Size-Dependent Optical Properties of InP Colloidal Quantum Dots
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ABSTRACT: Indium phosphide colloidal quantum dots (CQDs) are the main alternative for toxic and restricted Cd based CQDs for
lighting and display applications. Here we systematically report on the size-dependent optical absorption, ensemble and single particle
photoluminescence (PL) and biexciton lifetimes of core-only InP CQDs. This systematic study is enabled by improvements in the
synthesis of InP CQDs to yield a broad size series of monodisperse core-only InP CQDs with narrow absorption and PL linewidth

and significant PL quantum yield.

Introduction. InP colloidal quantum dots (CQDs) have raised
considerable interest for photonic technologies operating in the
visible and near-infrared, because of their tunable band gap in
the range of 1.3 ~ 3 eV, strong light absorption, efficient lumi-
nescence and compliance with European safety regulations on
electronic products (ROHS).! However, the size dependent op-
tical properties of InP CQDs have not been reported to the level
of detail that is common for other CQDs. This is due to difficul-
ties in synthesizing luminescent samples of various sizes with
narrow size distributions free of dopants (e.g. Zn) or shells (e.g.
ZnSei«Sx). In this regard, considerable progress has been re-
cently achieved. On one hand the works of Won et al., Li et al.
and Xu et al. laid down synthetic procedures to obtain mono-
disperse InP CQDs over a wide size-range.”* On the other hand,
recent work by some of the authors have shown that highly lu-
minescent InP CQDs can be obtained by simply passivating
their surface with In-based Z-type ligands, provided that the
CQDs are oxide-free.’

By combining these methods, we prepare a size series of nearly
mono-disperse and bright InP CQDs with band gaps spanning a
considerable portion of the visible spectrum and determine sev-
eral fundamental size dependent optical properties. First we de-
termine and quantify their sizing curves and light absorption
characteristics by employing a combination of structural tech-
niques and atomistic models. Radiative rates are extracted from
photo-luminescence (PL) transients recorded using time-corre-
lated single-photon counting, and single dot PL linewidths are
measured by single-dot spectroscopy. Finally, power-depend-
ent charge carrier recombination is investigated using transient
absorption spectroscopy which allows to extract biexciton life-
times and Auger constants.

Results and discussion. A size series of InP CQDs is prepared
following reported procedures but conducting the syntheses un-
der a hydrogen containing argon atmosphere of high purity in
order to mitigate oxidation.® While bulk InP has a band gap of
ca. 1.33 eV, the InP CQDs studied in this work exhibit first-
absorption-peak-energies (Es) in the range 0of 2.0 to 2.7 eV (620
to 460 nm), and thus cover a considerable portion of the visible
spectrum. The narrow size-distributions of these samples can be

appreciated from the well-defined features in their absorbance
spectra, shown in Figure la. The full-width-at-half-maximum
(FWHM) of the 1S exciton absorption peak decreases from 273
meV to 146 meV with increasing QD size.
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Figure 1- (a) The absorbance spectra of InP CQDs investigated
in this work exhibit well-defined features characteristic of nearly
mono-disperse samples. Morphological analysis reveals that the
QDs adopt a pyramidal shape and allows to build (b) sizing
curves relating the energy of the first-absorption-peak (E1s) with
the average edge length and geometrical volume. It can be seen
that these QDs are much smaller than the InP exciton Bohr ra-
dius (rex) or volume (Vexc): they are therefore in the strong quan-
tum confinement regime
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Figure 2- Absorptive properties of InP CQDs.(a) The experimental (intrinsic) absorption coefficient a; of InP CQDs (in heptane) is
plotted alongside that of bulk InP and that of an hypothetical bulk-like InP colloid (calculated following the Effective Medium Theory
model). Assuming that the absorption coefficients of the QDs converge at energies well above the gap, we (b) normalize the spectra
to an average value at 5.0 eV. The (c) extinction coefficients and the (d) cross sections are subsequently determined from the normal-
ized a; spectra. Finally, the (e) oscillator strength and the (f) lifetime of the band edge transitions are derived from the cross sections.

InP QDs with band gaps in the visible range are relatively small
when compared with other visible emitting QDs such as CdSe
for instance, as shown in Figure S1 of the Supporting Infor-
mation (SI).” This is not surprising since bulk InP has charge-
carrier effective masses that are similar to those of CdSe but a
band gap that is 400 meV narrower. The smallest QDs in our
series have an edge length of 1.5 nm (corresponding to 5 In at-
oms), and a Eis of 2.70 eV (460 nm). The smaller the QDs the
tighter the size distributions necessary for narrow ensemble lin-
ewidths. On top of that, QD single particle linewidths also ap-
pear to broaden with decreasing size,*'° and this is also the case
for InP QDs as shown below. This partially explain the difficul-
ties in obtaining InP CQDs with narrow emission linewidths in
the visible and makes the absorption spectra with distinct fea-
tures particularly noteworthy.

We start by relating Es with the number-weighted average size
and volume, determined from the analysis of electron micro-
graphs shown in Figure S2. InP CQDs appear to adopt a (regu-
lar) tetrahedral shape, in line with previous reports,* ! which
allows their geometrical volume VQD:L3/(6\/2) to be deter-
mined analytically from their edge length L. Our InP CQDs ex-
hibit edge lengths (volumes) in the range of 1 to 4 nm (1-10
nm?). They are much smaller than the exciton Bohr radius (vol-
ume) which is ca. 10 nm (5000 nm?),'? and are therefore in the
strong quantum confinement regime. The sizing curves are re-
ported in Figure 1b. We have included extra data points from
the work of Xu et al. for comparison and to extend the curves
on the red side.* It is found that Eis = 1.33+1.219 Vgp*®!, with

Eis in eV and Vgp in nm?.

We also determine the energy of the second transition by taking
the second derivative of the absorbance spectra and identifying

the second negative peak. As shown in Figure S3, the energy of
this transition and its separation from E; is also size-dependent.

Next, we quantify the absorption strength of InP QDs as a func-
tion of size, an important property for e.g. phosphor applica-
tions. The (intrinsic) absorption coefficient o; is first estimated
experimentally through the Lambert-Beer law'3

% Vop Na [oD] 1
In (10)
where A is the absorbance, € is the extinction coefficient, 1 is
the path length, and N, is Avogadro’s number. The concentra-
tion of QDs, denoted [QD], is estimated as described in the SI.
Briefly, it is estimated from the concentration of In atoms,
measured via ICP-OES, assuming that the QDs are fully In-ter-
minated and hence have a size-dependent stoichiometry (ex-
tracted from atomistic models). In addition, we consider vol-
umes based on the discrete number of atoms, i.e. Vop=ViuNmn+
VpNp (the atomic radius of Phosphorus (207pm) is obtained
from the InP unit cell, while that of Indium (109pm) is obtained
from tabulated values.'* These atom-based volumes are slightly
larger than geometrical volumes but more accurate, as they fully
account for surface atoms. Geometrical volumes do not account
for surface atoms in full and introduce an important size de-
pendent error, as shown in Figure S2f, due to the size-dependent

fraction of surface atoms in QDs (see also note 1 in the SI).

A= e[QD]l=

The experimental estimates of o; (in heptane) are plotted in Fig-
ure 2a, alongside the bulk absorption coefficient as. First, we
note that a; of InP CQDs is considerably smaller than oy due to
the dielectric screening of the electromagnetic field that occurs
for small colloids in solution. These effects can be taken into
account using effective medium approaches like the Maxwell-
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Garnett model.'* Therefore we also calculate the absorption co-
efficient of a bulk-like InP colloid ax., which, according to this
model, is defined as

npap

|fiel?

where ny, is the real part of the refractive index of bulk InP, ny is
the refractive index of the solvent (constant, 1.39 for heptane)
and fir is is the local field factor, which in turn is defined as

3¢
fir = .

Ape =
c ns

&p + 2¢

for spherical colloids, where ¢, is the complex dielectric func-
tion of bulk InP and & that of the solvent (es= n¢? for a transpar-
ent solvent such as heptane). Note that no analytical expression
is available for tetrahedrons, but the effect of shape is likely
small.

The estimated values of a; of InP CQDs appear to be in the same
order of magnitude as oy except for the 3.5-5 eV region. On one
hand, we note that oy should only be taken as a rough guide as
the optical constants of the QDs must differ from that of bulk
and the InP QDs are not spherical. On the other hand, the devi-
ation could also arise from the absorption of (metal)organic spe-

cies or even InP clusters that might be present in the samples.*
15

Our estimates for o; of InP CQDs follow the trend that is usually
observed, i.e. they are strongly size dependent at the band edge
but seem to converge at energies well above the gap.!> We as-
sume that, at high energies, the minor deviation in o; between
samples is due to experimental uncertainties. Therefore we re-
scale the o; spectra such that the new value at 5.0 eV equals the
average value in the six measurements (Figure 2b).

The extinction coefficient (¢ = o; VppNa/In(10)) and the absorp-
tion cross section (6 = a; Vpp) are subsequently determined from
the normalized o; spectra and shown in Figures 2¢ and 2d, re-
spectively. At Ej; the extinction coefficient of InP QDs appears
to be roughly half that of their equivolumetric CdSe counter-
parts, but at high energies (ca. 4 eV) it appears to be higher,” !¢
similar to what is observed in bulk or for bulk-like colloids (see
Figure S1).

The oscillator strength f of the band edge transitions is deter-
mined from the cross sections using the expression'”'8

f 4msocf"2
=),

odv
1

where vl and v2 are the start and end frequencies of the band
edge transition, m is the mass and e is the charge of an electron,
&o is the permittivity of free space and c is the speed of light.
The cross sections were fit with Gaussian curves to extract the
contribution of the band edge transition (see Figure S4). The
oscillator strength of the band edge transition is found to de-
crease with decreasing QD size (black data points in Figure 2¢),
however, when f'is normalized by the QD volume, the opposite
trend can be observed (red data points in Figure 2e), in line with
the size dependence of a; at the band edge (see Figure 2a).

Finally, the expected radiative lifetime (T, .s = 1/4;) of the band
edge transition can also be derived from the cross section
through the Einstein coefficient (4;) defined as!’'8

81 v2
A = —f odv

where A is the wavelength of the optical transition. The com-
puted radiative lifetimes of the band edge transition are plotted
in Figure 2f: they are in the 10-20 ns range and increase with
decreasing QD size. These computed radiative lifetimes will be
compared to measured PL lifetimes below.

We note that given its complexity, there is a significant error
associated with the quantification of the absorptive properties.
Such errors are however too difficult to determine given the
many sources of error involved (weighing, dilutions, elemental
quantification, size distributions, surface composition etc.). We
tried to minimize errors as much as possible and the data pre-
sented herein are in line with expectations.
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Figure 3— Luminescent properties of InP QDs. (a) PL decays
of ensembles are recorded using time-correlated single-pho-
ton counting and are fit with bi-exponential decays with an
amplitude average lifetime t.y. Photo-luminescence quantum
yields (®p) are in the range of 50 to 80%. (b) Single-dot PL
spectra exhibit full widths at half maximum (FWHM) of ca.
60 and 80 meV in the red and in the green, respectively.

Photo-luminescence (PL) transient of CQD ensembles are rec-
orded using time-correlated single-photon counting and shown
in figure 3a. These PL transients are not single exponential but
are well described by a bi-exponential function (fits are shown
in Figure S6 and summarized in Table S1). The lifetimes of the
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main component (1) are in the range of 60-90 ns while the
weaker component exhibits lifetimes that are roughly twice
longer (12 = 150-200 ns). This yields amplitude-weighted aver-
age lifetimes (t.y) in the range of 80-120 ns.'-2

Importantly, the expected radiative lifetimes calculated earlier
from the absorption cross sections (T, abs, Shown in Figure 2b)
are 6 times shorter than 1, and ca. 5-8 times shorter than t,..
This discrepancy can be explained by the fine structure of the
band edge exciton.?"?? Briefly, in most semiconductors the
ground exciton state is a dark state and in small sized II-VI and
III-V CQDs strong spatial confinement yields considerable
splitting between the fine structure levels. The absorption is
dominated by transitions to a bright exciton level with the high-
est oscillator strength. After excitation, relaxation brings the ex-
ited state to a thermal population over the lowest energy dark
state and a bright state about several meV above it. The oscilla-
tor strength of this emissive bright state is lower than that of the
absorbing bright state, and it is only partially populated at room
temperature, which explains why the observed PL lifetime is
longer than that calculated from the absorption coefficient. Sim-
ilar conclusions have been drawn for InP/ZnSe xSy core/shell
CQDs.B% The results presented here suggest a similar fine
structure for core-only InP QDs.

We also note that the PL lifetimes of red-emitting quasi type-I
InP/ZnSe; Sy core/shell QDs with near unity quantum yields
are considerably shorter, about 30 ns.> 2® However, it is un-
known to what extent core-only and core-shell CQDs differ in
fine structure,?” In addition InP/ZnSe;..Sx core/shell QDs have
a different electron-hole overlap, with the electron wavefunc-
tion delocalizing into the shell, and hence also higher oscillator
strengths given their much larger volumes. The fact that our InP
core-only CQDs do not reach unity quantum yields also adds
uncertainty to the analysis of the PL transients. On one hand,
the PL transients most likely describe a sum of different transi-
ents from particles of varying QY .2 On the other hand, we can-
not rule out that delayed luminescence may also contribute to
the observed long PL lifetimes.

Next, single-dot PL spectra are measured using PL microscopy.
First we note that these InP QDs exhibit blinking (Figure S8).
Their PL spectra, shown in Figure 4b, exhibit full widths at half
maximum of ca. 60 and 80 meV in the red and in the green,
respectively, which is considerably narrower than ensemble PL
spectra (> 200 meV in our samples). Both the values and the
size-dependent trend are in good agreement with what is nor-
mally observed from single dots of other compositions.®!® The
single-dot spectrum is determined by the combined effect of
phonon coupling and emission from multiple fine-structure
states.® In addition, we find, that one of our single-QD measure-
ments showed spectral diffusion of approximately 50 meV on
timescale of seconds (see Figure S8), which suggests that spec-
tral diffusion might contribute significantly to line broadening.

The relatively narrow single-QD linewidths of 60—80 meV and
much broader ensemble linewidths (200 meV) are consistent
with previous studies on InP-based core/shell QDs.? Recent
work has confirmed that InP-based core/shell QDs can have
narrow single-QDs linewidths, but also showed that they on av-
erage suffer more from spectral diffusion (Figure S8b) and that
inhomogeneous broadening is more significant than for CdSe-
based QDs.*® Our measurements in Figure 3b show narrow sin-
gle-QD linewidths even for core-only InP QDs. This is encour-
aging, as it promises the possibility of narrower linewidths in

InP CQDs with improved surface passivation or engineered

electron-phonon coupling.3-1?
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Figure 4 - Transient absorption (TA) spectroscopy of InP
CQDs. A typical TA spectrum is shown in panel (a). The ki-
netic analysis of (b) the band edge bleach at various pump
powers (here defined by maximum value of —~AA/A,) allows
to extract (c) the single-exciton (ty) and the bi-exciton life-
times (tx), and subsequently, to derive the Auger Constant
for bi-excitons (shown in SI).

Finally, the kinetics of photo-generated charge carriers are in-
vestigated using power-dependent transient-absorption (TA)
spectroscopy. A typical lower power TA map, showing the
change in absorption as a function of time and wavelength in
false colors, is shown in Figure 4a (see Figure S9 for all TA
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maps). Briefly, exciting the samples at energies above the band-
gap quickly( <lps) leads to a bleach of the band edge (1S) tran-
sition. The decay of the band edge bleach is then analyzed as a
function of pump-power (see Figures 4b, S10 and S11). At low
powers, the large majority of excited QDs only has one exciton
and the decays can be fit to a single-exponential decay with life-
time 1« shown in Figure 4c. It can be seen that these single-ex-
citon decays are in the order of 10-40 ns and appear to increase
with QD size, however, since the maximum delay time of the
measurement is 3 ns, these lifetimes are out of the measurement
range and have a large associated uncertainty.

As the pump power is increased, so does the fraction of excited
QDs with two or more excitons. This leads to the appearance a
fast component in the 10-100 ps-timescale, as can be seen in
Figure 3b, which is assigned to the fast Auger recombination.
At intermediate powers the decays can be described by adding
a second exponential decay with lifetime t«, shown in Figure
4c. These bi-exciton lifetimes are quite short, in the range of 5
to 60 ps and correspond to Auger Constants (AC=V?(8 Tx)"')*!
in the range of 0.05 to 1 (x10°%) cm® s! (see Figure S12). The
values are in line with previous measurements on InP/ZnSe S«
core shell QDs? as well as with the universal size-dependent
trend of Auger constants proposed by Robel et al.32. This shows
that the scaling of Auger recombination in these small InP core-
only QDs is similar to that of other QD materials.

Conclusion. Using recently developed protocols we have syn-
thesized a size series of monodisperse and highly luminescent
InP core-only QDs. This series enables, for the first time, the
systematic study of the size dependent optical properties of core
only InP QDs.

Based on absorption measurements we report the size depend-
ence of the bandgap, second optical transition, absorption coef-
ficient, oscillator strength and associated radiative lifetime of
the 1S absorption transition. Time resolved PL measurements
yield PL lifetimes significantly longer than that expected from
the absorption strength, showing that PL involves a different
fine-structure level than the absorption. Single particle PL
measurements reveal narrow single particle linewidths of 60-80
meV at room temperature. Transient absorption measurement
allow to determine the size dependent biexciton lifetime, which
follows previously reported volume scaling trends for other QD
materials.

Overall, the observed trends of the absorption coefficient, oscil-
lator strength and biexcton lifetime agree quite well with those
obtained on other QD materials, after taking into account the
bulk optical properties of InP and the generally smaller size of
visible emitting InP CQDs when compared to CdSe CQDs.
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Methods

All synthetic procedures are executed in air-free conditions
(Schlenk line or glovebox, H,O < 0.1 ppm, O, < 0.1 ppm).

Materials. Palmitic acid (PA, 99%), myristic acid (99%), pal-
mitic acid (99%), trioctylphosphine (TOP, 97%), heptane (99%,
anhydrous) and acetone (99.8%, anhydrous) are purchased from
Merck Sigma and used as received. Tris(trimethylsilyl)phos-
phine (98%, Strem), indium(III) fluoride (99.95%, anhydrous,
Alfa Aesar), In(IIT) acetate (99.99%, anhydrous, Thermo Scien-
tific), hexadecane (99%, anhydrous Thermo Scientific) are used
as received. Octadecene (ODE, 90%, Merck Sigma) is degassed
in vacuo at 100°C before being stored in a glovebox. Aqua regia
is prepared using ultra-pure nitric and hydrochloric acids (Op-
tima grade, Thermo Fisher). Argon (6N) and Argon (6N) mixed
with 2% vol. Hydrogen (6N) are purchased from Linde.

Synthesis of InP CQDs. The smallest dots are synthesized fol-
lowing the procedure of Xu et al., intermediate ones through the
method of Wu et al. and the largest ones according to that of Li
et al.. Importantly, all the QDs are prepared under an ultra-pure
argon — hydrogen atmosphere. At the end of the synthesis, the
QDs are transferred inside an air-free glovebox, washed with
acetone (three times) and re-dispersed in heptane.

In(IIT) Palmitate (0.2M) is prepared by heating a mixture of
In(II) acetate, palmitic acid (3 eq.) and 1-octadecene in two
stages. First under vacuum (<0.1 mbar) up to 100 °C and then
at 150 °C under vigorous Ar (6N) bubbling for 30 minutes. The
solution is then stored inside an air-free glovebox. We note that
In-palmitate precipitates out of solution at room-temperature,
and is therefore homogenized by heating (to ca. 100 °C) before
use.

Surface Passivation with InXs is conducted according to pre-
vious reported protocols inside an air-free glovebox.® Briefly,
InP CQDs (0.5 mL, 40 uM in dry hexadecane or 1-octadecene)
are combined with InF3 (50 mg, 0.29 mmol) and In(IIT) palmi-
tate (100 pL of'a 0.2 M solution) inside a glass vial (the amounts
are indicative and were in fact adjusted slightly depending on
the size of the QDs). The vial is tightly capped and the mixture
is stirred at 150 °C for one hour. After cooling, InF; is separated
out by centrifugation and the bright CQDs are washed with ac-
etone and re-dispersed in heptane.

Transmission Electron Microscopy. Samples are drop cast
onto grids and imaged on a JEOL JEM3200FSC microscope.
The data is obtained using zero loss imaging (20eV) in counting
mode and is movie corrected by SerialEM with a Gatan K2
summit camera.

Inductively Coupled Plasma Optical Emission Spectros-
copy. Dry QD samples are digested in aqua regia (ca. 0.5 mL)
inside a plastic tube), diluted with a HNOs solution (ca. 10 mL,
0.5 M, in ultra-pure milli-Q water) to achieve a concentration
of In in the range of 1 ppm and analyzed using a Spectro Arcos
spectrometer (detection range: 10 ppb to 20 ppm). The concen-
trations are determined against an external calibration.

Steady-State Absorption and Luminescence Spectroscopies.
UV-Vis absorbance spectra are recorded on a Perkin-Elmer
Lambda 365 spectrometer. Fluorescence measurements are rec-
orded on an Edinburgh Instruments FLS980 spectrometer
equipped with PMT detectors. For fluorescence measurements,
the samples are loaded into air-tight cuvettes. Photo-lumines-
cence quantum yields are measured in accordance with [UPAC
methodology,*® against a coumarin 102 dye solution in ethanol
at an excitation wavelength of 387 nm. Measuring the coumarin

102 quantum yield in an integrating sphere in the same setup
gave a value of 99%, but to calculate the quantum yield, the
literature value of 95% is considered for the quantum yield of
coumarin 102. 3

Time-Correlated Single Photon Counting (TCSPC). Sam-
ples are loaded into air-tight cuvettes and photo-luminescence
decays are collected on an Edinburgh Instruments Lifespec
setup equipped a 400 nm pulsed laser. Amplitude-weighted life-
times are calculated by the following equation: T.=(A T+
Artr)/(Ai+ A,) where A, and 1, are the n-th amplitude and life-
time parameters obtained from the bi-exponential fit.!>-2

fs-Transient Absorption (TA) Spectroscopy . QD dispersions
are loaded into air-tight cuvettes for TA measurements which
are then conducted on a Light Conversion TA Setup. Briefly, an
IR pulse (1028 nm, 180 fs) is producted by a Yb-KGW oscilla-
tor (Light Conversion, Pharos SP) at a frequency of 5 kHz. The
pulse is split in two, one part is converted into a pump beam
(wavelength tunable) by an optical parametric amplifier , while
the other part is used to produce a broadband probe by super-
continuum generation in a sapphire crystal. Pump and probe
beams overlap at the sample position with a small angle, with a
relative time delay controlled by an automated delay-stage and
the probe is then directed onto a photo-detector (Ultrafast Sys-
tems, Helios). During the experiments, we make sure the pump
and probe beams have orthogonal polarizations (i.e. one of them
is vertically polarized, the other horizontally), to reduce the in-
fluence of pump scattering into our detector. The pump beam is
transmitted through a mechanical chopper operating at 2.5 kHz,
allowing one in every two pump pulses to be transmitted. This
allows to obtain pump-on and pump-off spectra, from which the
differential absorbance AA = log(Ion/Iofr) is determined (I is the
probe light incident on the detector with either pump on or
pump off). TA data are corrected for probe-chirp via a polyno-
mial correction to the coherent artifact. Photon fluences are es-
timated by measuring the (pump) power with a thermopile sen-
sor (Coherent, PS19Q) and taking into account the overlap of
the pump and probe beams (imaged with a beamprofiler).

Photo-Luminescence Microscopy measurements are per-
formed on a home-built optical setup consisting of a Nikon Ti-
U inverted microscope body. A 405-nm diode laser (Picoquant
D-C 405, controlled by Picoquant PDL 800-D laser driver) was
guided to the sample by a dichroic mirror (edge at 425 nm,
Thorlabs DMLP425R) and an oil-immersion objective (Nikon
CFI Plan Apochromat Lambda 100x, NA 1.45). The QD emis-
sion was collected by the same objective and guided to a spec-
trometer (Andor Kymera 1931, 150 lines/mm reflective grating)
with an electron-multiplying CCD detector (Andor iXon Ultra
888). To minimize photobleaching due to oxidation reactions,
we deposit the nanocrystals on a glass coverslip inside a nitro-
gen-purged glovebox. We subsequently seal the QDs in be-
tween the coverslip and a microscope slide using an airtight
spacer to ensure an oxygen-free environment during our meas-
urements.
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