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Derivation of the Gradient Function for Spherical Particles

A spherical-symmetrical core/shell nanoparticle is defined by the radius of the core Reope
and the shell thickness H, which gives the particle radius R = Rcoe + H. This describes a
sharp interface between core and shell at R (see Figure S1). A graded interface can be

introduced using the function?

v

r
rY + a¥

(1)

g(r.a,v) =

Here a is the point of inflection of the gradient and v defines the gradient slope. v = oo for
a hard interface and 0 for a homogeneous alloy. A nanoparticle with finite volume needs to
meet the boundary condition of preservation of mass, i.e. the ratio between core and shell
material needs to remain constant for any given v. Effectively, this shifts a away from the

radius of the hard interface.

A

Figure S1: (A) Geometric model of a graded core/shell particle. The width of the alloy is
represented as a shaded area. (B) Plot of the gradient trough (equation 1) in two dimensions.

The molar fraction £ of the shell material is defined by the integral over the gradient

function from 0 to R in spherical coordinates:

£E= é///vg(r, a,v)dV = %/OR 4712 g(r, a,v) dr (2)

with Vop = %WR?’. For a sharp interface no shell material is found at radii » < Rgore, and
equation 2 can be simplified to

Ehard shell = 1 — —2— (3)



For a finite gradient the indefinite integral of the gradient function g(r,a,v) must be calcu-
lated, which yields
G(ra,v) =71 1= 2F (1,51 +1;,—a ")) (4)

with the Gauss hypergeometric function o F; that is defined by the series

2Fi(a, By 2 Z )nl (5)
n=0 ’7 n :
using the Pochhammer symbol
1 ifn=1

(@)n = (6)

qlg+1)---(¢g+n—1) ifn>1

Integration of equation 2 over the volume of the particle with radius R leads to the function
¢(R,a,v), which gives the volume fraction for a given particle radius R, point of inflection
a, and slope v:

(R.a,p) = 1= 2Rl 43 + 15 —a ') G

For a given v the corresponding a can be determined numerically from the equation &ard shen —
¢(R,a,v) =0, which has a single, defined zero. Two cases need to be distinguished: a shifts
to smaller values if the volume of the shell is larger than that of the core, Vien > Veore,
while a shifts towards the outer particle radius if Vien < Veore.Due to the lack of an analytic
solution for a(v) a fit of calculated data points can be employed to quickly calculate a from
v for a given Ry and R (see Figure S2). It needs to be stressed that the fit is an empirical
relationship and not all combinations of core size and shell thickness can be fit with sufficient
accuracy.

The average coordination number of an ion by one of the two possible counterions, Ny,
is the molar fraction of the counterion multiplied by the molar fraction of selenium Ng,

multiplied by the volume element 47r?dr and integrated over the whole particle volume
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Figure S2: (A) Plots of {uard shen —&(R, a, v) as a function of v for a range of a for R = 3 nm
and R.e = 2 nm. The correct values for v are determined from the zeros of these plots.
(B) The relationship between v and a can be determined by fitting the data to a rational
function. (C) Radial gradient functions with correlated slopes and points of inflection.

from r = 0 to r = R. As the amount of selenium per volume element enters the equation as
a weighting factor the result is then divided by the total molar ratio of selenium, as well as
the total particle volume for normalization. Finally, to calculate a coordination numer the
value is multiplied by the average expected coordination number of selenium by any metal
N. Neglecting the surface ions N = 4. From experimental data it is likely closer to 3.6. As
the molar fractions of the core or shell components is assumed to be equal in this model
the values for the metal and chalcogenide are indistinguishable. This would not be the case
if more detailed information on the particle is taken into account, e.g. the likely metal-rich

surface of the ZnSe cores at the beginning of the shell growth.

N R

Ny =
M fSe VQD 0

4772 g(r, ant, var) (7, Ase, Vse) dr (8)

No analytical solution to this integral was computed in this study and numerical solutions

were used.



List of Parameters Used in the EMA Calculations

Table S1: Lattice parameters, dielectric constants for the static (€g) and optic (€,) limit,
elastic stiffness constant C;, band gap Ey, valence band offset Eyp relative to ZnS, effective
masses with respect to the [001] crystal axis in units of the electron rest mass, and spin-orbit
splitting A,. aj), a,, b and ¢ are deformation potentials of the conduction and valence band.
All parameters were taken from [2], except relative band offsets, which were taken from [3].

CdS CdSe ZnS 7ZnSe Unit
a 5.825 6.077 5.4102 5.6692 A
€0 9.8 9.6 8.3 8.9
€oo 5.4 6.2 5.1 5.9
Ciy 77.0 66.7 102.0 85.7 GPa
Cia 53.9 46.3 64.6 50.7 GPa
Cus 23.6 22.3 44.6 40.5 GPa
E, 2.445 1.766 3.810 2.8071 eV
Eyvg 0.18 0.6 0 0.53 eV
m* 0.14 0.119 0.20 0.137 my
my,  0.39 0.33 0.85 0.52 myg
mi, 0.18 0.13 042 0.168 myg
mk 0.24 0.18 0.56 0.24 my
Ay,  0.070 0.410 0.070 0.424 eV
ay 0.43 0.80 -5.2 5.1 eV
Ay 0.92 -8.9 2.31 1.65 eV
b
d

-4.7 -0.8 -1.1 -1.8 eV
-4.4 -4.4 -4.4 -0.0 eV

1-band Effective mass calculations were performed for the cases of only cation diffusion
(Veation = 3 Vanion = 30) and both cation and anion diffusion (Veation = 3, Vanion = 3)- The
nextnano-++ software was used with 0.2 nm resolution for the electron (I'-band) and the
heavy hole (hh), light hole (1h), and split-off hole (so) for the zincblende crystal structure.?
The parameters employed for the calculations are summarised in Table S1. The surround-
ing matrix was set to arbitrarily high values. The graded material was computed as the
quaternary alloy Zn,Cd;_,S,Se;_, with the two parameters x and y being determined by
equation 2, with slope and point of inflection calculated as described above. Band gaps were

calculated using composition-independent bowing parameters b according to equation 9 (see



Table S2),5® while for all other parameters behaviour following Vegard’s law was assumed.

No strain relaxation was performed.

Eyz)=xEja+ (1 —2)E; p — bx(1 — x) (9)

Table S2: Bowing parameters b for the band gap of the ternary semiconductors. These were
taken from [9] and used by the program to compute the band gap of the quaternary alloy.

Ternary alloy 7n,Cd;_,S Z7n,Cd;_,Se CdS,Se;_, ZnS,Se;_,
b 0.827 0.387 0.700 0.580

As a continuum method EMA does not take the atomistic structure of the nanocrystal
into account. More sophisticated algorithms have been applied, but require significantly more

computational resources. '°
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Figure S3: Radial band offset (lines) and magnitude wave function (shaded areas) of the
lowest energy electron (black) and heavy hole (red) for a cation gradient with » = 3 and
anion gradients with v = 30 (left) and v = 3 (right). (Dashed lines indicate the Bohr radius
of the respective carriers. (The same data as in Figure 1B of the main manuscript, but the
wave function is shown instead of the radial distribution function.



We assumed high mobility of the cations, which have been shown to move easily in II-VI
and IV-VI semiconductors. 1112 This is reflected in the choice of a small value of Veation = 3 for
the corresponding gradient slope. To differentiate between weak and strong anion migration
values of Vanion = 30 and vuuon = 3 were employed, respectively. Figure S3 summarizes the
results of the EMA calculation: a stronger gradient of the anion sublattice affects mainly the
radial distribution in the valence band (VB), which is formed as a linear combination of S
3p and Se 4p orbitals. Upon diffusion of the anions the VB offset between ZnSe and CdS is
smoothed to a shallow potential trough, which reduces the effective radius of the 155/, heavy
hole by 0.5 nm from 1.5 to 1.0 nm. In comparison, carrier distribution in the conduction band
(CB), which is comprised of Zn 4s and Cd 5s orbitals, does not change. However, the energy
of the 185, electron is significantly raised, because of the increased amount of ZnS in the shell,
which has a larger band gap. The predicted blue-shift for diffusing anions was not observed
in these samples; however, we were able to demonstrate an 8 nm blue-shift between samples

made at 290 and 310 °C in our previous work. !4



EXAFS Analysis of Bulk CdSe fit to zincblende structure

Syi=1
AEy := 2.7887 (from previous fit optimisation using the same data set)

a = —0.02314 £ 0.00050

Path N | AR=a- Reg (A) o2 (A?%)
@ Cdl.1 @ 4 —0.0622 | 0.00295 = 0.00017
@ Se2.1 @ 12 —0.1017 | 0.00550 £ 0.00112
@ Cdl1.1 Cd1.1 @ | 12 —0.1131 | 0.00107 £ 0.01577
@ Cdl.1 Se2.1 @ | 24 —0.1131 | 0.00368 £ 0.00712
@ Cdl1.2 @ 12 —0.1192 | 0.00829 =+ 0.00098

red. y? = 77.64

R—factor = 0.0163 BUIk Cdse

Number of variables: 6

™
Fitting range: 1.5-5.25 A <C

N

Fitting k weights: k2, k* ~3
=
2

1(R) (A®)

Figure S4: EXAFS spec- :zg!m
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fit for bulk CdSe at 10 K in 4 5

real and k-space. Radial distance (A)



EXAFS Analysis of CdSe QDs fit to zincblende structure

Syi=1
AEy := 2.7887 (from bulk CdSe fit)
a = —0.02628 £ 0.00045

Path N | AR =a- R (A) | 0% (A?) (from bulk CdSe)
@ Cdl @ 3.31 £0.08 —0.0707 0.00295
@ Sel @ 3.25+0.92 —0.1154 0.00550
@ Cd1 Cd1 @ 0.71 £12.9 —0.1284 0.00107
@ Cdl Sel @ | 13.32+10.14 —0.1284 0.00368
@ Cd2 @ 1.51 +£1.09 —0.1354 0.00829

red. x? = 458.66

R—factor = 0.0099 20 Cdse QDS
Number of variables: 6 - 1

@ 10
Fitting range: 1.5-5.25 A <L ]
Fitting k weights: k2, k3 g 0 | }(

=
e -10 -
-20 T T T T T 1
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Figure S5: EXAFS spectra and

the best obtained fit for CdSe

quantum dots at 10 K in real 1 2 3 4 5

and k-space. Radial distance (A)



EXAFS Analysis of ZnSe QDs fit to zincblende structure

SEi=1

AEy := 2.7887 (from bulk CdSe fit)

a = —0.01667 £ 0.00037

Path N | AR=a- R (A) | 0% (A?) (from bulk CdSe)
@ Znl @ 3.61 £0.07 —0.0414 0.00295
@ Sel @ 6.08 + 0.64 —0.0677 0.00550
@ 7Znl Znl @ | 11.58 +5.20 —0.0753 0.00107
@ Znl Sel @ | 12.80 4+ 9.69 —0.0753 0.00368
@ Zn2 @ 3.66 + 0.95 —0.0794 0.00829
red. x? = 668.49
R—factor = 0.0047 20 ZnSe QDS
Number of variables: 6 - -
® 104
Fitting range: 1.3-4.7 A < ] A
Fitting k weights: k2, k3 g 0 T V
=
e -107
'20 T T I ! | ! I ! I ! I ! I
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=
Figure S6: EXAFS spectra and
the best obtained fit for ZnSe

quantum dots at 10 K in real

and k-space.
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EXAFS Analysis of ZnSe/CdS (260 °C)

SEi=1

AE, := 2.7887 (from bulk CdSe fit)
acq = —0.02726 £ 0.00109

azy, = —0.00794 £ 0.00196

Path N | AR=a- Reg (A) | 0% (A?) (from bulk CdSe)
@Znl @ | 1.59+£0.13 —0.0197 0.00295
@ Cdl @ | 2.69+0.13 —0.0733 0.00295
@ Sel @ | 1.90 £ 0.55 —0.0322 0.00550

red. x? = 165.96

R—factor = 0.0077 ZnSe/CdS QDs (260 °C)

Number of variables: 5

Fitting range: 1.4-4.0 A

Fitting k weights: k2, k*

-20 T T T T T T T T
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Wavenumber (A™)
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Figure S7: EXAFS spectra —20—:
-25 —fit
and the best obtained fit for 1 ~— window
-30 T - T - T : | ; T
ZnSe/CdS (260 °C) nanocrys- 1 2 3 4 S

tals at 10 K in real and k-space. Radial distance (A)
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EXAFS Analysis of ZnSe/CdS (290 °C)

SEi=1

AE, := 2.7887 (from bulk CdSe fit)
acq = —0.02770 £ 0.00262

ozy = —0.01351 £ 0.00298

Path N | AR=a- Reg (A) | 0% (A?) (from bulk CdSe)
@ Znl @ | 2.18 £0.28 —0.0336 0.00295
@ Cdl @ | 2.27+0.29 —0.0745 0.00295
@ Sel @ | 1.94+1.15 —0.0549 0.00550

red. x? = 357.05

R—factor = 0.0339 ZnSe/CdS QDs (290 °C)
Number of variables: 5 20 ]
- % 10
Fitting range: 1.4-4.0 A <L ]
Fitting k weights: k2, k* g O__
10+
'20 T T ' I ! I ! I I

0 2 4 6 8 10 12 14

Wavenumber (A™)
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— (Rl

Figure S8: EXAFS spectra -20—: ——Rey(R)
-25 — it

and the best obtained fit for 1 window
-30 . - | - T - | - T

ZnSe/CdS (290 °C) nanocrys- 1 2 3 4 S

tals at 10 K in real and k-space. Radial distance (A)
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EXAFS Linear Combination Fitting
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Figure S9: Results from the linear combination fit of the EXAFS spectrum for ZnSe/CdS
made at 260 °C, with the spectra of bulk CdSe and ZnSe QDs used as components.
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Figure S10: Results from the linear combination fit of the EXAFS spectrum for ZnSe/CdS
made at 290 °C, with the spectra of bulk CdSe and ZnSe QDs used as components.
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X-ray Diffraction Data
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Figure S11: X-ray diffractograms of the ZnSe cores (blue), ZnSe/CdS nanocrystals made
at 260 °C (green) and ZnSe/CdS nanocrystals made at 290 °C (orange) with the references

for cubic ZnSe (top) and CdS (bottom). The reflexes become narrower after shell growth due
to the particles’ 5-fold increase in volume.
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Figure S12: Magnified region of the (111) and (200) reflexes from Figure S10. The peak
positions for the (111) reflex are 27.26° for ZnSe, 26.19° for ZnSe/CdS (260 °C) and 26.34°
for ZnSe/CdS (290 °C). The reference line indicates the position of the (111) reflex that is
expected for ZnCdSe, according to Vegard’s law. Gradient formation at 260 °C leads to a

shift towards smaller angles than that of CdS, caused by the contribution of CdSe to the
lattice. At higher reaction temperatures the reflexes shift again to larger angles.
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Figure S13: A second batch of ZnSe/CdS nanocrystals was prepared for XRD measure-
ments. Except for a small shift due to slightly different core diameter and shell thickness the
absorption spectra show the same behavior as those shown in Figure 1A of the main paper.
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Experimental Methods

Chemicals

CdO (>99.5 %), oleic acid (=99 %), tri-n-octylphosphine (TOP, 97 %), 1-octadecene (ODE,
90 %), Diethylzinc (52 wt-% Zn), and methanol were purchased from Sigma-Aldrich. Chlo-
roform (99.9 %) and oleylamine (>80-90 % Cis) was acquired from Acros. Selenium shot
(99.999 %) was purchased from Alfa Aesar, toluene (>99.5 %) from Carl Roth, and acetone

(> 99 %) from VWR. All chemicals were used as received without further purification.

Stock solutions

A cadmium oleate stock solution was prepared by degassing 8.396 ml ODE, 0.128 g (1 mmol)
CdO, and 0.847 g (0.947 ml, 3 mmol) oleic acid at 80 °C for 1 h. Afterwards the mixture was
heated to 300 °C under a nitrogen atmosphere until the solution became clear. After cooling
to room temperature 0.535 g (0.658 ml, 2 mmol) oleylamine were added to prevent gelling of
the solution. The solution was stored inside a nitrogen glove box and diluted with ODE as
desired. The sulfur stock solution was prepared by mixing degassed ODE the with required
amount of octanethiol. All injection solutions were degassed and stored in a nitrogen glove

box.

ZnSe core particle synthesis

Zinc selenide nanoparticles were prepared following a modified protocol by Cozzoli et al.'> A
Zn /Se precursor solution was prepared by mixing 1.34 ml of a 1.7 M solution of selenium in
TOP, 7.63 ml TOP, and 0.236 ml (284 mg, 2.3 mmol) diethylzinc. 8.61 ml oleylamine were
degassed and then heated to 300 °C. At the injection temperature 3.21 ml of the injection
solution was swiftly injected, and the temperature was immediately adjusted to 265°C. The
particles were allowed to grow for 30 min. A 1 ml aliquot of the injection solution were

then added drop-wise over the course of 5 min, followed by 25 min of reaction time. This
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step was repeated twice. The reaction mixture was cooled down to room temperature and
flocculated with anhydrous methanol and anhydrous acetone (1:3). After centrifuging the
sealed vials at 3000 rcf and removing the supernatant the particles were redispersed in anhy-
drous chloroform. Flocculation /redispersion was repeated once and the particle dispersion in
4 ml chloroform was stored inside a nitrogen glove box until further use. The ZnSe particle

concentration was determined to be 173 pM.

Shell synthesis

The CdS shells were grown according to the protocol from a previous publication. 1416 Briefly,
3 ml 1-octadecene (ODA) and 3 ml oleylamine (OAm) were mixed with 0.58 ml (100 nmol) of
a solution of ZnSe core particles (3.2 nm diameter) in chloroform. The mixture was degassed
under vacuum at 80 °C for 1 h. Then the flask was put under a nitrogen atmosphere and the
temperature was raised to the desired shell growth temperature. Solutions of octanethiol in
ODE (3 ml, 72.5 mM) and cadmium oleate in ODE (3 ml, 60.5 mM) were injected into the
reaction mixture over the course of 2 h using a syringe pump with two separate syringes.
Injection was started when the Temperature reached 230 °C to account for the dead volume in
the syringe and to minimize the time during which the ZnSe seeds were subject to Ostwald
ripening. The reaction temperature was reached within a few minutes (equivalent to less
than 50 pl of precursor solution). After the injection was complete the temperature was
lowered to 200 °C and 1 ml of oleic acid were injected drop wise. The reaction mixture was
annealed for 1 h before cooling to room temperature. The particles were washed three times
by flocculating with acetone and ethanol, centrifuging, and redispersing in chloroform. The

final product was passed through a syringe filter and stored under ambient conditions.

EXAFS Analysis

EXAFS spectra were obtained at the X-ray absorption spectroscopy beamline of the Aus-

tralian Synchrotron. The samples were mixed with cellulose as a matrix and cooled to 10 K
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using a liquid helium cryostat. The sample was irradiated at the Se K-edge (12.6578 keV)
and X-ray absorption spectra were obtained in absorption mode.

The EXAFS spectra were analysed using the IFEFFIT library and DEMETER software
package.!” Spectra of a zincblende CdSe bulk material sample was used as a reference for
which the structure and coordination numbers are well known, having been well characterised
by XRD (Materials Project, mp 2691).? Fitting factors such as the shift from the absorption
edge AE, and the mean square disorder o2 for the first five scattering paths were determined
from this measurement, while the amplitude reduction factor S2 was set to 1. These values
were then employed to determine the coordination numbers of the nanocrystalline samples.
For ZnSe the crystals structure was obtained from the Materials Project database, mp 1190.

From the choice of two well-defined, binary references, ZnSe and CdSe, as the model for
our fit follows the requirement of two isotropic lattice expansion coefficients, oz, and acq,
each describing the deviation of one sublattice from the reference. In a homogeneous solid
solution both would lead to the same average lattice constant a, as predicted by Vegard’s
law. However, in a graded system oy, is biased towards the Zn-rich core, while a¢q is weighed

in favor of the Cd-rich shell. Two different values are therefore expected.

TEM Analysis

High-resolution transmission electron micrographs were obtained using a Jeol JEM 2200FS
transmission electron microscope operated at 200 kV. Samples were prepared by drop-casting
10 pL of dilute sample solution in toluene onto a carbon-coated copper grid (Quantifoil).
The TEM data show that the diameter of the core/shell particles grown at 290 °C (5.1 +
0.4 nm) is 0.5 nm larger than those grown at 260 °C (4.6 £0.3 nm). This difference is caused
by faster kinetics of the shell growth reaction at higher temperatures and has already been
discussed in a previous paper.'* This difference does not impact the interpretation of the
anomalous mixing behavior observed at 290 °C: a higher volume fraction of CdS would be

expected to lead to a larger instead of smaller N¢q without formation of the ordered phase.
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Figure S15: TEM micrograph of the ZnSe core particles with and average size of 2.7+0.2 nm.
Due to the low contrast of the material the diameter is hard to determine exactly and the
measurement is likely biased towards too low values.
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Figure S16: TEM micrograph of the ZnSe/CdS particles with the shell grown at 260 °C.
The average diameter was determined to be 4.6 + 0.3 nm.
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Figure S17: TEM micrograph of the ZnSe/CdS particles with the shell grown at 290 °C.
The average diameter was determined to be 5.1 + 0.4 nm.
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Figure S18: Approximate band gaps of the binary semiconductors and 1:1 ternary and
quaternary alloys employed in this study.?%? The excitation energy from the laser used for
the Raman experiments is indicated by an arrow. It is not sufficient to excite any direct or
spatially indirect band gap transition.
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