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Abstract

The evolution of optical properties in low dimensional phosphorene quantum dots remains a
largely unexplored area, with great potential for applications as optoelectronic devices. Herein, we
present a comprehensive analysis of the optical properties of edge-passivated (H, NH», Cl, OCN,
CN) monolayer phosphorene quantum dots using Density Functional Theory and Time-Dependent
Density Functional Theory calculations. An extensive characterization of absorptions, non-
radiative relaxations, radiative emissions, radiative lifetimes, and the high-frequency Raman
modes (A5, B,g4, and A?) is undertaken, emphasizing the role of material directionality, quantum
confinement, and edge passivation on the evolution of these properties. Our results indicate that
optical absorptions and emissions are preferred from the armchair direction of phosphorene
regardless of the type of edge-functionalization or system size, rendering these systems as potential
natural linear optical polarizers in the UV-Vis region. Larger phosphorene quantum dots have
smaller Stokes shifts and less geometric variation upon relaxation, leading to decreased radiative
lifetimes. Additionally, we identify an uncharacteristic Raman response associated with dissimilar
shifting trends of the A, peaks that arise from planar growth of phosphorene quantum dots in the
armchair or the zigzag direction. The behavior is attributed to the competing effects of mass

coupling and improved bond strength.



1. Introduction

Phosphorene is a recent addition to the 2D material family that has emerged since the discovery of
graphene.! 2 Tt began to receive significant attention upon the successful fabrication of a field-
effect transistor constructed using exfoliated black phosphorous (BP).> # The quest for high
performance nanoscale devices has resulted in a flurry of research activity utilizing phosphorene

for a wide variety of applications including optoelectronics,>” sensing,®!? energy storage,'! 1?
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thermoelectrics, hotovoltaics,'® spintronics, and biomedicine.!*?! Further efforts have
p p

focused on generation of phosphorene using top-down methods, such as mechanical and liquid

22-24 25,26

exfoliation, or bottom-up methods like chemical vapor deposition and epitaxial growth.?”:
28 The impetus for incorporating phosphorene (and derivatives) into device applications can be
attributed to its favorable, highly tunable, and anisotropic physical (electronic band structure,

)3, 14,29-31

electric and thermal transport, optical and mechanical (Young’s modulus, Poisson’s ratio,

critical strain) properties.’2-34

Phosphorene’s novel properties are fundamentally rooted in the unique structure of BP, a
stable allotrope of phosphorous. BP crystals consist of puckered honeycomb layers of phosphorene
adhered via weak van der Waals interactions, which enables exfoliation of 2D sheets from the bulk
crystal. A phosphorene sheet consists of phosphorous atoms (P) bonded to three other neighboring
P atoms that adopt an sp® hybridization scheme. This arrangement promotes the inherent
anisotropy of the material, resulting in two distinct directions commonly known as the armchair
(puckered structure) and zigzag directions (bilayer structure). Angle-resolved polarized Raman

spectroscopy has been utilized as a non-destructive way of identifying the BP crystal orientation

(armchair and zigzag direction) based on the intensity variation of the A7 mode as a function of

the sample rotation angle.® This structural anisotropy is also reflected in its bonding scheme where



the shorter bond length (~ 2.224 A) connects the nearest P atoms within a single plane, while the

longer bond length (~ 2.244 A) connects the nearest P atoms in two planes. A similar change is
observed for the in-plane (~ 96.3%) and out-of-plane (~ 102.3%) bonding angles between these P
atoms. 3637

Previous studies have shown the intrinsic anisotropy is manifested in the optical properties
of direct excitons of phosphorene, as well as indirect excitons residing in heterostructures of
phosphorene, through enhanced absorption and higher exciton binding energies along the armchair
direction.’® 3° Furthermore, this inherent anisotropy of phosphorene has resulted in certain
heterostructures of phosphorene achieving anisotropic superfluidity, thereby garnering attention
as promising candidates for Bose-Einstein condensation and superfluidity at high temperatures.*®
40.41 Photons with polarization parallel to the zigzag direction of phosphorene have been shown to
excite lower valence band electrons to the upper conduction bands under certain conditions,

generally requiring a frequency deeper into the ultraviolet regime.?% 42

The optical properties of
more confined 1D nanoribbons of phosphorene also display the anisotropic nature of these
systems. Zigzag and armchair nanoribbons have been reported to have different band gap scaling
laws resulting from the dissimilar electron and hole behavior along these directions.* Density
Functional Theory (DFT) calculations using PBE and HSEO06 predict that pristine armchair
nanoribbons are indirect band gap semiconductors.** However when passivated at the edges, these
armchair nanoribbons transform into direct band gap semiconductors. As a result, the first peak in
the absorption spectra is optically active, corresponding to transitions from the valence band to
conduction band, as opposed to zigzag nanoribbons that are known to have dark symmetry gaps

with active higher energy transitions.*> ** Preferential absorption of light polarized along the

armchair direction has been reported in certain phosphorene quantum dots using tight-binding



methods.*47

These quantum dot systems typically possess fundamental band gaps and optical
gaps that are largely governed by quantum confinement. Emission gaps for certain PQDs have
been shown to have more complex trends due to competing relaxation effects.*®

Fundamental knowledge regarding the optical and electronic properties of 0D phosphorene
quantum dots (PQDs) is still in its infancy when compared to the 2D and 1D counterparts.
Reducing size produces PQDs with discretized energy levels and may also provide enhanced
functionality via ease of chemical modification and improved stability.** Some existing examples
in the literature include PQD systems being used for multilevel data storage,>® electrocatalysts for

the oxygen evolution reaction,>® and bioimaging/cancer therapy.>?

Obtaining a deeper
understanding of how PQD properties evolve with system size and varied surface chemistry is of
high importance for these systems to be utilized in future device applications. Herein we present a
comprehensive characterization of vertical excitations (absorption), non-radiative relaxation,
vertical de-excitation (emission), and radiative lifetimes of PQDs by varying material anisotropy,
PQD size, and chemical composition of edge terminations. We examine the nature of the charge
carriers (electrons and holes) generated upon excitation and present quantifiable parameters for
the structural rearrangement that occurs due to non-radiative relaxation. The Strickler-Berg
relationship is utilized to calculate radiative relaxation lifetimes and elucidate the emission

properties of the hydrogen functionalized PQDs. Lastly, the Raman response of PQDs is discussed

with respect to material anisotropy, PQD size, and edge termination.

2. Computational Details
This study investigates monolayer PQDs with a diameter ranging from 1.6 - 3.6 nm inclusive of

edge functional groups. The diameter is defined as the distance between the boundary atoms of a



given PQD that are furthest apart along with their van der Waals radii®? determined with the aid of

Multiwfn 3.8%* (see Table S1 in the Supporting Information for PQD size information). This size

regime was chosen to capture the effects of quantum confinement and material anisotropy on the
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Figure 1: Top view of the PQDs. Passivation at the edges is
removed for clarity. Orange spheres denote phosphorus atoms.

PQD optical properties.
Edge sites, the number of
which are denoted on the
axes of Figure 1, correspond
to functionalization
locations for a given
quantum dot. This numeric
value is also used as a metric
to indicate the system size
along a particular direction.
In most cases, edge
functionalization with H
atoms was used to terminate
the PQDs and avoid
dangling bonds. Dangling

bonds here refer to the

exterior P atoms that are only connected to two other neighboring P atoms resulting in an

unsatisfied valency. NHa, CI, OCN, and CN groups were also investigated as PQD terminations to

gauge the effects of different functional groups on the optical properties of these systems (see

Figure S1 for depiction of functionalized PQDs). This termination scheme was used in our



previous work and found to alter the electrostatic potential landscape by creating edge dipole
layers that effectively shift the energetics of all orbitals.>

Full geometry optimizations were performed on the ground state structures (So) of the
PQDs using the Becke 3-parameter Lee-Yang-Parr (B3LYP)*6-3 global hybrid density functional
in conjunction with a Pople-type split valence, triple-{ basis set (i.e., 6-311g (d,p)) with
polarization functions (d orbitals on non-hydrogen atoms and p on hydrogen atoms). All
computations were performed using a pruned grid (99 radial shells, 590 angular points per shell)
along with a threshold of < 10-!° for the RMS change in the density matrix during the self-
consistent field procedure. Harmonic vibrational frequencies were calculated to ensure that the
structures correspond to a minimum on the B3LYP potential energy surface. Raman activities were
obtained, and spectral features were generated using a Lorentzian function with a full width at half
max of 6 cm!.

Time-dependent density functional theory®®-%2 (TD-DFT) single point energy computations
were performed at the same level of theory to identify the first 200 singlet excited states. These
were used to identify the optical energy gap (Eopt), defined as the energy of the first optically active
excitation, and the corresponding wavelength (Aopt). Triplet excitations have not been considered
in this work, as it has been shown that electron-hole pair generation primarily occurs from the
singlet state for similar quantum dots.*® Simulated absorption spectra were generated using a full
width at half max of 0.1 eV, while the directional responses were plotted by taking the specific
contribution of the transition dipole moment with the aid of Multiwfn 3.8. Further analysis on the
Eqpetransition was performed to obtain the electronic transition dipole moment, oscillator strength,

electron density, hole density, and overlap between electron and hole density distributions (S;



index) using Multiwfn.>* The applicability of these descriptors to confined nanoclusters can be
found in the literature.®

Gradient calculations were performed on the excited state corresponding to Eqp at the same
level of theory as the ground state structure optimizations for the hydrogen-terminated PQDs.
These calculations were utilized to determine radiative emission energy (Eemi), Stokes shift (Eopt -
Eemi), radiative lifetime, and the electron-hole overlap (S; index) corresponding to the emission.
Arbalign,®* a standalone python script that utilizes the Kuhn-Munkres structure matching
algorithm,® % was employed to calculate the lowest RMSD between the ground state optimized
structure (So) and the corresponding excited state optimized structure (S,) of a given PQD. This
procedure was used to quantify the structural change that occurs during the excited state relaxation
process.

All electronic structure computations were performed using the Gaussian 16 software
suite.®” Kohn-Sham orbital figures of the HOMO and LUMO were constructed via projection onto
a total electron density iso-surface at 0.02 a.u., while electron and hole regions were constructed
with a projection onto a total electron density iso-surface at 0.0007 a.u. These images were
generated using Tachyon ray tracing libraries®® available in the Visual Molecular Dynamics

software.®

3. Results and Discussion

First, we examine the role of structural anisotropy on Frank Condon excitations (vertical
excitations). Figure 2 depicts the simulated absorption spectra of hydrogen functionalized PQDs
along with the contribution to absorption arising specifically from the electric field oscillating in

the armchair direction. It is evident that PQDs with shorter armchair lengths (top row of Fig. 2)



display a notable optical response along the zigzag direction in the UV range. These higher-energy

absorption features converge to the armchair contributions moving from the top row down each
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Figure 2: Simulated absorption spectra for H terminated PQDs.

column. The analogous
TD-DFT calculations with
the range-separated global
hybrid CAM-B3LYP
functional” (see
Supporting  Information,
Fig. S2) show the UV
excitations are further
enhanced from the electric
field oscillating in the
zigzag direction even for
the larger PQDs, which
suggests the high energy
features are long-range in

nature. In the low energy

regions where armchair contributions dominate, the CAM-B3LYP results are consistent with the

trends in Figure 2 (barring systematic blue shifts and increased optical activity, Fig. S3). Thus, for

our purposes here, B3LYP is deemed sufficient to describe the low energy excitations that

correspond to the optical gap, which are typically short range in nature for these PQDs. Note, the

excitations associated with Eqp are almost exclusively HOMO to LUMO transitions (> 93% on

average; Table S1) and are the global absorption maximum for majority of the systems under



Table 1: Properties of hydrogen functionalized PQDs. Electronic fundamental gaps (Egap),
optical gaps (Eopt), and excitation properties at Aopt. Sr Index is the e-h overlap upon absorption.

Svst Egap Eopt Transition dipole moment (a.u.)  Oscillator ~ S: Index
ystem (eV) (eV)  Armchair Zigzag Outofplane strength (a.n)
Pa2sHi4 3.51 3.01 1.448 0.000 -0.057 0.155 0.715
P4His 3.16 2.71 2266  -0.010 -0.034 0.341 0.726
PscHaz 2.82 241 -3.167  0.000 -0.027 0.592 0.738
P7oH26 2.68 2.29 3.984 0.000 0.023 0.890 0.738
P36Hi6 3.49 2.98 1.336 0.022 -0.062 0.131 0.690
Ps4Hzo 297 2.54 -2.181 0.000 0.003 0.296 0.731
P72Ha4 2.74 2.35 3.040 0.000 0.027 0.531 0.739
PgoHos 2.60 2.22 3.860 0.000 0.022 0.811 0.740
P44Hs 3.41 2.93 -1.324  0.000 -0.054 0.126 0.698
PscHaz 2.93 2.52 -2.115  0.000 0.030 0.276 0.727
PssHoe 2.70 2.32 -2918  0.000 -0.028 0.484 0.739
P110H30 2.55 2.19 -3.726  0.000 0.024 0.745 0.741

study. The oscillator strength values in Table 1 and the first peak in all panels of Figure 2 suggest
that increasing quantum dot size along the zigzag direction while holding the armchair edges
constant (moving right across a row in Fig. 2) results in a subtle red shift and a slight reduction in
the intensity of the Eqp peak. Furthermore, increasing system size in the armchair direction while
holding zigzag edge constant (moving down a column) results in red shifts and notable increases
in the intensity of the Eqp peak. Slight variations in the red-shifting behavior upon anisotropic
growth can be attributed to the dissimilar behavior of electrons in the two directions.* Generally,
the intensity of a transition will depend on the overlap between the initial and final states of the
wave function and selection rules that are determined by symmetry. The consistent S;index values
in Table 1 suggest that the overlap between initial and final states is not a driving factor for the
dissimilar trends in peak intensity. Thus, it can be attributed to the forbidden nature of transitions
along the zigzag direction, which is also reflected by the corresponding transition dipole moment

values. This indicates that these phosphorene quantum dots behave analogously to the extended

10




2D material and thus can be utilized as natural optical linear polarizers due to preferential

absorption along the armchair direction.

We next present the effects introduced upon altering the PQD termination with different

chemical groups. Figure 3 depicts UV-Vis spectra for all PQDs considering the first 10 singlet

excitations for clarity, as this encapsulates the low energy HOMO-LUMO transitions of interest
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Figure 3: Truncated absorption spectra consisting of the 10 lowest
lying excitations of PQDs where X = H, NH», Cl, OCN, CN. The
dotted curves indicate the response from light oscillating in the
armchair direction of the PQDs, while the solid curve indicates the

response from unpolarized light.
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for the PQDs. Quantum
confinement effects are
observed through red shifts
in the Eop transition of all
spectra with increasing
system size in either
direction (Figure 3 and
Table S1). The red shifts
along the armchair
direction are more
pronounced and can be
attributed to a similar trend
in the fundamental gap
(AE\nomo-Lumo)) behavior
that has been discussed in
previous work.? A wider
distribution of the Eop

transition  energies for



different terminations can be observed for the smaller PQDs in Figure 3, while these features
coincide for the larger PQDs. Since these optical features are primarily governed by HOMO —
LUMO transitions (Table S1), they follow a similar trend to the fundamental gaps of these PQDs.
In general, the edge groups have low contributions to the HOMO and LUMO orbitals of the smaller
PQDs, while as PQD size is increased the contribution from these edge states to the frontier orbitals
become nonexistent (see Figure S4 and our previous work>®). As a result, the fundamental gaps,
and by extension optical gaps, of larger PQDs are resistant to change despite the different edge
terminations. The dotted curves in Figure 3, which denote the armchair response of the UV-Vis
spectrum, coincide with the overall response, indicating the chemical groups used for termination
do not play any role in determining the selection rules for these transitions. Thus, the ability of
these PQDs to function as linear optical polarizers is preserved despite modifications to the
chemical identity of edge groups.

Next, we examine relaxation of excitons generated from the Eqy: absorption for hydrogen
terminated PQDs. Radiative relaxation (Eemi) is often preceded by a vibrational relaxation from a
vibrationally excited state to the vibrational ground state of the electronically excited potential
energy surface. The Stokes shift, which is defined as the energy difference between Eqp absorption
and the corresponding emission energy Eemi, can be utilized as a metric to gauge the extent of non-
radiative relaxation. Non-radiative relaxation is accompanied by a change in geometry of the
quantum dots. The extent of change in the geometric structure is reported as RMSD values in Table
2, where the RMSD is calculated with respect to the optimized ground state structure. A general
reduction in Stokes shift is observed when system size is increased along either the armchair
direction or zigzag direction. A smaller Stokes shift indicates a smaller energy change for non-

radiative relaxation, which typically indicates that the corresponding geometric change is also
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Table 2: Radiative and non-radiative relaxation properties for hydrogen functionalized PQDs excited at Aopt. Sr Index is the e-h
overlap for emission, AS; is the change in S, Index from absorption to emission, and RMSD is the structural change of relaxation.

Stokes Radiative Sr Transition dipole moment (a.u.)

Eopt Eemi RMSD Oscillator

System V) (eV) ?;l\l]t;t 1lt;er:151;16 I(r;dlf))( AS: A Armchair Zigzag Outofplane  strength
PsHis  3.01  1.60 1.41 348.4 0.578  0.137  0.405 -0.812 0.000 0.000 0.026
PoHis 271  1.67 1.04 42.2 0.702  0.024  0.170 2.190 -0.010 -0.086 0.196
Ps¢H 241  2.03 0.38 10.3 0.713  0.025  0.105 -3.300 0.000 -0.002 0.541
PzoHss 229 199 030 6.8 0.715  0.023  0.071 4.182 0.000 0.008 0.852
PssHis 298 1.60 1.38 437.5 0576  0.114  0.358 0.723 -0.026 0.041 0.021
PssHzo 254 1.63 0.91 54.1 0.707  0.024  0.135 -1.998 0.000 0.089 0.160
PnHae 235 202  0.33 12.2 0.703  0.036  0.068 3.059 0.000 0.022 0.463
PooHas 222 196  0.26 8.1 0.703  0.037  0.056 3.918 0.000 0.017 0.737
PsaHis 293 195 0.98 2124 0.429 0269  0.112 -0.817 0.000 0.023 0.032
PesHzo 252 198 0.53 33.8 0.671  0.056  0.138 -1.888 0.000 0.013 0.173
PssHas 232 2.01 0.31 14.5 0.684  0.055  0.085 -2.822 0.000 -0.013 0.393
PiioHs 2.19  1.95 0.24 9.3 0.691  0.050  0.047 -3.676 0.000 0.015 0.647

small. This is observed by the relatively smaller RMSD values seen for the larger quantum dot
sizes in Table 2, particularly when increasing size along the armchair direction. Thus, increasing
PQD size along armchair direction results in these PQDs obtaining structural rigidity against
external perturbations in electron density due to absorptions and emissions. Non-radiative
transitions generally follow the “energy gap law”, and hence when the energy gap is higher, the
non-radiative rate of transfer (k,,qq) from initial to final states is lower (kp,qq~€ 2F).7% 7% The
smaller PQDs, which display higher stokes shift according to the energy gap law, would typically
have a lower population transfer rate to the ground vibrational state of the electronically excited
potential energy surface. This lower population transfer rate for smaller PQDs is expected
considering the degree of structural change observed for these systems. The effect of the structural
changes on the electronic structure of these quantum dots is reflected by the frontier orbital iso-
surface maps and the electron hole densities in Figure 4 as well as the frontier orbital energy
diagrams (Figure S5). Smaller PQDs display a large electron density shift and energy shift in the
HOMO and LUMO orbitals due to non-radiative relaxation. Similarly, a visual change in electron
and hole distributions of the smaller quantum dot size can be seen in Figure 4. This results in a

reduction in the overlap region between initial and final states of the emission process for smaller
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Figure 4: HOMO, LUMO orbital iso-surfaces (red indicates negative and blue indicates
positive phases) and electron hole densities (green indicates electron and blue indicates hole
region) for ground state (So) and excited state (S1) of smallest and largest PQDs.

PQDs (see S; index for the excited surface and AS; indices in Table 2). These effects are muted
for the larger PQDs, where the iso-surfaces are more similar and geometric variations are less
noticeable.

Now we focus on the radiative decay that takes place following relaxation to the ground
vibrational state of the excited potential energy surface. The radiative decay follows the Frank
Condon principal to a final state in the ground electronic potential energy surface. The final state
would most often be a vibrationally excited state in the ground electronic potential energy surface

that has good wave function overlap with the initial state. The lifetime for this radiative decay has

been calculated wusing a form of the Strickler Berg relationship: k; = Tl =

14
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3t ad(AE;)3 Zae{x_y'zﬂM fxl , where k; is the radiative rate, t; is the radiative lifetime, AE; is the

corresponding energy attributed to the particular radiative emission, M}, is the transition dipole
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moment, t, h /m o+ and aq is the fine structure constant.”>’>  The radiative decay
e

lifetime of these excitons displays an exponential decrease when PQD size is increased along the
armchair direction while holding zigzag direction constant (Table 2). This can be attributed to the
general blue shifting trend in emission energy and the increasing trend in the magnitude of
transition dipole moment along the armchair direction. This gives rise to two important
observations regarding PQD emissions. The first is that radiative emission, like absorption, also
preferentially occurs from the armchair side as indicated by the transition dipole moments in Table
2. An important point to note here is that emissions are less intense than the corresponding
absorption. This observation can be tied to the geometric change during non-radiative relaxation
that results in a change in electronic structure. This is reflected in the corresponding AS; index
values, which is quite significant for the smaller PQDs (Table 2). As a result of the lower overlap
between the initial and final states, these PQDs display smaller intensities for emission than
absorption. However, increasing PQD size, particularly in the armchair direction, increases the
intensity of the emission in a similar fashion to absorption. The second observation is that while
PQDs have a general blue shifting trend in emission with size, the largest structure for a given
zigzag configuration shows a red shift in energy with increasing armchair dimension (deviations
exist for zigzag extension too but are more muted). Anomalous behavior of emissions has been
reported previously in PQDs.*® This can be attributed to the competing quantum confinement and
relaxation effects, as observed here. Beyond a particular size, the quantum confinement effects

predominate giving rise to the observed red shift.
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Lastly, we present the Raman spectra of the hydrogen functionalized PQDs. The spectra

shown in Figure 5 are truncated to display the high-frequency region where the commonly

discussed Raman active modes of pristine phosphorene reside. Thus, it does not capture the Raman

signals pertaining to the uncoupled vibrations of the hydrogen atoms. Generally, the lowest energy

peak, which is the Aj mode, corresponds to vibrations that are perpendicular to both the armchair

and zigzag directions of phosphorene (out-of-plane vibrations). The next peak is the B, mode

that corresponds to vibrations along the zigzag direction, while the final peak is the AZ mode that

corresponds to vibrations along the armchair direction.’® These characteristic high-frequency

Raman modes for bulk BP are known to be around 365 cm™!, 440 cm’!, and 470 cm™! respectively.”’
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Figure 5: Truncated Raman spectra depicting the high-frequency
Raman modes for hydrogen functionalized PQDs.
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Previous reports indicate
the high-frequency modes
are affected by the number
of layers of pristine
phosphorene.”8-8 The

A; mode is the most

sensitive to the layer
thickness out of the high-
frequency modes, resulting
in a significant increase in
activity in comparison to

the  A?

g mode  with

increasing  number  of

layers.” The heightened



sensitivity of the Az mode to layer thickness is not relevant here, as this study pertains to the

planar growth of PQDs (i.e., an increase along armchair or zigzag directions). Increasing system
size along the armchair direction (i.e., systems within a single panel of Figure 5) induces a

significant increase in activities for both of the A; modes, which can be attributed to the enhanced
polarizabilities. This effect is further accentuated for the AZ mode due to the vibrations being along
the armchair direction. An increase in activity for the B,; mode can also be observed; however,

this mode is less sensitive to the increase in system size along armchair direction. Planar growth

along the armchair direction results in a noticeable red shift in the A, peaks. Increasing PQD size

along the zigzag direction (same color curves in different panels of Figure 5) corresponds to a

slight increase in Raman activity and a noticeable blue shift in the B,, and Af] peaks. It is worth

noting that the edge terminations employed in this study initiate new vibrations that are also active
at these frequencies complicating the analysis. Furthermore, these high-frequency peaks
(A}, B2g,AZ) consist of multiple contributions from similar vibrations that are separated spatially
within the PQD and local in nature (see Figure S6). These artifacts are more prominent in the
weaker B,, mode convoluting its analysis, so we will mainly focus on the more conspicuous A,
modes. The trends in the A, peak shifts can be ascribed to the competition between mass coupling

effects and bond strength variations with system size, as illustrated by the force constants and

reduced masses for a particular Raman mode (Table S2). The red shifting behavior of the A} and
AZ peaks when the system size is increased along the armchair direction can be attributed to the

higher degree of mass coupling, which is more dominant than the increase in bonding strength (see
ratios of force constant and reduced mass in Table S2), while the blue shifting behavior observed

for the A7 peaks when PQD size is increased in zigzag direction can be attributed to the increase

in force constants over the mass coupling (Table S2). This indicates that the anisotropic growth of
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these PQDs provides significant control over the peak shifting behavior. The Raman spectra for
PQDs with the different edge terminations remain largely unaltered in comparison to the hydrogen
terminations (see Figure S7). Notable exceptions are increased activities of the high-frequency
modes for edge terminations like cyanate (OCN) groups, which have the largest PQD diameters
(Table S1) resulting in larger surface areas that are polarizable, and shifts in peak positions for
nitrile edge terminations, which arise from changes to bond strengths resulting from the electron

density redistribution from edge functionalization.

4. Conclusions

In summary, this study focuses on the role of material anisotropy, chemical identity of edge
terminations, and quantum confinement on the optical properties of edge modified monolayer
phosphorene quantum dots. Our results indicate that all PQDs in this size regime (approx. 1.6-3.6
nm in diameter) behave as natural linear optical polarizers by preferentially absorbing and emitting
light primarily from the armchair direction. This holds true despite the chemical identity of the
edge passivating groups, as these functionalizations do not contribute significantly to the orbitals
associated with the excitations being considered. The observed preferential absorption from the
armchair direction in the low energy regime occurs regardless of the length ratio between armchair
and zigzag edges; although, optical responses in the high energy range from electric fields
oscillating in the zigzag direction can be observed when the armchair to zigzag length ratio is
lowered. The nonexistent optical activity in the lower energy range from the zigzag direction can
be attributed to symmetry restrictions, which is also observed in extended systems of phosphorene.
Furthermore, the intensity of the optical absorption and emission signals can be increased by

increasing system size along armchair direction. Thus, quantum confinement effects do play a
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secondary role in tuning the intensity of the absorption and emission responses. Quantum
confinement effects also contribute to the non-radiative relaxation and radiative decay lifetimes
for the photogenerated excitons. This information can be useful for applications that utilize
phosphorene-based composite materials as luminescent devices. Distinct differentiation of the
three high frequency Raman modes of bulk BP can be made for monolayer PQDs of considerable
diameter (roughly greater than 2 nm here). In general, the A; and Af; modes display a heightened
sensitivity to the increased surface area along the armchair direction as opposed to the B, mode.
Although not as significant, an increase in activity for all the high-frequency Raman modes with
a planar growth along zigzag direction can be observed. The novelty of the characterization of
Raman spectra for these PQDs lay in the unraveling of the distinctly different energy shifts
observed for the Aj and A7 modes with increasing PQD size along the two directions. The red
shifting behavior observed for these modes with increasing system size along the armchair
direction is attributed to the dominance of the mass coupling over improved bonding, while the
blue shifts observed with an increase of system size along the zigzag direction is attributed to the
dominance of improved bonding strength over mass coupling (mostly present in the A7 peak).
Similar trends also can be observed with the B, mode, however forming a conclusive narrative is
challenging owing to the relatively smaller Raman activities coupled with the artifacts of edge
groups convoluting the Raman response. Furthermore, the type of edge termination only plays a
minor role in the Raman response. These effects generally arise through changes in surface area
that is polarizable, leading to a change in Raman activity, or changes to the electron density
distribution corresponding to a change in bonding leading to shifts in the Raman peaks. Thus, the
anisotropy of these PQDs plays a pivotal role in all the optical properties described in this study.

The distinct behavior can be further accentuated with the effects of quantum confinement, while
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the role of the edge terminating group is often limited to minor affects arising from the

perturbations to electron density of the system.
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