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1. Introduction

Phosphorene has been demonstrated as a viable option for 
the 2D material-based devices and optoelectronic applica-
tions because of its universal direct bandgap nature and wide-
ranging bandgaps from 0.3 eV (bulk) to 1.7 eV (monolayer).[1–8] 
Phosphorene serves as a perfect alternative material to bridge 
the gap between zero-bandgap graphene and large-bandgap 
transition metal dichalcogenide (TMD)[9,10] semiconductors 
for suitable applications in the infrared wavelength range. 
Owing to its puckered lattice configuration,[11,12] phosphorene 
possesses quasi-1D excitons and trions with highly enhanced 
binding energies,[13,14] which is in contrast to other TMD 2D 

Defect engineering in 2D phosphorene samples is becoming an important 
and powerful technique to alter their properties, enabling new optoelectronic 
applications, particularly at the infrared wavelength region. Defect engi-
neering in a few-layer phosphorene sample via introduction of substrate trap-
ping centers is realized. In a three-layer (3L) phosphorene sample, a strong 
photoluminescence (PL) emission peak from localized excitons at ≈1430 nm 
is observed, a much lower energy level than free excitonic emissions. An 
activation energy of ≈77 meV for the localized excitons is determined in 
temperature-dependent PL measurements. The relatively high activation 
energy supports the strong stability of the localized excitons even at elevated 
temperature. The quantum efficiency of localized exciton emission in 3L 
phosphorene is measured to be approximately three times higher than that 
of free excitons. These results could enable exciting applications in infrared 
optoelectronics.

Phosphorene

semiconductors[15–18] and will enable sev-
eral promising novel optoelectronic and 
excitonic devices. Defect engineering 
has been demonstrated to be an impor-
tant technique to modulate the prop-
erties of semiconductors for various 
applications.[19,20] Particularly, defect engi-
neering in 2D materials is critical and 
promising for the development of novel 
optoelectronic devices.[21–23] Recently, 
single-photon emitters have been reported 
from the defect states in atomically thin 
TMDs and h-BN.[24,25] Extrinsic defects 
have also been inducted into TMD mate-
rials for enhanced photoluminescence 
(PL) emission and doping sensitive 
modulation of the emissions.[26,27] How-
ever, defect engineered emissions from 
TMDs have been reported in visible range 
with energies >1 eV.[28] In contrast, phos-

phorene, with relatively lower bandgaps, is a perfect candidate 
to hold defect emissions in infrared wavelength ranges. Particu-
larly, defect emission at the telecommunication band ≈1550 nm 
is critical for future chip-based quantum communication tech-
nologies.[29] Recently, we successfully realized the defect engi-
neering and triggered the defect emissions at ≈920 nm from 
monolayer phosphorene samples.[30,31] The emission peak 
energy in phosphorene shows a red shift with increase of layer 
number; therefore, defect engineering in few-layered phos-
phorene samples could further push localized exciton emis-
sions to infrared range, which can enable exciting applications, 
such as chip-based optical telecommunication.[1,3–5,8,13,32–34]

In this work, we explored the defect engineering in few-layer 
phosphorene samples, by incorporating extrinsic defects using 
plasma-enhanced chemical vapor deposition (PECVD) grown 
oxide substrate. We observed a strong PL peak at ≈1430 nm,  
from localized excitons in three-layer (3L) phosphorene sam-
ples. Incident power dependent PL measurements were per-
formed to confirm the emission nature of localized excitons, 
which shows a sublinear growth with increasing excitation 
power. Temperature-dependent PL measurements were also 
carried out to explore the thermal stability and activation 
energy (Ea) of the localized excitons with increasing tempera-
tures. Ea in 3L phosphorene was measured to be ≈77 meV, 
which is a large value indicating relative stability of localized 
excitons even at higher temperatures (≈263 K). This is in sharp 
contrast to defect states in TMDs, where defect emissions are 
only visible at cryogenic temperatures.[28] The overall quantum 
efficiency of localized exciton emission in 3L phosphorene was 
measured to approximately three times higher than that of free 
exciton peak.
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2. Results and Discussion

Phosphorene flakes were mechanically exfoliated on to the 
thermal oxide and PECVD oxide/gold substrates, respectively, 
under dry conditions. The layer number was first determined 
by the optical contrast of the layer deposited over the substrate 
(Figure 1a). The sample was then immediately analyzed by a 
phase-shifting interferometer (PSI) to precisely determine the 
layer number[35] (Figure S1 and associated text, Supporting 
Information). PL emission from the two samples on thermal 
oxide (blue) and PECVD oxide (green) was then measured as 
shown in the Figure 1b. During the PL measurements, the 
phosphorene sample was kept at −10 °C in a Linkam micro-
scope-compatible low-temperature chamber, with a continuous 
flow of liquid nitrogen to sustain the low temperature. At the 
temperature of −10 °C, the moisture tends to freeze and the 
photooxidation of phosphorene slows down, which enhances 
the lifetime of the sample considerably and prevents degra-
dation.[35,36] Also, the sample on PECVD oxide substrate was 
observed to sustain longer than 24 h as compared to the one 
on thermal oxide which we observed started to degrade in a 
few hours. PECVD oxide has a more hydrophobic nature as 
compared to thermal oxide, which slows down the degradation 
of phosphorene.[37] According to Andres et al.[38] the degrada-
tion rate of phosphorene decreases with increasing thickness. 
1L sample can survive up to 30 min in ambient conditions but 
a 2L, 3L, and 4L sample can survive up to much longer dura-
tions. As the layer number increases, the phosphorene sam-
ples become mechanically stronger and more stable and can 
thus survive much higher excitation power. This allowed us to 
measure PL spectrum at higher excitation power detailed in the 
following section.[38]

The 3L phosphorene sample on thermal oxide showed a PL 
peak at ≈1250 nm (designated as A peak, Figure 1b), which is 

consistent with our previous reports.[14,30,33] 
In contrast, the 3L phosphorene sample 
showed two clearly distinctive peaks at 1250 
and 1430 nm, assigned as A and X peak, 
respectively. The peak at 1250 nm was again 
attributed to the free excitons as it repeats 
itself from the first case, hence designated as 
A peak. The peak at 1430 nm (assigned as X 
peak) is a new feature caused by new PECVD 
oxide substrate. Also, the PL emission from 
A peak is reduced as compared to the PL 
intensity from thermal oxide. We moved the 
laser excitation spot over the same sample 
in at least 15 different closely spaced points 
using a manual piezo-stage controller. The 
“X” peak is repeatable in all the measure-
ments. However, different PL intensity was 
observed for “X” peak from different loca-
tions, suggesting a nonuniform distribution 
of defect states, which has been discussed in 
the later sections.

In order to further study the nature of this 
new X peak observed, we performed excita-
tion power dependent PL measurements 
at 263 K. Figure 2a shows the various spec-

trum obtained at various excitation power of the exciting laser 
from 20 to 110 µW. The PL spectra were fitted by Lorentzian 
function using two peaks: orange (A peak) and blue (X peak). 
For further quantitative analysis, the integrated PL intensities 
of both the peaks were plotted with respect to each other on a 
log–log scale (Figure 2b). This technique has been described in 
several previous reports by Yu and co-workers[39] and Heinz and 
co-workers[40] to determine the nature of excitonic emissions. 
By fitting the data with a power-law IX ∝ IA

α, where IX is the 
integrated PL intensity of X peak and IA is the integrated PL 
intensity of A peak, it is found that peak X grows sublinearly 
with the excitation power (α ≈ 0.62). The sublinear rise in the 
PL intensity for the ‘X’ peak was confirmed to be not arising 
from laser-induced damage of the sample. The PL intensity was 
repeatable after two cycles of power increase and decrease, sug-
gesting no major damage of the sample. Based on the meas-
ured α value, peak X is attributed to the emission of localized 
excitons. Figure 2c shows the variation of peak energies of both 
the peaks with increasing laser power. The free exciton peak 
(peak A) shows a slight blue-shift with increasing laser power. 
This can be explained by an increase in the quasi-fermi energy 
level of the exciton pairs due to injection of extra charge carriers 
at higher excitation power, similar to the phenomenon observed 
in other 2D quantum well structures.[41] In contrast, the defect 
peak (peak X) energy does not change with increasing power. 
The defect energy level in the energy bandgap remains inde-
pendent of the injection power, possibly due to much lower 
density of states as compared to the free exciton state.[42] The 
absolute integrated PL values are plotted as a function of laser 
power in Figure 2d. The FWHM (Figure 2e) of the A peak 
increases with the increasing excitation power, which could be 
attributed to thermal phonon scattering causing the broadening 
of the PL peak for the free excitons.[43] The X peak is repeatable, 
as we measured several samples of 3L phosphorene on PECVD 
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Figure 1. Characterization of 3L phosphorene samples. a) Optical microscope image of the 
sample used for measurements deposited over PECVD grown oxide layer underneath gold. The 
dotted square shows the area scanned by PSI to determine the thickness of the sample, hence 
the layer number (Figure S1b–d, Supporting Information). b) Measured PL spectra from 3L 
phosphorene at room temperature deposited over thermally grown oxide (blue) and 3L phos-
phorene sample deposited over PECVD grown oxide (green). Designated free (A) and localized 
(X) exciton peaks have been marked. Inset shows the schematic diagram of the sample.
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oxide substrate with X peak appearing in all of them regard-
less of the material on which PECVD oxide substrate was sit-
ting on (gold, silicon, and transparent quartz). We attribute the 

X peak to be from the localized excitons induced by the surface 
trapping centers from the PECVD substrate. Based on our Fou-
rier-transform infrared (FTIR) spectroscopy measurements on 
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Figure 2. Power-dependent PL measurements. a) Measured PL spectra from 3L phosphorene samples over PECVD grown oxide layer at various exci-
tation powers of the 532 nm laser. Spectrum have been fitted using 2 Lorentz peaks at ≈1250 nm (orange) and ≈1430 nm (blue). Green line shows 
the cumulative fit. b) Log–log plot showing the variation of integrated PL intensity of peak X as a function of peak A. From the fitting curve (red solid 
line) the PL intensity of peak X grows sublinearly (α ≈ 0.62), with the increase of the excitation power. c) Variation of A and X peak positions with the 
increase in laser power. d) Integrated PL intensity values plotted against laser power. e) Full width at half maximum (FWHM) variation with laser power. 
X peak’s FWHM is independent of the laser power. A peak’s FWHM (free excitons) shows an increase with increasing laser power due to enhanced 
thermal and phonon scattering at higher laser power.
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both PECVD and thermal oxides,[30] there are many dangling 
oxygen bonds on the PECVD oxide surface. The adatoms of 
O being absorbed on the surface of phosphorene can serve as 
exciton trapping centers, leading to the origin of sublevels and 
gap states in the bandgap of 3L phosphorene and giving rise to 
intermittent PL emission at lower energy levels.[44]

To study the thermal stability and activation energy of these 
localized states, we also performed the temperature-dependent 
PL measurements on the sample under the same excitation 
conditions. With the decreasing temperature, peak A was 
compromised for the enhancement of the X peak (Figure 3a).  
This trend can be explained with the schematic diagram shown 
in the Figure 3b. At low temperature, the localized and free 
excitons exist in their respective energy levels as shown. The 
thermal energy at low temperature is not enough to avoid  
the trapping of the free mobile excitons in defect sites and hence 
they can be localized/trapped and recombine radiatively to emit 
photons at 1430 nm.[45] At elevated temperatures (≈263 K), the 
thermal energy starts to increase which provides sufficient 
kinetic energy to the localized excitons to avoid trapping.[45] As 
shown in the Figure 3c, the peak positions are independent to 
the change of temperature. Whereas, the PL intensity of the 
X peak decays exponentially with the increasing temperature 
(Figure 3d). This trend can be explained by a theoretical model, 
which we used to fit the data for X peak in Figure 3d (solid red 
line). The localized excitons show a constant decay through a 
thermally activated dissociation channel, corresponding to the 
following decay equation[40]

1/ [ exp{ / }]a BA E k Tγ = −  (1)

where, γ is the PL intensity value observed, Ea is the activation 
energy of the localized excitons, kB is the Boltzmann constant, 
A is an arbitrary fitting constant and T is temperature. The 
localized-state related PL emission shows characteristic thermal 
behavior, as shown in Figure 3. At low temperature, the gener-
ated excitons can get trapped by surface defects and impurities, 
due to relatively low kinetic energy of the excitons. Whereas, at 
high temperature the trapping efficiency decreases because of 
thermal activation of free excitons. Kato and Kaneko[46] and Xu 
et al.[45] suggested this relation between trapping efficiency and 
temperature. Therefore, it is expected that the intensity of local-
ized exciton emission decreases monotonically with increasing 
temperature, which is exactly what we observed for the ones 
labeled as peak “X.” The PL intensity of the “X” peak decreases 
with increasing temperature, which is because the excitons are 
not tightly bound to defects, and such weak interaction (shallow 
defect states) can be easily perturbed by thermal stimulation. 
Ea describes the necessary energy of thermal perturbation that 
prevents the free excitons from being trapped by localized 
defect sites.

The fitting equation gives the value of Ea ≈77.2 ± 0.1 meV. 
The extracted value for activation energy is smaller than the 
trapping potential demonstrated by the energy difference 
between the “A” and “X” peaks (≈130 meV). Similar observa-
tions have been made in other TMD and semiconducting mate-
rials as well (see Note S1 and associated Table S1, Supporting 
Information). The obtained activation energy of localized 
states in phosphorene is higher than what has been reported 

in localized emissions from 2D TMD materials such as WSe2  
(43 meV),[47]WS2 (44.3 meV),[48] and other semiconducting 
materials such as InAs quantum dots (27 meV),[45] GaAs–
AlGaAs nanowires (15 meV),[49] and GaN (27 meV).[50] Com-
pared to a 2D system, the free excitons in phosphorene are 
confined in a quasi-1D space,[25,26] thus resulting in enhanced 
interactions with the defect sites.[51] The increased interaction 
requires higher activation energy correspondingly to over-
come the trapping into defect states, because of which there is 
a greater stability of these localized exciton emissions even at 
temperatures close to room temperature (Ea >kBT). High activa-
tion energy for the defect was simulated for phosphorene[52] and 
demonstrated for 1D CNTs recently.[51] For the free exciton peak 
(A peak), FWHM decreases at lower temperature again due to 
decrease in thermal and phonon scattering as explained ear-
lier. Whereas, the FWHM of the X peak is again independent 
of the temperature, further suggesting its different nature with 
free excitons (Figure 3e). The total linewidth obtained can be 
theoretically explained by the following equation[53] which taken 
in to account the temperature independent intrinsic term and 
temperature electron–phonon and surface defect scattering

exp / 10 LO LO b

1
T T E K Tσ ( )( )( )Γ = Γ + Γ −′ ′

+
′ −

 
(2)

Here, Ѓ0 is the dominantly electron–electron scattering 
representing term, which is independent of the temperature. 
Whereas σ is the electron-acoustic/thermal phonon coupling 
coefficient. LO is the longitudinal optical phonon term. ЃLO 
represents the strength of exciton−LO phonon coupling, ELO is 
the LO phonon energy.[53,54] In case of the free excitons due to 
higher degree of freedom the electron–phonon coupling plays 
a dominant role, which is temperature dependent as shown 
in the second and third terms of the equation. Hence, the 
linewidth will increase as the temperature increases. While, in 
the case of localized excitons trapped in defect states the move-
ment is further confined to a quasi 0D state, thus limiting their 
degree of freedom. This results in weaker phonon coupling 
and hence the electron–electron scattering dominates which is 
independent of the temperature. Hence for localized excitons 
the FWHM does not change with increasing temperature. This 
effect has been explained in detail in defect states in quantum 
carbon dots,[53] CdSe nanodots,[55] Au nanoclusters.[56]

To further explore the nature of the localized excitons, we per-
formed incident polarization dependent PL measurements on 
these peaks by changing the incident angle Ɵ. Interestingly, both 
the A and X peaks exhibited anisotropic behavior and showed 
the same polarization direction along the armchair direction 
of the phosphorene crystal (Figure S2a,b, Supporting Informa-
tion).[8,14,30,34,35] This further suggests that the localized states 
are caused by point-defects, like O adatoms[57] absorbed on the 
phosphorene PECVD interface, since point-defects would not 
change the polarization of the exciton emissions.[58,59]

In order to determine the overall quantum efficiency of the X 
peak in comparison to the A peak, we measured the PL spectra 
at several different spots, where there were different amounts of 
trapping centers caused by the nonuniformity of PECVD depo-
sition. Large changes were observed in the PL spectra obtained 
from various locations. Figure 4a,b shows the variation in PL 
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spectrum obtained from two different positions. As the inte-
grated PL intensity of peak A decreased, the integrated PL inten-
sity for X peak increased considerably (Figure 4c). To determine 
the quantum efficiency of peak X as compared to the quantum 

emission efficiency of peak A, we followed the approach sug-
gested by Miyauchi et al.[60] This approach is applicable to 1D 
matrix systems, and as shown above the free excitons in aniso-
tropic phosphorene are confined to a quasi-1D space in nature 
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Figure 3. Temperature-dependent PL measurements. a) Measured PL spectra at various temperatures for phosphorene sample. b) Schematic diagram 
showing the position of localized (low energy) and free (high energy) excitons at low temperature and elevated temperatures. At higher temperature, 
the localized excitons gain sufficient thermal activation energy to move up to the free exciton energy level. c–e) Measured c) peak position, d) peak 
intensity and e) FWHM of PL peaks A and X as a function of temperature in 3L phosphorene. The PL intensity of peak X in (e) has been fit (red solid line) 
using the thermal exponential exciton decay equation (see main text) to calculate the thermal activation energy for localized excitons to be ≈77.2 meV.



1704556 (6 of 8)

www.advancedsciencenews.com www.small-journal.com
small

NANO MICRO

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(see Figure S2, Supporting Information). Thus, we can apply 
the same approach to determine overall quantum efficiency 
ratio between free excitons and localized excitons in case of 
phosphorene. Here, ΔIX was defined in terms of the difference 
of two integrated PL intensities Δ IX = |IX1 − IX2|, where, IX1 and 
IX2 are the two integrated PL intensities for localized exciton 
states measured at two separate locations. ΔIA is the counter-
part for free excitons. Matsuda and co-workers.[60] suggested 
an equation relating the ΔIX/ΔIA ratio the internal quantum 
efficiency yield of the free excitons (ηA) and localized excitons 
(ηX) emissions as follows

~
1
2

X

A

X

A

X

A

I

I

E

E

η
η

∆
∆













 

(3)

We determined the value of X

A

η
η

 to be ≈3.0. This indicates 

that the internal quantum efficiency of the localized excitons is 
slightly higher than that of free excitons. The enhancement is 
not as high as compared with what we observed from 1L phos-

phorene samples ( X

A

η
η

 ≈33.6) in our previous report.[30] This 

indicates layer-dependent defect emissions from phosphorene 
samples.

In addition, we also deposited bilayer (2L) phosphorene 
samples on PECVD substrate and measured the PL emis-
sions, but we did not observe any defect peaks from 2L phos-
phorene samples. This could be depending on the electronic 
structure of the phosphorene layer and the properties of the 
adatoms. Similarly, 4L phosphorene samples were also pre-
pared and measured. The free exciton peak emission from 4L is  
≈1450 nm[35] which is close to the cutoff range of our InGaAs 
detector (900–1550 nm). Hence, we were unable to record 
any possible lower energy defect PL emission peaks from 4L 
sample, which would lie in the range >1550 nm. (see Figure S3  
and associated text, Supporting Information). This opens 
avenues for further studies to confirm the layer-dependent 
extrinsic defect nature in mono- and few-layer phosphorene 
samples.

3. Conclusions

We have demonstrated an infrared PL emission at ≈1430 nm 
from 3L phosphorene, in addition to a free exciton emission at 
≈1250 nm, by engineering the phosphorene–substrate interfa-
cial states. The localized exciton emission is attributed to the 
extrinsic defect states caused by the adsorption of O adatoms 
on the surface of phosphorene. We confirmed the nature of 
these localized excitonic emissions using power-dependent 
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Figure 4. Internal quantum efficiency characterization. a,b) PL spectrum 
obtained from two different positions on the 3L phosphorene flake (See 

Figure 1), showing a varied ratio of peak A/peak X PL intensity. The 
orange peak shows the fitted peak “A” and blue peak shows the fitted 
peak “X.” The green curve shows the cumulative fit peak. c) Integrated 
PL comparisons from the peaks at 1250 nm (blue) and 1430 nm (orange) 
respectively. The intensity of peak “A” increases while the intensity of peak 
“X” decreases in position 2 as compared to position 1. The change in 
integrated PL value was used to calculate the overall quantum efficiency 
enhancement of peak “X” with respect to peak “A.”
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and polarization-dependent PL measurements. Temperature-
dependent PL measurements were used to determine the 
activation energy (≈77 meV) of the localized excitons. This rel-
atively high activation energy leads to the thermal stability of 
localized states in phosphorene, allowing them to be observed 
at elevated temperatures, in sharp contrast with other TMD 
materials. Our results have promising potential applications 
in future optoelectronic devices, such as chip-based optical tel-
ecommunication and photodetection devices.

4. Experimental Section
Few-layer phosphorene samples (2L–4L) were mechanically exfoliated 
onto the PECVD oxide (223 nm) on gold substrate with the thickness 
of gold ≈300 nm. Other sample were grown on normal silicon substrate 
covered with 280 nm of thermally grown SiO2 respectively. The Au layer 
was used to fully block the influence of PL emissions from Si substrate 
in the first case, in order to avoid any discrepancy coming from the 
intrinsic defects in silicon being used. Due to high reflective nature of 
gold, it prevents any emission coming from underneath the gold surface 
to affect the PL emission detected from the phosphorene sample 
deposited over the other side of gold surface. This was necessary to 
understand the exclusive effect PECVD oxide in introducing stimulated 
defect emissions from few-layered phosphorene. PECVD oxide was 
deposited at 200 °C with SiH4 and N2O as reacting precursors, using 
the Plasmalab 100 dual frequency system. 3L phosphorene samples 
were put into a temperature-controlled chamber. All PL spectra, power-
dependent PL and polarization-dependent PL measurements were 
conducted at a temperature of 263 K in the same microscope compatible 
chamber (LINKAM THMS 600), using a 532 nm Nd:YAG laser as the 
excitation source. Our PL system (T64000) uses two liquid nitrogen 
cooled detectors, one charge-coupled device (CCD) detector and one 
InGaAs detector.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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