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Processing layer-dependent direct band gap and good absorption coefficient especially in
the mid-infrared band, black phosphorous is believed to make a contribution superior to
that of graphene in broadband photodetectors. The narrow band gap of 0.3 eV for bulk
black phosphorous helps to absorb infrared radiation while a relatively large dark current
under zero gate voltage is inevitable. Few layer black phosphorous sheets with
asymmetrical thickness sealed in an insulator for protection is designed and explored
for photosensitive mechanism in this work. Saturable absorption dominates the light
harvesting process in visible light detection and thus limits maximum photocurrent to 3.3
and 1.4 pA for 520 and 650 nm lasers with a dark current of 0.7 pA. While in near-infrared
wavelength, a responsivity of 0.12 A/W is inducted for 808 nm free of adsorption saturation
even if the incident power is increased to 200 mW/cm?. Discrimination for the origin of the
photo-response in short wavelength is conducted and the abnormal negative and nearly
constant photocurrent in mid-infrared, irrelevant to inhomogeneous thickness, reveals the
photothermal effect in a black phosphorous sheet. This work unravels various
photoelectric features in black phosphorous and paves the way to designing more
outstanding broadband photodetectors based on black phosphorous.

Keywords: black phosphorous, mid-infrared, broadband, saturable absorption, homogeneous junction

INTRODUCTION

Black phosphorous (BP) is a two-dimensional material with a layer-dependent bandgap. Although
the orthorhombic crystal group as well as some basic parameters such as lattice dimensions have
been determined by Brown et al. in 1965 [1], detailed research of BP boomed after the successful
exfoliation of graphene [2]. A poor absorption coefficient gets graphene over a barrel in optical
detection [3]. Thus, a series of two-dimensional material including BP is investigated and made
instead. The bandgap of BP monotonically decreases from 1.8 to 0.3 eV as the number of layers grows
[4]. Zhang et al. confirmed the layer-dependent feature of phosphorene through photoluminescence
for two to five layers BP [5]. In bulk form, BP processes a direct bandgap of 0.3 eV, especially suitable
for mid-infrared light detection. Several previous works present BP’s infrared light harvesting effect,
the wavelength ranging from 1.5 to 7.7pum [6-10]. A silicon-compatible photovoltaic BP
photodetector is made by Youngblood et al. and demonstrates fast response and low dark
current [6]. Deng constructs a van der Waals heterojunction of black phosphorous and MoS,
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with a high on-off ratio and reasonable responsivity in the visible
wavelength [11]. Zheng further enhanced the photocurrent of
BP — Mo, heterojunction by 10° with the help of surface acoustic
waves [12]. Although the chemical synthesize of BP is eligible
under restricted conditions [13], there is still difficulty in massive
application for optical-electronic devices of BP due to the
degradation in an ambient environment, which is accelerated
by water explosion and laser illumination [14]. To overcome this
obstacle, Liu et al. encapsulated BP in a graphene layer and got
high responsivity and an air-stable photodetector [15]. Ren
synthesized BP nanosheets by a liquid exfoliation method and
demonstrated environmental robustness under irradiation [16].
Tllarionov et al. concealed a BP transistor in AL Os, and the
fundamental characteristics keep for at least 8 mo [17]. Although
the basic electric feature, photo-sensitive character, as well as the
protection method are investigated for BP, the research remains
in a uniform and homogeneous condition.

In this work, asymmetric BP is fabricated and serves as a
photodetector. Saturable absorption effect is observed in the
visible waveband. That is, the amplitude of the photocurrent
fails to grow if the incident radiation power is increased to a
certain plateau. Besides, these plateaus diverge for different
wavelengths. The pinning effect shaped the IV curve of
asymmetric BP. An uneven quasi Fermi level accounts for the
observed apparent and fast response in visible and near-infrared
waveband. A modeling of a BP sheet by use of technology
computer aided design (TCAD) shows distinct line shapes of
symmetric and asymmetric conditions, confirming the theory of
uneven p doping of asymmetric BP. Moderate responsivity (several
hundred milli-amperes per watt) and relatively fast response
(~200 ps) is acquired for visible light. More details of the energy
band as well as bias dependent photocurrent can be provided by
simulation. Then, the photo-response in the mid-infrared band is
measured. The response is believed to originate in the heat
transition process, observed from a negative photocurrent
independent of sheet uniformity. The photosensitive mechanism
for mid-infrared is contrary to visible and near-infrared waveband.
Compared to an ordinary BP sheet, the asymmetric BP
demonstrates higher responsivity and wider waveband sensitivity.

MATERIALS AND METHODS

Au electrodes are deposited on 300 nm SiO,/Si substrate with a 10-
nm chromium moist layer, followed by BP transferring by use of
the universal two-dimensional material dry transfer method [18,
19]. Electric features measurement is carried on bare BP. The BP
bulk material is purchased from Nanjing MuKe Nanotechnology
Co., Ltd. Then, a layer of exfoliated h-BN, purchased from Six-
Carbon Technology (Shenzhen, China), is also transferred,
covering the BP. The photocurrent is collected by a PDA source
meter. A narrow band filter centered at 3.5 or 4.5 pm with a full
width at half maximum of 500 nm is placed before a black body for
certain mid-infrared wavelengths. The spot size for these mid-
infrared filtered lights is estimated as 2 cm?. In addition, the time-
resolved response is recorded with a manual chopper, so the
response speed recorded is slower than the reality.

Visible to Mid-infrared Asymmetry Black Phosphorous

RESULTS AND DISCUSSION

A pair of obtuse angle gold electrodes is prepared by lithography
and patterning of electrodes, and then an asymmetric, bare BP
sheet is transferred on an SiO,/Si substrate, as illustrated in
Figure 1A. Uneven thickness is clearly observed from the
different color in the upper part of the inset. As previous
research shows, thickness of the BP varies with the color
under an optical microscope and shows weak periodic feature.
This holds for both epitaxial of high-crystalline and exfoliated BP
condition [13, 20]. To apply the method to asymmetric BP,
various types of setups of BP and metal electrodes are
evaluated by profilometer and metallographic microscope; see
supplement information.

A typical Schottky barrier in a junction of metal and BP is
40 = Xm — Xs» Where x, and y, are work function of the metal and
ionization potential of BP. Conduction and valance band bend
according to the barrier. For our device, the energy band edges
bend near the interface due to a transition of electron from a
metal electrode to BP. The presence of a barrier together with
Fermi-Dirac distribution shapes the IV curve. A typical IV curve
of a BP sheet is shown in Figure 2D. A schematic diagram and
symbols are shown in the inset of Figure 1A. If the work function
of the metal is very close to the ionization potential of the
semiconductor, ¢, is little and an ohmic contact is expected.
In this condition, the IV curve is a straight line.

For our asymmetric BP, the situation is different. The IV curve
shows an abrupt change of slope around zero bias in Figure 1A.
Curvature tends to be gigantic in both the positive and negative
bias voltage range. Besides, the rectifying ratio reaches 9.2, see IV
curve without hexagonal boron nitride (h-BN). It is the red line in
Figure 1A for bare BP. This behavior of the IV curve is different
from ohm-contact BP field-effect transistors [21], a
heterojunction formed by BP and another semiconductor [22,
23] or a Schottky connection formed from a connection of a
semiconductor and metal.

To explain this unique electric, a dipole formed by pinning
effect is introduced. At the interface of metal and
semiconductor contact, there is an always finite density of
states called metal-induced gap states (MIGS) with complex
wave vector. The abrupt change of geometry results in an
energy level splitting at the interface. As a result, the metal
allows states at all energies [24]. Sometimes its influence
cannot be ignored. These metal-induced gap states give a
dipole D = a(Ef — EN) = (x((/)bp — ¢,) at the interface. Ey here
is the neutrality level, i.e., the Fermi-level Er at which the
dipole would be zero. The « here represents pinning strength
and thp = E¢ — Ey is the barrier height in the limit of strong
pinning. The dipole then changes the barrier in turn. When we
don’t care about capacity of the junction in our low frequency
situation, the pinning phenomena abstractly represented by
the dipole can be simplified to a resistance near the interface.
Its sign depends on the relative position of energy bands. The
influence of the dipole gradually attenuates as the focus goes
into the semiconductor. With a lager gap between Er and Ey, a
heavily p doped BP part is influenced more by this effect; thus,
the p doping is relived.
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FIGURE 1 | Electrical feature and photocurrent of asymmetric BP. (A) Voltage-ampere characteristic curve of symmetric and asymmetric BP. (B) Saturable
absorption photocurrent of asymmetric BP for various wavelengths in the visible waveband. (C) On-off and photocurrent of asymmetric BP with different bias voltage. (C)
Voltage-ampere characteristic curve of asymmetric BP under a 650-nm laser with increasing power.
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When we take a closer look at the IV curve of asymmetric BP,
there is a combination of ohmic contact and Schottky contact. In
a very little range of bias voltage around zero, there is still a
curvature in the IV curve, meaning an inevitable barrier is
present. In the process of forming the ohmic contact, electrons
in metal can move fluently in BP and thus deduce BP’s original p
doping and uplift the quasi Fermi level for holes. Finally, more
metal-induced gap states are occupied, and the intrinsic doping is
decreased. As a result, a more balanced IV curve is observed.

BP lacks water, oxygen, and light stability [14]. The existing
strategy to make better stability includes covalent
functionalization [25] and additional material capping [15]. In
this work, to decrease the degradation of BP, a layer of h-BN is
exfoliated and transferred onto the BP, as shown in the bottom
part of the inset of Figure 1A. The line shape of volt-ampere
characteristics stays the same, while the amount of slope rate
unignorably decreases. The rectifying ratio declines to 3.2,
implying the barrier of the junction is attenuated by the h-BN
capping. In the pinning diagram, the dipole as well as the pinning

strength relies on the gap in the junction. The gap is varied in the
process of h-BN transferred due to additional force and weight
and it may be the reason of the change in IV curve after the
transferring of the h-BN. In the process of preparing the device, to
liberate the sample from PDMS to the substrate, the holder for the
sample should be heated. BP requires less than 40°C to be
released, and h-BN usually requires 75°C. The press and the
heat may strengthen the connection of BP and the metal. The
influence of dielectric layers to the doping type and level is also
reported by Nathan et al. [6], but it is not applicable in the
asymmetric BP here, for the absolute value changes in different
ways for positive and negative bias. Although encapsulated, the
device may be degraded 1 mo later, and the speed of degradation
can be accelerated by illumination to our experience.

Due to this asymmetric characteristic, optical electronic
performance is also enhanced for visible and near-infrared
wavelengths. Compared to a uniform BP sheet, an asymmetric
device provides larger photocurrent in visible and near-infrared
wavelength, as shown in Figure 1B. Little photocurrent can be
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FIGURE 2 | Saturation absorption and simulation parameter extraction of asymmetric BP. (A) Photocurrent as a function of incident power for a wide waveband
from 405 to 980 nm. In the visible waveband, a maximum photocurrent is observed, and saturable absorption feature is clear. (B) Transfer characteristic curve of a
symmetric bulk BP sheet. (C) Response time of asymmetric BP under a 520-nm laser. (D) Voltage-ampere characteristic curve of simulation and experiment results
of BP.

acquired for an ordinary symmetric BP. The optical sensitive
feature is distinct from many traditional materials, such as silicon
due to its small and direct band gap (~0.3 eV). For a photon with
energy much larger than the band gap but not enough to induce
an Auger effect, there is still only one pair of photo-excited
carriers. Excess energy is turned into kinetic energy of electrons
and phonons. Therefore, when a photodetector made of BP works
at the visible waveband, photo energy leakage is inevitable. As a
result, the absorption coefficient of bulk BP to photons between
0.3 and 3 eV is relatively poor [26]. The saturable absorption
phenomena is also recorded for BP quantum dots for ultrafast
photonics [27]. In Figure 1B, the least energy eligible for
saturable absorption is applied on the asymmetric BP and
corresponding photocurrent is plotted. No monotonous law is
found in the relationship between max photocurrent and least
saturable absorption energy. However, larger energy can be more
acceptable for longer wavelengths. The measurement is limited by
max power the lasers can provide in the 808 and 980 nm cases.

Gate voltage is usually needed for ordinary BP photodetectors
to achieve reasonable on-off ratio. Varying the gate voltage

frequently in analog devices may require additional preparing
time and accuracy in practical application. In this experiment, the
gate voltage is invariant. As illustrated by Figure 1C, asymmetric
BP can reach an on-off ratio from 2.05 to 3.3 with the bias ranging
from 0.1 to 0.9 V. The photo current grows proportionately with
dark current when the bias is higher than 0.3 V. The photocurrent
bias dependency reminds us that saturable photocurrent can be
enhanced by a stronger directional electric field.

The saturation of photocurrent can be as soon as the power of
incident light is increased; see Figure 1D for details of a 650 nm
case. The overall current reaches 3.04 pA under an incident power
of 15.8 uW. In addition, the current slightly decreases when a
higher laser power of 71.8 W or 4.41 mW is applied. The
photocurrent is opposite for a low power of 2.2 yW. This is
counterintuitive. The incident light may set the device in a small
signal mode. The dipole induced by the pinning effect changes its
sign for reversed bias.

A comprehensive relationship of photocurrent and incident
power is shown in Figure 2A. The sequence of wavelength of
minimum cut off saturation power is 15.8 pW, 1.82, and
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FIGURE 3| TCAD modeling result of asymmetric BP. (A) Photocurrent of asymmetric BP with different band gap. (B) The energy band diagram of undoped BP. (C)
Energy diagram of p asymmetric BP with different p doping. (D) Photocurrent as a function of bias voltage and band gap of asymmetric BP.
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6.22 mW for 650, 405, and 520 nm. Among these, the minimum
saturable energy of 405 and 650 nm is limited by the least power
the laser can provide. The slope of linear fit of the photocurrent
and incident power is zero if the device works at the saturable
state. The responsivity is evaluated as 0.12 uA/W for an 808-nm
laser. The responsivity of the device is inferior to typical
commercial photodetectors, but there is a large improvement
to a symmetric BP sheet. Apart from responsivity, another
important parameter of photodetectors is its speed. The
rising and falling time of the device is relatively short for 212
and 201 pS, respectively, see Figure 2C. The fast rehabilitation
of the photo response indicates enough shallow energy traps in
the BP sheet, according to the theory of the Hornbeck—Haynes
model [10, 28].

To analyze the carriers and verify our model, especially the
dipole introduced by pinning effect, a simulation by means of
TCAD is conducted. The transfer characteristic curve of a
symmetric BP sheet is measured. The result is in Figure 2B.
Hole  mobility of BP is  extracted  following
t = L/(WCyy Vys) X 014/0Vys, where LW refers to the length
and width of the channel, C,, denotes oxide capacitance per

unit area, Vy, is the bias voltage, and 0I;/0Vy, refers to the
differential conductance. The value of hole mobility is
321cm?/(V -s), and electron mobility adopts 46cm?®/(V -s),
following the relationship of the proportional ratio mentioned
in [9, 29]. The doping of BP is critical in the setup of the
simulation. A homogenous junction is modeled by denoting
different intrinsic p doping in two halves of the BP, just the
same as discussed previously. The difference of p doping between
two parts is 2.8 x 10'cm™ in concentration, representing the
dipole of the pinning effect. The simulation is in good accordance
with the experiment, as shown in Figure 2D. There is multiplicity
in the solving of the passion equation if a certain result is
required. The effective mass density of states and the mobility
determine the absolute value of static current, but the relative
ratio of the forward current to the backward current and the line
shape of the voltage-ampere reflects the essence of our
asymmetric BP, which is of interest. The thickness of a
nanosheet also influences the bandgap of the BP, so a slight
change is also applied to the band gap parameter of a two-end in
the model. Asymmetric BP shares a two-segment approximate
linear voltage-ampere characteristic curve. And for symmetric
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FIGURE 4 | Temperature character, noise, and mid-infrared response of BP. (A) Temperature-resistant relationship of symmetric BP. (B) Noise of a typical bulk BP
in mid-infrared radiation under different bias voltage. (C) Negative photocurrent of BP under mid-infrared wavelength of 3.5 and 4.5 um. (D) Negative photocurrent of BP
for different radiation power for 4.5-um light.

BP, an IV curve of standard heterojunction is acquired in good
agreement with measuring result as well.

Further information can be deduced from the simulation
result, and it is helpful in the analysis of mid-infrared photo-
response of BP. A dependency of photocurrent on wavelength
for different band gaps is present in Figure 3A. The model for
optical response is complicated and the photocurrent relies on
incident power, which is set in the simulation, so the absolute
value of the photocurrent is not eligible. However, relative
strength of photon absorption coefficient and peak of
sensitive waveband are worth noting. The band diagram of
non-doped, zero biased and doped on two parts, respectively,
biased BP sheets are respectively illustrated in Figures 3B,C.
The carrier density can be deduced from the distance between
quasi Fermi level with its conduction or valance band. There is
an abrupt change of density of holes at the interface of the
homogenous junction in Figure 3C. The holes accumulate
more on the less doped part and a sudden decrease appears
on the heavily doped part. This is intuitive due to the holes’
diffusion effect. Dependency of photocurrent on the bias
voltage and band gap of BP is shown in Figure 3D. This

simulation helps find an open circuit voltage and discover
photo-sensitive characters of new combination sets of
asymmetric BP devices.

Asymmetric BP is superior in visible and near-infrared
waveband. However, in mid-infrared wavelength, a
photothermic effect dominates the photocurrent. So, there
is no apparent difference between asymmetric and
symmetric BP in mid-infrared detection. The relationship of
resistance and temperature of a symmetric BP sheet is shown
in Figure 4A. As temperature increases, the resistance of BP
also increases; thus, a positive temperature-resistant
coefficient is observed.

A table of photodetectors associated with BPis summarized
in Table 1. All the mid-infrared BP listed used a lock-in
amplifier. Employing a lock-in method can filter the noise
largely, so the signal to noise is greatly enhanced. A
preamplifier is a recurring option combined with a lock-in
amplifier. With the help of a lock-in amplifier and
preamplifier, the responsivity can be enhanced. However, it is
not the nature of the device. Although our device requires low
bias, a time-resolved photocurrent can be observed.
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TABLE 1 | A summary of black phosphorous photodetectors.

Material Wavelength Responsivity
BPs/silicon Near-infrared telecom band 657 mA/W
BP nanosheets 365-546 nm 2.2 yA/W
BPs 2 pm 10°A/W

BPs 3,4,5,7.7um 8 mA/W

BPs 830 nm 53 AW

BPs 532 nm to 3.39 ym 82 AW
Graphene/BP 1550 nm 3.3 x 103A/W
BPs Visible to 980 nm, 3.5 um, 4.5 ym 0.12 AW

The photocurrent is negative and little in absolute value, as
shown in Figure 4C for 3.5 and 4.5 pm incident power. Negative
temperature-resistance coefficient of BP may account for this
abnormal effect [30], though positive temperature-resistance
coefficient is also reported [20]. The incident light serves as a
heater and the BP sheet presents its metallicity. A dark current of
~0.5 nA is set for the BP and the photocurrent is approximately
equal in value but opposite in direction, as shown in Figure 4C.
The responsivity is evaluated as 0.9 mA/W and noise equivalent
power is 1.42 x 10°WHz Y2, As a result, a total current falls
around zero. We restrict bias to 0.1 V to decrease shot noise, as
the shot noise can vary in order of magnitude with bias. In fact,
time-resolved photocurrent cannot be extracted if a large dark
current is present for both symmetric and asymmetric BP sheets.
In Figure 4D, the relationship of mid-infrared photocurrent and
the incident power for 4.5-um light is shown. The photocurrent is
negative. As the incident power is increased, it takes longer to
reach the maximum photocurrent. The total current is saturable
to around zero, and a thorough mechanism requires more
exploration.

CONCLUSION

Asymmetric BP is superior in photodetection to ordinary BP in
visible and near-infrared. The saturable absorption effect
discovered restricts the BP’s pure photodetection practical
application. However, it is still optimistic to further investigate
and design certain optical devices by optimizing the parameters of
asymmetric BP for its promising on-off ratio and relatively fast
speed. Simulation is confirmed with the experiment in the electric
feature and provides insight to developing novel appliances for
BP. The temperature resistance coefficient may clarify BP’s
abnormal opposite photocurrent in the mid-infrared
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