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As a new type of two-dimensional crystal material, black phosphorus (BP) exhibits excellent elec-

tronics and optical performance. Herein, we focus on carrier relaxation dynamics and nonlinear opti-

cal properties of BP suspension. Atomic force microscopy, transmission electron microscopy, and

optical transmission spectrum are employed to characterize the structure and linear optical properties

of the BP. Additionally, pump-probe experiments at wavelength of 1550 nm were carried out to study

the carrier dynamics in BP suspension, and ultrafast recovery time was observed (ss¼ 24 6 2 fs).

Furthermore, we demonstrate the saturable absorption signals by open aperture Z-scan experiments at

wavelengths of 1550 nm, 532 nm, and 680 nm. The results indicate that BP has broadband saturable

absorption properties and the nonlinear absorption coefficients were determined to be b2¼�0.20

6 0.08� 10�3 cm/GW (532 nm), b2¼�0.12 6 0.05� 10�3 cm/GW (680 nm), and b2¼�0.15

6 0.09� 10�3 cm/GW (1550 nm). VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4930077]

Black phosphorus (BP) is a layered, phosphorus allo-

trope, two-dimensional (2D) crystal material. Just like gra-

phitic structure, individual atomic layers are stacked together

by Van Der Waals interactions in BP. Each phosphorus atom

is bonded with three adjacent phosphorus atoms, but they are

stacked in a puckered plane rather than prefect plane. BP is a

direct band gap semiconductor material. The direct band-gap

varies with nano-sheet thickness from �2 eV in monolayer

to �0.3 eV for bulk black phosphorus.1–3 This is different

from another 2D crystal material MoS2, which only exhibits

direct gap in monolayer. The carrier mobility of BP up to

1000 cm2/V s at room temperature and current on/off ratios

reached �104–105.4–6 Due to the small band-gap, both p-type

and n-type configurations can be tuned in BP, while few-layer

MoS2 just can be tuned into n-type. Based on those excellent

performance, BP has a great potential application in many

fields. Considering the adjustable band-gap, BP can be used to

produce high-performance field effect transistors;7 The high

electron mobility characteristics can be utilized as electrode-

channel contacts material,8 photodiodes;9 Additionally, BP

shows application prospect in lithium battery manufacturing,10

gas sensor,11 thermoelectric device,12–14 and superior mechan-

ical flexibility.15

The thickness-dependent direct band-gap lead to poten-

tial applications in extraordinary light emission,16 and effi-

cient photo-electrical conversion,17 especially in the infrared

regime. In recent years, researchers have paid attention to

the optical properties of BP in case of different thickness,

various doping conditions, and different polarization direc-

tions of the excitation light.3,8,18 Since previous reports19–24

have shown that graphene, MoS2, topological insulators have

excellent saturable absorption (SA) properties, all of them

are alternative materials for saturation absorbers. As a new

member of the 2D crystal material family, BP also shows

excellent nonlinear optical properties.25,26 Damien27 found

that BP materials, prepared by liquid phase exfoliation, ex-

hibit transmittance enhancement with the increase of laser

intensity. This result exhibits typical nonlinear characteristic

in BP. Compared to other graphene-like 2D materials, tuna-

ble optical properties and direct bandgap for all thicknesses

of BP may bring significant benefit to various photonics

applications.

In this work, the dynamic relaxation process (ultrafast

recovery time) was measured by pump-probe experiments at

wavelength of 1550 nm for BP suspension. The ultrafast car-

rier dynamic relaxation time for nonlinear response was

obtained by exponential function fitting to the experimental

results. Compared with the nonlinear responses of graphene

and MoS2, the nonlinear response and recovery time of BP

are much faster. At last, the open aperture (OA) Z-scan

experiments were carried out to study the saturable absorp-

tion performance at infrared band (1550 nm) and visible

band (532 nm and 680 nm). By fitting the experimental

data, we obtained the nonlinear absorption coefficients as

b2¼�0.206 0.08� 10�3cm/GW (532nm), b2¼�0.126 0.05

� 10�3cm/GW (680nm), and b2¼�0.156 0.09� 10�3cm/GW

(1550 nm).
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The BP crystals were purchased from Smart Elements.

The solution-based mechanical exfoliation process started

from the mixing of BP crystals with ethanol solution. The final

purified BP-ethanol mixture has a concentration �6 mg/ml.

Atomic force microscopy (AFM) was used to study the thick-

ness and morphology of BP nanoflakes (Agilent 5500); the

microstructure of BP was determined by scanning transmission

electron microscopy (TEM, JEOL JEM-2100F) operated at

200 kV; the optical transmission spectrum of BP suspension

was characterized by UV-Visible spectrophotometer.

The transient dynamic response measurements were per-

formed using a femto-second pulse laser with pulse duration

of 35 fs. The femto-second laser pulse was produced by an

optical parametric amplifier (TOPAS, USF-UV2), which

was pumped by a Ti: Sapphire regenerative amplifier system

(Spectra-Physics, Spitfire ACE-35F-2KXP, Maitai SP and

Empower 30). The pulse repetition rate is 2 kHz. The laser

beam was focused by a lens with focus length of 250 mm.

Both the wavelengths of the pump and probe light are chosen

as 1550 nm. The nonlinear optical properties of the BP sus-

pension were investigated with the same femto-second laser

system. The OA Z-scan experiments were carried out at

wavelengths of 1550 nm, 680 nm, and 532 nm, respectively.

The laser beam was focused by a lens with focal distance of

150 mm.

Figure 1(a) demonstrates the TEM image for BP nano-

flakes. We notice that the size of BP nanoflakes is up to

100 nm. Figure 1(b) shows the AFM images of the BP nano-

flakes. The nanoflake thickness ranges from 10 nm to 30 nm.

The high resolution TEM image in Figure 1(c) reveals the

structures of BP which have the lattice space of 0.217 nm cor-

responding to (002) facets. As depicted in inset of Figure 1(c),

the selective area diffraction (SAED) pattern confirms that BP

have excellent crystallinity. The normalized transmission

spectrum of BP suspension is illustrated in Figure 1(d).

Considering the linear optical transmission spectrum,

significant absorption peak appears in the vicinity of

1500 nm, which indicates that the samples have interband

optical transition energy close to 0.8 eV. Then, according to

the previous work,3,8 BP nanosheets (2–3 monolayers) have

a band gap close to 0.8 eV and we can learn that the thick-

ness of the nanosheets is about 10 Å (¼1 nm) from the struc-

ture diagram, as shown in the inset of Figure 1(a). We may

infer that our as-fabricated BP is mainly made up by multi-

layer (2–3 monolayers) nanosheets with the thickness of

about 1 nm. Finally, we find that the nanosheets are stacked

together in terms of further TEM characterization.

Meanwhile, AFM characterization showed that the thickness

of nanoflakes was ranged from 10 to 30 nm. Thus, we con-

jecture that such nanosheets composed of 2–3 monolayers

mainly stack together to form the nanoflakes (10–30 nano-

sheets layer).

Figure 2(a) presents carriers dynamic relaxation process

for the BP suspension taken at pump and probe wavelength

of 1550 nm. The average power of pump light is 0.9 lW. The

main figure shows the experimental data with the theoreti-

cally fitting curve for a fast relaxation process while the inset

schematically illustrates the transient dynamic processes in

BP suspension. Dynamic relaxation process exhibits a expo-

nential decay, and it can be fitted by exponential decay func-

tion of y ¼ A1e�ðx�x0Þ=sS þ y0, where ss represents the fast

relaxation time during dynamic relaxation and is obtained as

ss¼ 24 6 2 fs. We believe that this fast decay (ss) is corre-

lated to the intra-band relaxation process.28,29 This ultrafast

recovery time (intra-band relaxation time) makes BP a

potential material for generating ultrashort pulses.30,31

FIG. 1. Material characterizations of

BP. (a) TEM image of BP nanoflakes.

Scale bar: 100 nm. Inset: lateral view of

the atomic structure of BP. (b) AFM

image of BP nanoflakes on substrate.

Scale bar: 0.5 lm. (c) HRTEM image

of BP nanosheet. Inset: SAED pattern.

Scale bars are 2 nm and 51 nm�1

(inset). (d) Normalized transmission

spectrum of BP suspension.
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Further discussion on the origins of ultrafast recovery time

will be presented in the next paragraph.

Carrier relaxation dynamics were compared at wave-

length of 1550 nm in different pump average power of

0.9 lW and 2.1 lW, which was depicted in Figure 2(b).

According to the exponential fitting of experimental data

measured under the larger power of 2.1 lW, the fast relax-

ation time is determined to �20 fs, which means that the

increase of pump power did not obviously affect the car-

rier dynamics process. Since we are using the pulse laser

with a low repetition rate (2 kHz), the pulse intervals are

0.5 ms. Compared with the femtosecond relaxation time,

the thermal effects on nonlinear absorption are negligible.

In addition, an interesting experimental phenomenon was

observed. During the pump-probe process, the probe

transmittance dropped abruptly when the pump-probe

delay was near around the zero position under low inten-

sity excitation, which is marked by red ellipse circle in

Figure 2(b). Such a phenomenon disappeared when the

pump power increased. We guess that the problem of

Gaussian beam might induce this abnormal phenomenon.

What is more, it reminded us that suitable power may

help to convent such abnormal phenomena during similar

experiments.

Basically, thermal effects may play a role during the

carrier dynamics relaxation process. But it should not play

the main role in our experiments. As we know, with the

increase of excitation intensity, thermal effect will be more

obvious in the sample. That means carrier relaxation dy-

namics process will become slower at larger pump power

which has more thermal accumulation. Nevertheless, no

obvious change was observed for the fast dynamics relaxa-

tion time when the average power was increased from 0.9

to 2.1 lW, which is shown in Figure 2(b). We conclude

that, the electron relaxation rather than thermal dissipation

dominates the relaxation dynamics observed in our experi-

ments, which is in agreement with previous reports on

MoS2.29

Even though the fast carriers dynamic relaxation time

may not be precisely determined due to the limit of time

resolution(i.e., 35 fs) of the measurement system, the ultra-

fast relaxation process can still be confirmed by the pump-

probe experiments. In Table I, we compared the recovery

time (intra-band relaxation time) of graphene, MoS2 (few-

layer), MoS2 (thick crystal), and BP. It is not difficult to

find that ultrafast recovery time of BP is dramatically

shorter than that of the others. We assigned the fast intra-

band relaxation in few-layer BP to defect-assisted carrier

cooling. In defect-assisted model,29,32 relaxation occurs by

the following sequential process: An electron makes a tran-

sition from the nanocrystal to the defect, the defect relaxes

by multi-phonon emission, and the electron makes a second

transition to a lower-lying energy level of the nanocrystal.

The defect provides a channel for nonradiative intra-band

carrier relaxation. As previously described, a puckered hon-

eycomb structure is formed by phosphorus atoms in BP

monolayer. Considering the puckered structure, the specific

surface area for BP is much larger than that for graphene

and MoS2, which have plane structure. Therefore, in the

same volume, the quantity of defects in BP may be much

larger than that in other 2D materials. Those dislocation

vacancies and edges as well as adsorbate would accelerate

the intra-band relaxation process through defect-assisted

model.

As shown in Figure 3, the nonlinear optical response of

BP suspension was investigated at the wavelength of 1550 nm

(excitation irradiances: 15 GW/cm2), 680 nm (39 GW/cm2),

and 532 nm (12 GW/cm2) by use of OA Z-scans. First, we

selected the visible band as the excitation source(532 nm,

680 nm) to study the ultrafast nonlinear optical behavior of the

BP suspension. Figures 3(a) and 3(b) demonstrate the OA

Z-scan results for 532 nm and 680 nm which demonstrate SA

behavior. In Figure 3(c), the saturable absorption effect is also

observed at the wavelength of 1550 nm, which is around the

linear absorption peak position. The SA properties in BP pro-

vide experimental basis for potential application as infrared

saturation absorbers.

According to the nonlinear optical theory, based on a

spatially and temporally Gaussian pulse, the normalized

energy transmittance, TOA(z), is given by33

FIG. 2. (a) Fast relaxation dynamics

for BP suspension with a pump wave-

length of 1550 nm and pump average

power of 0.9 lW. The inset schemati-

cally illustrates the transient dynamics

processes in BP. (b) Fast relaxation dy-

namics for BP suspension under differ-

ent pump powers.

TABLE I. Compare the fast dynamic relaxation time of BP, MoS2, graphene.

Material Wavelength (nm) ss References

BP 1550 24 6 2 fs Present work

MoS2 (few-layer) 670 2.1 6 0.1 ps 29

MoS2 (thick crystal) 670 1.8 6 0.6 ps 29

Graphene 1600 1.27 6 0.12 ps 35

Graphene (THz pulses) 150 fs 31
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TOA zð Þ ¼ 1ffiffiffi
p
p

q0

ð1

�1

ln 1þq0 exp �x2ð Þ
h i

dx; (1)

where q0¼b2I0Leff, b2 is nonlinear absorption coefficient,

Leff¼ [1–exp(�al)/a], a is linear absorption coefficient, and

l is the sample path length. b2 can be extracted by fitting the

equation above to the OA Z-scan experimental curves. The

contribution of b2 is only attributed to the nonlinear absorp-

tion of the BP, since all measurements were carried out on

pure dispersant solvent under the same experimental condi-

tions and no significant nonlinear response was observed.

By fitting the OA Z-scan data in Figures 3(a)–3(c) using

Eq. (1), we obtained the nonlinear absorption coefficient

of b2¼�0.20 6 0.08� 10�3 cm/GW (532 nm), b2¼�0.12

6 0.05� 10�3 cm/GW (680 nm), and b2¼�0.15 6 0.09

� 10�3 cm/GW (1550 nm). This negative nonlinear absorp-

tion effect shows comparable nonlinear absorption capabil-

ity with that of MoS2 nanosheets17 (b2¼�4.6 6 0.27

� 10�3 cm/GW). Additionally, the observed broadband satu-

rable absorption in BP suggests that it can serve as an ultrafast

nonlinear saturation absorber, an essential mode locking ele-

ment for ultrashort pulsed lasers.22,34 The third-order nonlin-

ear optical susceptibility, Imv3, and the figure of merit (FOM)

require a further study, which is currently under the way.

In conclusion, the ultrafast relaxation dynamics and

excellent broadband saturable absorption properties of BP

suspension have been studied by use of pump-probe and

Z-scan techniques. The ultrafast recovery time in BP was

determined to be �24 fs, which is much faster than that of

previous 2D crystal materials. The OA Z-scan experiments

demonstrates that BP has perfect saturable absorption per-

formance at both infrared band (1550 nm) and visible band

(532 nm and 680 nm). The nonlinear absorption coefficients

were obtained as b2¼�0.20 6 0.08� 10�3 cm/GW (532 nm),

b2¼�0.12 6 0.05� 10�3 cm/GW(680 nm), and b2¼�0.15

6 0.09� 10�3 cm/GW(1550 nm), respectively. We believe

that the excellent nonlinear optical properties will make BP a

preferred alternative material for saturable absorbers.
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