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ABSTRACT: Few-layer black phosphorus (BP) is one of the most
important 2D materials due to its strongly layer-dependent
quantized band structure, which leads to wavelength tunable

emission and absorption properties. Such properties are essential _ - :
. i ) i . ching Annealing
for a variety of photonic device applications such as lasers, detectors,
and modulators in a wide range of near-infrared wavelengths. BN =
However, the material quality and stability have become a bottleneck coverage
along with other challenges such as poor light emission properties » PDMS

and considerable uncertainty of basic material parameters. In this

paper, we developed a systematic strategy for preparing high-quality

stable few-layer BP samples by combining O, plasma etching, boron nitride sandwiching, and subsequent thermal annealing. Our
strategy has successfully produced few-layer BP samples with a record-long lifetime, with 80% of photoluminescence intensity
remaining after 7 months. Importantly, we found that lattice reconstruction and reparation of oxidized BP surfaces increased BP
thickness by one monolayer, leading to the restoration of BP crystal structure, improved material quality and stability, and
restoration of intrinsic optical properties. As a result, 200X PL enhancement and 2X line width reduction are achieved, allowing the
establishment of a more definite relationship between the layer number and PL energies for the first time. Our results could help
unleash the full potential of few-layer BP in photonics applications in a wide range of near-infrared wavelengths.

KEYWORDS: few-layer black phosphorus, photoluminescence, stability, annealing, lattice reconstruction

Bl INTRODUCTION benefit from the superior optical and electronic properties of

. FLBP
Few-1 black phosph FLBP) has b t ’
v e?yer .ac P OsP .orus (1_3 ) has . een  studied Although the wavelength-tunable optical emission of FLBP
extensively since its rediscovery due to its remarkable

electronic and optical properties: higher carrier mobility than through the change of layer number has been demonstrated by

o 1 dichal ides (TMDC & band PL measurements,”®'>'? there still exist substantial discrep-
transition metal dichalcogenides ( ),  direct bandgap ancies in the relationship between PL peak wavelengths and
tunable through the thickness or layer number, and its unique

; ) ‘ i layer numbers. For instance, the reported emission wave-
1n—plarze anisotropy. By varying t?e thickness of BP from 46 nm lengths of three-layer (3L) BP vary from 1268 nm® to 1470
(bulk)* to 0.5 nm (monolayer),” the photoluminescence (PL) — (room temperature) to 1570 nm (77 K)‘IZ Similar

peak energy changes from ~0.33 to ~1.75 eV, corresponding inconsistency exists for other layer numbers, representing a
to a vast and significant mid- to near-infrared (IR) wavelength fundamentally unsatisfactory situation of the current under-
range from 3.7 to 0.71 ym. In the mid-IR range, a BP-based standing of FLBP material. The root cause for this situation lies
light-emitting diode (LED)®” has been demonstrated to show in uneven sample quality and severe instability of FLBP. Due
comparable external quantum efficiency to that of traditional to the high reactivity of freshly exfoliated FLBP with O, and
II-VI and II-V LEDs. For the near-IR range (0.8—2.5 ym), H,O in the ambient environment, PL of FLBP experiences fast
BP is one of the very few 2D layered materials that emit in the degradation' ' followed by spectra blueshift within minutes
telecom wavelength bands (1260—1625 nm).® This makes few- under laser excitation.'® In addition, the PL spectrum of BP is
layer BP one of the very few most promising candidates as light often very broad and weak, containing emissions from intrinsic
emission devices of atomic-layer thickness integrable on a Si

substrate, especially compared to MoTe,”'? due to much Received: February 3, 2021 gtk
smaller Si absorption at longer wavelengths. However, the Accepted: April 8, 2021

thickness-sensitive reactivity of BP and O, makes FLBP much Published: April 20, 2021

more unstable than thick BP'' and the severe instability of
FLBP hinders its application in near-IR photonics. Therefore,
the preparation of stable and high-quality FLBP is essential to

© 2021 American Chemical Society https://doi.org/10.1021/acsanm.1c00351

W ACS Publications 4746 ACS Appl. Nano Mater. 2021, 4, 4746—4753


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongying+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yueyang+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cun-Zheng+Ning"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.1c00351&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00351?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00351?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00351?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00351?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00351?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aanmf6/4/5?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/5?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/5?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/5?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.1c00351?rel=cite-as&ref=PDF&jav=VoR
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf

ACS Applied Nano Materials

www.acsanm.org

(a

AN

Target layer num.?

N -
My “\
1 \
¥ A 1
/ §
(@] (2) (3)
Sio/Si N
PDMS I
BN RTA ¥ || Yes
=% TR

~

N

)

|

PL test

No

J

®)

Figure 1. (a) Schematic of the procedure to fabricate BN/BP/BN structure: (1) transfer a layer of BN (10—20 nm, exfoliated from a bulk BN) as
the bottom BN onto a SiO,/Si substrate, (2) transfer thick BP (~10 nm, exfoliated from a bulk) onto BN, (3) BP/BN before plasma etching, (4)
O, plasma etching of BP/BN, (S) PL test to check if desired wavelength/layer thickness is obtained, (6) transfer the top BN (10—20 nm) onto
etched BP/BN, (7) rapidly anneal the obtained BN/BP/BN structure at 450 °C. (b—e) Optical images of the fabricated sample. (b) Before O,
plasma etching [(3) in (a)]. (c) After 4 min etching [(5) in (a)]. (d) After top BN coverage [(6) in (a)]. (e) After S min annealing at 450 °C [(7)

in (a)].

excitonic species and many other defects and impurities, often
attributed to different oxide species.'®"” The sample instability
or degradation exacerbates the situation.'®™*° Such distortion
of intrinsic emission spectrum by defects-related emissions
likely contributes to the uncertainty of the layer-number
dependence of emission peaks.

These issues mentioned above highlight the fundamental
importance of sample quality of FLBP in understanding the
unique physics of FLBP and in exploring device applications.
Therefore, the preparation of stable high-quality FLBP samples
and restoration of their intrinsic emission properties are the
key to resolving the current issues and challenges. Even though
various preparation methods of FLBP have been developed,
the stability of PL properties (such as intensity, line width, and
peak position) of FLBP samples remains poor and are not
often systematically studied. Exfoliation (mechanical®® and
liquid—g)hasem_n) and etching (thermal annealing,***® UV
light,”® plasma'®*”*%) are the two most common methods of
sample preparation for FLBP. Etching techniques such as
plasma etching start from thicker BP, which can be exfoliated
in the ambient environment and can produce FLBP samples
more efficiently. But the sample quality, especially the emission
properties of FLBP obtained from etching, varies significantly
due to the difficulty of controlling etching conditions. A special
teature of etched FLBP is the formation of a top highly
oxidized layer after etching,'****® which is always defective
and amorphous. To be consistent with the previous literature,
we refer to such a layer as the P,O, layer in this paper. Even
though the P,O, layer can slow down the degradation rate of
inner BP layers as demonstrated,'>**>° the associated defective
interface can undermine the intrinsic properties of inner BP
layers as evidenced by weak and broad PL spectra after O,
plasma etching in our following discussions.

Among various exfoliation methods, there exists a trade-off
between material quality and yield. Mechanical exfoliation is
supposed to provide the most intrinsic 2D material. However,
FLBP is strongly reactive in the ambient environment, and the
thinner it is, the more reactive it is."® Therefore, a controllable
environment such as an inert gas-filled glovebox'” is required
to exfoliate FLBP with high quality. Such environment
constraints may lower the yield of sample preparation due to
operation difficulty. To prevent environmental reaction and
associated degradation of FLBP, protection of FLBP is
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essential to achieve high-quality samples. Protection methods
include organic coating,”*’ chemical functionalization,”"**
atomic layer deposition (ALD) capping,'>*>** and coverage by
2D flakes.”®™*" Discussions are rather limited on various
protection techniques in terms of quality and stability of
optical properties. PMMA-coated BP (<10 nm) still
experiences severe degradation as reflected by attenuation of
Raman signals after 13 days in air.” BP flakes (~10 nm)
passivated by covalent functionalization showed changes of
electronic properties due to introduced bonds between BP and
passivation chemicals, despite the almost intact morphology
after 25 days in air.”’ Up to now, ALD Al,O; capping of O,
plasma etched 2LBP shows the best protection capability, with
PL still observable after 2 months in air.'> However, the
influences of the extra ALD step in the prepared FLBP are
unclear. Passivation of BP by boron nitride (BN) was also
reported,'”*® but its effects on optical emission were not
studied, especially on the stability of PL intensity.

Realizing the fundamental importance of the sample quality
in the study of FLBP and the lack of a method to prepare high-
quality FLBP with long-term stability, we have attempted in
this paper to develop a systematic strategy to prepare stable,
high-quality FLBP samples with the explicit intention of
improving or restoring intrinsic optical properties. Our new
strategy combines three critical steps in succession: (1) 0,
plasma etching of thick BP layers exfoliated from bulk; (2) BN
encapsulation from both sides to protect FLBP; and (3) rapid
thermal annealing (RTA) at 450 °C, which is above FLBP’s
decomposition temperature. We show that the high-temper-
ature annealing under BN protection can repair the defective
and amorphous P,O, layer caused by etching. Our
comprehensive study on the FLBP samples before and after
annealing demonstrates our samples’ overall superiority.
Dramatically improved material properties include record-
long stability of PL over 7 months, reduced PL line width by a
factor of 2, improved anisotropy by as much as a factor of 1.7,
and 2 orders of magnitude enhancement of PL intensity after
the RTA process. Moreover, we have significantly narrowed
the uncertainty ranges of PL peak energies of FLBPs by 7
times, allowing a more precise relationship between layer
number and PL peak energies.
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Figure 2. Cross-sectional STEM images for unetched (exfoliated) BP after annealing at 225 °C (a, b) and for etched BP after annealing at 450 °C
(¢, d) both protected by BN layers. (a) Annular dark-field (ADF) image for the exfoliated (without etching) BP encapsulated by BN. (b) Zoom-in
of the segment of (a) in dashed rectangle and its corresponding intensity profile along the z-direction, where amorphous oxidized layers can be seen
at the two interfaces. (c) ADF image of a layer of etched BP encapsulated by BN from both sides. (d) Zoom-in of the segment of (c) in dashed
rectangle and its corresponding intensity profile along the z-direction, where three BP layers are clearly visible without amorphous oxidized layers at

the two interfaces.

B RESULTS AND DISCUSSION

Sample Preparation. The schematic procedure of our
method of FLBP preparation is shown in Figure la. First, BN
flakes of 10—20 nm in thickness are exfoliated onto PDMS and
transferred to a SiO,/Si substrate from PDMS. This step can
improve the yield of BN exfoliation and the location
controllability of BN flakes. Next, the same method is used
to exfoliate and transfer a BP layer of ~10 nm in thickness
onto BN placed on SiO,/Si in the first step. Then BP/BN
structure is etched by O, plasma (see Methods for details) to
thin down BP and followed by PL measurement to determine
the layer number through PL peak wavelengths. If the PL peak
wavelength is longer than desired (or the BP thickness is
thicker than desired), further etching will be carried out until
the desired wavelength is reached. After etching, a second BN
layer with a similar thickness as the bottom BN is transferred
as a top protective cover of the BP sample. Finally, the BN/
BP/BN is annealed at 450 °C in Ar atmosphere for S min to
achieve better contact between BN and BP and repair the top
defective and amorphous P,O, layer. Temperature-dependent
thermal processing of BP is an interesting issue of study.
Through optical imaging and in situ scanning/transmission
electron microscopy study, the decomposition temperature of
FLBP is determined between 300 and 400 °C.***” With BN
encapsulation from both sides, BP can stand up to 500 °C
annealing temperature and high-temperature annealing can
significantly reduce charge traps.”® Our experiment showed
almost no change of PL’s optical properties upon RTA up to
375 °C (see Supporting Information S1). When the RTA
temperature was increased to 450 °C, PL was much improved
after annealing, as we will discuss later on.

Interface Lattice Reconstruction through High-Tem-
perature Annealing. Cross-sectional scanning transmission
electron microscopy (STEM) study was performed to study
the interfaces of BN/BP/BN samples and possible effects of
thermal annealing. Figure 2a,b shows the STEM images of a
BN/BP/BN structure where the middle BP layer was
exfoliated from bulk BP. This sample without plasma etching
is supposed to be less defective than the etched sample. The
sample was annealed at 225 °C for 1.5 min in Ar atmosphere
to improve the interface contacts between BP and BN while
minimizing the potential adverse effects on the integrity of BP.
As shown in Figure 2a,b, amorphous layers exist at interfaces
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on both sides of the BP due to rapid oxidation after exfoliation.
Similar amorphous layers were reported before and were
supposed to be oxidized BP.”**’ To see the effects of RTA at a
higher temperature, above the decomposition temperature of
BP, we performed RTA on another BN/BP/BN sample at 450
°C for S min, and the corresponding STEM images are shown
in Figure 2c,d, where the middle BP layers were produced
through O, plasma etching as described in Figure 1. Three BP
layers can be clearly recognized, and no top amorphous oxide
layer exists at either interface. This is an interesting and
important phenomenon. Given the existence of an amorphous
P,O, layer on the top surface of BP right after O, plasma
etching13 or before RTA, the lack of an amorphous layer in the
STEM image shows a clear sign of reconstruction of the
interface lattice in BN/P,O,-BP/BN under RTA at a relatively
high temperature. The consequence of such interface
reconstruction and BP quality restoration on optical properties
will be discussed further to support such a conclusion. By
comparing structures in Figure 2a,c, it seems that 225 °C is not
high enough to enable P,O, decomposition and surface
reconstruction of oxidized BP.

Comparison of PL Properties. An extensive PL study was
carried out throughout this paper at various stages, and details
are described in Methods. Figure 3 shows a comparison of PL
characteristics for the etched BP samples before and after
annealing at the same spots. The normalized PL comparison in
Figure 3a represents general changes in PL spectrum through
RTA: (1) clear redshift of PL peak wavelengths; (2) line width
narrowing. It is interesting to notice that the amount of
redshift is roughly equivalent to increasing the layer thickness
by one monolayer after annealing for all three samples with
different thicknesses. Note that there is also PL contribution
from the 3L thick BP for the SL BP after the annealing (see the
top panel of Figure 3a). Such inhomogeneity of sample
thickness derives mainly from the nonuniform thickness of the
original exfoliated thick BP and survived the etching and
annealing processes. However, the main feature of the
annealing remains that the redshift of the PL peak corresponds
to a one-layer increase in thickness (see Figure 3a; Figure S4 in
Supporting Information section S4). The redshift in PL is
consistent with the interface reconstruction of BN/P,O,-BP/
BN mentioned above, as is explained in the following. Before
annealing, the top surface of the sample was covered by a
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Figure 3. (a) Comparison of the normalized PL spectra before and after annealing for 3L, 4L, and SL BP. Note that the layer numbers refer to
those of samples after annealing. (b) PL line width (fwhm) vs peak wavelength before (blue dots) and after (red circles) annealing. In total, 30 and
37 points on 17 samples were measured before and after annealing, respectively. Blue and red rectangle bands indicate the spreads of peak
wavelengths and line widths for different layer numbers. Blue and red solid lines represent the average values of wavelength and fwhm for all dots in
each rectangle. The averaged wavelengths after annealing (vertical red lines) are 1137, 1479, 1662, and 1788 nm. (c) Comparison of PL intensity vs
peak wavelength before (filled symbols) and after (unfilled symbols) annealing for 7 samples (measured at 8 spots). Numbers next to each unfilled
symbol represent the factor of PL enhancement of each sample. The two violet spheres represent PL intensities and wavelengths of typical
exfoliated 3L BP (see Supporting Information S2). (d) PL intensity as the excitation polarization rotates through 360° before (blue dots) and after
(red circles) annealing. (e) Typical Raman spectra comparison of FLBP before and after annealing.

highly defective and amorphous P,O, layer caused by the
plasma etching. The corresponding PL spectra are weak and
broad. In addition to the redshift of the PL peak, the annealing
leads to the disappearance of the amorphous layer (as shown in
Figure 2¢,d), indicating the reconstruction of the P,O,~BP
interface. Interestingly, the amount of redshift for all layer
numbers we studied is equivalent to the increase of the layer
number by one. In other words, the annealing at 450 °C
converted the initial defective P,O,~N-layer BP into (N + 1)-
layer BP with the largely restored crystal structure and optical
quality. Figure 3b shows a summary of PL measurements with
the PL peak wavelengths and line widths (fwhm) extracted
from spectra like Figure 3a for all 17 prepared samples of
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different thickness by the method in Figure 1a before and after
annealing. The blue (red) rectangles represent the range of PL
parameters (wavelength and line width) before (after)
annealing. The spread (or uncertainty) of PL-peak wavelengths
for a given BP thickness is in the 150—200 nm range before
annealing and is reduced to 50—100 nm after annealing.
Meanwhile, PL line widths are reduced by a factor of 2. The
improvement in PL properties indicates a restoration of
intrinsic PL emissions due to the reparation of the crystal
structure. The reduction of the wavelength range for BP of a
given thickness (or layer number) will help to relate the layer
thickness to emission wavelengths more precisely. This also
suggests that the past uncertainty of the relationship between

https://doi.org/10.1021/acsanm.1c00351
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Figure 4. (a) Q factors of PL from various BP samples fabricated by our method before and after annealing. Data extracted from exfoliated (refs 4,
5, 12) and etched (ref 13) BP in literature is present for comparison. The dashed lines in each block are the average Q values for that data group.
(b) PL stability comparison. PL intensity evolution with time of our three samples (S1—S3) are presented by solid spheres and linearly fitted by
solid lines. Especially sample 3 (S3) is BN/etched BP/BN without annealing. The circles stand for PL evolution of etched BP with (blue circles)
and without (dark cyan circles) the ALD ALO; capping layer,"’ and they are fitted by dashed lines. Our samples show a slower degradation rate.

exciton emission wavelengths and layer numbers originates
largely from the poor crystal quality and the related defect
emissions of the BP samples. Figure 3¢ shows the plot of PL
peak intensities and wavelengths of 7 BP samples that showed
2L to 3L transition after annealing. In agreement with Figure
3a, PL redshifts correspond to the increase of layer thickness
by one monolayer. More importantly, PL intensity is enhanced
by a factor between 3 and 200 through annealing, as seen in
Figure 3c. The PL enhancement is direct evidence of crystal
quality improvement, which is primarily attributed to lattice
repair and defect healing*' through RTA. Other factors such as
oxygen incorporation and doping-induced screening effect*’
may also play an important role and are still under
investigation. Such PL enhancement makes BP prepared
using our method very promising for light-emitting devices
especially targeting telecom bands.

Another interesting property of BP is its anisotropy due to
the difference in atomic arrangements along with the armchair
(AC) and zigzag (ZZ) directions, leading to the anisotropy of
optical properties such as absorption and emission. We note
that most of the previous reports measured the polarization
states of emission and presented the results as the polarization-
angle-dependent PL intensity pattern. However, in our case,
we measured the total PL emission of all polarizations as the
polarization angle of the excitation laser is rotated over 360° by
a half-wave plate. Therefore, our measurement reflects
absorption anisotropy. In Figure 3d, the excitation-polar-
ization-resolved PL intensity is divided by its maximum (along
the AC direction) both before (blue dots) and after (red
circles) annealing. We fitted both sets of data by the empirical
expression I(6) = A + B cos*(0). We then obtain I,¢ = I(0) =
A + B, I;; = I(n/2) = A, where I,c(I;;) represents the
emission intensity when the excitation laser is polarized along
with the AC (ZZ) direction. The degree of anisotropy (DOA)

is given by p = he=l The calculated DOA before and after
IAC+IZZ

annealing are 0.45 and 0.77, respectively. Due to the
dependence of absorption anisotropy on the excitation
wavelength® as a result of the anisotropic band structure,
DOA values obtained by such measurements do not generally
agree with DOA obtained from polarized emission measure-
ments. Since our excitation (at 4 = 532 nm) is high up in the
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conduction bands, the anisotropy is weaker than that near the
band edge. The polarized emission measurement reflects more
of DOA near the band edge. Therefore, our DOA is expected
to be smaller than those measured through polarized emission
measurement. However, DOA values obtained from the same
type of measurements can still reflect the sample quality for
different samples. As is shown by theoretical simulations,* the
existence of defects decreases (increases) the transition
strength along the AC (ZZ) direction, reducing the intrinsic
anisotropy of BP as a result. Therefore, the improvement of
DOA reflected from the polarized absorption measurement
demonstrates the restoration of crystallinity of our BP samples
through annealing.

Figure 3e shows the comparison of the Raman spectra
before and after annealing. We recognize clearly three
characteristic Raman modes of BP, Agl, B,y and Agz. There
is no distinct shift in the Raman peaks after annealing,
indicating a negligible change in the basic crystal structure of
BP layers. By contrast, peaks of Agl and Ag2 are significantly
increased. Especially for the Ag2 mode, its peak intensity is
multiplied more than two times after annealing. Such increase
of Raman si§nal is consistent with the improved crystal quality
after RTA.'

It is important to summarize the key evidence of surface
reconstruction after RTA. In general, a defective and
amorphous layer P,O, is formed on top of BP after O, plasma
etching. Such an amorphous layer cannot be removed or
repaired by annealing at a low temperature (e.g., at 225 °C, see
Figure 2a,b). However, the amorphous layer disappears after
annealing at 450 °C (see Figure 2¢,d). In all our annealing
experiments at 450 °C, the disappearance of this amorphous
layer is accompanied by an increase of BP thickness by one
monolayer, as evidenced by PL redshifts (see Figure 3a).
Accordingly, the optical quality improves with the significantly
enhanced PL peak intensity and the much-reduced line width,
as well as enhanced Raman peaks (Figure 3e) after annealing.

To evaluate the optical quality of our samples, we compare
the PL features of our samples with those reported in the
literature in terms of PL stability and the quality (Q) factor,
defined as the center wavelength divided by the line width of a
spectrum. The Q factor is a more comparable quantity than
absolute line width when measuring the PL quality of materials
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at different emission wavelengths. Q factors of BP samples
prepared by our method before and after annealing are
compared with four groups of Q factors extracted from the
literature shown in Figure 4a. Without further protection, Q
factors of exfoliated FLBP in literature fall in the range of 8—
9.° In contrast, Q factors of etched FLBP have a larger span
from 6 to 13,"> which may result from the difficulty in
controlling sample quality only by etching. With BN
protection, Q factors of thicker exfoliated BP (4.5—46 nm)
are between 9 and 11.* The best Q factors, 15—18, of FLBP are
from exfoliated BP sandwiched by BN fabricated in inert gas
environment.'” After annealing, our samples have an average Q
factor 12, which is ~2 times that from before annealing. The
average Q values for BN-covered exfoliated, unprotected
exfoliated, and etched FLBP are 16.7, 9.4, and 8.7, respectively.
Note that protected BP samples here are covered or
sandwiched by BN and unprotected BP samples are directly
placed on SiO,/Si substrates. Therefore, our samples have
better quality than etched and exfoliated FLBP without
protection but not as good as protected FLBP exfoliated in
inert gas. Considering the convenience of preparing FLBP in
an air environment, FLBP samples made by our method are
still competitive.

PL degradation is a severe issue for FLBP. With BN
protection and annealing, BP becomes much more stable,
making the improved optical properties last for an extended
period. The PL evolution measurements of two samples kept
in the ambient environment are presented in Figure 4b. We see
that PL intensity remains at ~80% of the original intensity after
170 days and 209 days (~7 months) for sample 1 (S1) and
sample 2 (S2), respectively. To the best of our knowledge, this
is so far the most stable PL from FLBP.*” By contrast, PL of a
sample without RTA is also shown, but its PL experienced
much more rapid degradation. This indicates that gaps exist
between BP and BN. Therefore, the protection is not sufficient
by simple BN coverage without gap removal. Note that PL
intensity was monitored at the same sample spot for each of
the three samples mentioned above. It has been reported that
PL intensity of the unprotected exfoliated 2L BP without
protection dropped to 1% of the original intensity within 2 min
under continuous laser excitation.'”'® By depositing PECVD
SiO, as a protection layer, the PL intensity remains at ~80%
after laser excitation for 400 s.'® Other protection methods
such as surface oxygen functional groups® and BN cover-
age®'” are used, but no quantitative comparison was made and
no long-term PL stability was demonstrated. The most
effective protection for FLBP reported’” seems to be ALD
Al,O,. PL evolution (in 6 days) of etched BP without further
protection (dark cyan circles) and with ALD ALO; capping
layer (blue circles) are presented for comparison.'> ALD ALO,
protected FLBP shows much slower degradation.'’ PL
intensity evolution of our samples and data extracted from
the literature are fitted linearly and the slopes reflect the
degradation rates. According to the fitted slopes, our annealed
samples show the slowest degradation rate and the best
stability.

The relationship between PL peak energy and layer
thickness is uniquely important for BP and fundamental to
the tunability of emission wavelengths through layer numbers.
Nevertheless, there has been a large range of uncertainty in this
relationship. Figure 5 compares exciton emission energies vs
layer number between our measurements and those from
existing literature. The gray area stands for the largest PL
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Figure S. Summary of exciton energies of FLBP. Calculated FLBP
bandgaps (ref 44) and exciton energies (refs 2, 3) are presented by
spheres in orange, blue, and violet, respectively, and connected by
dashed lines. The rest of the data is exciton energies obtained
experimentally at room temperature except for ref 12 at 77 K. Exciton
energies in refs 12, 45, and 46 are extracted from absorption spectra,
and those in refs 8, 5, and 13 are extracted from PL spectra. Red
symbols represent our data (max and min) extracted from edges of
red rectangle bands in Figure 3b. The areas filled by light gray and red
are the energy spans for FLBP reported in the literature so far and our
data counterparts.

energy span for 2—SL BP of all results available in the
literature.**~*® The energy overlap between neighboring layer
numbers shown by the green lines makes layer determination
by PL quite tricky. The red area represents the range of PL
peaks from our measurements, given by the edges of the red
vertical bands in Figure 3b. In our case, the PL energy spans
are determined by the distribution pattern obtained from
multiple prepared samples with improved material quality after
annealing. The significantly reduced widths of those vertical
bands after RTA allow a more accurate relation between PL
peak energies and layer number. By comparing the energy
spans for 2—SL BP in the literature represented by the green
arrows in Figure S and the counterparts of our results (red
area), the uncertainty ranges of PL peak energy for 2, 3, 4, and
S layer BP are reduced by 6, 4, 12, and 8 times, respectively,
and on average 7 times for 2—SL BP.

B CONCLUSIONS

In conclusion, we have demonstrated that O, plasma etching
combined with BN protection and subsequent thermal
annealing provides an effective strategy for preparing high-
quality FLBP samples. The significantly improved or largely
restored intrinsic optical properties are evidenced by many
excellent photoluminescence features, including PL enhance-
ment by up to 200 times, line width reduction by a factor of 2,
restoration of intrinsic anisotropy of BP, and vastly increased
stability. Importantly, our prepared samples maintained 80% of
the initial optical emission intensity after almost 7 months
(209 days) in the typical ambient environment. Our study
reveals an interesting lattice reconstruction and restoration
from defective and amorphous P,O, to crystalline-like BP
through high-temperature annealing. The PL comparison
before and after annealing provides a more definite relation
between PL peak energy and layer number, an important
relationship for BP. We believe that our sample preparation
strategy can enable more consistent production of high-quality
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FLBP samples in the future for both basic science studies and
device exploration. The optical properties revealed by our
systematic study could add more clarity and consistency to the
rapidly expanding literature of BP research. The high-quality,
long-lasting BP samples with more intrinsic optical properties
establish BP as an important photonic material with wave-
length tunability in a wide range of near-infrared wavelengths
through layer number control. Such a unique tuning capability
of emission and absorption properties among 2D layered
materials could enable 2D-based nanolasers that work in an
unprecedented extensive wavelength range from the near- to
mid-infrared with the same material by simply adjusting the
layer number. Similarly, multiband detectors and modulators
can be fabricated using FLBP. The lack of silicon absorption
for BP thicker than three monolayers could make such silicon-
based devices even more appealing.

B METHODS

Sample Preparation. Scotch tape and Nitto SPV224 blue tape
were used to exfoliate BP flakes from bulk material (Smart Elements)
and further thin down the flakes. The key to obtaining uniform thin
(~10 nm) BP flake is to minimize ripping times so that flakes are
large and with flat interfaces. Exfoliation of BN (hq graphene) follows
the same rule. Then the tape with 2D material flakes is placed onto
PDMS and pressed gently to squeeze bubbles out. By peeling off the
tape fast, flakes can be left on the PDMS. Transfer onto a SiO,/Si
substrate is completed by tightly contacting PDMS with the substrate
and then slowly lifting the PDMS on a ceramic heater at 35 °C. For an
~10 nm thick BP, the general etching conditions for the first run are
30 W bias power and 400 W RF power under SO mTorr pressure with
30 sccm O, flow for 4 min (Plasma-Therm Apex ICP). The second
run is generally under 30 mTorr, with other conditions unchanged for
~1 to ~2 min (see Supporting Information S3).

Scanning Transmission Electron Microscopy (STEM). The
BN/etched-BP/BN and BN/exfoliated-BP/BN slice specimens for
STEM imaging were prepared by using a FEI Nova 200 Dual-Beam
focused ion beam (FIB) system with a Ga ion source. Cross-sectional
STEM images were obtained by using a JEOL-ARM200F microscope
operated at 200 kV.

Photoluminescence (PL). PL measurements were done at room
temperature using a home-built system, where a 532 nm diode laser
under continuous-wave operation was used as the excitation source.
The incident laser was focused to a spot with a diameter of ~3 ym by
using a S0X NIR Mitutoyo objective. The PL spectrum was collected
by using an extended InGaAs array detector (Symphony II) coupled
to Horiba monochromator (iHR 320).

B ASSOCIATED CONTENT

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.1c00351.

More information on effects of annealing temperature;
PL of exfoliated few-layer BP; O, plasma etching
conditions; PL spectra comparison before and after
annealing; and sample homogeneity (PDF)
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