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Abstract 

Black phosphorus (BP) exhibits fascinating thickness dependent optical and electronic characteristics. However, 

photoluminescence (PL) emission in the visible spectrum does not exist for multi-layer BP and requires the achievement of 

single layer, which are highly environmentally sensitive. This poses significant challenges in realizing the true potential of BP 

as multi-layer BP exhibits exciting optical properties for a range of applications. Here, for the first time we reveal visible range 

room-temperature photoluminescence (PL) in multi-layered black phosphorus (BP) via chemical doping using organic 

molecules. We find the drastic enhancement of PL originates from the adsorption of p-type dopants and offer further insight 

using Density Functional Theory (DFT) calculations. The reported non-destructive method creates a pathway to precisely 

control optical and electronic properties thereby expanding the application horizon for multilayer BP that is environmentally 

robust compared to monolayer. 
 

Keywords: Black phosphorus, Charge transfer, Doping, Multi-layer, Photoluminescence 

 

1. Introduction 

Black phosphorus (BP), an elemental analogue of graphene, 

is the most stable allotrope of phosphorus. It has recently 

attracted a great deal of attention from the viewpoints of 

fundamental physics as well as a plethora of applications.[1-6] 

This material has earned its place among the family of two-

dimensional (2D) semiconductor materials owing to its wide-

ranging thickness-dependent properties,[3,7,8] which make it a 

promising layered material for application in photo 

detectors,[4,9,10] photovoltaic cells,[11,12] and bio and gas 

sensors[13-15] amongst many others.  

BP is particularly suitable for optoelectronic applications, as 

it possesses a tunable layer-dependent direct band gap. It is 

responsive to a wide range of optical wavelengths, beyond the 

spectral region covered by the more common semiconducting 

two-dimensional (2D) transition metal dichalcogenides.[16-18] 

Since BP is a direct bandgap material, which varies in value 

depending on the number of fundamental layers, it exhibits 

PL emission peaks that are highly dependent on thickness.[19] 

While thick BP flakes exhibit PL in the infrared range of the 

light spectrum, [20,21] a thickness-dependent blue-shift allows 

monolayer BP (phosphorene) to exhibit PL emission in the 

visible/ near-infrared range. [7,12,19,22] The control over BP 

thickness[23] represents the commonly explored pathway to 

modulate its optical properties. However, thin BP flakes are 

prone to rapid ambient degradation and introduction of 

defects if thinning processes are deployed.[19,24-27] Therefore, 

a highly desirable feature would be to achieve PL emission 
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from thicker BP multilayers at visible wavelengths. This will 

eliminate the need to obtain stable BP monolayers and enable 

incorporation of the more robust multilayer BP in device 

applications. Furthermore, multi-layer BP exhibits exciting 

properties at infrared and telecommunications wavelengths. 

 

Chemical doping is known to be an easy and effective 

pathway to modulate the carrier density of a variety of 2D 

material systems and other nanostructures.[8,28-36] If dopant 

molecules are carefully chosen based on their redox 

potentials, they are capable of generating shifts in the Fermi 

levels of 2D material systems that can ensure the tunability of 

optical and electrical properties of the material.  

 

In this paper, we demonstrate the emergence of highly intense 

PL at room temperature in the visible region of the 

electromagnetic spectrum in multilayer BP using a solution-

based chemical doping technique. It is shown that relative to 

the chemical potential of BP, the p-type dopants result in the 

appearance of highly intense PL, whereas the n-type dopant 

does not result in any such emergence or enhancements in PL. 

The presented study therefore offers a pathway to engineer a 

PL response via chemical doping that can be controlled based 

on the redox potential of the dopant relative to BP. This 

provides a new opportunity to expand the application base of 

multi layered BP.  

 

Figure 1: (a) Scanning transmission electron micrograph of a BP flake exfoliated on a carbon grid. Energy dispersive X-ray spectroscopy elemental maps of 

(b) phosphorus and (c) oxygen corresponding to the BP flake in (a). The electron energy loss spectroscopy spectra of (d) P L edge and (e) O K edge 

collected from the BP flake in (a). (f) Redox potentials of selected dopants and BP/BP oxide, relative to a standard hydrogen electrode (SHE) 

2. Results and Discussion 

BP flakes were mechanically-exfoliated from bulk crystals 

onto 300 nm thick thermal SiO2 on Si substrates (see 

experimental section for details). As the substrate is known to 

play an important role in the emission energy for BP,[37] all 

measurements were carried out on BP flakes on identical 

substrates. Figure 1a shows the scanning transmission 

electron microscope (STEM) micrograph of a representative 

BP flake on a lacy carbon grid. Energy dispersive X-ray 

spectroscopy (EDX) was carried out on BP flakes to 

simultaneously obtain the planar elemental maps of 

phosphorus and oxygen as shown in Figure 1b and 1c, 

respectively. 

Weak EDX signals of oxygen indicate commonly-

encountered surface oxidation of the BP flake after 

exfoliation under ambient conditions. The electron energy 

loss spectroscopy (EELS) spectra are collected to 

qualitatively assess the chemical composition of the 

representative BP flake. Figure 1d and e show background 

corrected P L edge and O K edge EELS spectra. The onset of 

P L2,3 edge at 132 eV and O K edge at 532 eV further confirms 

the surface oxidation of the BP flake. As discussed later in the 

manuscript, this partial surface oxidation plays a significant 

role in the emergence of highly intense PL in chemically 

doped BP.  

For the chemical doping of few-layer BP, we chose four 

different organic charge transfer molecules, namely 
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Figure 2: The AFM images (Scale bar 1 µm) of the pristine BP flakes before chemical doping, showing height of the flakes as insets. The corresponding 

Raman and photoluminescence peaks obtained on the BP pristine flakes, and post-dopant/BP treatment for 15 and 30 min. All measurements were under 
identical conditions with laser power 0.45 mW. 

7,7,8,8-tetracyanoquinodimethane (TCNQ),[38] 

2,3,5,6-tetrafluro-7,7,8,8-tetracyanoquinodimethane 

(TCNQF4),[23] tetrathiafulvalene (TTF),[38] and reduced 

nicotinamide adenine dinucleotide (NADH).[39] The dopant 

molecules were chosen based on their proximity to the redox 

potential of few-layer BP,[7,40] which makes them either n-type 

(donor) or p-type (acceptor) (Figure 1f) relative to BP. We 

chose dopant molecules such that two have redox potentials 
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closer to that of BP (TCNQ and TTF) and two having redox 

potentials relatively further (TCNQF4 and NADH) from that 

of BP.  

Optical images were used to identify flakes of thickness in the 

range of 10-15 nm and later confirmed by atomic force 

microscopy (AFM, Figure 2).[19] BP flakes in this thickness 

range do not exhibit PL at visible wavelengths and are 

therefore a good starting point to ascertain the influence of 

chemical doping. Such freshly exfoliated BP flakes will be 

referred to as pristine mulitlayer BP flakes henceforth in this 

work. The chemical doping was performed using a drop-cast 

method (see experimental section for details). All optical 

measurements were performed after 15 and 30 min post-

treatment. Raman spectroscopy in conjunction with 

photoluminescence (PL) measurements was used to assess the 

influence of chemical doping of BP. The measurements were 

carried out using a 2.33 eV solid state green laser as the 

excitation energy. Typical excitation power was maintained 

below 0.5 mW to avoid any heating and nonlinear optical 

effects. All measurements were carried out under identical 

conditions with the BP flake in the same orientation. Figure 2 

shows typical AFM images of the pristine BP flakes along 

with the evolution of the respective Raman and PL spectra for 

chemically doped BP. The prominent Raman peaks of BP are 

known to exist at A1
g (361 cm-1), B2g (437 cm-1) and the A2

g 

(464 cm-1), [41] which are observed in both pre- and post-doped 

samples in the case of all four dopants. A closer look at the 

Raman spectra suggests that post-doping, a slight red-shift 

occurs in the BP Raman peaks for each doping step (Figure 2) 

which indicates an interaction of the dopant with the BP.[29] 

The least red shift is observed for the NADH/BP indicating 

minimal or no interaction with BP. Figure 2 shows the 

evolution of the PL spectra of pristine multilayer BP as against 

the doped BP systems. It is observed that while there is no PL 

signal from the pristine BP (10-15 nm thick) as 

expected.[20,21,42] high intensity PL peaks emerge in the case of 

TCNQF4/BP, TCNQ/BP and TTF/BP within 15 min of 

treatment. As the time of treatment was increased to 30 

minutes (Figure 2), the PL intensity showed a significant 

increase from what was observed for 15 min post-treatment 

for TCNQF4, TCNQ and TTF doped BP. Such an observation 

is consistent with other 2D material systems where the 

prolonged treatment time resulted in enhanced PL emission 

emission which would occur only if the dopant interacts with 

the 2D material.[28,43] We also conducted a thickness 

dependent analysis of the PL for BP thicknesses in the range 

of 7 and 20 nm.  (shown in Supplementary Figure S7). The 

thinner BP flakes show higher PL intensity compared to the 

thicker flakes which can be attributed to the enlarged bandgap 

of BP as the thickness reduces. This provides an opportunity 

to form a larger number of in-gap states post-doping. 

NADH/BP did not reveal any PL enhancement even after 

increased doping time.  

Control samples with each of the four dopants on identical 

substrate, but in the absence of BP flakes, are also prepared to 

highlight the role of the dopant/BP interaction. The PL peaks 

are obtained of the dopant on the bare substrate and repeated 

on the same spot after washing off (supplementary Figure S1). 

All four control samples show negligible PL response after the 

dopants are washed off the bare substrate. In the case of doped 

BP, significant PL peaks appear close to 1.8 eV ± 0.05 eV   

with distinctively different peak widths. PL in BP is known to 

be dominated by excitonic effects and these peaks can be 

identified with neutral exciton recombination.[37] However, 

similar to graphene oxide, oxidation of BP is also an effective 

approach to control PL emission and recent theoretical studies 

predict that the bandgap of phosphorene oxide depends on the 

oxygen concentration.[44-46] In our study, as the exfoliation is 

conducted in an ambient environment, an oxide layer exists on 

the surface as evidenced from the TEM and EELS data 

presented in Figure 1. While the oxide layer for BP typically 

does not alter the atomic layered structure of BP,[44] the 

bandgap of the BP/oxide system is expected to be significantly 

larger than the bandgap of bulk BP.[44,46] As shown by 

previous theoretical analyses, different degrees of 

functionalization of phosphorene by oxygen leads to various 

electronic structures.[46] In our case, the dopants are adsorbed 

onto the surface and act as charge donors/acceptors depending 

on their p-or n-type nature. These dopants can therefore result 

in the creation of in-gap states in the BP (surface oxide) crystal 

which can act as recombination centres resulting in the 

emergence of new PL peaks. [47] To further support this 

hypothesis, we acquired the PL spectra of our doped BP 

systems using BP layers exfoliated and preserved in an inert 

environment to curb the formation of any significant oxide 

layer (supplementary in Figure S2). It is observed 

(supplementary Figure S2) that no significant PL peaks 

emerge after treatment of BP prepared and stored in an inert 

environment (which therefore lacks a significant oxide layer) 

with the dopant. This supports the hypothesis that the 

formation of an oxide layer is a critical factor that governs the 

doping mechanism and the subsequent effect on the electronic 

structure of the material system. 

The typical full-width half maxima (FWHM) of the PL peaks 

observed for the four doped BP/oxide systems lie in between 

320 and 415 meV centred at 1.8 eV ± 0.05 eV (see 

supplementary Figure S3 for calculation). The emission 

spectrum of a single peak with a FWHM of ∼150 meV centred 

at ∼1.3 eV has been reported for monolayer BP.[19] The 

observed PL peak from our ~10 nm thick BP flakes doped with 

charge transfer molecules emerges at a relatively higher 

energy compared to the expected PL emission of the 

monolayer BP (0.6-0.8 eV ).[48] The FWHM for the doped 

system (Figure S3) is larger than that reported for monolayer 

BP. From the uncertainty relation, a broader PL emission 

width indicates reduced excitonic lifetimes and hence 
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increased recombination which results in a higher intensity PL 

emission.[49] This broadening of the PL peak can be ascribed 

to the introduction of additional in gap states within the band 

gap of BP/oxide system resulting in the reduction of excitonic 

lifetimes which manifests as peak broadening in the PL 

spectra. [29] These in gap states typically act as centres for 

carrier recombination giving rise to PL. [50] It is noted that no 

PL emergence or enhancement is seen in the case of 

NADH/BP. NADH, has a redox potential that is significantly 

lower from that of BP/ surface oxide rendering it an ineffective 

dopant. In addition, NADH is a large molecule relative to BP 

which may also hinder its effective adsorption to the few-layer 

BP surface. 

 
Figure 3: The most stable structures of (a) TCNQ, (b) TCNQF4 and (c) TTF 

on the phosphorene basal plane as calculated using DFT. The binding energy 
and Bader charge transfer values were also obtained. 

To obtain insights into the nature of binding of these charge-

transfer dopants to BP, we performed density functional 

theory (DFT) calculations (Figure 3). A non-covalent 

interaction was observed with the strongest adsorption energy 

observed for TCNQF4 (-1.28 eV), followed by TCNQ (-

1.12 eV) and TTF (-1.03 eV), respectively. The adsorption 

energy being in a close range, results in smaller variations in 

the PL energy than expected even though the redox potential 

is the main parameter that governs the PL via governing the 

efficiency of charge transfer. It has been previously predicted 

that such strong interactions of charge transfer molecules with 

BP are capable of inducing surface bending of BP.[51] It is clear 

that all three above mentioned p-type molecules exhibit a 

strong interaction and considerable charge transfer with BP 

which manifest as a change in key intrinsic properties as 

indicated by a drastic change in the PL spectra. NADH could 

not be theoretically assessed owing to the size of the molecule 

and prohibitively long computational cost to run such a 

calculation. These experimental results provide compelling 

evidence in regard to the chemical doping mechanism for few-

layer BP. As shown in Figure 1f, the reported chemical 

potential of multi-layer (thickness range 10 to 15 nm) BP 

ranges from 0.20 to 0.36 eV,[7,40,52,53] which is smaller than the 

reduction potentials of 0.84 eV for TCNQF4,[23] 0.46 eV  for 

TCNQ [38] and 0.30 eV for TTF relative to a standard hydrogen 

electrode (SHE).[38] The chemical potential of the surface 

BP/oxide ranges from 0.56 eV to 0.40 eV [54], which is larger 

than that of pristine BP. As such, these p-type dopants function 

as electron acceptors for BP. In contrast, the n-type dopant 

(NADH) functions as an electron donor due to its lower redox 

potential (−0.42 eV) [39]. The difference in chemical potential 

between BP and the p- or n-type dopants induces an electron 

extraction or injection, respectively, which influences the 

number of excitons and their lifetimes in the dopant/oxide/ BP 

system. [51] 

The adsorption geometry of TCNQ on BP agrees with 

previous DFT calculations by Jing et al.[51] We observe that 

TCNQF4, which has not been calculated before, adsorbs in the 

same orientation and site as the TCNQ but with a stronger 

binding energy. For both structures the 6-membered ring of 

the molecule is located above an upper layer P atom. These 

two molecules are also stable when oriented along the y-

direction (Supplementary Figure S5). The difference in 

binding energy for both molecules compared to the most 

stable orientation is only 0.03 eV, indicating they may be 

adsorbed in multiple possible orientations on the BP. 

Previously calculated band structures for the TCNQ and TTF-

adsorbed  systems have shown that for the TCNQ/BP system, 

a new state is introduced on doping, which is very close to the 

valence band edge of phosphorene.[50,51] These states can also 

be seen in the calculated DOS (supplementary Figure S6) 

which also affirm the presence of such states for TCNQF4. 

These acceptor states are found below the Fermi level of BP 

closer to the valence band as expected for a p-type 

dopant.[50,55] These observations are consistent with the above 

conclusions that TCNQ and TCNQF4 are both effective 

electron extraction molecules. As a result, these shallow in-

gap states, introduced after doping, allow for an enhanced 

excitonic recombination when excited by light. However, the 

effect of TTF on the in-gap states is projected to be slightly 

different. In the TTF/BP system, a new state is introduced in 

the middle of the band gap region as a deep gap level, below 

the Fermi level, far from the conduction band edge of BP, 

which is not typical of for this n-type dopant.[50] 

(Supplementary Figure S6) It is therefore introducing deep 

states compared to the shallow states introduced by TCNQF4 

and TCNQ. Particularly, due to relatively large charge transfer 

between TCNQF4 or TCNQ and BP, the molecular levels of 

TCNQF4 and TCNQ distort more severely than those of 

TTF.[51] Similar results are found in other 2D structures such 

as BN and MoS2 sheets post-modification with organic 

molecules.[28,56,57] Although the redox potential graph shown 

in Figure 1f suggests that TTF should be a n-type dopant for 

BP, our DFT calculations as well as previous theoretical 

analysis[50,51] show that the binding of TTF to the BP surface 

is highly influenced by the orientation of adsorption on BP 

with the most stable structure having an adsorption energy of 

-1.03 eV binding energy. The same trend of PL behaviour is 
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observed when BP is treated for 15 min (which is repeated on 

several samples). In the most stable orientation, the two five-

membered rings of TTF are located above the two P atoms in 

the upper atomic plane. We calculated further 5 stable 

orientations of TTF on BP (supplementary Figure S5). For the 

next 2 most stable structures, TTF is oriented along the x-

direction with the energy difference between these structures 

and the most stable orientation being only 0.02 eV. This 

indicates that TTF can adsorb in multiple orientations and sites 

on the BP. For the other 3 stable orientations, TTF is oriented 

along the xy-direction and are 0.04 eV, 0.07 eV, and 0.10 eV 

less stable. Three of these structures have not been determined 

previously. For all orientations, the binding energy values 

indicate that TTF is chemisorbed on the surface and is located 

approximately 3.3 Å above the upper plane of P atoms. 

 
Figure 4. The time resolved photoluminescence lifetime measurements of (a) 

TCNQ/BP oxide, (b) TCNQF4/BP oxide and (c) TTF/BP oxide with the fitted 

curve and instrument response function (IRF). All data was acquired using 

532 nm power source of 0.45 mW laser power on the 15 minute doped 

samples.  

In addition, to experimentally confirm the introduction of in-

gap states, we performed time resolved photoluminescence 

lifetime measurements (shown in Figure 4) the carrier lifetime 

measurements indicate the average time the carrier stays in the 

excited state before returning to the ground state. The τ1 is the 

characteristic of the direct transition from excited state to the 

ground state whereas τ2 is the characteristic of the transition 

from the intermediate states, here the in-gap states to the 

ground state.[58] From the measured values of τ2 for the doped 

BP, the lifetimes of 356 ps (TCNQ), 510 ps (TCNQF4) and 

619 ps (TTF) indicate that the in-gap states are introduced due 

to doping in the BP/oxide system band gap resulting in the 

emergence of strong PL. This matches with the obtained PL 

intensity trend for the doped BP, as a longer transition time 

results in a proportionally higher intensity of the PL. This is 

also in line with the DFT calculations which suggested the 

formation of in-gap states due to doping. The three dopants 

have slightly different measured lifetime values 

(Supplementary Figure S8), which might be related to the 

carrier doping levels.[59,60] The lifetime values obtained for the 

doped BP are higher than that reported for the monolayer BP 

at 220 ps.[22]  

 

Figure 5: The logarithmic graphs show the power-dependent PL with the 

dopants on BP for both the two doping steps performed. PL Intensities at laser 

powers 0.45 mW, 0.90 mW, and 4.50 mW for (a) 15 min treatment time with 

the inset showing magnified PL intensities of the dopants TCNQ, TCNQF4 
and NADH. (b) The PL intensities of the dopants/BP for 30 min treatment 

time. The inset shows the zoomed in PL intensities for NADH at the different 

laser powers. The graph indicates that the intensities increase with the 
increased laser power. 

In Figure 5, we present the dependence of the PL intensity as 

a function of excitation power. The effect of excitation power 

was studied by acquiring the PL spectra by sequentially 

varying the laser power from 0.45 mW to 4.50 mW. As the 

power is increased, the magnitude of the PL enhancement also 

increases (Figure 4 and supplementary Figure S4) in 

agreement with the power law.[22,37,61] This further confirms 

that the PL emerging from the doped BP is due to the chemical 

interactions and not just laser- induced. It is also noted that for 

laser powers beyond 4.5 mW, the BP flakes suffered from 

laser-induced degradation with visible black spots making 

them unusable for any further measurements. 

3. Conclusions 
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In conclusion, we have demonstrated that chemical doping of 

BP/oxide with carefully chosen p-type molecules is an 

effective pathway to engineer its optical properties at room 

temperature. The formation of a surface oxide layer on BP 

results in changes to the electronic structure, wherein the 

dopants can introduce acceptor and donor states resulting in 

the emergence of very strong PL emissions. This, to our 

knowledge, is the first observation of such highly intense PL 

from multilayered BP in the visible spectrum. Our 

experimental results are supported with theoretical 

calculations which indicate the formation of additional gap 

states facilitating the change in intrinsic characteristics upon 

doping. This simple yet powerful doping methodology opens 

a pathway for the deployment of multilayer BP in a range of 

optoelectronic applications. 

4. Experimental Section 

4.1 Sample preparation and storage: The BP flakes are 

mechanically exfoliated from bulk BP crystals (Smart 

Elements) using blue PVC tape (Nitto) onto a plasma-cleaned 

Si substrate with dry thermal SiO2 (300 nm). To prevent the 

few-layer BP from photo-oxidation, the samples are prepared 

and characterised in an UV-deficient environment, as UV is 

responsible for photo-oxidation induced degradation of 

BP.[25,62-64]  

4.2 Dopants preparation and doping: Four different organic 

molecules are employed as dopants to assess their influence 

on the PL emission characteristics of few-layer BP. The 

dopants are chosen based on their proximity to the redox 

potential of few-layer BP which makes them n-type or p-type 

dopants (Figure 1) relative to BP. 

7,7,8,8-tetracyanoquinodimethane (TCNQ)[38], 2,3,5,6-tetrafl

uro-7,7,8,8-Tetracyanoquinodimethane (TCNQF4)[23], and 

tetrathiafulvalene (TTF)[38] are chosen as the p-type dopants 

and reduced nicotinamide adenine dinucleotide (NADH)[39] as 

an n-type dopant. The solution-based chemical doping is 

performed using a drop-cast method. The dopant solution is 

pipetted onto the selected BP flakes, given defined interaction 

durations, before being washed in acetonitrile. The 

concentration of each dopant was kept constant at 0.1 mM. 

 4.3 Theoretical calculations: The calculations were 

performed using density functional theory (DFT) as 

implemented in the Vienna ab initio simulation package [65-67], 

using the generalised-gradient approximation and Perdew, 

Burke and Ernzerhof (PBE) exchange-correlation functional, 

and the projector-augmented wave method.[68,69] To account 

for van der Waals forces, the Grimme D3 [70] method was used. 

A plane-wave basis with an energy cut-off of 420 eV was 

employed with a Monkhorst-Pack k-point mesh of 4×4×1. The 

basal plane of phosphorene was modelled using a [6×4] super 

cell as described in the reports of Jing et al. and Walia et 

al.[51,71] The cell has dimensions of 19.79 Å × 18.49 Å, with a 

vacuum spacer of 17.00 Å in the z-direction to prevent 

interactions between periodic cells in this direction. The 

TCNQ, TCNQF4 and TTF dopant molecules were each 

initially adsorbed ~3 Å above the phosphorene surface in 

different initial orientations and adsorption sites. A geometry 

optimisation was performed for each structure keeping the 

lattice parameters fixed while allowing the atomic positions to 

relax until the total energy was converged to 10-4 eV and the 

Hellman-Feynman force on each relaxed atom was less than 

0.03 eV/Å. The binding energy (BE) values[57] were calculated 

using the formula: BE = EM/P – (EM – EP), where EM/P is the 

total energy of the dopant molecule (TCNQ, TCNQF4 or TTF) 

adsorbed on the phosphorene, EM is the total energy of the 

isolated molecule and EP is the total energy of the clean 

phosphorene. According to this convention, stable structures 

have a negative binding energy. A vibrational frequency 

calculation was sued to confirm that each structure was a 

minimum. 

4.4 Time resolved lifetime measurements: This measurement 

was undertaken using a 532 nm laser pulse source 

(maintaining the laser power at 0.45 mW) in a time domain 

method evaluating the decay curve after excitation with the 

light source. The decay trace curves were deconvoluted with 

respect to the instrument response and then were fitted with 

the equation: I =  A e
(− 

t

τ1
)

+ B e
(− 

t

τ2
)

+ C, where I is the PL 

intensity, A, B, and C are constants, t is time, and τ1 is faster 

decay rate and τ2 is the slower decay rate favouring the 

population accumulation[72], indicating emission lifetimes for 

different decay processes.[73,74] τ1 and τ2 are dominated by non-

radiative and radiative channels, respectively. 
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Generating strong room-temperature 
photoluminescence in black phosphorus 
using organic molecules 

 

Sruthi Kuriakose, Taimur Ahmed, Patrick D. Taylor, Yi Zhu, Michelle J.S. Spencer, 

Sivacarendran Balendhran, Yuerui Lu, Vipul Bansal,* Sharath Sriram, Madhu Bhaskaran and 

Sumeet Walia*  

 

S1: The PL comparison against the substrate and the dopants on the substrate. 

 
Figure S1: The graphs (raw data) shows comparison of PL of the bare SiO2 substrate (in black) and the substrates washed (in green) with 

acetonitrile (ACN) after being treated with the dopants. (a) TCNQ/SiO2, (b) TCNQF4/SiO2 (c) TTF/SiO2 and (d) NADH/SiO2. The vertical 

scale bar is 50 counts of PL intensity.  It is evident from this PL comparison that the PL of the dopants/BP flake emerge from the interaction 
of the BP flake and the dopant. 
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S2: PL of the pristine and treated samples measured under inert environment to prevent the 

oxide layer formation on BP. 

 

Figure S2: The graph shows the PL of the pristine BP and the treated BP with TCNQ (a) and TTF (b) in measured in inert conditions, showing 

a negligible emergence of PL from the dopants/BP interaction as observed in the ambient conditions.  

 
BP was exfoliated in photolithography room (yellow room) to prevent any interaction with UV light. The exfoliated samples 

were immediately placed in a closed chamber with argon gas flow to avoid any interaction with the ambient air. The PL 

observed in these samples were negligible in comparison to the samples prepared in ambient conditions. As such, these results 

confirm that the significantly enhanced PL emerged from the treated BP in ambient atmosphere, is due to the presence of the 

surface oxide layer on BP, which has a larger band gap than that of pristine BP. The interaction of the dopants with BP (with 

surface oxide formed in ambience) gives a strong PL by introducing donor/acceptor states within the band gap of BP. 
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S3: Full width at half maximum (FWHM) for the doped BP: 

 

Figure S3: The graphs show the PL of the doped BP in ambience and their gauss fit curves. The graphs (a-c) show PL of the doped BP for 15 

minutes and their FWHM calculated from their gauss fit curve. The graphs (d-f) shows PL of the doped BP in ambience for 30 minutes with 
their FWHM. The highest PL peak intensity of the doped BP show a broader PL width indicating the introduction of the dopant states during 

the interaction. The FWHM was calculated using the formula: 𝑦 = 𝑦0 +
𝐴

𝑤√𝜋/2
𝑒

−2
(𝑥−𝑥𝑐)2

𝑤2  for the doped BP after fitting the PL curve.  
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S4: PL of the pristine and treated samples measured at 0.9 mW. 

 

Figure S4: The graphs (raw data) show the comparison of the PL of the pristine and doped BP flakes (a) TCNQ/BP (b) TCNQF4/BP (c) 

TTF/BP and (d) NADH/BP measured at 0.90 mW power of the laser for both 15 and 30 min doping steps. 
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S5: Optimised structures of the organic charge transfer molecules on the phosphorene 
monolayer. 

 

Figure S5: Top and side views of less stable optimised geometries of TTF/phosphorene (a-e), TCNQ/phosphorene (f) and 

TCNQF4/phosphorene (g). BE = Binding Energy. 
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S6: Calculated Density of States for doped BP. 

 

Figure S6: Partial density of states (PDOS) for TCNQ (a), TCNQF4 (b) and TTF (c) adsorbed on BP resolved to the BP atom and the donor 
molecule states. 
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S7: Thickness dependent PL emission. 

 

Figure S7: The AFM images of the different BP thicknesses with their thickness profiles before doping with (a) TCNQ (b,c) TCNQF4  (d,e) 

TTF. The scale bar for the AFM scans are 3 µm (f) The comparison of the PL intensity of 15 minutes doped (TCNQ, TCNQF4 and TTF) BP 

of thicknesses less than 10 nm, 10 nm and 20 nm are shown in the figure.  
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