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Abstract

InP nanocrystals exhibit low photoluminescence quantum yield. Like in the case
of CdS, this is commonly attributed to their poor surface quality and difficult passiva-
tion, which give rise to trap states and negatively affect emission. Hence the strategies
adopted to improve their quantum yield have focussed on the growth of shells, to im-
prove passivation and get rid of the surface states. Here we employ state-of-the-art
atomistic semiempirical pseudopotential modelling to isolate the effect of surface stoi-
chiometry from features due to the presence of surface trap states, and show that, even
with an atomistically perfect surface and an ideal passivation, InP nanostructures may
still exhibit very long radiative lifetimes, of the order of tens of microseconds, broad,
weak emission and large Stokes’ shifts. Furthermore, we find that all these quantities
can be varied by orders of magnitude, by simply manipulating the surface composi-
tion, and, in particular, the number of surface P atoms. As a consequence it should
be possible to substantially increase the quantum yield in these nanostructures by

controlling their surface stoichiometry.
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Semiconductor Colloidal Quantum Dots (CQDs) have drawn great attention due to
their unique size-dependent electronic and optical properties which make these nanocrys-
tals (NCs) ideally suited for a wide range of applications!? such as lighting, photo-
voltaics, catalysis, optoelectronics and bio-imaging. In particular InP has emerged as a
promising environmentally-friendly material®>* that could replace cadmium-based semi-
conductors, such as CdSe, CdTe and CdS, whose toxicity will limit the commercialisation
in many countries.” InP is a direct bandgap semiconductor with a larger dielectric con-
stant, lower effective electron and hole mass, weaker phonon coupling and lower toxicity
than chalcogenide-based semiconductors. It has a similar bandgap to CdSe, with which
also shares a size-tunable emission in the visible region of the spectrum.*

Although the electronic and optical properties of nanoscale InP were first investigated
experimentally by Micic et al.,® and theoretically by Fu and Zunger,” over 20 years ago,
the interest in this material is still high, with applications of InP NCs ranging from op-
toelectronics® to photovoltaics,” and from bio-imaging !’ to memory storage!! and light-
ing.!? Nevertheless, the measured photoluminescence (PL) quantum yield (QY) is still
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low especially in small (< 3 nm) QDs, and the presence of deep-trap emission is still

reported even in core/shell systems.1”~2° Only very recently Jang’s group 2’1

and Peng’s
group® were able to achieve nearly 100% PL QY in InP/ZnSe/ZnS QDLEDs. The record
QY was attributed to an improved surface passivation achieved by means of the multi-
layer shell structure, where the ZnSe interlayer served as strain reliever between InP and
ZnS, resulting in the elimination of most surface defects. In general, however, InP-based
QLEDs exhibit low efficiency, due to the low QY which results from decreased radiative
recombination rates. These are generally ascribed to the presence of surface traps, due to
imperfect passivation.>192223 [t is however still unclear what kind of traps (electron or

hole) are present on the surface?*?%2°

and what are the origins of the broad, red-shifted
emission (Stokes” shift) observed in many samples.

In this work we present a detailed theoretical characterisation of InP CQDs, focussing



in particular on the effects of surface stoichiometry on the optical properties and excited
state relaxation. We show that, even in the presence of a full coverage of ideal passivants,
i.e., in the absence of surface traps, the radiative recombination times in InP NCs can be
as long as tens of microseconds, and depend on the surface composition, i.e., on whether
there is a prevalence of In or P atoms on the surface. Strikingly, we find that the addition
of only a few P atoms on an otherwise In-rich surface can reduce (i) the radiative lifetime
(by about two orders of magnitude), (ii) the Stokes’ shift and (iii) the PL linewidth, in
small NCs, where the surface atoms represent a substantial fraction of the total number
of atoms. In larger structures, the effect of surface stoichiometry becomes less important
and is balanced by the increase of the volume.

Our NCs are built atomistically, according to the InP bulk crystal structure, from a
central anion up to the desired radius. This method of generating the atomic positions
yields unsaturated bonds at the surface, which are passivated using pseudo-hydrogenic,
short-range potentials with Gaussian form (further details are provided in the Supporting
Information). In this work we developed new passivation parameters (see Table S1 - Sup-
porting Information), with improved confinement compared with those available in the
literature.”?® The single-particle energies and wave functions are obtained by solving the
Schrodinger equation using the state-of-the art plane-wave semiempirical pseudopoten-
tial method,?” including spin-orbit coupling. The optical spectra and radiative lifetimes
are calculated via a configuration interaction scheme, including excitonic effects.?

The thermally averaged lifetimes are calculated assuming Boltzmann occupation of

higher-energy excitonic states, separated by an energy AE., as

1 Ey(1/7))e AEr/ksT
TR(T) - Zlye—AEy/kBT

1)

where the radiative lifetime 7, for the transition from the excitonic state ¥, to the ground

state is obtained in the framework of time-dependent perturbation theory as
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« is the fine structure constant, iiw, is the transition energy, c is the speed of light in
vacuum, | M, | is the dipole matrix element of the excitonic transition, # is the refractive
index of the surrounding medium, F = 3¢/ (€4, + 2¢) is the screening factor, (€ = n?),
and €,,; is the dielectric constant of the nanocrystal which is calculated using a modified
Penn model.?8

Auger decay times are calculated within the standard time-dependent perturbation

theory according to the formalism developed in ref. [ 29]

|AH|fn>|
hz (Ej — E)?+ (I/2) ®)

where i) and |f,,) are the initial and final states, E; and Ey, are their energies, AH is the
screened Coulomb interaction and 71/T is the lifetime of the final states (I' = 10 meV was
used here®). In the regional screening used in the calculation of the Auger integrals?’
value of 2.5 (representative of most capping groups and solvents) was assumed for the
dielectric constant outside the dot.

We consider spherical NCs with radii ranging from 10 A to 30 A. The calculated posi-
tion of their band edges as a function of size is presented in Fig. 1, from which it is clear

that our nanostructures are free from (trap) states in the gap.

This is also confirmed by the three-dimensional visualization of the charge density
(central panels in Fig. 1), clearly exhibiting no localisation on the surface, hence indicat-
ing the absence of surface states. The charge density distribution of both CBM and VBM

within the different nanostructures, was determined by integrating the square of the re-
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Figure 1: Calculated band edge energies as a function of NC size (The corresponding 3D
charge densities are presented in blue in the central panel, where green dots represent P
atoms and red dots In atoms). The dashed lines represent the position of CBM (black)
and VBM (red) in bulk InP. The empty circles mark the band edges’ position in a NC with
R =12 A, after adding 6 P atoms on the NC surface (see text).



spective wave functions within spheres (concentric with the NC) with increasing radii
up to the NC radius R. We found much lower values for the charge density of the VBM
compared to the CBM within 80% of R for all sizes except the smallest NC (see Table 1).

Table 1: CBM and VBM charge densities (%) calculated, in all the CQDs investigated,
as integrals of the square of the respective wave functions within spheres (concentric
with the NC) with radii R;,; ranging from 50% to 90% of the NC radius R. The surface
character (whether cation- or anion-rich) is also shown for each NC. As an example, in
an InP NC with radius 14 A (with an In-rich surface) 42% of the CBM and only 7.9% of
the VBM are localised within a sphere with a radius of 8.4 A (i.e., 60% R). We therefore
conclude that most of the VBM charge density in this dot is contained outside it, i.e.,
in a spherical shell with inner radius = 8.4 A and outer radius = R.

R=93A R=14A R=168A | R=194A | R=249A | R=299A
P-rich In-rich In-rich P-rich In-rich P-rich

Rint | CBM VBM | CBM VBM |CBM VBM |CBM VBM |CBM VBM | CBM VBM
90 60.3 87.8 | 86.1 87.1 | 84.9 774 | 76.8 71.1 | 87.7 70.8 | 90.2 86.7
80 39.6 58.1 | 71.8 51.8 | 67.5 36.9 | 60.8 41.6 | 74.7 254779 67.8
70 21.6 325 | 56.0 19.3 | 53.1 19.8 | 47.1 23.8 | 58.7 7.7 | 62.6 48.2
60 11.9 17.9 | 42.0 79 | 39.1 8.2 | 33.8 21.0 | 425 1.9 | 46.2 30.5
50 6.6 7.7 | 28.6 251259 341|216 6.2 | 27.5 0.4 | 30.7 16.2

Indeed, despite the ideal passivation we used to confine both electron and hole to
the core region of the dot, we find that the presence of P atoms creates a strong repul-
sive potential for the hole, pushing its charge density towards the surface, in the case of
prevalently In-terminated NCs. For P-rich surfaces, instead, the opposite occurs, and the
hole localises more in the dot core. The electron charge density, for which P act as an
attractive potential, is instead always mostly confined to the core, but exhibits some ad-
ditional surface localisation in the presence of P-rich surfaces. These effects can be clearly
observed qualitatively in the charge density distributions presented in Fig. 1 (where green
dots represent P atoms and red dots In atoms). A more quantitative comparison is pre-
sented in Table 1, where the larger difference exhibited between the spatial distribution
of the charge densities of VBM and CBM in NCs with In-rich surfaces, compared with

P-terminated dots, is especially evident in the inner core (for Riny < 70%R), i.e, within
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Figure 2: Evolution of the calculated CBM and VBM charge densities (blue) in an InP
CQD with R = 11.3 Awith increasing P surface coverage, from an In-rich surface to a full
P layer coverage (green dots represent P atoms and red dots In atoms): the numbers next
to each charge density plot quantify the charge density (as a percentage of the total charge
density) calculated within spheres, concentric with the NC, with radii equal to 90%, 80%,
70%, 60% and 50% of the dot radius R, similarly to the results presented in table 1.
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Figure 3: Room temperature radiative lifetimes (black circles, left y axis) calculated as a
function of QD radius. The fraction of P surface atoms as a percentage of the total surface
atoms (green squares, right y axis) is also displayed. Full squares represent P fractions
below 50% (i.e., In-rich surfaces), whereas empty squares indicate P fractions above 50%
(i.e., P-rich surfaces).
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Figure 4: Evolution of the calculated radiative lifetime of an InP CQD with R = 11.3
Awith increasing P surface coverage, from an In-rich surface to a full P layer coverage.
The calculated charge densities of both CBM and VBM relative to the 3 different cases
considered are displayed in Fig. 2.

spherical volumes with radii < 70%R. This difference is also confirmed by the shifts pre-
dicted in the band edges positions (see empty circles in Fig. 1) following the addition
of a single P atom on every equivalent (100) In-terminated facet, for a total of 6 surface
P atoms:3! while the VBM moves away from the bulk VBM to more negative energies,
indicating an increase in confinement, the CBM moves closer to the bulk CBM, as a con-
sequence of decreased confinement. The effect of the surface stoichiometry on the band
edges’ wave functions is summarised in Fig. 2, which shows the charge density evolution
with increasing surface P coverage from In-rich surfaces to P-rich surfaces: in the former
case (left panel) the CBM is well confined to the dot core and the VBM exhibit regions
of large charge density close to the surface, whereas in the P-rich case (right panel) the
opposite is true.

The origin of this effect is the peculiar nature of P, when compared to other widely
used group V anions (e.g., As, Sb, etc.). Its electronic configuration is 1s22s22p®3s?3p>:

i.e., like all the other anions (see Table S2, Supporting Information), it has a p-like outer



shell, however, unlike other anions, P (like S) has no d-like orbitals. From this point of
view comparing In-based pnictogen NCs and Cd-based chalcogen NCs, InP CQDs are
more similar to CdS NCs>? than to CdSe dots. Therefore, it is perhaps not a coincidence
that both InP and CdS are plagued by trap states, 1719222423335 which have proven
difficult to eliminate experimentally despite the best efforts at passivating their surface.
In addition In and P have large differences in the electronic properties (the outermost
electronic configuration of In is 4d'°5s?5p!, which also contains d-like orbitals) atomic
size, and in the electron affinity and ionization potential. In this light, recent density
functional theory (DFT) calculations® predicted a difference in crystal potential between
In- and P-terminated InP dots in the presence of oxidised surfaces.

As a consequence of the relative displacement between the charge densities of VBM
and CBM, where the former is more localised on the core outer shell and the latter more in
the core centre (as shown in Fig. 1), the overlap between their wave functions is strongly
reduced, leading in extreme cases (i.e., for small NC sizes with In-terminated surfaces)
to (i) a completely dark® ground state exciton manifold (i.e., the 8 exciton states derived
from (eq,h112) - where e; is the CBM and h; ; is the doubly degenerate VBM - are all op-
tically forbidden), and (ii) tens-of-microseconds-long radiative lifetimes (Fig. 3). We note
that these features are not an artefact of our specific choice of passivants, as they also
emerge using the passivation set from Graf et al.?° Interestingly we find that both these
effects are correlated to the fraction of P surface atoms, at least for small NC sizes, where
to larger fractions correspond brighter excitons and faster radiative recombinations. The
confining effect of surface P on the VBM wave function is so strong that, in the case of
R = 12 A where the surface is In-rich, the simple addition of a single P atom on every
equivalent (100) In-terminated facet3! (for a total of 6 added P atoms) leads to a reduction
in the radiative recombination time by over one order of magnitude, from tens of mi-
croseconds to hundreds of nanoseconds. A further increase of P surface coverage leads

to an even faster recombination, of the order of tens of nanoseconds (Fig. 4) and to a
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full recovery of a bright exciton in the ground state manifold. This effect is stronger for
smaller sizes, where the surface atoms represent a substantial fraction of the total number
of atoms. In larger structures the effect of surface stoichiometry becomes less important
and the radiative lifetime is the result of a combination of surface effects and volume
increase (a comparison between radiative lifetimes calculated in NCs with P-rich and In-
rich surfaces is presented in Fig. S1, Supporting Information). Indeed we find that, as it is
the case for other materials (such as CdSe® and GaSb¥), 1;,q decreases with increasing
dot size.

These findings seem to find support from (and, at the same time, may be able to pro-
vide additional insight into) recent measurements of lower PL QYs in In-rich (compared
with stoichiometry-controlled) InP/ZnSe core/shell and InP/ZnSe/ZnS core /shell /shell
NCs.? The difference between the QYs in the two systems was shown to be due to the
gradual In incorporation in the epitaxially grown ZnSe and ZnS shells that occurred in
NCs synthesised using the conventional route, but not in those obtained using a stoichiometry-
controlled synthesis. The presence of In atoms (known electronic dopants for II-VI ma-
terials) in the shell(s) was assumed to generate intra-gap states, leading to non-radiative
recombination, hence to QY degradation. Our results discussed above suggest the pres-
ence of a possible additional component to the QY reduction in In-rich samples, especially
considering the small size of the InP core (R = 1.4 nm) in those experiments.

The NC surface stoichiometry does not affect appreciably, instead, the position of the
absorption edge (as shown in Fig. 5A, where the red circles indicate our results - the
empty red circle represents the calculated band gap after the addition of 6 P atoms on the
surface), as the bright transitions it corresponds to have similar energies for all surface
terminations. These transitions, however, are not to the same states. Indeed, for smaller,
In-terminated dots, the first optically allowed transition occurs to an exciton state (dif-
terent for the different sizes) that is contributed to by either highly excited hole states
and the CBM (|j; ecpm)), or by the VBM and excited electron states (|/typm; ex)), precisely

11
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Figure 5: Absorption (A) and emission (B) spectra: comparison of our results (red circles)
with experimental (coloured symbols) and theoretical (green diamonds) studies. (a): [ 7];

15

2.5

[ &)

oce

This work
This work +6 P
Theory (a) 1

Exp. (b) .
Exp. (c) -
Exp. (c) ]
Exp. (c)
Exp. (d)

2.5

| ()

oce

v

¢ Honm

This work

This work +6 P
Exp. (c)

Exp. (c) 1
Exp. (c) -
Exp. (d)
Exp. (e)
Exp. (f)
Exp. (f)
Exp. (f)

10

15

R (A)

(b): [ 6]; (0): [ 40]; (d): [ 17]; (e): [ 41]; (B): [ 42].

12

20

25 30



owing to the aforementioned relative displacement between the charge densities of VBM
and CBM, which yields a small overlap between them. This leads to large Stokes’ shifts
and weak PL intensities for these nanostructures, as the emission always originates from
the dark® ground state manifold which is located at a much lower energy (see Fig. 6a,
where we show both absorption - blue lines - and emission - red lines - spectra calculated
fora R = 11.3 A NC with an In-rich surface). In NCs with P-rich surfaces, instead, an
optically allowed exciton state exists within the ground state manifold, leading to small
Stokes’ shifts, and stronger and faster emission (see Fig. 6b - same NC as in Fig. 6a, but
with inverted stoichiometry).

In one of the seminal papers by Nozik’s group,*® InP NCs were prepared using both
excess In and excess P in their synthesis, however, in that study it had been impossible to
separate the effects of surface stoichiometry from those of the presence of trap states, on
the optical properties. Indeed, as the capping agent used (TOPO) coordinates mainly with
In* surface ions, the presence of excess P was associated by Micic et al. ** with incomplete
surface passivation, which leads, inter alia, to a broad size distribution, hence to a broad
PL spectrum. On the other hand, in NCs prepared with excess In®*, the presence of
an additional broad PL feature at low energies was attributed to radiative surface states
produced by phosphorus vacancies.>>*3 Nevertheless, they were still able to conclude
that the Stokes’ shifts they observed between the emission peak and the first absorption
peak were related to core effects, and did not depend on the presence of any surface trap,
as their magnitude did not change after treatment with HF or other etchants.

In general, due to the presence in experimental samples of a mixture of In- and P-
terminated NCs, and of a distribution of sizes, the emission is often broad and the ob-
served Stokes’ shift consequently small. In Fig. 6 we show how, for the case of an InP NC
with R = 11.3 A, the relative positions of optical transitions and corresponding spectral
peaks depend crucially on the value of the experimental linewidth: large linewidths mask

the actual position of the optical transitions, resulting in a blue-shift of the PL peak and
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in a consequent reduction of the observed Stokes’ shift. Smaller linewidths, still within

experimental capabilities, *344

allow to recover the real position of the optical transitions
providing a more accurate PL energy. This could explain why the position of the PL mea-
sured by different groups (or in different samples by the same group) in dots with the

same nominal size exhibits a wide range of variation, as shown in Fig. 5B, compared with

that of the absorption edge (Fig. 5A).

In general, Auger processes (Auger Recombination, AR, and Auger electron Cooling,
AQC) are very efficient in CQDs: in CdSe NCs, observed AR times range from a few to a
few hundreds of picoseconds (they are even faster in NCs made of other semiconductor
materials46'47), whereas AC times are of the order of hundreds of femtoseconds,??* and
they all increase with NC size.

In contrast with these expectations, and consistently with our findings relative to the
radiative lifetimes, we find longer Auger lifetimes than usual for both processes: our
calculated Auger recombination times range from about 120 ps for R = 9.3 A, to 2080 ps
for R = 24.9 A, and although they follow the observed trend with NC size highlighted
by Klimov’s group,49 they are about at least one order of magnitude slower, if compared
with what is observed in CdSe NCs,*® and two to three orders of magnitude larger than
the AR lifetimes in InSb.%64” This is shown in Fig. 7, where, following Robel et al.,* we
plot the Auger constant Cp, defined as

Ve

A= Bran) @

(where V) is the NC volume and 745 is the AR lifetime), as a function of dot size.
Unfortunately, this strong suppression of AR is accompanied, as discussed above, by a
similar suppression of radiative recombination, resulting in an overall faster AR channel.

Similarly, our predicted AC lifetimes are about one order of magnitude longer than in

14



 [in-rich surface | — s A

i 43.7 nm 44.5 nm — PL (x18700)| |

35 nm

Intensity (a.u.)

L Pl L > {0

| \\
— Abs.
— PL (x27)

Intensity (a.u.)

I \‘\‘ | N \\,’ \ <
2 2.2 2.4 2.6 2.8 3
Energy (eV)

Figure 6: Room temperature absorption (blue lines) and emission (red lines) spectra for an
InP NC with R = 11.3 A with an In-rich (top panel) and a P-rich (bottom panel) surface.
The top structure is anion-centred, the bottom one has an inverted stoichiometry (i.e., an-
ions and cations are interchanged) and is cation-centred. The spectra are calculated for
different experimental linewidths (44.5 nm,* thick blue lines; 43.7 nm,*® thick red lines;
and 35 nm,** thin red lines), and also using a much smaller - and, so far, experimentally
unachievable - linewidth (17 meV, dashed lines), in order to show how the relative po-
sitions of optical transitions and spectral peaks may vary, depending on the value of the
linewidth. The PL amplitude has been normalised to that of the first absorption peak by
multiplying it by a factor of 1.87 x 10* (top panel) or 27 (bottom panel), i.e., the PL. ampli-
tude in the NC with an In-rich surface is about 3 orders of magnitude smaller than that in
the NC with a P-rich surface.
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Figure 7: Auger Constant as a function of QD radius: comparison with experiment. (a):

[ 49]; (b): [ 46]. The dashed lines indicate the universal scaling boundaries from Robel et
al. ¥

CdSe,?**8 ranging from a few hundreds of femtoseconds to a few picoseconds (see Fig. S2,
Supporting Information). The only exception is represented by R = 14 A, in which the
tirst electron excited state has an s-like character and is singly degenerate, in contrast to
the (nearly) 3-fold degenerate p-like states that are found in all other sizes, resulting in
a much longer lifetime than in all other dots considered in this study. We find that the
details of the surface stoichiometry have a weaker effect on all Auger processes than they
have on the emission properties (compare empty and solid red circles in Fig. 7 and Fig. S2,
Supporting Information), as the former involve both band edge and excited states, whose
charge densities normally exhibit a relative displacement.

In conclusion, we have shown that small InP NCs with an ideally passivated P-rich
surface exhibit faster radiative recombination, stronger emission and smaller Stokes’ shifts
compared to NCs whose surface has a prevalence of In atoms. The latter show long life-
times and weak emission despite the presence of a full passivant coverage, i.e., in the
absence of any trap states, owing to the existence of a relative displacement between the

charge densities of CBM and VBM (hence a reduced coupling between them), that gives
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rise to a completely dark ground state exciton manifold extending over a considerable en-
ergy window. Our results therefore suggest that, in such NCs, commonly adopted strate-
gies to improve emission QY by removing surface traps may fail if they do not, at the
same time, provide additional confinement for the hole. Indeed, recent InP/ZnSe/ZnS
core/multiple-shell structures exhibiting near-unity QYs, successfully address both is-
sues: they minimise the number of defects by preventing oxidation and strain formation
at the heterojunctions, on the one hand, and, on the other hand, by exploiting the large
valence band offset (of the order of 1 eV>Y), between core and shell material, they pro-
vide strong additional confinement for the hole. HF treatment on its own, however, only
addresses the first issue, as it removes undercoordinated surface P atoms, responsible for
the formation of gap states. Although this may lead to a relative improvement in the PL
effic:iency,51 HF etching results in In-rich surfaces,®! and we have shown here that, even in
ideally passivated NCs, such a surface stoichiometry, adversely affects hole confinement,
thereby compromising the emission.

We propose that this effect is particularly strong in InP NCs due to the peculiar elec-

tronic structure of P atoms which, like that of S, lacks d orbitals.

Supporting Information Available

Passivation procedure and parameters, Electronic configuration of the outer shell of the
anions most commonly found in semiconductor NCs, Radiative lifetimes for different

surface stoichiometries, Calculated Auger Cooling times.
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