TMAPF”

sample F1s In 3d P 2p O 1s

InP 444.6 eV 128.8 eV 531.8 eV [Ol: 531.1
4522 eV eV, 02: 532.1 eV]

InP—HF 685.0 eV 445.2 eV 1292 eV 5322 eV [O1: 531.1
4528 ¢V 1338 v €V, 02: §322 eV]

InF; 685.6 eV 446.3 eV
453.9 eV

TMAPF¢ 686.8 eV 136.5 eV

“Binding energy of subpeaks of O 1s are written in square brackets.

shift (3 eV) of the In Ly-absorption edge at ~3740 eV and the
sharpening of the white line at ~3735 eV in the X-ray
absorption near edge structure (XANES)* (Figure SS in the
SI). On the other hand, the formation of P—F bonds would be
improbable, since the positions of the P 2p peak around 129
eV associated with phosphide are almost constant regardless of
the HF treatment and quite different from the P 2p peak from
TMAPF at 136.5 eV in Figure 2(c). The selective reaction of
fluoride with indium is manifested in the time-of-flight
secondary ion mass spectrometry (TOF-SIMS) results as
well, where signals corresponding only to InF, InF,, and InF,

are detected, not those corresponding to PF, PF,, and PF;
(Figure S6 in the SI).

Formation of In—F bonds can bring about detachment of
the organic carboxylate ligands originally bound on the surface
In. Sharpening of '"H NMR peaks around 1.6 and 2.3 ppm
from the stearate on InP QDs as the HF concentration
increases shows that the aliphatic ligands are dropped from the
QD surface by the added HF, as shown in Figure 2(e). The
XPS O 1s peak at 531.8 eV of pristine InP QD suggests that
hydroxides might exist on InP as well as carboxylates, because
the Ol subpeak at 531.1 eV with significant intensity is
associated with hydroxide-like In(OH); or InOOH*** (Figure
2(d)). A blue shift of the O 1s peak to 532.1 eV accompanied
by the disappearance of the O1 subpeak after the HF treatment
implies that the hydroxide ions are also eliminated. Although
O2 represents both InPO, and carboxylate, the remaining O2
subpeak in InP—HF would mainly originate from InPO,
because carboxylates are effectively removed through the
reaction with HF, as shown by 'H NMR (Figure 2(e)), and
phosphorus is more oxidized, as checked from the increased
XPS P 2p peak at 133.8 eV corresponding to the P—O bond
(Figure 2(c) and Table 1). In brief, the HF treatment on InP
QDs makes new chemical bonds of the surface indium with
fluorine accompanied by the detachment of the organic
carboxylate ligands and hydroxides originally bound on the
surface indium.
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Figure 3. (a) Photographs showing the phase transfer of InP colloidal quantum dots from hexane to 40 mM HF in dimethyl sulfoxide. The
corresponding TEM images are shown under the photographs (scale bar: 50 nm). (b) Photoluminescence spectra, (c) "H NMR spectra, and

(d) TGA curves of the QDs before and after the phase transfer.
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To confirm these changes in surface chemistry, phase
transfer of InP QDs from a nonpolar to a polar solvent through
the photoassisted reaction with HF was performed, because
the reaction with highly electronegative fluoride could change
the hydrophobic nonpolar surface to a polar one. InP QDs
were clearly transferred from hexane to dimethyl sulfoxide
(DMSO) with 40 mM HF, as shown in Figure 3(a), and the
PLQY increased from 0.7% to 24% (Figure 3(b)). Without
HF, InP QDs dispersed in hexane did not transfer to DMSO
even with vigorous mixing and photon irradiation for 1 h,
which supports that the reaction with HF is the key factor for
the phase transfer. '"H NMR peaks coinciding with the
palmitate ligand from pristine InP QDs in CDCl; completely
disappeared in the spectrum of the phase-transferred InP QDs
in DMSO-d,, as shown in Figure 3(c). Only traces of the
residual toluene, water, and DMSO were detected in the
reacted sample. Vibration peaks of the hydrocarbon at ~3000
cm™" and the carboxyl group at ~1500 cm™ in the Fourier
transform infrared (FT-IR) spectra had also disappeared
(Figure S7 in the SI). In the thermogravimetric analysis
(TGA), a much smaller weight loss (about 4%) arising from
the evaporation of residual DMSO in the phase-transferred InP
QDs than that in the pristine sample (over 35%) agrees well
with the elimination of organic ligands (Figure 3(d)). Organic
ligands were completely removed by the phase-transfer-based
HF treatment, and the resulting surface character was altered
to hydrophilic enough to be dispersed in the polar solvent.

Elemental analysis of InP QDs before and after the HF
reaction at [HF]/[QD] = 5000 without additional water was
quantified by Rutherford backscattering spectroscopy (RBS)
with 3.1 MeV acceleration energy in oxygen resonance mode
as shown in Figure 2(f) and Table 2. The ratio of In/P is

Table 2. Chemical Compositions Extracted from RBS
Measurements®”

sample In/P F/In O/In
InP 1.44 (1.34) 0.81
InP—HF 141 (1.37) 0.77 042

“The In/P values in parentheses were obtained from ICP-AES
measurements.

constant regardless of the HF reaction, which also agrees with
the value obtained from inductively coupled plasma atomic
emission spectroscopy (ICP-AES) (Table 2). The In/P ratio of
~1.4 corresponds to almost 100% In coverage in InP QDs of
3.5 nm diameter, which is based on a spherical quantum dot
model consisting of 466 In and 336 P atoms (Figure S8 in the
SI). A fully In-covered surface implies that most of the surface
traps might originate from In dangling bonds, and the dangling
bond related to phosphorus might be insignificant. From the
ratio of O/In = 0.81 quantified by RBS, the total amount of the
carboxylate and hydroxide groups is estimated to cover roughly
70% of In dangling bonds on the surfaces of pristine InP QDs
(SI). The actual coverage of ligands would be smaller because
the amount of oxygen might be overly estimated due to the
adsorbed oxygen on the carbon substrate. On the other hand,
only a ratio of F/In = 0.77 is enough to passivate 92% of total
indium dangling bonds as a monovalent X-type atomic ligand
(SI). In terms of the ligand density, the fluorides can passivate
the surface In dangling bonds more effectively than the
aliphatic organic ligands. This might be attributed to the
reduced steric hindrance of the single ions similar to other

halide ligands such as Cl, Br, and I ions on PbS and PbSe
QDs.*>"¥ Please note that PL of InP QDs is improved and the
absorption and PL peaks are red-shifted by the reaction with
InF; dissolved in trioctylphosphine (TOP) as shown in Figure
S9 (SI); that is, InF; can also work for the surface fluorination
on InP QDs. This is like the surface chlorination on PbS QDs
using PbCl, or CdCl, as Z-type ligands.""> Conclusively, the
HF treatment serves as an organic—inorganic ligand exchange
process in which the hydrophobic organic ligands are replaced
by the fluoride atomic ligands with a higher surface passivation
density.

Theoretical Consideration on Fluorinated InP QDs.
To verify the thermodynamic preference and the consistency
of the photophysical changes such as the red-shifted
absorption/PL peaks and the increased quantum vyield for
PL, and to see if there are any predicted changes in radiative
decay rate (oscillator strength) with the surface fluorination,
atomistic simulations at the density functional theory (DFT)
level were carried out. We applied acetate molecules (Ac) as
simplified alternatives of the palmitate ligands used in the
experiment. Since hydroxide ions exist on pristine InP QDs as
checked by XPS (Figure 2(d)), hydroxide ions are also
adopted as one of the ligands to satisfy the electron-counting
rule.® Figure 4 shows the optimized 2 nm QD structures of
Ing,PgsAcisOH;4 (InP-Ac/OH) and Ing,PesF,, (InP-F).

From the total energy calculation, we found that the
substitution of acetates and hydroxides by fluoride ions is a
favorable reaction. The calculated exchange energy is —3.7 eV
per fluoride according to the equation

E,.. = {E(Ing,PE,,) + 18E(AcH,) + 36E(H,0)}
— {E(Ing,PgAcscOHs) + 72E(HF)}

The sign and magnitude of the energy value implies that the
surface fluorination is an exothermic reaction. Accordingly,
weak thermal energy might be enough to activate the
spontaneous reaction. This is consistent with our finding that
the PLQY can be sufficiently increased only by mild heating of
less than 100 °C even under dark conditions with no light
exposure (Figure S10 in the SI). Differently from the
conventional understanding,”>~*' the photoassisted treatment
is not a single pathway for the reaction of InP QDs with HF.

As shown in the element-decomposed density of states
(DOS) displayed in Figure 4(c,d), both indium and
phosphorus contribute similarly to both the valence and
conduction bands, indicating the strong covalent bonding
character in the InP QDs. F passivation of QD satisfying the
electron-counting rules completely eliminates levels in the gap
that could act as traps. However, in the case of Ac/OH
passivation, some unoccupied intrinsic intragap states remain
near the valence band even though the local electron-counting
rule is satisfied. This means that pristine InP QDs might have
intrinsic nonradiative paths originating due to traps at the
surface. The inability of the oxygen-containing ligands to
electronically passivate indium is consistent with the general
finding on IGS in covalent metal oxides, where dangling bonds
of oxygen atoms cannot electronically compensate dangling
bonds of the metal cations even when the electron-counting
rule is satisfied, resulting in the appearance of IGS.”***

In Ac/OH-passivated InP QDs, the conduction band
minimum (CBM) and valence band maximum (VBM) are
distributed on the surface of the QD with a very minor
contribution from the QD interior, as shown in Figure 4(e,g),
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Figure 4. Calculated atomic structures of (a) Ing,PgAc;sOH;4
(InP-Ac/OH) and (b) Ing,P¢sF,, (InP-F) representing the pristine
and fluorinated InP QDs. Electron density of states around the
band gaps of (c) InP-Ac/OH and (d) InP-F. Electron distributions
of the conduction band minimum (CBM) and valence band
maximum (VBM) of (e, g) InP-Ac/OH and (f, h) InP-F.

respectively. This is because the band-edge states are located
on the surface unpassivated bonds. Upon F passivation, the
CBM becomes completely delocalized over the whole QD,
while the VBM remains on the QD surface (Figure 4(fh)). In
general, the more delocalized an unoccupied eigenstate, the
lower its eigenenergy. Because of the CBM delocalization, the
CBM eigenenergy decreases relative to the VBM, causing a
significant reduction in the band gap. The band gaps of InP
QD with the same inorganic core but different passivating
ligands are 1.236 eV for Ac/OH passivation and 0.921 eV for F
passivation. Although these band gaps are smaller than the
experimentally observed band gaps due to the well-known
band gap underestimation in the DFT with the generalized
gradient approximation (GGA)," the relative change in the

band gaps is a reliable quantity. These calculations show that
the significant red shifts of the absorption and PL peaks might
originate purely from the ligand exchange from the
carboxylate/hydroxide to fluorine. We also found that the
oscillator strengths of the pairwise electron transitions are
changed by the types of ligands determining the shape and
symmetry of the QD wave functions. The calculated oscillator
strength of the VBM—CBM transition with respect to an
average baseline decreases from 0.065 for Ac/OH passivation
to 0.042 for F passivation.

The reduction of the oscillator strength by the fluorination
could be experimentally validated by comparing the time-
resolved photoluminescence (TRPL) properties of pristine
InP, HF-treated InP, and InP/ZnS QDs as shown in Figure S.
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Figure S. Time-resolved PL curves of pristine InP QDs (black),
HF-treated InP QDs (red), and InP/ZnS QDs (green) under 405
nm excitation. Fitted curves (white solid lines) are plotted over the
measured.

InP/ZnS QDs were included as a reference with minimal
surface traps. The decay curves were fitted with triexponential
functions as summarized in Table 3. (Results fitted with
stretched exponential function are also included in Figure S11
and Table S1.) Decay behaviors of the three types of QDs
based on the same starting InP QDs are quite different. InP
QDs with 3.1% PLQY show a fast decay (7;) of ~5 ns with
0.41 contribution to the total lifetime, which is known to
mainly result from the unpassivated surface traps causing PL
quenching.””** Reduced contribution of the fast decay paths
and the increased PLQY to 48% in InP-HF QDs ([HF]/[QD]
= 5000:1) and to 75% in InP/ZnS implies that the HF
treatment as well as the ZnS shell coating can be effective ways
to remove the quenching-related traps. It is noteworthy that
the average decay time of the HF-treated InP QDs ({7) &~ 69
ns) is longer than that of the InP/ZnS QDs ({(z) = 47 ns),
which results from the significant contribution (0.45S) of the
slow decay channel (z; ~ 108 ns) despite the faster and larger
nonradiative decay term. The longer decay time and the
smaller PLQY of InP-HF than those of InP/ZnS lead to its
lower radiative transition rate (k,4) as written in Table 3. This
means the HF-treated InP QDs might have a weaker
luminescence oscillator strength than InP/ZnS QDs, since
the (A)éciygator strength is proportional to the radiative transition
rate. :

Fluorination of InAs QDs and Electrical Properties of
Solid Films Based on them. From the finding that fluoride
effectively passivates In dangling bonds on InP QDs, we
expected that fluorination can also work on other In-based
QDs such as InAs. To verify the feasibility, InAs QDs were
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Table 3. Values Extracted from Time-Resolved PL Curves in Figure 5 by Fitting with Triexponential Function
ly= XA exp(—t/5)"

7 [ns] (4)

7, [ns] (4,)

73 [ns] (A;)

InP 4.8 (0.41) 27.3 (0.52) 93.8 (0.07)
InP/ZnS 15.4 (0.07) 45.5 (0.87) 110.0 (0.06)
InP—HF 4.8 (0.12) 45.4 (0.43) 108.0 (0.45)

7 [ns]

46.9

Ve QY [%]
1.09 3.1
0.98 75
0.98 48

ko [us7'] kaa [T kg 57
483 LS 46.8
213 16.0 5.3
14.5 7.0 7.5

“I and I, are PL intensities at time ¢ and 0 ns, respectively; A; and 7; are amplitudes and decay times of components, respectively. 7 is average decay
time, y* is reduced chi square, QY is PL quantum yield, and total decay rates (k) are obtained as the inverse of the average decay times. Radiative
(k.oq) and nonradiative decay rates (k,.,q) are estimated from the relationship QY = k,,4/k;o where ki, = kg + Kpraa-
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synthesized and treated with HF under the same conditions
used for InP QDs. As plotted in Figure 6(a,b), both absorption
and PL peaks of InAs QDs are red-shifted to lower energies by
0.25 eV, band widths of PL spectra are constant at 0.17 eV, and
PLQY increases from 1.5% to 11% after the HF treatment.
These results show InAs QDs are also reactive to fluorine and
their surface traps associated with PLQY could be reduced by
the fluorination. The smaller increase of the PLQY in InAs
QDs compared to InP might be attributed to the weaker
affinity of the strong hard Lewis base F~ to In** softened by the
bonds with softer As than P, i.e., the chemical symbiotic
effect.””** The larger red shift for the InAs QDs (0.25 V) than
that for the InP QDs (about 0.1 eV in Figure 1) is supposed to
come from the higher sensitivity of the excitons to the surface
state due to the larger exciton Bohr radius of InAs (45 nm) and
the smaller particle size (2.8 nm) than those of InP (Bohr
radius = 25 nm, particle size = 3.5 nm) or due to the stronger
spreading tendency of excitons in the InAs QDs. This result
shows PL improvement by HF is not a unique process only for
InP QDs and might be extended to other In-based QDs.

Because the fluorination removes the long hydrocarbon
chain ligands and efficiently minimizes the surface trap
densities on the InAs QD surface, it can be a suitable process
for electronic device applications. We examined the charge
transport properties of the fluorinated InAs QD-based thin
films without any additional molecular linkers and compared
them with those of InAs QD thin films treated with 1,2-
ethanedithiol (EDT). InAs QDs were fluorinated via phase
transfer to DMSO as introduced previously. Devices were
assembled by a standard spin-casting procedure. The output
and transfer characteristics of EDT-treated and fluorinated
InAs QD solid films are plotted in Figure 7(a—d). An increase
in the source—drain current (I) along with the gate voltage
(Vy) shown in Figure 7(a) and (c) indicates that both EDT-
treated and fluorinated InAs films show unipolar electron
transport or n-type behavior. This is because the unpassivated
cationic sites provide unbound electrons to the solid
films.>'>'® In EDT-treated InAs thin films, the current
increases quasi-linearly with the source—drain voltage, 0 to
10 V (Figure 7(a)), and is not turned off sufficiently by the
gate voltage in the range of —20 to 20 V (Figure 7(b)), which
is usually attributed to high carrier concentrations.">'® In
contrast, the fluorinated InAs QD thin films show clear current
saturation (pinch off) in the output curve (Figure 7(c)), and
the I,/ L, ratio in the same V, range is ~10% with a threshold
voltage of 6 V (Figure 7(d)). Electron densities in EDT-treated
and fluorinated InAs films derived via Ohm’s law'® at Vy, = 20
V are 7.5 X 107 and 8.7 X 10" cm™, respectively. The
electron doping level of the fluorinated InAs thin film is 2
orders of magnitude smaller than that of the EDT-treated one.
The linear mobility is 1 order of magnitude higher in the thin
films of fluorinated InAs (2.8 X 10™* cm?/V-s) than in the films
of EDT-treated InAs (2.3 X 1075 cm?/V's).

Photoresponses of the EDT-treated and fluorinated InAs
QD thin films were measured under illumination with a white
Xe lamp (30 mW/cm?®) at V4= 5V and Vg =—20V, as shown
in Figure 7(e,f). The on/off response time of the photocurrent
in EDT-treated thin films is much slower than that in the
fluorinated ones. Photocurrent was not saturated even after
250 s illumination, and the dark current also could not be
recovered to the level before the illumination even after 200 s
in the off state. The slow photoresponse is called persistent
photoconductivity, a common problem with InAs QD-based

thin films originating from excited carrier trapping and
subsequent slow release.”™>” In contrast, thin films consisting
of the fluorinated InAs QDs do not show explicit persistent
photoconductivity probably owing to effective passivation of
those trapping states. We suggest fluorination of InAs QDs as a
way to make a better solid film for visible or infrared photon-
sensing devices.”* ™

CONCLUSIONS

We demonstrated how fluoride ions from hydrofluoric acid can
effectively passivate indium dangling bonds on the surface of
In-based colloidal QDs in the form of atomic ligands under
conditions of lower HF concentration or reduced HF activity,
as an alternative mechanism to the accepted surface etching
model, which occurs under more vigorous HF treatment. Red-
shifted optical absorption and luminescence peaks along with
PLQY improvement were observed for the fluorinated InP
QDs. Chemical bonding between indium and fluorine was
verified using XPS, XANES, and TOF-SIMS analysis, and
increased surface coverage by fluoride compared to carboxylate
ligands was estimated by Rutherford backscattering spectros-
copy. A clear phase transfer of InP QDs from nonpolar hexane
to polar DMSO containing HF explicitly confirmed that the
aliphatic organic ligands could be entirely exchanged by the
fluoride ions through the reaction with HF. Theoretical
calculations support the experimental findings: (1) Surface
fluorination is an exothermic reaction, which can proceed
spontaneously with the assistance of small activation energy.
This provided the clue that the fluorination can be successfully
achieved by only mild heating, as well as the well-known
photochemical treatment. (2) The band gap of InP QDs
decreases by the delocalization of the CBM resulting from the
surface fluorination, which could explain the observed distinct
red shifts of the PL and absorption peaks. (3) The oscillator
strength of the VBM—CBM transition decreases through the
ligand change from carboxylate/hydroxide to fluoride, which is
consistent the longer radiative PL decay times observed for the
fluorinated QD compared to the pristine QD. The surface
fluorination process could be extended to InAs QDs; that is,
the PLQY of InAs QDs increases by an order of magnitude
after fluorination as well. Fluorinated InAs QD-based solid
films showed better switching properties and an order of
magnitude higher electron mobilities than the EDT-treated
devices. Moreover, the persistent photoconductivity generally
found in InAs QD-based solid films is significantly reduced in
the fluorinated devices. The improved properties are directly
associated with the effective passivation of surface traps by the
fluoride ions as small atomic ligands. These insights are
expected to further drive the use of In-based and shell-less
QDs in various research and development programs.

METHODS

QD Synthesis and Treatment. Materials. All chemicals were
used as received without purification: indium acetate (In(OAc)s,
99.99%, Sigma-Aldrich), indium chloride (InCl;, 98%, Sigma-
Aldrich), indium fluoride (InF;, 99.9%, Sigma-Aldrich), palmitic
acid (PA, 99%, Sigma-Aldrich), tris(trimethylsilyl)phosphine
((TMS);P, 95%, Sigma-Aldrich), tris(trimethylsilyl)arsine
((TMS);As, 99%, Nanomeps), trioctylphosphine (TOP, 90%,
Sigma-Aldrich), octadecene (ODE, 90%, Sigma-Aldrich), zinc acetate
(Zn(OAc),, 99.99%, Sigma-Aldrich), hydrofluoric acid (HF, 99.99%,
48 wt % in H,O, Sigma-Aldrich), oleic acid (OA, 99%, Sigma-
Aldrich), trioctylamine (TOA, 98%, Sigma-Aldrich), 1-butanol
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(99.4%, EMD), acetone (99.9%, Sigma-Aldrich), ethanol (99.5%,
Sigma-Aldrich), toluene (99.8%, Sigma-Aldrich).

Synthesis of InP QDs. The synthetic method introduced in ref 61
was followed: 0.2 mmol (0.058 g) of In(OAc);, 0.6 mmol (0.15 g) of
PA, and 10 mL of ODE were placed in a flask, subjected to a vacuum
state at 120 °C for 1 h, and then heated to 280 °C after the
atmosphere in the flask was exchanged with N,. Then, a mixed
solution of 0.1 mmol (29 uL) of (TMS),P and 0.5 mL of TOP was
quickly injected, and the reaction proceeded for 20 min. The reaction
mixture was then rapidly cooled, and acetone was added to produce a
precipitate, which was then separated by centrifugation and dispersed
in toluene.

Synthesis of InP/ZnS Core/Shell QDs. The synthetic method
introduced in ref 62 was followed: 1.2 mmol (0.224 g) of Zn(OAc),,
2.4 mmol (0.757 g) of OA, and 10 mL of TOA were placed in a flask,
subjected to a vacuum state at 120 °C for 10 min, and then heated to
280 °C after the atmosphere in the flask was exchanged with N,. A
toluene dispersion of the InP QDs (optical density of the first
excitonic absorption (OD): 0.15, or 1 mL of a 1 wt % toluene
solution) was added within 10 s, and then 2.4 mmol of S-TOP was
added; the reaction proceeded for 120 min. After that, the reaction
mixture was rapidly cooled to room temperature, and acetone was
added thereto to produce nanocrystal particles, which were then
separated by centrifugation and dispersed again in toluene.

Synthesis of InAs QDs. The synthetic method introduced in refs 63
and 64 was followed: 16 mmol (3.536 g) of InCl; and 27 mmol (10 g)
of TOP were placed in a flask and heated to 120 °C under vacuum for
20 min. Then, the atmosphere in the flask was exchanged with N,,
and the mixture was heated again to a temperature of 260 °C for 10
min to produce an InCl;—TOP mixture. Then, 3 mmol (2.3 mL) of
the InCl;—TOP mixture and 2 mmol (0.6 g) of (TMS);As were
mixed in a glovebox, and the reaction proceeded for 20 min at room
temperature to prepare a stock solution. A 5.4 mmol (2 g) amount of
TOP was put into a flask and heated to 120 °C for 20 min under
vacuum. Then, the atmosphere in the flask was exchanged with N,.
Again, it was heated at a temperature of 300 °C for 10 min, then 1 mL
of the stock solution was injected thereto, and the reaction proceeded
at 260 °C for 30 min. Finally, the reaction mixture was rapidly cooled
to room temperature, and acetone was added to produce a precipitate,
which was then separated by centrifugation and dispersed in toluene.

Photochemical Fluorine Treatment. Acetone was added to a
toluene dispersion of InP QDs to precipitate the QDs, and the
precipitate was centrifuged and then dispersed in toluene at a
concentration of 1 #M. A 2.5 mL amount of butanol was added to the
vial containing 2.5 mL of the InP QDs dispersed in toluene (2.5 X
1077 mol). Then 0.5 uL of the HF aqueous solution (1.25 X 107°
mol, [HF]/[QD] 2 5000) was injected into the resulting QD
dispersion, and the solution was vigorously mixed and irradiated with
white light of 50 mW/cm? using a Xe lamp for 30 min. The HF
solution was carefully handled in a fume hood with proper protective
clothing to avoid exposure to the skin, since it possesses the unique
ability to cause deep tissue damage and systemic toxicity. To
understand the effect of experimental parameters on the HF
treatment, the relative concentrations of HF to QD ([HF]/[QD])
were varied from 0, 10, 100, and 1000 to 10000, and distilled water of
the several concentrations (0, 0.4, 1, 2, 4, and 10 vol % of total QD
solutions) was intentionally added to the QD solution.

Thermal Fluorine Treatment. The fluorine-passivated InP
quantum dots were prepared in the same manner set forth in the
photochemical treatment, except that the prepared HF—quantum dot
mixture was heated at a temperature of 100 °C for 30 min in the dark
with no light, for which the reaction bottle was wrapped with Al foil in
a dark room. A HF solution in a syringe was injected through the
rubber cap in the dark room.

Fluorine Treatment through Phase Transfer. Acetone was added
to a toluene dispersion of the InP QDs to precipitate them, and the
aggregated QDs were centrifuged and then dispersed again in 4 mL of
hexane to obtain a QD dispersion. Hydrofluoric acid was dissolved in
4 mL of dimethyl sulfoxide (DMSO) to prepare a HF solution (the
amount of HF: 4 X 10™* mol). The first QD dispersion and the HF

solution were placed in a Teflon vial together to produce phase-
separated bilayers consisting of hexane including InP QDs and
DMSO with HF, which were then shaken for 1 min to mix the first
QD dispersion and the HF solution thoroughly. The resulting mixture
was left alone either under mild heating or under illumination (e.g,
white light from a Xe lamp). InP QDs quickly aggregated in the
interface between hexane and DMSO right after the shaking and
clearly dissolved into the HF—=DMSO solution during the irradiation
(or the heating).

Fluorine Treatment Using InF;. A 1 mmol (0.172 g) amount of
InF; and 22 mmol (10 mL) of TOP were placed in a flask and heated
to 100 °C under N, for § h to produce a 0.1 M InF;—TOP mixture. A
1 mL amount of the InF;—TOP mixture was injected to the vial
containing 2.5 mL of the InP QDs dispersed in toluene (2.5 x 1077
mol), and the solution was heated at 100 °C under N, for 8 h.

Device Fabrication. FET Based on InAs QDs Treated with EDT.
A 4 mL amount of a dispersion (QD crude 10 yL + toluene 990 uL)
of the InAs QDs with an optical density of 0.15 was washed with
acetone and ethanol two times and completely dried for S min under
vacuum. The dried InAs QDs were moved into a glovebox, and 20 mg
of the dried InAs QDs was dispersed in 1 mL of octane and spin-
coated onto a SiO, (300 nm)/p++-Si substrate having a patterned Au
electrode with a channel length of 20 um to prepare a bottom gate-
type field-effect transistor (FET) at 2000 rotations per minute (rpm)
for 15 s. The coated QD film was immersed in a 0.03 M EDT
acetonitrile solution to repeat a ligand exchange of the oleic acid with
the EDT five times to produce a 40 nm thick InAs QD film. After the
film fabrication, the FET was heated at 200 °C for 10 min to improve
the contact between the QDs and the Au electrode.

FET Based on InAs QDs Treated with Fluorine. F-treated InAs
QDs were subjected to a complete phase transfer using a HF solution
of DMSO. The F-passivated InAs QDs were spin-coated onto a SiO,
(300 nm)/p++-Si substrate having a patterned Au electrode with a
channel length of 20 ym to prepare a bottom gate-type FET. After the
spin-coating, the FET was heated at 200 °C for 10 min to remove the
remaining DMSO and improve the contact between the QDs and the
Au electrode.

Analysis. Photoluminescence spectra of QDs were obtained using
a Horiba Jobin Yvon Triax 320 Fluorolog at an irradiation wavelength
of 450 nm. A UV spectroscopy analysis was carried out using a
Shimadzu UV-3600 UV spectrometer to obtain a UV-—visible
absorption spectrum. Quantum yields were determined by measuring
the fluorescence intensity of the QDs against rhodamine 6G.
Fluorescence lifetime was collected on a Picoquant Fluotime 300
with a PMA 175 detector and an LDH-P-C-405 diode laser with the
excitation wavelength of 407.1 nm.

For the ligand analysis, infrared spectroscopy analysis was
conducted using a PerkinElmer FT-IR spectrometer, and an NMR
spectroscopy analysis was conducted using a Bruker 400 megahertz
(MHz) NMR spectrometer.

An inductively coupled plasma-atomic emission spectrometer
(manufactured by PerkinElmer Co., Ltd., model name: 5300 PV)
and Rutherford backscattering spectroscopy were used to quantify the
elements in the QD systems. For RBS analysis pristine and fluorine-
treated InP QDs were coated on polished amorphous carbon, and a
3.1 MeV He? ion beam was irradiated on them at an angle of 22.5°
relative to the sample normal in an oxygen resonance mode. The
SIMNRA software package was used to simulate the RBS spectra and
obtain the composition of the film.

A TOF-SIMS analysis was conducted using a TOF-SIMS V (ION-
TOF GmbH, Germany) equipped with a 25 keV Bi* ion gun. XPS
was conducted using a PHI 5000 Versaprobe spectrometer (ULVAC-
Physical Electronics, USA) with a dual-channel neutralizer to
compensate the charging of the sample. The binding energy was
calibrated from the C 1s peak at 285.0 eV.

Computational Details. The atomic structures were geometri-
cally relaxed using the GGA with the Perdew—Burke—Ernzerhof
(PBE)® functional as implemented in VASP*“~7° until all forces were
less than 0.03 eV/A. A cutoff energy of 400 eV and vacuum regions of
at least 13 A were used. Since the quantum dots and the molecules are
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0D systems, a single gamma-point was used to sample the Brillouin
zone for all calculations.

As we showed in our recent works, we constructed realistic
InP-QD models that correspond to experimental data with
Ing,PesL!~ 7> compositions that have a size of 2 nm, the element
ratios In/P = 1.35, and In/L'~ = 0.78, where L'~ refers to the number
of charged ligands. This element ratio implies that InP-QDs have a lot
of singly bonded In cations on {11—1} facets. Such atoms are usually
eliminated during the model construction,”" but it is necessary to
include them for correspondence with experimental data.”

Initial configurations of the ligands on the QD surface have been
constructed using surface slab models.® In ref 6, we also showed that
(1) solely oleates and oleic acids cannot pack on the QD surface
densely enough for complete QD passivation due to steric hindrance,
(2) small ligands are required for complete QD passivation, and (3)
during typical acid-precursor synthesis, water molecules provide
hydroxyl groups, that serve as small ligands between steric organic
ligands. Therefore, we passivate our QDs using both small hydroxyl
groups and acetates, represent simplified truncated oleates for
computationally efficiency, and denote this passivation as Ac/OH.
Structures of Ing,P¢gAci;sOHs¢ (InP-Ac/OH) and Ing,PgF,, (InP-F)
with about 2 nm sizes are optimized as shown in Figure 4. All ligands
are bound to In on the surface, and the electron-counting rule is
satisfied.
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