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Detailed experimental and computational methods:
CsPbBr3 NCs sample preparation (polymer matrix and NC solid):
Chemicals. The following reagents were used as received: Cs2CO3 from Fluorochem, lead(II)
acetate trihydrate (99.99%), bromine (99.9%), 1-octadecene (ODE, technical grade), 3-(N,Ndimethyloctadecylammonio)propanesulfonate (>99%), ethyl acetate (HPLC grade, ≥99.7%),
Polystyrene 192 kDa and oleic acid (90%, OA) from Sigma Aldrich/Merck, toluene (for synthesis),
ethanol (95.5%) and acetone (HPLC grade) from Fischer, hexamthyldisilazane (HMDS) and
trioctylphosphine (>97%, TOP) from STREM. For NC purification steps in the glove box, ultradry solvents were used. Toluene was dried in a molecular-sieves-based solvent drying system to
achieve water content <5 ppm and then stored in a nitrogen filled glove box over molecular sieves.
Ultra dry polar solvents (acetone and ethyl acetate) were purchased from Acros.
Cs-oleate 0.4 M in ODE. Cs2CO3 (1.628 g, 5 mmol), OA (5 mL, 16 mmol) and ODE (20 mL) were
evacuated at upon heating to 120 °C until the completion of gas evolution.
Pb-oleate 0.5 M in ODE. Lead (II) acetate trihydrate (4.607g, 12 mmol), OA (7.6 mL, 24 mmol)
and ODE (16.4 mL) were mixed in a three-necked flask and evacuated upon heating to 120 °C
until the complete evaporation of acetic acid and water.
TOP-Br2 0.5 M in toluene. TOP (6mL, 13 mmol) was mixed with toluene (18.7 mL) and bromine
(0.6 mL, 11.5 mmol) under inert atmosphere.
Synthesis and Purification of NCs. ASC18 capped CsPbBr3 NCs were synthesized and size
selected as previously reported. Their sizes were estimated from the absorption spectra using the
sizing curve and confirmed by TEM statistics.1
Size 4 (13.2 nm)
Pb-oleate (0.5 mL, 0.5M, 0.0025 mol), Cs-oleate (0.4 mL, 0.4M, 0.0016 mol), ASC18 (0.0215 g,
0.05 mmol) and ODE (10 mL) were combined in a 50-mL three-necked-flask and heated to 120 °C
under vacuum. Once the gas evolution stopped, the mixture was switched to argon and the
temperature adjusted to 180°C. Once the reaction temperature was reached, TOP-Br2 (0.5 mL,
0.5M, 0.0025 mol) was injected and the reaction was cooled immediately with an ice-bath.
The resulting crude solution was centrifuged (29500g (g is the earth gravity) for 10 minutes) and
the precipitate was redispersed in 3 mL of toluene. Large NCs were removed by another round of
centrifugation (29500g, 10 minutes). The resulting colloidal solution was further purified using
toluene and ethylacetate as solvent and anti-solvent respectively in a ratio of 1:2 and centrifugation
(29500g, 10 minutes). In each purification step the amounts of both solvent and anti-solvent were
reduced by factor 2. The final precipitate was redispersed in 3 mL of toluene resulting in a 0.7
mg/mL colloidal solution that was further used for film formation.
Size 3 (8.1 nm)
Pb-oleate (5 mL, 0.5M, 0.025 mol), Cs-oleate (4 mL, 0.4M, 0.016 mol), ASC18 (0.215 g, 0.5
mmol) and ODE (10 mL) were combined in a 50-mL three-necked-flask and heated to 120 °C
under vacuum. Once the gas evolution stopped, the mixture was switched to argon and the
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temperature adjusted to 130°C. Once the reaction temperature was reached, TOP-Br2 (5 mL, 0.5M,
0.025 mol) was injected and the reaction was cooled immediately with an ice-bath.
To the crude solution (24 mL) 54 mL of ethyl acetate was added and the turbid solution was
centrifuged (29500g, 10 minutes). The precipitate containing larger NCs was discarded and to the
supernatant another 3 mL of ethylacetate were added and the mixture was centrifuged (29500g, 10
minutes). The precipitate yielded the NCs further referred to as size 3 that were redispersed in 3
mL of toluene and subjected to 3 more washing steps using toluene:ethylacetate 1:2 and
centrifugation (29500g, 10 minutes). In each purification step the amounts of both solvent and
anti-solvent were reduced by factor 3. The final precipitate was redispersed in 3 mL of toluene,
resulting in a final concentration of 16 mg/mL.
Size 2 (7.2 nm)
Pb-oleate (5 mL, 0.5M, 0.025 mol), Cs-oleate (4 mL, 0.4M, 0.016 mol), ASC18 (0.215 g, 0.5
mmol) and ODE (10 mL) were combined in a 50-mL three-necked-flask and heated to 120 °C
under vacuum. Once the gas evolution stopped, the mixture was switched to argon and the
temperature adjusted to 130°C. Once the reaction temperature was reached, TOP-Br2 (5 mL, 0.5M,
0.025 mol) was injected and the reaction was cooled immediately with an ice-bath.
To the crude solution (24 mL) 52 mL of ethyl acetate was added and the turbid solution was
centrifuged (29500g, 10 minutes). The precipitate containing larger NCs was discarded and to the
supernatant another 6 mL of ethyl acetate were added and the mixture was centrifuged (29500g,
10 minutes). The precipitate yielded the NCs further referred to as size 3 that were redispersed in
1 mL of toluene and subjected to 3 more washing steps using toluene: ethyl acetate 1:2 and
centrifugation (29500g, 10 minutes). In each purification step the amounts of both solvent and
anti-solvent were reduced by factor 2. The final precipitate was redispersed in 1 mL of toluene,
resulting in a final concentration of 87 mg/mL.
Size 1 (4.9 nm)
Pb-oleate (5 mL, 0.5M, 0.025 mol), Cs-oleate (4 mL, 0.4M, 0.016 mol), ASC18 (0.215 g, 0.5
mmol) and ODE (10 mL) were combined in a 50-mL three-necked-flask and heated to 120 °C
under vacuum. Once the gas evolution stopped, the mixture was switched to argon and the
temperature adjusted to 100°C. Once the reaction temperature was reached, TOP-Br2 (5 mL, 0.5M,
0.025 mol) was injected and the reaction was cooled immediately with an ice-bath.
To the crude solution (24 mL) 21 mL of acetone were added and the turbid solution was
centrifuged (29500g, 10 minutes). The precipitate containing larger NCs was discarded and to the
supernatant another 2 mL of acetone were added to precipitate the NCs of size 1 upon
centrifugation (29500g, 10 minutes). The supernatant was discarded and the precipitate was
redispersed in 1 mL of toluene. The so received colloid was subjected to 3 more washing steps
using toluene: acetone 1:2 and centrifugation (29500g, 10 minutes). In each purification step the
amounts of both solvent and anti-solvent were reduced by factor 2. The final precipitate was
redispersed in 1 mL of toluene, resulting in a final concentration of 85 mg/mL.
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Film formation. For the film formation, all NC colloidal solutions were adjusted to a concentration
of 20 mg/mL (2% by mass) and mixed with a PS solution of 20% (mass). The solutions were
prepared and stored over-night before film preparation. Under the assumption of complete mixing
of the solutions, the resulting film should have a mass composition of 10% NCs and 90% PS. This
corresponds to a volumetric ratio of roughly 0.2% NCs due to the much higher density of the NCs
with respect to PS. Such solutions were spin-coated onto single crystalline quartz substrates that
were previously cleaned (sonication in soap water, cleaned with water stream, blow dried, this
sequence was repeated twice, sonicated in ethanol, blow dried and sonicated in acetone and blow
dried), covered with a monolayer of HMDS, and annealed in a nitrogen filled glovebox. 30 uL of
the solution were used per cm2 of substrate. They were deposited, first spun at 500 rpm for 10s
followed by 1 min at 2000 rpm.
For the largest NCs (size 4, d = 13.2 nm), this was not possible as the saturation concentration for
such large NCs is smaller. Here, PS was dissolved in the colloidal solution (saturated solution).
Optical density of spin coated films would still not have been sufficient, and therefore the films
were prepared by drop casting.
All samples were packed under inert atmosphere in a glove box at ETH, and shipped to MIT within
two days. The package was then transferred into the glovebox, and unpacked under nitrogen.
Instrumentation. UV-Vis absorption spectra of colloidal NCs were collected using Jasco V670 and
Jasco V770 spectrometers in transmission mode. Fluorolog iHR 320 Horiba Jobin Yvon was used
to acquire steady-state PL spectra from solutions, using excitation at 350nm. UV-Vis absorption
spectra of the other colloidal NCs were collected using Cary 5000 in transmission mode. Avantes
fiber-optic spectrometer was used acquire steady-state PL spectra from solutions, using excitation
at 365nm with a Thorlabs fiber-coupled LED. PL QYs of all solutions were measured with
Quantaurus-QY Absolute PL quantum yield spectrometer from Hamamatsu.
TEM images were collected using Hitachi HT7700 microscope operated at 100 kV and a JEOL
JEM-2200FS microscope operated at 200 kV. TEM images were processed using Fiji.3 HAADFSTEM images were collected at cryo-conditions (holder cooled with liquid nitrogen) on a Tecnai
F30 (Thermo Fisher Scientific) operated at 300 kV with a point resolution of ca. 2 Å.
CsPbBr3 bulk thin film sample preparation:
The CsPbBr3 bulk thin film sample was synthesized with the one-step spin-coating method in
glovebox. The precursor solution was prepared by mixing cesium bromide (CsBr, Sigma Aldrich,
≥99.999%) and lead bromide (PbBr2, Sigma Aldrich, ≥99.999%) with a 1:1 molar ratio in dimethyl
sulfoxide. The solution concentration was 0.33 mol L-1. The bulk thin film was then prepared by
spin-coating the precursor solution (500 rpm for 6s, followed by 4000 rpm for 30s). The sample
was then dried on a hotplate at 100 °C for 10 minutes.
Modeling:
The computational modelling and fitting procedure is similar to methods previously
described.1-3 Briefly, a simple band effective mass model is used as a starting point. In this
framework, the effective mass equation for an exciton within the NC can be described as:
� 𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓(𝒓𝒓𝑒𝑒 , 𝒓𝒓ℎ ) = 𝐸𝐸𝑥𝑥 𝑓𝑓(𝒓𝒓𝑒𝑒 , 𝒓𝒓ℎ )
(1)
𝐻𝐻
� 𝑒𝑒𝑒𝑒𝑒𝑒 = −
𝐻𝐻

ℏ2 2
ℏ2 2
𝑒𝑒 2
𝛻𝛻𝑒𝑒 −
𝛻𝛻ℎ −
2𝑚𝑚𝑒𝑒
2𝑚𝑚ℎ
𝜖𝜖𝑒𝑒𝑒𝑒𝑒𝑒 |𝒓𝒓𝑒𝑒 − 𝒓𝒓ℎ |
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(2)

where 𝑓𝑓(𝒓𝒓𝑒𝑒 , 𝒓𝒓ℎ ) is the envelope function for the exciton, 𝒓𝒓𝑒𝑒 (𝒓𝒓ℎ ) is the electron (hole) coordinate, ,
𝜖𝜖𝑒𝑒𝑒𝑒𝑒𝑒 is the effective dielectric constant, including possible polaronic effects,4-5 screening the
electron/hole Coulomb interaction.
For NCs substantially smaller than the exciton Bohr diameter, known as the strong confinement
limit, it is common to treat the electron/hole interaction as a first-order perturbation. However, for
CsPbBr3 NCs synthesized to date, the edge length is usually larger than the Bohr diameter, or only
slightly smaller than Bohr radius. A variational approach is used to describe this intermediate
quantum confinement limit. In a cubic-shaped NC, the ground state electron or hole wavefunction
for a 3D box with edge length L, within the parabolic band approximation, can be written as:

7

8
𝜋𝜋𝜋𝜋
𝜋𝜋𝜋𝜋
𝜋𝜋 𝑧𝑧
𝜓𝜓𝑆𝑆 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = � 3 cos �
� cos �
� cos �
�
𝐿𝐿
𝐿𝐿
𝐿𝐿
𝐿𝐿

(3)

The intermediate confinement wavefunction for the exciton is assumed to have the form:6𝑓𝑓𝑆𝑆𝑆𝑆 (𝒓𝒓𝑒𝑒 , 𝒓𝒓ℎ ) =

1

�𝑁𝑁(𝛽𝛽𝑆𝑆𝑆𝑆 )

𝑒𝑒 −𝛽𝛽𝑆𝑆𝑆𝑆 |𝒓𝒓𝑒𝑒−𝒓𝒓ℎ | 𝜓𝜓𝑆𝑆 (𝒓𝒓𝑒𝑒 )𝜓𝜓𝑆𝑆 (𝒓𝒓ℎ )

(4)

where 𝛽𝛽 is the correlation parameter reflecting the correlation in the motion of the electron and
hole. With this ansatz function, the energy 𝐸𝐸𝑥𝑥 of the exciton can be calculated as
� 𝑒𝑒𝑒𝑒𝑒𝑒 �𝑓𝑓�
�𝑓𝑓�𝐻𝐻
(5)
𝐸𝐸𝑥𝑥 =
⟨𝑓𝑓|𝑓𝑓⟩

The optimal variational parameter 𝛽𝛽𝑜𝑜𝑜𝑜𝑜𝑜 = 𝛽𝛽(𝐿𝐿) is determined by minimizing the energy
for a NC of a given edge length 𝐿𝐿. This approach can also be extended to higher energy levels for
an exciton. For a cubic NC, the carrier wavefunction and the assumed form of the exciton
wavefunction for the Pz state are:1
𝜓𝜓𝑃𝑃 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = �
𝑓𝑓𝑃𝑃𝑃𝑃 (𝒓𝒓𝑒𝑒 , 𝒓𝒓ℎ ) =

𝜋𝜋𝜋𝜋
𝜋𝜋𝜋𝜋
2 𝜋𝜋 𝑧𝑧
8
cos �
� cos �
� sin �
�
3
𝐿𝐿
𝐿𝐿
𝐿𝐿
𝐿𝐿
1

�𝑁𝑁(𝛽𝛽𝑃𝑃𝑃𝑃 )

𝑒𝑒 −𝛽𝛽𝑃𝑃𝑃𝑃 |𝒓𝒓𝑒𝑒−𝒓𝒓ℎ | 𝜓𝜓𝑃𝑃 (𝒓𝒓𝑒𝑒 )𝜓𝜓𝑃𝑃 (𝒓𝒓ℎ )

(6)
(7)

Two modifications are added to the model to more precisely match the experimental data.
We first extend the model to non-cubic NCs. It has been confirmed that the CsPbBr3 NCs covered
with zwitterionic ligands are not perfectly cubic, but rather has a shorter axis in one dimension,
defined as the z direction. The expression for the lowest energy carrier wavefunction and needs
then to be modified, with edge lengths 𝐿𝐿𝑥𝑥 , 𝐿𝐿𝑦𝑦 , 𝑎𝑎𝑎𝑎𝑎𝑎 𝐿𝐿𝑧𝑧 , as:1
𝜓𝜓𝑆𝑆 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = �

8
𝜋𝜋𝜋𝜋
𝜋𝜋𝜋𝜋
𝜋𝜋𝜋𝜋
cos � � cos � � cos � �
𝐿𝐿𝑥𝑥 𝐿𝐿𝑦𝑦 𝐿𝐿𝑧𝑧
𝐿𝐿𝑥𝑥
𝐿𝐿𝑦𝑦
𝐿𝐿𝑧𝑧

This results in the modification to the exciton energy as follows:
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(8)

1

1

ℏ2

𝐼𝐼𝐾𝐾
𝑒𝑒 2
𝐼𝐼𝐶𝐶
𝐸𝐸𝑥𝑥 = −
−
𝜖𝜖𝑒𝑒𝑒𝑒𝑒𝑒 𝐿𝐿 𝑒𝑒𝑒𝑒𝑒𝑒 𝑁𝑁
2𝜇𝜇𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 2 𝑁𝑁

−1

where 𝜇𝜇 = �𝑚𝑚 + 𝑚𝑚 �
𝑒𝑒

ℎ

(9)

is the reduced effective mass, 𝐼𝐼𝐾𝐾 , 𝐼𝐼𝐶𝐶 and 𝑁𝑁 are dimensionless integrals

used for computing the kinetic and potential energies, and the normalization constant, respectively.
We write the integrals with dimensionless coordinates, 𝒖𝒖𝑒𝑒 = 𝒓𝒓𝑒𝑒 /𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 and 𝒖𝒖ℎ = 𝒓𝒓ℎ /𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 . 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒,
the effective length, is chosen as the edge length of a cube with the same kinetic energy as the
lowest energy exciton. If we know the ratios of the edge lengths in the form 𝑟𝑟𝑥𝑥 = 𝐿𝐿𝑥𝑥 /𝐿𝐿𝑧𝑧, 𝑟𝑟𝑥𝑥 =
𝐿𝐿𝑥𝑥 /𝐿𝐿𝑧𝑧, and 𝑟𝑟𝑧𝑧 = 1 , data that can be obtained from SAXS measurement, then 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 can be
described as:
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐿𝐿𝑧𝑧

3
1
1
�
�1 + 2 + 2 �
𝑟𝑟𝑥𝑥 𝑟𝑟𝑦𝑦

(10)

We note that, for a quasi-cube with an average side length ratio of 1:1.2:1.2, the effective
𝐿𝐿𝑧𝑧 �1+𝑟𝑟𝑥𝑥 +𝑟𝑟𝑦𝑦 �

length, 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 , is very close to the average length 𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎 =
, which is measured for
3
randomly oriented NCs in transmission electron microscopy (TEM), meaning that the comparison
between the SAXS-based size can be directly compared to TEM-based size.
With the newly defined effective length 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 , the ground state carrier wavefunction can be written
as:
𝜓𝜓𝑆𝑆 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) =
𝐿𝐿𝑥𝑥

where 𝑙𝑙𝑥𝑥 = 𝐿𝐿

𝑒𝑒𝑒𝑒𝑒𝑒

𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒

𝐿𝐿𝑦𝑦

, 𝑙𝑙𝑦𝑦 = 𝐿𝐿

1

𝑒𝑒𝑒𝑒𝑒𝑒

8
𝜋𝜋𝜋𝜋
𝜋𝜋𝜋𝜋
𝜋𝜋𝜋𝜋
cos
�
�
cos
�
�
cos
�
�
�
3 𝑙𝑙 𝑙𝑙 𝑙𝑙
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 𝑙𝑙𝑥𝑥
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 𝑙𝑙𝑦𝑦
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 𝑙𝑙𝑧𝑧
𝑥𝑥 𝑦𝑦 𝑧𝑧
2
𝐿𝐿𝑧𝑧

, and 𝑙𝑙𝑧𝑧 = 𝐿𝐿

𝑒𝑒𝑒𝑒𝑒𝑒

.

It is convenient to write the integrals in dimensionless. Defining 𝒖𝒖 = 𝒓𝒓/𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 , then,
𝜓𝜓𝑆𝑆 �𝑢𝑢𝑥𝑥 , 𝑢𝑢𝑦𝑦 𝑢𝑢𝑧𝑧 � = �

𝜋𝜋𝑢𝑢𝑦𝑦
8
𝜋𝜋𝑢𝑢𝑥𝑥
𝜋𝜋𝑢𝑢𝑧𝑧
cos �
� cos �
� cos �
�
𝑙𝑙𝑥𝑥 𝑙𝑙𝑦𝑦 𝑙𝑙𝑧𝑧
𝑙𝑙𝑥𝑥
𝑙𝑙𝑦𝑦
𝑙𝑙𝑧𝑧

𝑓𝑓𝑆𝑆/𝑆𝑆 (𝒖𝒖𝑒𝑒 , 𝒖𝒖ℎ ) =

where 𝑏𝑏 = 𝛽𝛽𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 , and

𝑙𝑙𝑥𝑥
2

𝑙𝑙𝑦𝑦
2

𝑙𝑙𝑧𝑧
2

(11)

1

�𝑁𝑁(𝑏𝑏)
𝑙𝑙𝑥𝑥
2

𝑒𝑒 −𝑏𝑏|𝒖𝒖𝑒𝑒−𝒖𝒖ℎ | 𝜓𝜓𝑆𝑆 (𝒖𝒖𝑒𝑒 )𝜓𝜓𝑆𝑆 (𝒖𝒖ℎ )
𝑙𝑙𝑦𝑦
2

(12)
(13)

𝑙𝑙𝑧𝑧
2

𝐼𝐼𝐾𝐾 = 𝐼𝐼𝐾𝐾 (𝑏𝑏) = � � 𝑙𝑙 � 𝑑𝑑 𝒖𝒖𝑒𝑒 � � 𝑙𝑙 � 𝑑𝑑3 𝒖𝒖ℎ 𝑓𝑓𝑆𝑆/𝑆𝑆 (𝒖𝒖𝑒𝑒 , 𝒖𝒖ℎ ) ∇2𝒖𝒖𝑒𝑒 𝑓𝑓𝑆𝑆/𝑆𝑆 (𝒖𝒖𝑒𝑒 , 𝒖𝒖ℎ ) (14)
𝑙𝑙
𝑙𝑙
𝑦𝑦
− 𝑥𝑥 −
− 𝑧𝑧
2
2
2
𝑙𝑙𝑥𝑥
2

𝑙𝑙𝑦𝑦
2

𝑙𝑙𝑧𝑧
2

3

𝑙𝑙
𝑙𝑙
𝑦𝑦
− 𝑥𝑥 −
− 𝑧𝑧
2
2
2
𝑙𝑙𝑥𝑥
2

𝑙𝑙𝑦𝑦
2

𝑙𝑙𝑧𝑧
2

𝐼𝐼𝐶𝐶 = 𝐼𝐼𝐶𝐶 (𝑏𝑏) = � � 𝑙𝑙 � 𝑑𝑑3 𝒖𝒖𝑒𝑒 � � 𝑙𝑙 � 𝑑𝑑 3 𝒖𝒖ℎ
𝑙𝑙
𝑙𝑙
𝑦𝑦
− 𝑥𝑥 −
− 𝑧𝑧
2
2
2

𝑙𝑙
𝑙𝑙
𝑦𝑦
− 𝑥𝑥 −
− 𝑧𝑧
2
2
2
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1
2
�𝑓𝑓𝑆𝑆/𝑆𝑆 (𝒖𝒖𝑒𝑒 , 𝒖𝒖ℎ )�
|𝒖𝒖𝑒𝑒 − 𝒖𝒖ℎ |

(15)

𝑙𝑙𝑦𝑦
2

𝑙𝑙𝑥𝑥
2

𝑙𝑙𝑧𝑧
2

𝑙𝑙𝑦𝑦
2

𝑙𝑙𝑧𝑧
2

2

(16)

𝑁𝑁 = 𝑁𝑁(𝑏𝑏) = � � 𝑙𝑙 � 𝑑𝑑 𝒖𝒖𝑒𝑒 � � 𝑙𝑙 � 𝑙𝑙 𝑑𝑑3 𝒖𝒖ℎ �𝑓𝑓𝑆𝑆/𝑆𝑆 (𝒖𝒖𝑒𝑒 , 𝒖𝒖ℎ )�
𝑙𝑙
𝑙𝑙
𝑦𝑦
− 𝑥𝑥 −
− 𝑧𝑧
2
2
2

3

𝑙𝑙𝑥𝑥
2

𝑙𝑙
𝑦𝑦
𝑦𝑦𝑦𝑦
− 𝑥𝑥 −
−
2
2
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Sercel et al. has shown that considering the band non-parabolicity is necessary to reproduce
the experimentally measured size-dependent excitonic energy in CsPbBr3 and CsPbI3 NCs.2-3
Specifically, a 2-band Kane model is used to derive an expression for the energy dependent
effective mass. Effectively, the exciton reduced mass 𝜇𝜇 can be replaced by a size-dependent
𝑚𝑚′

reduced mass 𝜇𝜇′, where 𝜇𝜇 ′ = 2 and 𝑚𝑚′ is the non-parabolic carrier mass. 𝑚𝑚′ is approximately the
same for electron and hole in lead halide perovskites.2
𝑚𝑚′
=
𝑚𝑚0

2 𝐸𝐸𝑝𝑝
4𝐸𝐸𝑝𝑝
𝜋𝜋 2
𝜋𝜋 2
3 ��𝐸𝐸𝑔𝑔2 + 𝑚𝑚 ℏ2 �𝐿𝐿 � + �𝐸𝐸𝑔𝑔2 + 𝑚𝑚 ℏ2 �𝐿𝐿 � �
0
𝑒𝑒𝑒𝑒𝑒𝑒
0
𝑒𝑒𝑒𝑒𝑒𝑒
2𝐸𝐸𝑝𝑝

Here, 𝐸𝐸𝑔𝑔 is the band gap, and 𝐸𝐸𝑝𝑝 is the Kane energy with the expression 𝐸𝐸𝑝𝑝 = 2
momentum matrix element, and 𝑚𝑚𝑒𝑒 is the free electron mass.

(17)

|𝑃𝑃|2
𝑚𝑚𝑒𝑒

. 𝑃𝑃 is the Kane

Similarly, the formulation can be applied to the higher exciton states.1 For this study, we
focus on the higher energy states that involve “P” type envelope functions with one nodal plane in
either the electron or hole wavefunction. We note that the effective mass for such P-like states is
identical to that for the S-like state, and is given by Eq 17.
We then fit the experimentally-measured excitonic peak positions to the model described
above. In this model, we do not consider the unresolved exciton fine structure which is in the meV
range, much smaller than inhomogeneous broadening. The S-like envelope state is not split by the
shape anisotropy. The existence of shape anisotropy does however lead to the splitting in the Plike state, which we consider in the model.
In order to compare the model developed to the experimental data at each temperature, we
must know the bulk band gap, 𝐸𝐸𝑔𝑔 , the effective mass, which is determined by the band gap and the
Kane energy, 𝐸𝐸𝑝𝑝 , and finally, the effective dielectric 𝜖𝜖𝑒𝑒𝑒𝑒𝑒𝑒 which screens the electron/hole
Coulomb interaction. For the bulk material, the effective masses of the electron (𝑚𝑚𝑒𝑒 ) and hole (𝑚𝑚ℎ )
3 𝐸𝐸𝑔𝑔
are equal in this model and are related to the bandgap and the Kane energy by 𝑚𝑚 = 𝐸𝐸 𝑚𝑚0 , where
𝑝𝑝

𝑚𝑚 = 𝑚𝑚𝑒𝑒 = 𝑚𝑚ℎ , and 𝑚𝑚0 is the free electron mass; however, for small NCs, it is important to
account for band non-parabolicity, which was included in our calculations using Eq. 17 for the
effective mass. Calculations were performed using the intermediate confinement model for the S/S
exciton represented by variational optimization of the exciton energy, Eq. (5), using the ansatz
function, Eq. 13, for the S/S exciton. Starting materials parameters were chosen using the room
temperature values of the bandgap and effective dielectric constant for CsPbBr3 NCs as
determined in Krieg et al.1
The fitting is done in Mathematica with the “NonlinearModelFit” routine, which provides
a best-fit optimization of the material parameters to match the model to the two lowest exciton
absorption energy at each temperature for all four sizes. We constrain the bulk bandgap energy at
each temperature to reproduce the bulk exciton absorption peak energy with the formula,
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where 𝐵𝐵𝑥𝑥 = 𝜖𝜖

𝜇𝜇

𝑒𝑒𝑒𝑒𝑒𝑒

2

ℏ2

𝐸𝐸𝑒𝑒𝑒𝑒 = 𝐸𝐸𝑔𝑔 − 𝐵𝐵𝑥𝑥

(18)

𝑅𝑅𝑅𝑅 = 2𝜇𝜇𝑎𝑎2 is the bulk exciton binding energy, and the reduced mass 𝜇𝜇 at the
𝑥𝑥

band gap is given for the bulk in terms of the Kane energy, 𝐸𝐸𝑝𝑝 , and the band gap, 𝐸𝐸𝑔𝑔 , by 𝜇𝜇/𝑚𝑚0 =
3 𝐸𝐸𝑔𝑔
2 𝐸𝐸𝑝𝑝

.
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Error Analyses on NC size determination:
The sizes of the two larger NC samples were determined from TEM statistics. The
associated errors were calculated using Eq. 19:
𝜎𝜎 =

𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎

�# 𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(19)

The sizes of the two smaller NC samples were determined via a sizing model, as it was difficult to
image these NCs directly under TEM.1 In this model, the error in size determination primarily
originates from uncertainties of the parameters that were fed into the model, namely, that of the
effective dielectric constant 𝜖𝜖, bulk band gap 𝐸𝐸𝑔𝑔 , and Kane energy 𝐸𝐸𝑝𝑝 . The 1-sigma errors of 𝐸𝐸𝑔𝑔
and 𝐸𝐸𝑝𝑝 from the sizing model were 0.33% and 4.5%, respectively. The upperbound error of 𝜖𝜖 was
determined to be 8.4%. The final error on the size was estimated by error propagation considering
the uncertainties of all three parameters above.
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Temperature-dependent absorption spectra and analyses:
Fig. S1 shows the raw absorption spectra for all the samples in this study at 35 K and 300
K. For all samples, the low-temperature excitonic peak was much more prominent than the roomtemperature exciton feature. Size 4 (d = 13.2 nm) NCs’ polymer sample had an OD of less than
0.01 at cryogenic temperature, for the reason outlined in the sample preparation section. Therefore,
the spectra were mostly showing the effect of scattering. For almost all the samples, there was a
clear scattering effect on the low-energy side of the spectra. For background subtraction, we deduct
the absorption of the bare substrate from all the measured spectra, and arbitrarily offset the whole
spectrum by setting OD at 700 nm to 0.

Fig. S1. Temperature dependent absorbance at 35 K and 300 K for all the samples.
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Absorption spectrum peak fitting:
To extract the excitonic peak positions for all the spectra, two methods were applied here,
shown in Fig. S2a-b. First, the region around the two excitonic peaks was fit to a double Gaussian
model (Fig. S2a). This method worked well at low temperatures, but not at high temperatures. For
the second method, the second derivative was taken and the local minima were fit to a Lorentzian
in order to extract a position (Fig. S2b). Results from the two methods agree well below 200 K,
with a slight discrepancy ~ 5-10 meV at room temperature. Both methods always showed the same
trend/slope with respect to temperature (Fig S2), as shown in Fig. S2c. For NC size 2 – 4 (d = 7.2,
8.1, 13.2 nm), the second derivative method was used. For NC size 1 (d = 4.9 nm), the Gaussian
method was used, as the significant overlap between the two peaks made the second derivative
method not possible. For the bulk thin film, the Gaussian method was used because the peak
remains sharp up to room temperature.

Fig. S2. Temperature dependent absorbance analyses. (a) Gaussian fitting of the first two
excitonic peaks. (2) Second derivative fitting of the first two excitonic peaks. (c) Comparison of
the two fitting methods, showing that the two methods were consistent.
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Modeling/Fitting sensitivity analyses
In the model fits described in the main text, we constrained the Kane energy to the
temperature independent value, 𝐸𝐸𝑝𝑝0 = 26.5 𝑒𝑒𝑒𝑒, determined earlier from fits to room temperature
measurements of the absorption spectra of CsPbBr3 NCs by Krieg et al.1 To test the robustness of
the fitting procedures, we conducted a sensitivity analysis by setting the Ep value equal to 0.9𝐸𝐸𝑝𝑝0
or 1.1𝐸𝐸𝑝𝑝0, with all the other parameters held constant. The resulting energy versus size traces,
plotted as dashed lines in Fig. S3a show that variation of the parameter 𝐸𝐸𝑝𝑝 at the 10% level does
not significantly change the trend of the fitting or the match to the measured peak energies.
We followed this sensitivity check by testing the assumption that the Kane energy 𝐸𝐸𝑝𝑝 was
temperature dependent. For this test, the dielectric constant was held constant at the low
temperature value 𝜖𝜖𝑒𝑒𝑒𝑒𝑒𝑒 = 7.3 determined for bulk CsPbBr3 via magneto-transmission
measurements.8
The results are shown in Fig. S4. Fig. S4e clearly indicates that the Kane energy 𝐸𝐸𝑝𝑝 has negligible
temperature dependence.

Fig. S3. Sensitivity test of the model fitting for the temperature-dependent absorbance peak
energies, assuming a temperature-independent Kane energy Ep0. (a-c) show the fitting of the
first two excitonic peaks at three different temperatures (T = 35K, 120K and 280K). Dashed
lines represent the calculated energy using the same parameters for the solid lines except Ep =
0.9𝐸𝐸𝑝𝑝0 or 1.1𝐸𝐸𝑝𝑝0.
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Fig. S4. Model fitting of the temperature-dependent absorbance peak energies, assuming a
temperature independent effective dielectric constant and allowing the Kane energy, 𝐸𝐸𝑝𝑝, to vary
with temperature. (a-c) show the fitting of the first two excitonic peaks at three different
temperatures (T = 35K, 120K and 280K). (d-e) Fitting of the bulk band gap energy and Kane
energy. (f-g) show the resulting calculated exciton binding energy and Bohr radius
corresponding the parameters in (d-e).
In Fig. S5 and S6, the fitting was conducted with the Kane energy set at 𝐸𝐸𝑝𝑝 = 1.1𝐸𝐸𝑝𝑝0 and
𝐸𝐸𝑝𝑝 = 0.9𝐸𝐸𝑝𝑝0 , respectively, to determine the temperature dependence of the band gap and the
effective dielectric for these corner cases. The experimental data could still be fit with reasonable
quality, but the resulting calculated exciton binding energy and Bohr radius were both very
different from what has been reported in literature. It is worth noting that, in either case, the
effective dielectric constant remained temperature independent, showing that the value of the
parameter Ep did not change our conclusion that the dielectric constant has no noticeable
temperature dependence.

Fig. S5. Model fitting of the temperature-dependent absorbance peak energies, assuming a
temperature independent Kane energy 1.1𝐸𝐸𝑝𝑝0. (a-c) show the fitting of the first two excitonic
peaks at three different temperatures (T = 35K, 120K and 280K). (d-e) Fitting of the bulk band
gap energy and Kane energy. (f-g) show the resulting calculated exciton binding energy and
Bohr radius corresponding to the parameters shown in (d-e).
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Fig. S6. Nonparabolic two-band model fitting for the temperature-dependent absorbance,
assuming a temperature-independent Kane energy 0.9𝐸𝐸𝑝𝑝0 . (a-c) show the fitting of the first
two excitonic peaks at three different temperatures (T = 35K, 120K and 280K). (d-e) Fitting of
the bulk band gap energy and Kane energy. (f-g) show the resulting calculated exciton binding
energy and Bohr radius corresponding to the parameters shown in (d-e).
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PL measurements and Stokes shift:
For the Stokes shift measurement, special care needed to be taken during both the sample
preparation and optical measurement processes. First, we chose to use the polymer matrix sample.
While the absorption peak position is a true reflection of energies of the electronic states, PL peak
position is complicated by the dynamics of the excitons and traps, which is more prominent in NC
solids as compared to a NC polymer matrix.9 We compared the steady state PL spectrum of the
polymer matrix sample to that of the dilute solution; while the peaks were identical at room
temperature (Fig. S7), the peak of NC solid was red-shifted compared to the peak of the polymer
matrix, showing signs of energy transfer, especially at low temperatures (Fig. S8). The dielectric
constant of the material surrounding the NC has also been shown to have minimal effect on the
magnitude of the Stokes shift. Second, the NC sample has an OD of around 0.05 at the excitonic
peak at 35 K, so reabsorption effects should be minimal in the PL measurements. Additionally, if
reabsorption effects dominate the temperature dependence, at lower temperature, reabsorption
should be more prominent due to higher OD and smaller Stokes shift, leading to a larger red shift
in the PL spectra, which is the opposite trend as what was observed.

Fig. S7. PL comparison of a dilute solution and polymer matrix, showing that there is no peak
broadening or shifting.
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Fig. S8. PL comparison between the polymer matrix and NC solid as a function of temperature
(d = 7.2 nm).
As discussed briefly in the main text, the origin of the non-zero Stokes shift at cryogenic
temperature could not be definitively determined without further experiments: it may arise from 1)
residual size dispersity within the ensemble or 2) the nanocrystal fine structure splitting. The
measurements here could potentially bias towards the larger NCs in the ensemble as the absorption
cross section of each NC is proportional to its volume. We emphasize that the NCs used in this
study were comparatively monodisperse (mostly due to being size-selectively precipitated), a
conclusion supported by both the narrow PL linewidth and the TEM image shown earlier. However,
we are unable to quantify the size dispersity in all but the largest-edge-length NC batches.
Brennan et al. studied the size dependence of the Stokes shift in CsPbBr3 NCs at room
temperature and estimated that size dispersity could account for ~20% of the measured ensemble
Stokes shift.11 We note, however, that the Stokes shifts reported in Ref. 11 were measured at room
S16

temperature and were significantly larger than the values we report here at similar size on NC
batches that have been size-selectively precipitated.
The second hypothesis is that the non-zero Stokes shift at low temperature resulted from
the exciton fine structure. Indeed, the value of the Stokes shift ~ 10 meV measured for the
nanocrystal size (7.2nm) shown in Fig. 4 is consistent with the calculation in Refs. 2 and 7 for the
confinement enhanced bright-dark exciton splitting in perovskite nanocrystals when the electronhole exchange dominates the fine structure splitting. In bulk material, the exciton fine structure
splitting between the bright and dark exciton fine structure levels is expected to be less than 1 meV
due to electron-hole exchange.2, 7 Alternatively, Brennan et. al. suggested the existence of an
additional confined hole state in NCs as a possible origin of size-dependent Stokes shift in CsPbBr3
NCs.10-12 Importantly, the temperature dependence of the Stokes shift shown in Fig. 4 does not
appear to be consistent with the confined hole state mechanism proposed in Ref. 12 and strongly
suggests a phonon contribution to the Stokes shift at finite temperature.
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