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Abstract:

Dimension-engineered synthesis of atomically thin 11-VI nanoplatelets (NPLs) remains an open
challenge. While CdSe NPLs have been made with confinement ranging from 2-11 monolayers
(ML), CdTe NPLs have been significantly more challenging to synthesize and separate. Here we
provide detailed mechanistic insight into the layer-by-layer growth kinetics of CdTe NPLs.
Combining ensemble and single particle spectroscopic and microscopic tools, our work suggests
that beyond 2 ML CdTe NPLs, higher ML structures initially appear as hetero-confined materials
with co-localized multilayer structures. In particular, we observe strongly colocalized 3 and 4 ML
emissions accompanied by a broad trap emission. Accompanying transient absorption, single
particle optical and atomic force microscopy suggests islands of different MLs on the same NPL.
To explain the non-standard nucleation and growth of these hetero-confined structures, we
simulated the growth conditions of NPLs and quantified how monomer binding energy modifies
the kinetics and permits single NPLs with multi-ML structures. Our findings suggest that the
lower bond energy associated with CdTe relative to CdSe limits higher ML syntheses and explains

the observed differences between CdTe and CdSe growth.
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Introduction:

In recent years significant effort has gone into controlling the size, composition, and
dimensionality of semiconducting nanocrystals.l2 By changing the latter, chemists have
synthesized tunable quantum dots, rods, and nanoplatelet (NPL) structures (0-, 1- and 2-D
materials respectively). NPLs in particular show control over the band gap with the change of
thickness dimension.#> Furthermore, while the lateral dimensions of these NPLs can range from
tens of nanometers to micrometers, the optical properties are mainly controlled by the thickness
dimension allowing for nearly homogeneous absorption and emission properties.® The 1D
confinement in these systems results in unique optical and electronic properties including
spectrally pure photoluminescence (PL), large absorption cross-sections, boosted optical gain,
high-efficiency energy transfer, and surface dielectric/strain tunable exciton binding energies.347-

10 Although the unique behaviors make them a promising material for applications in lasers, field-
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effect transistors, solar cells, and light-emitting devices,®11-15 the basic understanding of the

mechanism behind the anisotropic growth of those NPLs is still hotly debated.816.17

Among the various Cd-chalcogenide systems, CdSe NPLs have been the most investigated
with researchers exercising control over thicknesses (N ML zinc-blende NPLs consist of N layers
of Te/Se/Sand N+1 layers of Cd) and hetero-structure type (e.g., alloy, core-shell and core-crown)
and incorporating them into applications (from lasing to scintillation).18-23 In contrast, despite the
reported synthesis of CdTe quantum dots and nanorods,?*3! NPLs of this composition remain
relatively understudied regardless of intriguing properties including a lower band gap for bulk
CdTe (1.44eV compared to 1.74eV/2.24eV for CdSe/CdS)32, larger area NPL structures, and

potential connections to the large market for photovoltaic and photodetection devices.?’:33

Being of the same 11-VI semiconductor family, CdTe and CdSe NPLs show well-separated
and sharp absorbance of heavy-hole and light-hole excitonic transitions, giant oscillator strength
transitions, and narrow and tunable emission, but there are a few clear differences in their
chemistry and photophysical properties.3? While distinct and easily separable thickness
populations are demonstrated for CdSe, a mixture of different thicknesses of NPLs is often
observed in CdTe NPLs along with broad trap emission, which were first reported by Ithurria et
al.3* CdSe NPLs have been directly synthesized of thickness 2 ML to 5 ML, while Pedetti et al.
demonstrated how factors such as reaction temperature, ligand concentration, synthetic precursors,
and injection rate can be manipulated to achieve three different thickness (2 ML to 4 ML) of CdTe
NPLs populations with reduced contribution from other thicknesses.®> However, a contribution
from broad trap emission is also observed for 3 and 4 ML NPLs.3>Chu et al. were able to synthesize
11 ML CdSe but also without clear separation of thickness®. Using the

dissolution/recrystallization method, Moghaddam et at. were able to increase the thickness of CdSe
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NPLs up to 9 ML starting from 3 ML for CdSe NPLs; CdTe thickness reached 5 ML starting from
3ML as reflected in the absorption spectra, but again clear separation was not observed for thick
NPLs.22  Furthermore, synthesized CdTe NPLs also display a significantly lower
photoluminescence quantum yield (PLQY) when compared to their CdSe cousins.3%-34 In the case
of CdSe NPLs without any shell, PLQY can reach up to 40-50%2! whereas CdTe NPL PLQY is
typically less than 1%.3°> Recent work by Anand et al.3” demonstrated improved PLQY of 9% in
small-area 3 ML CdTe NPLs by quenching the reaction with cadmium propionate (a Z-type ligand)
instead of oleic acid. Similarly, Al-Shnani et al.38 showed PLQY up to 12% by using a different
Te source and post-synthetic treatment. However, despite these improvements, contributions from

other ML NPLs and trap emissions were observed for thick CdTe NPLs.343537.38

In this work, we studied the growth of CdTe NPLs during their formation following fast
injection and focused on the factors that make it challenging to synthesize high-purity CdTe NPLs
of higher-order monolayers. We observed that generally when growing 3 ML CdTe NPLs, a
significant contribution from 4 ML appears simultaneously and results in modified emission
properties. We demonstrated that this is the result of a 3 ML/4 ML hetero-structure found within
individual CdTe NPLs, resulting in both 3 and 4 ML emission accompanied by a broad trap
emission. We connected these results to kinetic Monte Carlo (KMC) simulations that elucidate the
differences in ripening between CdTe and CdSe NPLs. We conclude that this separation is a direct

result of thermodynamic differences between CdSe and CdTe bond energies.

Result and discussion:
We followed the formation of CdTe nanoplatelets following a fast injection method
reported by Pedetti et al.®® (with few modifications), where to synthesize 2 ML, 3 ML, and 4 ML

NPLs, elemental Te in trioctylphosphine was injected into a solution of Cd(propionate), in
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octadecene with oleic acid at 180C, 210°C and 215, respectively. Thickness and lateral size
were controlled by the reaction temperature and time. In Figure 1a we describe a specific reaction
procedure where Te in trioctylphosphine (TOP) is injected into the solution of Cd(propionate); in
octadecene with oleic acid at temperatures, 200 C and the mixture is maintained at that temperature
for 2 hr (discussed in detail in Method Section). To follow the formation of NPLs, an aliquot from
the reaction solution is taken at different time intervals to measure the change of absorption and
emission spectra with time. At early times (e.g., 10 min shown in Figure 1b) a sharp excitonic peak
at 428 nm and another distinguishable peak at 387 nm are observed. The lower energy peak at 428
nm has been assigned to the heavy hole (HH) transition of 2 ML thick CdTe NPLs and the higher

energy peak is the light hole (LH) transition.”
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Figure 1. (a) Overview of the synthetic conditions of CdTe NPLs. The TEM image
of the NPLs and an image of the colloidal dispersion are also shown, where the 3
ML NPLs are synthesized at 210 ‘C and allowed to grow for 30 min. (b) Evolution of
absorption and emission spectra of CdTe NPLs during the growth period at 200 C.
At early times, 2 ML NPLs emerge; as the time progress, the characteristic features
related to 2 ML disappear while those of 3 ML appear. (c) Excitation spectra probed
at different emission wavelengths and absorption spectrum (black dotted line) of 3
ML CdTe NPLs (synthesized at 210 C). The inset shows the emission spectrum with
the emission wavelengths where the excitation spectra were recorded indicated. (d)
Relative intensity variation of the emission features of the NPLs upon exciting at
different wavelengths. Inset shows the absorption spectrum of the NPLs with the
excitation wavelengths where the emission spectra were recorded indicated.

As time progresses, we observe the gradual disappearance of characteristic features related
to 2 ML, and the appearance of new red-shifted peaks. Following precedent, we assign the sharp

peak at 500 nm to the HH feature and 450 nm to the LH feature of newly formed 3 ML NPLs. The
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emission spectra in Figure 1b (right panel) show the same trend. First, emission from 2 ML NPLs
is observed at 429 nm, which gradually disappears, and emission at 500 nm (FWHM ~7 nm)
appears, assigned to 3 ML CdTe NPLs. When the synthesis is carried out at 200C or lower
temperatures, only 2 ML NPLs formed within the initial few minutes, and it took more than 1 hr
for conversion to 3 ML. At slightly higher temperature (210 C), the reaction is faster: a mixture of
2 ML and 3 ML NPLs is always formed within the first few minutes, and it takes around 30 minutes
for complete conversion to 3 ML NPLs, shown in Figure S2. Interestingly, the appearance of
emission from 3 ML NPLs at 500 nm is accompanied by a sharp peak at 550 nm and a broad peak
at around 615 nm (shown in the right panel of Figure 2b and Figure S2) and is observed both at
200C and 210°C. The broad emission feature has been reported for CdTe NPLs343% and other
nanocrystals®®-42 and is often attributed to emissive trap states. Although the sharp peak aligns well
with 4ML emission3>38 it could be also due to the formation of QDs, which has been observed
before for HgTe NPLs*. However, the lack of any shift of emission over time (even at high
temperature) as well as the sharp nature of the emission peak (FWHM ~ 12 nm) lead us to reject
the latter possibility. Hence, this peak at 550 nm is assigned to 4 ML NPLs that appear nearly
concurrently with 3 ML growth. Intriguingly, while the 4 ML NPL excitonic feature shows little
contribution in absorption, it has a significant contribution to the emission spectrum (normalized

plot shown in Figure S2).

In Figures 1c and 1d, we plot the emission excitation spectra and wavelength-dependent
emission spectra to understand the origin of the emission features for 3 ML NPLs synthesized at
210C. Figure 1c shows the excitation spectra for the emission at 505 nm, 548 nm and 615 nm,
which match exactly with the absorption spectrum (black dotted line) of 3 ML NPLs. This suggests

that the excitation of 3 ML NPL results in both 4 ML and trap emissions. To get further insight we
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have recorded excitation wavelength-dependent emission spectra. Figure 1d shows that the relative
emission intensity variation of all three peaks (500 nm, 550 nm and 615 nm) following excitation
at the different wavelengths indicated in the inset. The emission intensity around 550 nm and 615
nm is maximized when excited at the band edge (500 nm) of the 3 ML NPLs and decreases rapidly
when excited below the band-edge (> 500 nm), and no change is observed in their relative intensity.
Together these results indicate that the 4ML and the broad trap emissions are correlated to the

excitation of 3 ML NPLs.
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Figure 2. PL images collected at (a) 480-518 nm, (b) 520 — 560 nm, and (c) 564-700
nm. The PL from the NPL highlighted in the orange box is enlarged and then fit to a
Gaussian (right panel). d) The overlap of the three Gaussians shows the spatial origin of
the observed PL. (e) Schematic diagram of the hetero-confined CdTe NPL.
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We next turn to understand whether all three emissions are coming from a single particle
or different particles that are strongly coupled*®. Figure S4 shows no significant change in the
relative intensity of the three emission peaks, indicating that 3 ML and 4 ML NPLs are somehow
physically attached. Further, we studied single-particle PL images at different emission
wavelength regions. Films of NPLs were prepared from a dilute solution (~nM) of NPLs in hexane
to produce well-separated single NPLs. Figure 2 shows PL imaging of the NPL film, and the three
observed PL features are isolated by collecting different wavelength regions simultaneously using
three detectors. The left panels of Figure 2a-2c correspond to the PL image for emission between
480-518 nm (around the 3 ML emission), 520-560 nm (around the 4 ML emission) and 564-700
nm (around the trap emission), respectively. The PL images show that there are large areas with
high intensity along with smaller areas with lower intensity. The bright portions of the films are
due to multiple overlapped NPLs as confirmed by atomic force microscopy (AFM; shown in
Figure S5), while PL blinking of NPL in the film further supports the presence of well-dispersed
single NPLs (Figure S6, video attached along with the Supporting Information). To probe single
NPLs rather than multiple overlapped NPLs we chose a small, well-separated area of the film
(highlighted in Figure 2a, 2b, and 2c). We observe a common overlap of all three PL features,
which means 3 ML, 4 ML, and trap emission are coming from the same NPL. Further Gaussian
fitting allows us to localize the center of emission for each wavelength regime with super-
resolution accuracy (details in Supporting Information) and their positions are overlapped (shown
in Figure 2d). However, we note a slight change in their positions and area. First, the area of NPL
showing 3 ML emission is greater than that of both the 4 ML and trap emission. We calculated the
distance of the center (Ar1 and Ar», detail in Supporting Information) of the 4 ML and trap emission

features from that of the 3 ML NPL. The average distance (Ar) for the particle shown in Figure 2d
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is around 18 nm. Values calculated for more particles shown in Figure S7 vary from 15-93 nm,
consistent with the dimensions of single NPLs. Emission from the 4 ML region (green circle) and
trap states (red circle) appear localized near the edge in most of the NPLs. All of these observations
lead us to hypothesize that an incomplete layer of 4 ML is formed near the edge of the 3 ML NPLs
as shown in Figure 2e. Our hypothesis matches with the island-nucleation-limited growth model
proposed by Reidinger et al., which shows that the growth of an N+1 layer happens from an N
layer through the formation of an island in the corner of the wide facet, which is energetically
favorable and can extend from the edge to center.® To further quantify the localization of these
features, we define a relative delocalization parameter, D, as the ratio of Ar to the average radius
of the blue circle (for 3 ML emission), R}, (see Supporting Information for details). This value is
around 0.20 for the particle shown in Figure 2d, where R, is 0 when the Ar is 0 and Ryis 1 when

the Ar is equal to R,,.
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Figure 3. (a) PL spectrum and (b) AFM images of NPLs before washing. (c) PL
spectrum and (d) AFM images of NPLs after washing with isopropanol. (e)
Schematic diagram of the hetero-confined CdTe NPL.

We then used AFM to assess the morphology of NPL structures. The apparent height measured
from AFM for a single CdTe NPL is about 4.1 nm (height profile shown in Figure 3b). The
theoretically predicted thickness of 3 ML bare NPL is around 1.9 nm. In our case, the increased
value could be rationalized by considering the ligand environment surrounding the NPLs.3544 We

also observed that the height increases by approximately 1-2 nm consistently near the edges of
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NPLs. This value does not exactly match a single monolayer height (~0.3 nm), but it is also much
less than a separate 4ML. These areas near the edges disappear upon washing the NPLs with a
polar solvent (isopropanol, details in the Methods section) as shown in Figure 3d. This washing
not only smoothens the surface but also results in the disappearance of the emission peak at 550
nm and the corresponding new broad trap emission feature (Figures 3a and 3c). This is consistent
with the observed PL localization and suggests a loosely bound new ML layer, removable upon
gentle etching. Overall, this further supports our conclusion from the PL images that there are areas
near the edges of the single 3 ML CdTe NPLs where extra monolayers are present as incipient 4
ML islands.” Therefore, the evidence suggests that 4 ML and trap emission do not arising from
contamination by 4 ML NPLs but instead arising from hetero-confined structures, where 3 ML

and 4 ML NPLs are simultaneously present.

To further test this hypothesis, we performed ultrafast transient absorption (TA)
spectroscopy measurements, as shown in Figure S9. The TA spectra (Figure S9a) show a strong
negative feature centered at 500 nm that arises from both the bleaching of and stimulated emission
from the 3 ML exciton state.*®> The positive features on either side of the bleach correspond to the
biexciton band (i.e., excited state absorption) broadened by the presence of hot carriers. A negative
feature centered at the 4 ML exciton band at 550 nm is also present, becoming increasingly
apparent at higher fluences (Figure S9b). The bleach recovery dynamics probed between 498 and
501 nm (Figure S9c; probe region indicated in Figure S9a) can be fit to three ultrafast components
(680 £ 40 fs, 6.4 £0.6 ps, and 51 + 7 ps), along with a longer component (540 + 90 ps). Notably,
the Kkinetics probed between 474 and 482 nm (Figure S9d; probe region indicated in Figure S9a)
show the same ultrafast components (510 + 250 fs, 4.8 + 3.7 ps, and 70 + 30 ps) but do not show

any long-lived component. Because this excited state absorption feature is at higher energy than
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the bleach, it should only appear when hot carriers are present; following carrier cooling, the
biexciton band should lie entirely below the exciton band in energy, as discussed by Pelton et al.*6
Accordingly, we assign the ultrafast components to a combination of carrier cooling and thermal
dissipation to the solvent and the ~0.5 ns component to radiative decay from 3ML, which likely
includes exciton transfer from 3 ML to 4ML and trap states as observed before for CdSe hetero-
structure with type | band alignment (shown in Figure 3e)?? in addition to emission directly from
3 ML. The immediate appearance of a bleach feature at 550 whose dynamics match those of the
3ML bleach suggest common origin for the two features, further bolstering our hypothesis of

connected states.
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Figure 4. (a) The kinetic model applied in the kinetic Monte Carlo
(KMC) simulations. Three energetic parameters are shown
including the activation energy E,, binding (nucleation) energy Ep
and nearest-neighbor (NN) bond energy Ec. The energy diagram
is not drawn to scale. (b) An example of the grid generated from
simulations. Each small square stands for an occupied spot on the
grid and the color of the square shows the number of monolayers
(MLs) associated with the spot (Black: 1; Red: 2; Orange: 3;
Green: 4). (c) Time evolution of populations based on two
simulations. The colors of lines correspond to the number of MLs
(Black: 1; Red: 2; Orange: 3; Green: 4; Blue: 5). Ea E» and
temperature are identical for both simulations, but E¢ is smaller
for the simulation represented by the left graph. The time scale in
both graphs is arbitrary. (See Supporting Information.) (d) A
heatmap for peak population of 3 MLs based on Ey, and E values
in simulations.
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The simultaneous presence of 3 ML and 4 ML appears to run contrary to the prevailing model of
NPL growth by Riedinger et al. which strongly suggests that ripening proceeds through sequential
dissolution of thinner NPLs to form thicker NPLs.8 However, the authors of that work do note that
the nucleation barrier for CdTe NPLs of different thicknesses is closer in energy than they are for
CdSe or CdS. To test whether this energy difference could result in the observed hetero-
confinement, we conducted a series of kinetic Monte Carlo (KMC) simulations based on a simple
model of activated kinetics featuring the three most important energetic parameters: activation
energy E,, binding energy E, and nearest-neighbor bond energy E., as well as temperature T
(Figure 4a; also see the Methods section for details of the KMC simulations).#” For each
simulation we generate snapshots of the grid throughout the entire course of the simulation (Figure
4b). The grid can then be converted to the time evolution of different populations. We are able to
produce the primary features of the ripening model from Riedinger et al., including the ripening
of nanoplatelets (NPLs) with fewer monolayers (MLs) to those with more MLs and the apparent
separation of different MLs during the growth process. (Figure 4c).2 We then carried out a series
of simulations with a wide range of values for each parameter and analyzed the resulting time
evolution of populations. As a quantitative characterization of the ripening, we calculated the
percentage of 3 ML population at the count peak of 3 MLs, which reflects how well separated
different species are. Essentially, a higher peak population represents more “pure” NPLs in
synthesis, and a lower population means more “mixed” species. As expected, changing the
activation energy E, and temperature T only led to changes in time scale but had very little
influence on the species separation (see Figure S10). The results of peak populations with changing
E, and E, are also shown, and an obvious trend of increasing peak population with increasing

bond energy E. was observed (Figure 4d). Since CdTe has lower bond energy than CdSe, the
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results could explain why we were able to consistently observe the 3-4 ML heterostructure in CdTe

but rarely in CdSe.848

Conclusions: Extending the superlative properties of quantum-confined NPLs to new materials
and wavelengths is a critical research and technology challenge. However, despite superficial
similarities between CdSe and CdTe binary semiconductors, the chemistry of CdTe does not
appear to permit pure 4 ML NPLs using current methodologies. We have shown that CdTe
synthesis results in a unique quantum-confined heterostructure of colocalized 3 ML and 4 ML
platelets on a single NPL. Our results give a common origin for 3 ML, 4 ML, and trap emission
features appearing simultaneously. We confirm this using single particle PL studies that show
nearly co-localized features, further supported by AFM studies of single NPLs. Following work
by Riedinger et al. we confirm that the low bond energy of CdTe results in weaker separation
between the formation of 3 ML and 4 ML, resulting in simultaneous NPL formation. Taken
together, our results thus suggest that single pot syntheses of higher ML NPL derived from CdTe
following the fast injection method may suffer from incomplete separation of species and that
alternative methods (e.g., colloidal atomic layer deposition) may provide a path forward for thicker

NPLs.

Methods:

Materials

Cadmium oxide (Alfa Aesar, 99.95%), tellurium powder (Acros, 99.8%), oleic acid (OA) (Alfa
Aesar, 99%), tri-n-octylphosphine (TOP) (Alfa Aesar, 90%), 1-octadecene (ODE) (Alfa Aesar,
90%), isopropanol, hexanes (Fisher, 98.5%) and propionic acid (Fisher) were used without further

purification.
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Synthesis of Precursors

Cadmium propionate (Cd(prop)z): 1.036 g of CdO powder was mixed with 10 mL propionic
acid under Ar flow for 1 hour. The flask was then heated at 140 °C after opening to atmosphere in
order to reduce the volume by half. The white solution was precipitated with acetone and
centrifuged. The supernatant was discarded, and the solid was dried and stored in a vacuum

desiccator.

TOP-Te (1 M): In a small flask, 0.254 g of Te powder and 2 mL of tri-n-octylphosphine were
degassed under vacuum at room temperature. Then, under Ar flow, the solution was stirred at 275
°C until the dissolution was complete, and the solution turned yellow. The solution was cooled and

stored under Argon.

Cadmium oleate (Cd-oleate): 0.96 g of CdO (7.5 mmol) and 15 mL of oleic acid were charged
into a 25 mL round bottom flask. The mixture was heated at 200 °C for 1 hr under Ar flow. Once
the solution turned colorless, the mixture was brought to 60 °C and degassed for 1 hr. After this,

it was stored at room temperature and subsequently used in the reactions described below.

Synthesis of CdTe NPLs: In a three-neck 50 mL flask, 130 mg of Cd(prop)2 (0.5 mmol), 80 pL
of oleic acid (0.25 mmol) and 10 mL of ODE was magnetically stirred and degassed under vacuum
at 80 °C for 2 h. The mixture was then put under Ar and heated to 200-210 °C. When the desired
temperature was reached, 100 pL of a solution of 1 M TOP-Te diluted in 0.5 mL of ODE was
swiftly added. The reaction was maintained at the same temperature for the NPLs to grow with
time. An aliquot from the reaction solution was taken out at different time intervals. It was
centrifuged at 7000 rpm and dispersed in hexanes and characterized by the absorption and PL

spectrum. For the remaining measurements, the reaction was performed at 210 C. After the TOP-
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Te injection, the reaction was allowed to continue for 30 mins after which the heating mantle was
removed. When the flask was cooled down to about 120 °C, 1 mL Cd(oleate)., separately heated
to 100 °C was injected and the reaction was quenched. The solution was then divided into two
halves. Only hexane (10 mL) was added to one portion, while hexane (10 mL) and isopropanol (5
mL) were added to the other portion. Both were centrifuged at 7000 rpm for 10 mins. The
supernatant was discarded and the solid precipitate was re-dispersed in hexane. We assumed that
the reaction goes to completion and yield is 100%. Following centrifugation and resuspension in

20ML hexanes the [Te] will be 5mM in the original CdTe NPLs.

KMC simulation algorithm: In a typical simulation, we start with a number of free ‘monomers’
and an empty grid. Monomers here could describe small clusters, unit cells, or other reactive
precursors. We then drive the system forward by the events of free monomers binding to the grid
and bound monomers unbinding from the grid. The events are characterized by the rates of binding

and unbinding:

E E,+E
kbinding = P, exp (_ #) ’ kunbinding = P, exp (_ aRT b) @

where E, is the activation energy for binding, E}, is the binding energy (i.e., the energy difference

between free and bound monomers), and P,,, B, are the pre-factors for the Arrhenius rate equations.

In addition to the interactions between monomers and the grid, we also consider bond-

forming between bound monomers in real synthesis. For simplicity, we assume that every
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monomer will form bonds with its nearest neighbors (NNs), thus lowering its energy linearly with

the number of NNs and further decreasing the unbinding rate of bonded bound monomers:

E +Ep+E,
kunbinding,bonded = B, exp(— aT;C) 2)

For all the rate equations, the pre-factors can be estimated based on the diffusion-limited reactions:

__ 8NkgT , _  kgT

Pb 3n'u

©)

"~ amnRy
where 7 is the dynamic viscosity of the solvent, N is the number density of free monomers and R,
is the hydrodynamic radius of monomers.#® As mentioned, the exact composition or structure of
monomers is uncertain, resulting in ambiguity in the value of R,,. Thus, the actual time drawn

from simulations are simply representative, but the relative timescales can be used for comparison.

With the calculated rate equations, we then generate a rate matrix with each element of the
matrix corresponding to the sum of rate for each spot on the grid, which includes rates for all

possible events taking place at the spot (i.e., binding and unbinding):

ki ; = kpinding-(i,j) T Kunbinding(i,j) (4)
where k; ; is the rate matrix element, ky;nging-(i j) is the rate of free monomers binding to the spot
(i,7) on the grid, and kynpinding(i,j) 1S the rate of monomers bound at the spot (i, j) desorbing

from the grid. The pathway is then selected using the BKL algorithm®® which takes advantage of
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partial sum of rates by drawing two random numbers, one for determining at which spot an event

happens, and the other for determining what type the event is.

After the pathway selection, the clock is advanced by drawing a third random number:

In(rand)

t =
Yijkij

(%)

At each step, the statistics of the number of spots with different number of monolayers (MLs) are

calculated along with the clock time.
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