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Supplementary note 1:  
Numerical simulations for colloidal crystallization  
 
We model colloidal crystallization as a collection of microspheres in a three-dimensional simulation box 
that is periodic only in the 𝑀 (meniscus) direction. In the 𝑁 (normal) direction, the colloids are confined 
by two soft walls, while in the 𝐺 (growth) direction the crystal is held together through a combination 
of fixed particles and a constant “hydrodynamic” force as discussed below. 
 

The system is initialized with a pre-formed FCC crystal in a given orientation and lattice spacing 
that extends only a few layers in the 𝐺 direction and is held fixed throughout the simulation. Mobile 
colloids then flow in the −𝐺 direction due to the constant hydrodynamic force until they reach the crystal 
and join at the growing end. The shrinking of the colloids due to their drying is modeled as a gradual 
decrease in colloid radius after the sphere joins the crystal. As the colloids shrink, there is an induced 
tension in the 𝑀 direction due to a short-ranged attractive interaction between the colloids that cannot 
be trivially relaxed away because of the periodic boundary conditions. This tensile stress field leads to 
reorganizations of the crystal, including defect-mediated crystallographic rotations. After the particles 
become sufficiently dry, their position is fixed to prevent unphysical accumulation of the hydrodynamic 
force.   

 
Brownian dynamics: The dynamics of the microspheres are given by the overdamped Langevin 

equation: 
 

𝑑𝑟⃗!
𝑑𝑡 =

1
𝛾!
𝐹⃗! +.

2𝑘"𝑇
𝛾!

𝑓!(𝑡) 

 
for microsphere 𝑖, where 𝛾! is the friction coefficient, 𝐹⃗! is the force on particle 𝑖 (calculated by taking 
the gradient of the total energy, see below),  𝑘" is the Boltzmann constant, 𝑇 is the temperature, and the 
elements of 𝑓!(𝑡)  are Gaussian random variables that satisfy 〈𝑓!#(𝑡)〉 = 0  and 〈𝑓!#(𝑡)𝑓$

%(𝑡&)〉 =
𝛿!$𝛿#%𝛿(𝑡 − 𝑡&), where 𝛼 and 𝛽 index spatial dimensions. The friction coefficient for particle 𝑖 is given 
by 𝛾! = 6𝜋𝜂𝑅! , where 𝜂 is the dynamic viscosity and 𝑅!  is the radius of particle i. The overdamped 
Langevin equation is integrated numerically using a fixed time step 𝛥𝑡. When a particle is designated as 
fixed, it does not move regardless of the force. The values of relevant parameters used in the simulation 
are given in (Supplementary Table. S1). 
 

Potentials: Each colloid experiences the following interactions. 
 
1. Colloid-colloid interactions: For two colloids 𝑖	and 𝑗	at positions 𝑟! and 𝑟$ and that have radii 

𝑅! and 𝑅$, the interaction between these colloids is given by  
 

𝑉(𝛿) = D
𝑉'(𝛿), 𝛿 < 𝑅()!*+'
𝑉,(𝛿), 𝑅()!*+' ≤ 𝛿 < 𝑅-..	

0, 𝛿 ≥ 𝑅-..
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where 𝛿 = /0⃗!20⃗"/
3"!

 and 𝜎!$ = 𝑅! + 𝑅$. 𝑉'(𝛿) is a harmonic repulsive interaction given by  

𝑉'(𝛿) =
𝑘
2 (𝛿 − 𝛿4)

5 + 𝑘𝐵𝛿 + 𝐴, 
 
and 𝑉,(𝛿) is a Morse-like attractive interaction given by 
 

𝑉,(𝛿) =
𝑘
2𝑎5 M𝑒

256(828#) 	− 	2𝑒26(828#)O + 𝑘𝐷𝑟 + 𝐶 
 
 
Supplementary Table S1 | List of parameters for Brownian dynamics simulation.  

 
Brownian dynamics 

Parameter 𝜂 𝛥𝑡 𝑘$𝑇   
Value 1 0.01 4.67 ∗ 10%&   

      
Interaction potentials 

Parameter 𝑘 𝛿' 𝛼 𝑘()** 𝑓' 
Value 10 1 30 100 0.1 

      
Microsphere size 

Parameter 𝑅+), 𝑆 𝑡-.)/. 𝑡012 𝑡34, 
Value 0.185 0.95 0 16000 32000 

 
All masses are measured in units of picograms, distances in units of micrometers, time in units of microseconds, and temperature in Kelvin. 
All other quantities are given in the appropriate combination of these units.  
 
 
 

We choose the normalized cutoff distance to be 𝑅-.. = 𝛿4 +
:
6
 , while the value of 𝑅()!*+' is 

taken to be the point where ;<5(8)
;8

= 0, i.e. 𝑅()!*+' = 𝛿4 − 𝐵. The values of 𝐴, 𝐵, 𝐶, and 𝐷 are chosen 

so that 𝑉(𝛿)  and ;<(8)
;8

 are continuous at 𝑅()!*+'  and approach zero at 𝑅-.. . Therefore, 𝑉(𝛿)  is a 

function with just three remaining parameters: 𝑘, 𝛿4 , and 𝛼. 𝑉(𝛿) and the force 𝐹(𝛿) = − ;<(8)
;8

 are 
shown in (Fig. S16). 
 

2. Colloid-wall interactions: We impose two soft confining walls perpendicular to the 𝑁 
direction, a lower wall and an upper wall. A particle with position 𝑛 in the 𝑁 direction experiences the 
following interaction 

 

𝑉)6==(𝑛) =
𝑘)6==
2 SM𝑛)6==,=-)?0 − 𝑛O

5𝛩M𝑛)6==,=-)?0 − 𝑛O + M𝑛 − 𝑛)6==,@AA?0O
5𝛩(𝑛 − 𝑛)6==,@AA?0)U, 

 
where 𝑛)6==,=-)?0 and 𝑛)6==,@AA?0 are the positions of the two walls and are chosen so as to constrain the 
crystal to 6 layers. 
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3. Constant driving force: We approximate the hydrodynamic force on the colloids as a constant 
force in the –𝐺 direction. This can be represented with the following potential applied to every particle: 

 
𝑉A@==!BC(𝑔) = 𝑓4𝑔 

 
where 𝑔 is the position of the particle in the 𝐺 direction and 𝑓4 is the magnitude of the constant force.  
 

Particle shrinking: To simulate the effects of particle drying, the microspheres in our simulations 
shrink over time. This shrinking is regulated by measuring the time that each particle joins the crystal, 
which is defined by when the velocity of the particle drops below a particular threshold. If we define 𝜏 
to be the time since a particle joins the crystal, the particle’s radius is the following function of 𝜏 

 

𝑅!(𝜏) = Y

𝑅,6D , 𝜏 < 𝑡(*60*
Z1 − (1 − 𝑆)

𝜏 − 𝑡(*60*
𝑡?B; − 𝑡(*60*

\ 𝑅,6D , 𝑡(*60* ≤ 𝜏 < 𝑡?B;
𝑆𝑅,6D , 𝑡 ≥ 𝑡?B;

 

 
where 𝑆 = 𝑅,!B/𝑅,6D gives the amount that the particle shrinks, and 𝑡(*60* and 𝑡?B; give time range 
over which the shrinking occurs (see Fig. S17). Also shown in Fig. S17, 𝑡.!D is the time when the particle 
becomes fixed.  
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Supplementary note 2:  
Continuum analysis of dislocation behavoir  
 
As discussed in the main text, a tensile stress/strain field is generated during the drying process of the 
assembled colloidal crystal, which is primarily due to the shrinkage of colloidal particles. This tensile 
stress/strain field is dominated in the meniscus direction (48,50).  Here we evaluate the accommodation 
of the drying strain in this direction due to the presence of geometrically necessary dislocations. 
Following the one-dimensional dislocation model (9,54,55), the elastic energy stored in a strained film 
with a thickness h is  

 

per unit area, where E is the Young’s modulus of the film.  
 
The elastic strain  and  is the total strain due to particle shrinkage during the drying 
process.  is the strain relieved by the dislocations, which is given by  

 
where  is magnitude of the Burgers vector of the dislocation, 𝛼 is the angle beween the Burgers vector 
and its projection onto the loading direction, and  represents the number of dislocations per unit 
length (Λ represents the average spacing between adjacent dislocations).  
 
The energy cost per unit area associated with the dislocations is given as  

 

where  is Poisson’s ratio,  is shear modulus,  and  are the outer and core radii of the strain field 
associated with the dislocation.  
 
We then have the total energy of the film as  
 

 

 
Minimizing the total energy with respect of , we have 

.  

 
A critical thickness  exists when  approaches zero (critical thickness for the generation of 
dislocations):  

 

 

Uel =
1
2
εel
2 Eh

εel = ε0 − ε ε0
ε

ε = bcosαΛ−1

b
Λ−1

UL =
Λ−1

4π (1−υ)
µb2 ln R

rc
υ µ R rc

Utot =Uel +UL

= 1
2

ε0 − bcosαΛ
−1( )2 Eh+ Λ−1

4π (1−υ)
µb2 ln R

rc

Λ−1

Λ−1 =
ε0

bcosα
− µ
4πE(1−υ)hcos2α

ln
R
rc

hc Λ−1

Λ−1 = 0 =
ε0

bcosα
− µ
4πE(1−υ)hc cos

2α
ln
R
rc
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Here, by taking R to be the film thickness ( ) (9), we have 

 

 
To estimate , we take  to be 0.05, and rc to be b/4 (9,56,57). We also have the relation 

 for an isotropic elastic material and the Poisson ratio can be assumed as . Here 
we consider the scenario most favaorable for generating dislocations, i.e., 𝜃 = 15°. Note that the loading 
direction is given by [A, -1, 1-A], where A = 𝑡𝑎𝑛(𝜃), as discussed in the supplementary notes on Schmid 

factor analysis. In this case, the corresponding partial dislocation Burgers vector is , from which 

we have . After solving the nonlinear equation, we have  µm. For an FCC 
crystal with (111) plane parallel to the substrate, we further have  

 

where n represents the number of layers. For  µm and d = 0.38 µm, we find n = 4.2 layers. 
Consistent with this prediction, for regions with the number of layers fewer than five layers, very limited 
dislocations and hence the crystallographic rotation behavior were observed. In contrast, the dislocations 
were present for regions with six or more layers, consistent with the prediction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  

R = hc

hc =
µb

4πε0E(1−υ)cosα
ln
hc
rc

hc ε0
E / µ = 2(1+υ) υ = 1/ 3

1
6
121⎡
⎣

⎤
⎦

cosα = 0.4944 hc = 1.24

h = d
2
+ 3(n−1)d

2
hc = 1.24
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Supplementary Figures 
 

 

 
 
Fig. S1. Size analysis of PS colloids. (A) An SEM image of the polystyrene (PS) particles used in this 
study. (B) Size distribution of the PS particles: 375 ± 11 nm (n = 1148, 2.8% polydispersity). 
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Fig. S2. Schematic diagrams of FIB/SEM-based nanotomography measurement. (A,B) The 
tomography data was generated by sequential milling by using the ion beam and subsequent imaging 
with the electron beam. (C) Schematic view of the image stack along the growth direction (G).  
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Fig. S3. Representative grains with different values of 𝜽 and 𝜽′. (A,B) SEM images overlayed with 
orientation maps, for grains with the close-packed direction (A) perpendicular to, and (B) along the local 
meniscus. The white dashed lines (M’) indicate the local meniscus orientation.  
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Fig. S4. A large-area grain orientation map close to the growth initiation region. The number of 
layers increases from 1 to 6 in the first ~70 µm, then remains constant for >200 µm.  
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Fig. S5. Analysis of individual grain’s crystallographic gradients. (A,B)  Two representative 
orientation maps of grains with (A) 0° < 𝜃 < 30°  and (B) 30° < 𝜃 < 60° , respectively. (C), The 
profile of crystal orientation 𝜃 as a function of positions, for the regions indicated by the rectangular 
boxes and the arrows in (A) and (B). Linear trends observed in both cases indicate an approximately 
constant rotation of ~0.3°/µm over a distance of more than 50 µm.  
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Fig. S6. Demonstration of a/2<110>-type dislocations over large areas. (A) Defect map and (B) 
corresponding original SEM image of a representative region. (C-F) Random selected dislocations with 
Burgers circuits labelled. All dislocations exhibit the a/2<110> type.  
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Fig. S7. Visualization of the stacking fault defect in each individual layer of the colloidal crystal. 
(A) Reconstruction of the 8-layer colloidal crystal with a stacking fault (indicated by red particles) 
embedded in a perfect fcc lattice (yellow particles). (B-I) Top-view images of crystal reconstruction for 
each individual layer. The red lines indicate the location and length of the stacking fault. The first layer 
is the topmost layer, and the eighth layer is on the substrate. 
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Fig. S8. Tomography analysis of multiple dislocations within a localized region. (A) Original SEM 
image showing the region used for tomography measurement (white box). (B,C) 3D view of the colloidal 
crystal where the positions of individual colloids are identified. The multiple stacking facults due to the 
presence of dislocations are highlighted. (D) Reconstruction of this 7-layer colloidal crystal, which 
shows one stacking fault (indicated by red particles) embedded in the perfect fcc lattice (yellow particles). 
(E-K) Top-view images of crystal reconstruction for each individual layer. The red lines indicate the 
location and length of the stacking fault. The first layer is the topmost layer, and the seventh layer is on 
the substrate. As shown in (I), here in this region, a stacking fault (labeled as “5-21-5-21”) is bounded 
with the partial dislocations with the same Burgers vector of the a/6<112> type, hence, the net Burgers 
vector is zero. Note that the dominating majoring dislocation type is the one shown in Fig. 3 and Fig. 
S6 with net non-zero Burgers vecor of the a/2<110> type.  
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Fig. S9. Estimation of the shrinkage of colloidal particles after drying. (A) SEM image of a single 
layer of PS particles after the assembly was completely dried. Due to the particle shrinkage, crack-like 
gaps were formed. Note that the cracks follow one of the close-packed directions, which are the least 
parallel to the meniscus direction. This is due to the fact that the tensile stress generated during the 
drying process is primarily along the meniscus direction. (B) Profiles of the greyscale intensity along 
four selected directions (shown in (A)). (C) A zoom-in view of the gaps and (D) corresponding greyscale 
intensity profile, from which the gap spacing can be calculated. The gap spacing resulted from the drying 
process is estimated as ca. 5%.  
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Fig. S10. Schmid factor analysis in all the relevant slip systems. (A) A schematic diagram showing 
the involved three slip planes: (111e), (11e1), and (1e11). In each slip plane, three slip orientations are 
also indicated. See the Methods section for further details. A represents the vector along the [101e] 
direction. (B) A top view schematic diagram of the general crystal orientation in relation to the tensile 
stress along the meniscus direction. (C) Schmid factor profile as a function of 𝜃 for the nine slip systems, 
as numbered in (A).  
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Fig. S11. Comparison between the Schmid factor analysis and the finite element simulation results. 
(A) Definition of the three slip planes (111e), (11e1), and (1e11) and (B) their correspondents in the 
representative volume used in the finite element simulation. (C) Schmid factor as a function of 𝜃 for the 
three slip planes and (D) the shear tractions on the slip planes from the simulation. 
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Fig. S12. The distribution of shear deformation at different slip planes for different loading 
directions. The contours of shear strain at different θs (the angle between the direction of stretch and 
the [01e1] direction) are presented on tetrahedra enclosed by planes (111), (111e), (11e1), and (1e11) 
described in Fig. S10(B).  The strain contours present that the mismatch of shear strains between the 
(111e), (11e1), and (1e11) planes reach a maximum at 15° and achieves a minimum at 30°, which is 
consistent with the values of the Schmid factor in Fig. S10(C). The contours also suggest that 
dislocations will be most easily formed at θ = 15° on the (111e) plane,  where the shear deformation is 
most signification. In addition, the strain inbalance increases when θ deviates from 30°, suggesting that 
θ = 30° is a more stable status which might be related to the rotation of the crystal orientation. 
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Fig. S13. The shear strain contours at crystal orientation θ = 15° (θ is the angle between the direction 
of stretch and the [01e1] direction). Perpendicular views of the shear strain contours of slip planes (111), 
(111e), (11e1), and (1e11). The shear deformation is most signification on the (111e) plane along the [11e0] 
direction marked by the white arrow. Dislocations and packing fault tend to form along this direction. 
Note that the contours are presented on the planes between the two closely packed particle layers, which 
have the maximum volume fraction of the matrix. 
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Fig. S14. The shear strain contours at crystal orientations θ = 30° (the angle between the direction 
of stretch and the [01e1] direction). Perpendicular pictures of the shear strain contours on slip planes 
(111), (111e), (11e1), and (1e11). The (111e), (11e1), and (1e11) planes exhibit a similar level of shear 
strain. The shear strain is less significant than that of θ = 15° and all other crystal orientations. 
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Fig. S15. Distributions of vacancy defects on the top layer of colloidal crystals. (A) Original 
orientation map and (B,C) corresponding distribution of vacancies (red dots). (B) represents the overlay 
of the original SEM image and location of vancances. (D) A high-magnification SEM of two 
representative vacancies. The position of this region is highlighted by the black boxes in (A-C).  
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Fig. S16. Colloid-colloid interactions used in the numerical simulations. (A) Potential (𝑽(𝜹)) 
between two adjacent colloidal particles as a function of inter-particle distance (𝜹). (B) Force (𝑭(𝜹))  
between two adjacent colloidal particles as a function of inter-particle distance (𝜹).  
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Fig. S17. Schematic illustration of the numerical simulations for colloidal crystallization. (A)  
Multiple zones exist in the assembly front: the colloidal particles are driven to the assembly front by the 
evaporation-induced fluid flow and join the assembly front, at which the time is set as 0. Once the 
particle velocity drops below a threshold at the assembly front, the particles will start shrinking their 
sizes between tstart and tend. The particles are allowed to continue to move in positions after tend and will 
be fixed at tfix. (B) shows the radius profile of the colloidal particles at different zones.  
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Fig. S18. Evaluation of the initial crystal orientation (𝜽𝒊𝒏𝒊𝒕𝒊𝒂𝒍) on the crystallographic rotation 
during the assembly process. (A) 𝜽𝒊𝒏𝒊𝒕𝒊𝒂𝒍 = 𝟎°, (B), 𝜽𝒊𝒏𝒊𝒕𝒊𝒂𝒍 = 𝟓°, (C) 𝜽𝒊𝒏𝒊𝒕𝒊𝒂𝒍 = 𝟏𝟎°, (D) 𝜽𝒊𝒏𝒊𝒕𝒊𝒂𝒍 =
𝟏𝟓°, (E) 𝜽𝒊𝒏𝒊𝒕𝒊𝒂𝒍 = 𝟐𝟎°, (F) 𝜽𝒊𝒏𝒊𝒕𝒊𝒂𝒍 = 𝟐𝟓°, and (G) 𝜽𝒊𝒏𝒊𝒕𝒊𝒂𝒍 = 𝟑𝟎°. Note that multiple simulations are 
conducted to evaluate the statistical variations in each scenario. The simulations highlighted in the white 
boxes are selected for generating representative movies.  
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Fig. S19. Summary of crystal orientation profiles as a function of positions along the growth 
direction for the simulations shown in Fig. S18, illustrating the effects of initial crystal orientation. 
The last plot compares representative profiles from each case.  
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Fig. S20. Evaulation of particle shrinkage (s = 1 – Rmin/Rmax) on the crystallographic rotation during 
the assembly process. (A) s = 10%, (B), s = 5%, (C) s = 3%, (D) s = 2%, and s = 0. Note that multiple 
simulations are conducted to evaluate the statistical variations in each scenario. The simulations 
highlighted in the white boxes are selected for generating representative movies.  
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Fig. S21. Summary of crystal orientation profiles as a function of positions along the growth 
direction for the simulations shown in Fig. S20, illustrating the effects of particle shrinkage (s). 
The last plot compares representative profiles from each case.  
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Fig. S22. Evaulation of particle size polydispersity (P) on the crystallographic rotation during the 
assembly process. (A) P = 0, (B), P = 0.028, (C) P = 0.050, (D) P = 0.100, and (E) P = 0.150. Note that 
multiple simulations are conducted to evaluate the statistical variations in each scenario. The simulations 
highlighted in the white boxes are selected for generating representative movies.  
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Fig. S23. Summary of crystal orientation profiles as a function of positions along the growth 
direction for the simulations shown in Fig. S2, illustrating the effects of particle size polydispersity. 
The last plot compares representative profiles from each case.  
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Fig. S24. Evolution of crystallographic orientation in the direct assembly of PS microparticles (size, 
134 ± 5  nm).  (A) A large-area stitched SEM image of the assembly taken from the growth front, where 
the Si substrate is indicated. The magnified view of the white boxed region is shown in the inset. (B) 
Corresponding original orientation map. Note the color scale is consistent with the rest of the paper.  
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Fig. S25. Evolution of crystallographic orientation in the direct assembly of PS microparticles (size, 
277 ± 14 nm).  (A) A large-area stitched SEM image of the assembly taken from the growth front, where 
the Si substrate is indicated. The magnified view of the white boxed region is shown in the inset. (B) 
Corresponding original orientation map. Note the color scale is consistent with the rest of the paper.  
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Fig. S26. Evolution of crystallographic orientation in the direct assembly of PS microparticles (size, 
375 ± 11 nm).  (A) A large-area stitched SEM image of the assembly taken from the growth front, where 
the Si substrate is indicated. The magnified view of the white boxed region is shown in the inset. (B) 
Corresponding original orientation map. Note the color scale is consistent with the rest of the paper.  
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Fig. S27. Evolution of crystallographic orientation in the direct assembly of silica microparticles 
(209 ± 17 nm).  (A) A large-area stitched SEM image of the assembly taken from the growth front, 
where the Si substrate is indicated. The magnified view of the white boxed region is shown in the inset. 
(B) Corresponding original orientation map. Note the color scale is consistent with the rest of the paper.  
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Fig. S28. Particle size measurement results. (A,B) PS particles: 134 ± 5  nm. (C,D) Silica particles: 
209 ± 17 nm. (E,F) PS particles: 277 ± 14 nm. The bin width was chosen based on ref. 64.   
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Fig. S29. Illustration of the synchrosqueezed transform technique for quantitative 2D 
crystallographic analysis. (A) An example of a crystal image. (B) The magnitude of the windowed 
Fourier transform at a local patch indicated by the red rectangle in (A). (C) The synchrosqueezed 
transform in polar coordinates at a point outside the defect region. Due to the symmetry of the Bravais 
lattice, only the result in the angle coordinate from 0 to 180 degrees is enough for image analysis. (D) 
The synchrosqueezed transform in polar coordinates at a point on the grain boundary. 
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List of supplementary movies:  
 
Movie S1.  
A representative modeling of colloidal assembly. The parameters used for this modeling include the 
intitial crystallographic angle 𝜃 = 5°, average particle size d = 0.38 µm, size polydispersity P = 2.8%, 
and particle shrinkage s = 5%. The width of the simulation model is 124 µm.  
 
Movie S2.  
Effects of initial crystallographic orientation. The parameters used for this modeling include average 
particle size d = 0.38 µm, size polydispersity P = 2.8%, and particle shrinkage s = 5%. The intitial 
crystallographic angle 𝜃 is varied: 𝜃 = 0°, 5°, 10°, 15°, 20°, 25°, and 30°.  The width of the simulation 
model is 124 µm. 
 
Movie S3.  
Effects of particle size shrinkage. The parameters used for this modeling include the intitial 
crystallographic angle 𝜃 = 5°, average particle size d = 0.38 µm, and size polydispersity P = 2.8%. The 
particle shrinkage s is varied: s = 10%, 5%, 3%, 2%, and 0. The width of the simulation model is 124 
µm. 
 
Movie S4.  
Effects of particle size polydispersity. The parameters used for this modeling include the intitial 
crystallographic angle 𝜃 = 5°, average particle size d = 0.38 µm, and particle shrinkage s = 5%. The 
size polydispersity P is varied: P = 0%, 2.8%, 5%, 10%, and 15%. The width of the simulation model 
is 124 µm. 
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