Colossal Ultraviolet Photoresponsivity
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ABSTRACT Black phosphorus has an orthorhombic layered
structure with a layer-dependent direct band gap from monolayer
to bulk, making this material an emerging material for photodetec-
tion. Inspired by this and the recent excitement over this material,
we studied the optoelectronics characteristics of high-quality, few-
layer black phosphorus-based photodetectors over a wide spectrum
ranging from near-ultraviolet (UV) to near-infrared (NIR). It is
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demonstrated for the first time that black phosphorus can be
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configured as an excellent UV photodetector with a specific detectivity ~3 x 10" Jones. More critically, we found that the UV photoresponsivity can be

significantly enhanced to ~9 x 10* AW~ by applying a source-drain bias (Vsp) of 3 V, which is the highest ever measured in any 2D material and 10’

times higher than the previously reported value for black phosphorus. We attribute such a colossal UV photoresponsivity to the resonant-interband

transition between two specially nested valence and conduction bands. These nested bands provide an unusually high density of states for highly efficient

UV absorption due to the singularity of their nature.
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structure enabling mechanical exfoli-

ation of bulk crystals into thin films.'?
However, black phosphorus exhibits a highly
anisotropic crystal structure unlike other 2D
materials, causing its optical and electronic
properties to be direction dependent. >
The phosphorus atoms within the layers
are bonded covalently to three neighboring
atoms forming a puckered orthorhombic
lattice,>” and each phosphorus atom has
five valence electrons. This makes black
phosphorus a layer-dependent direct band
gap semiconductor’®'® with the energy
gaps predicted to increase from ~0.3 eV
for bulk to 2 eV for single layer? which
differentiates black phosphorus from most
of the transition-metal dichalcogenides (TMDs)®
where direct band gap is only possible for
monolayer.'® TMDs have recently attracted
intensive interest in optoelectronics attrib-
uted to the strong light absorption lever-
aged on the presence of direct band gap. In
addition to the intrinsic direct band gap, the

B lack phosphorus has a layered crystal
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relatively small gap of multilayers allows black
phosphorus to be tuned easily from the OFF
to ON conductance state."" The reasonably
high hole mobility, 100—1000 cm? V' 577,
and current modulation ~10° of thin black
phosphorus FETs make the material suitable
for not only transistor applications but also for
optoelectronics devices.! 3114

Black phosphorus can be seen as a crystal
generated by periodic repetition of tetra-
phosphorus (P,) molecules.” It is known
that tetraphosphorus P, can be transformed
temporarily to diphosphorus P, upon ultra-
violet (UV) irradiation,'®'” which is often
desirable because the latter form has a
highly reactive 7 bond for many chemistry
applications.'®~2° Thus, it is expected that
the P4-structured black phosphorus also has
strong interactions with illumination, espe-
cially UV light.'®"” Indeed, a black phos-
phorus based photodetector has been
shown to have responsivity of 4.8 mA W™
in the visible light regime,?’ and its potential
for fast imaging applications has also been
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Figure 1. Few-layer black phosphorus photo-FET and characterizations. (a) Three-dimensional view of the device structure
used to measure photoresponse. (b) AFM scan across the channel area of our device showing the thickness of the black
phosphorus flake to be ~4.5 nm. (c) Raman analysis on the black phosphorus flake used to make photo-FET. (d) Conductance
as a function of back gate voltage with Vsp = 0.1 V. Inset: -V characteristics of the same junction with different applied back

gate voltages.

demonstrated in both the visible light and near-
infrared regime.'? Moreover, recent study reports an
even higher responsivity (~10°mA/W) of black phos-
phorus based phototransistor in the visible light
regime®? through contact-engineering. However, op-
toelectronic characterization of this material in the
near UV range is still absent. UV detection is of great
technological interest, and the need for applications
ranges from simple fire detector, chemical markers,
and forensics studies to detectors positioned in space
for niche astronomical observations.*>

Here, we used black phosphorus as our semicon-
ducting channel in photo-FETs. Upon illumination,
light will be converted directly into current in our
phototransistor. We demonstrate for the first time a
wide range photocurrent response of black phos-
phorus photo-FETs, from 310 to 950 nm (from near
UV to visible light-NIR), in our devices. In our photo-
current measurements, two distinct photoelectric be-
haviors were discovered, and we conducted them in
two different regimes due to the transition depen-
dence of energy: the low energy range, from 1.3 to
3.1 eV, and the high energy range, from 3.2 to 4 eV. We
obtained highest photoresponsivity of 9 x 10* AW~
in the near-UV regime (high energy range) and
~1.82 AW "in the visible light-NIR regime (low energy
range). The photo responsivity of black phosphorus
devices in the near UV regime is 5 orders of magnitude
higher than in the visible light-near-infrared regime.
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Our measurement translates into a specific detectivity
of ~3 x 10" Jones comparable to other UV detectors
(see the Supporting Information, Table 1). Together
with a reasonable mobility of ~142 cm? V™' s and
ON-current of ~0.1—1 uA, black phosphorus indeed
shows a vast potential for practical applications in
optoelectronic devices.

RESULTS AND DISCUSSION

A schematic diagram for our photo FET is illustrated
in Figure 1a, and Figure 1b shows the AFM scan of a
black phosphorus photo FET device with two metal
contacts. The line profile presents the typical height
of the crystal used in making the devices ~4.5 nm.
The first-order Raman spectrum of few-layered
black phosphorus on silicon substrate, as shown in
Figure 1c, demonstrates several prominent peaks
around ~360, 440, 470, and 520 cm'. The latter
peak corresponds to the silicon substrate, while the
first three originate from the vibrational modes of
black phosphorus crystal lattice, namely A1g, B,g and
A?,, respectively.”*

All electronic measurements were performed with a
two-terminal DC technique under room temperature
and high vacuum conditions (~10~7 mbar). We first
characterized these devices by measuring the back
gate dependence of the conductance (Figure 1d).
Our devices show transistor ON/OFF in the orders
of 10° as we tuned the back gate voltage. From the
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Figure 2. Time dependence of photocurrent of few-layer
black phosphorus-based FET in two different wavelength
regimes. (a) Fast response of photocurrent induced by
excitation of 550 nm light source at Vg = —80 V. (b, c) Slow
response of photocurrent at high energy regime under
wavelength 330 and 370 nm.

transconductance measurements, we can extract the
field effect mobility based on the equation®

_ L d6
= WC dVae

where L and W are the length and width of our device
channel and Cis the capacitance per unit area. We ob-
tain field effect hole mobility of ~142 cm?V~" s~ com-
parable to previous works on thin black phosphorus.' 3"
Figure 1d (inset) shows the /—V characteristics of the
two contacts with different applied gate bias (Vgg).
To study the photoresponse of our FETs, we used
a monochromatic xenon light source with tunable
wavelengths (310—950 nm) and power density
(2—31 mW cm2).25% Unlike photodiodes that can
extract charge carriers from electron—hole pairs by
the PN junction, a bias voltage is required to induce the
current for the phototransistor. In Figure 2a we show
time-dependent photoresponse at the ON state of our
device (Vgg = —80 V) upon illumination of 550 nm
wavelength light source (see the Supporting Informa-
tion, Figures S1 and S3, for other excitation wave-
lengths). In the low energy range, we observe a fast
photocurrent response time in the order of millise-
conds (ms). As shown in Figure S2, the rise time of the
photocurrent is ~1 ms, and the fall time is ~4 ms. If we
increased the energy of the light source by decreasing
the wavelength to near UV range, a photoresponse
which shows a totally different behavior is observed.
Parts b and c of Figure 2 show the photocurrent under
the wavelength 330 and 370 nm. Comparing these two
parts with Figure 2a, we can find that unlike the sudden
jump in photocurrent at the low energy regime,
a gradual increase started after the illumination
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Figure 3. Photoresponsivity of few-layer black phosphorus
phototransistor. (a) Photoresponsivity of our device within
the energy range 1—4 eV measured at Vg = —80 V and
Vsp = 0.1 V. (b) Combination of fast and slow response
of photocurrent with excitation of 390 nm light source at
the same applied back gate. Region | shows the sharp
increase followed by gradual increase of photocurrent while
the light source is turned ON. Similarly, in region II, there is a
sudden drop followed by gradual decrease of photocurrent
when the light is turned OFF. (c) Zoom in plot of region | as
shown in (b). (d) Similar to that for for region Il

treatment on the sample. The photocurrent later
shows saturation after ~200s, which yields a much
longer response time than the low energy regime.
Such a long response time is comparable to that for
other UV photodetectors.?®?° However, the photocur-
rent increased by 2 orders of magnitude in this slow
photoresponse. In the low energy range, the fast
response time can be ascribed to the conventional
photon absorption with the excited electron hole pairs
undergoing band-to-band recombination. We believe
that the long response time that we observe for high
energy excitation (near UV) is due to recombination of
electron—hole pairs through trap centers coming from
defects or charge impurities.3® This is consistent with
the fact that black phosphorus degrades quickly in
ambient to form layers of oxides/charged impurities
from air.'

The photoresponsivity (PR) and external photogain
of our device in two different wavelength ranges,
namely in the ranges 400—950 and 310—390 nm, were
calculated from the previous photocurrent measure-
ments (Figure 3a). For a typical photodetector, the
photoresponsivity is defined as response current cre-
ated by a unit power of excitation light on the effective
area of the photo detector

(PR) = %

where Alis the excited photocurrent, P is the intensity
of the light power, and As is the effective area of our
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channel. Meanwhile, the external photogain can be

computed via the following equation®%?'
externalgain = Al
gan = o An x As

where An is the number of excited electron hole pairs
and e is the electron charge. In this photoconductor
configuration, the external photogain can be as high
as ~10° (see the Supporting Information). In the fast
response time range, the photoresponsivity shows a
maximum of ~90 mA W' at wavelength of 800 nm.
On the other hand, in the slow response time range,
a clear increase of photoresponsivity can be ob-
served while the wavelength of the light sources
decreased from 390 to 310 nm with a maximum
photoresponsivity as high as 175 A W™'. We plotted
the time-dependent photocurrent curve under the
transition wavelength between the fast and slow
response in Figure 3b. From the blown up plots for
the increasing region | (Figure 3c) and the decreasing
region Il (Figure 3d), we can find that the two distinct
steps actually both contribute to the photocurrent.
When the light was on, the excited carriers traveled
for milliseconds and then recombined back to the
valence band, which induced the fast photocurrent in
the sample. As the energy of the photons in the light
source increased, more carriers from the lower valence
band were excited and jumped to the upper conduc-
tion band after absorption of high energy photons,
which can be also elucidated by our later theoretical
calculation. This provided a large amount excited
carriers and made excited carriers much more difficult
to recombine back to the valence band. The excited
carriers circulated in the external for circuit many
times®? before recombination with their trapped
counterparts.®® The circulation of the photogenerated
carriers contributed to the photocurrent leading to
large photoresponsivity and long response time.?8%°
As the energy increased, the contribution from the
slow response increased with the number of circula-
tion, and it is much larger than the fast response. From
Figure 2b,c, the contribution of fast response was
screened by the slow response. All of the measure-
ments were carried out under a source drain bias of
0.1 V and gate bias of —80 V. Another central figure of
merit often used to compare the performance of
photodetectors is the specific detectivity*

(PR)V/AsF

D =
Sn

where fis the frequency bandwidth and Sy is the noise
spectral density. In our case, the specific detectivity
amounts to be ~3 x 10'® Jones, which is in the order of
the current state of the art UV detectors.®*

For better understanding of the energy-dependent
photoresponsivity, a theoretical curve for the optical
conductivity o is shown in Figure 4a, obtained by
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Figure 4. Theory calculation of black phosphorus. (a) The-
oretical optical conductivity, obtained from first principles.
(b) Black phosphorus band structure, obtained from first-
principles calculations. The arrow indicates the band nest-
ing responsible for the earliest absorption edge in the UV
(between 3 and 4 eV). (c) Photocurrent as a function of
power density measured at Vg = —80V, V5p=0.1V,and a
fixed light source of 500 nm.

adopting an independent electron approximation
within the density functional theory framework. The
measured photoconductivity has contributions both
from the o, and o,, components of the optical
conductivity tensor. As in experiment, g,, has a first
absorption edge at the gap energy (positioned at
0.1 eV in the theoretical curve), but the largest absorp-
tion actually happens in the UV range. Between 3 and
4 eV, there is a group of high peaks on both o,, and o,,
The dominant high absorption peaks originate on the
nested valence and conduction bands are nearly flat
between Gamma and Z, indicated by an arrow in
Figure 4b. This is similar to the band-nesting in semi-
conducting transition-metal dichalcogenides.®® The fact
that the peak energies do not coincide exactly with
experiment is due to two sources of error in the theore-
tical working approximations, which partially cancel: a
systematic underestimation of the energy of the con-
duction bands, arising from the discontinuity of the
exchange-correlation energy, and ignoring the exciton
binding energy, which would shift the absorption peaks
toward higher energies. According to a recent GW study,
these shifts are about 1.2 and 0.8 eV, respectively. In
addition to the photoresponsivity measurements, we
have also conducted experiments to obtain the absorp-
tion spectrum of few-layer black phosphorus by first
measuring the differential reflectance. The fact that we
observe a high differential reflectance in the near UV
energy range provides a strong argument for the high
activity of black phosphorus at larger energies (see the
Supporting Information, Figure S4).

To further confirm the photocurrent generation in
our device, we study the power density dependence of
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the photocurrent at a fixed wavelength of 500 nm. As
shown in Figure 4c, the photocurrent varies linearly
with the intensity of the light power (25—31 mW cm 2
as expected from the second equation above. From
the linear fit of the plot, we can extract the gradient
of the line 6.1 nA cm? W™ which agrees well with our
measurements (PR)As = 6.3 nAcm? W~ ".

In Figure 5, we investigate the source drain bias Vsp
dependence of the photoresponsivity of our device.
As before, we separate the results into two different
regimes; visible light—NIR and near-UV regimes.
Figure 5a shows the Vsp dependence of the responsiv-
ity for low energy range excitation (500 nm). We ob-
served a linear increase in responsivity from ~50 to
~1.82 AW " as we increase the Vsp from 0.1 to 3 V. A
similar response was seen in the near UV excitation where-
by the responsivity increased up to ~9 x 10* A W'
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Figure 5. Source drain voltage dependence of photore-

sponsivity. (a) Photoresponsivity in the low energy excita-

tion range (visible light—IR) measured at Vgg = —80 V.

(b) Photoresponsivity in the high energy excitation range
(near-UV) measured at Vg = —80 V.
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for Vsp = 3 V (Figure 5b). In addition, its source drain
bias-dependent photoresponse is comparable to that
reported previously.'®

We now analyze the relation between the photo-
conductivity and the orientation of the sample relative
to the light polarization. First, we use Raman measure-
ments (Figure 6a) to establish the orientation of the
crystal axes relative to the device terminals. From the
first-principles calculations of the Raman tensor, we
find that the intensity of the A'g and A%g modes is
much lower along the direction of the black phos-
phorus zigzag ridges (y) than along the perpendicular
direction (x). In fact, the ratio between the R, and R,
components of the Raman tensor is R, /R,, = 300 for
the A’g mode and 140 for the A'g mode. Thus, from
the dependence of the Raman intensity of the A’g
mode on the polarization angle, we deduce that the SD
direction is oriented along the y-axis of the crystal.

Further, we expect to see a change in photocurrent
as we vary the polarization angle due to the anisotropic
crystal structure of black phosphorus crystals.>>® This
is clearly seen in Figure 6b. The photocurrent shows
180° rotational symmetry, with minima at 0° and 180°
(when the polarization of the incident light electric
field is perpendicular to the SD direction) and maxima
at 90° and 270° (when the polarization of the incident
light electric field is parallel to the SD direction). This
angular dependence can be related to the anisotropy
of the o tensor by assuming that the current density
along the y direction (j,) is given by j, = t(0)o,,E, sin 6,
where E, is the y component of the incident electric
field and t is the ratio between the magnitudes of the
transmitted and incident electric fields, given by

t(0)? = 4 cos(0)?/(14+-n+4moity /) + 4 sin(h)?/
(1+n+4moyuy/c)

where n is the refraction index, c is the speed of light,
and uo is the vacuum permeability. Here, we assume
that the dielectric constant is approximately isotropic
and that the incident and transmitted polarization
angles are approximately the same. If the generated

Figure 6. Photocurrent dependence on the polarized light angle. (a) Measured polarization dependence of the intensity of
the A%g/A’g Raman peak. (b) Photocurrent measured with laser source of 405 nm wavelength at different light polarization
angle with Vsp = 0.1 V and Vg = —80 V, showing a 180° rotational symmetry. (c) Simulated dependence of the photocurrent
on the light polarization angle, for /* = aj,2 +jy2, where a is the collection efficiency for currents perpendicular to the DC field
for a =0 (red), a = 0.5 (green), and a = 1 (blue).
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current density is collected independently of its polar-
ization, the polarization dependence is given by an
ellipsoid (Figure 6¢); however, because electron—hole
pairs are more efficiently separated and collected
when j is parallel to the DC field, the shape of the curve
is slightly narrower along the x (horizontal) axis, which
is perpendicular to the SD direction.

Last, we note that the electron and hole lifetimes,
which limit the photoresponsivity, are predominantly
determined by the type of defects present. Due to the
reactivity of the surface of black phosphorus,’ high
concentration of impurities aggregates on the surface
and majority of these are oxygen impurities. According
to a recent study, oxygen point defects and aggregates
are normally electrically inactive, except for surface
metastable bridging oxygen, which may introduce
both donor and acceptor states.>” Such oxygen impu-
rities are unavoidable as long as the exfoliations of
these flakes and the subsequent device fabrication are
not performed in an inert environment (glovebox).
Hence, the performance of BP-based UV detectors
are likely to increase by encapsulating®® it with, e.g.,
Al,0s, to protect the top layer from degradation.*
Combining black phosphorus with graphene instead
and forming a van der Waals heterostructure is also a
potential way to improve the performance of black
phosphorus based UV photodetector.***' In such de-
vices, the internal potential difference can help by
separating the electrons and holes quickly. The high
carrier mobility of graphene should allow for a much
shorter response time. Using a BN substrate can also
reduce the impact of interface traps such as Si dangling
bonds at the SiO, surface and hence can also reduce
recombination centers. Besides controlling the con-
centration of impurities, Lopez-Sanchez et al. have

METHODS

Sample Fabrication. For the first step of our device fabrica-
tions, we used micromechanical exfoliation method to obtain
few layers black phosphorus (Smart Elements) on p-doped
silicon wafers with 300 nm SiO,. The wafers have been
previously treated with O, plasma to clean and activate the
surface. Immediately after locating the few-layer flake of
black phosphorus based on the optical contrast and Raman
measurements, we spin-coated electron beam resist poly-
(methyl methacrylate) PMMA to protect the flake because of
its fast degradation in ambient.'** Next, we employed elec-
tron beam lithography to pattern electrodes and thermal
metal evaporation for deposition of 5/80 nm thick Ti/Au
contacts.

Measurement Setup. All electronic measurements were per-
formed at room temperature and under high vacuum condition
~1077 mbar.?*%” DC electrical measurements were performed
using Agilent B2912A. The light source used throughout the
experiments was supplied by a monochromatic xenon light
source with tunable wavelengths. For the polarization measure-
ments, the excitation source is supplied by laser source with
wavelength of 405 nm.

The Raman spectra were recorded with Witec Confocal
Raman setup equipped with 532 nm laser line and spectral

WU ET AL.

demonstrated a gate pulse method which can reduce
the decay time by discharge of the trapped charge
carriers.’ Interface traps such as Si dangling bonds at
the SiO, surface also provide recombination centers.
These are similar to the E’ centers*>*® and have acceptor
levels between 2 and 4 eV below the conduction band
of SiO,, with some therefore resonating with the con-
duction band states and behaving as efficient electron
traps (see Figure S5, Supporting Information).

CONCLUSION

To summarize, we have shown the potential of black
phosphorus to be used as a photodetector material
with a wide electromagnetic range of photocurrent
response. We showed photoresponse in black phos-
phorus FETs with a reasonable field effect mobility and
high ON/OFF current modulation. We identify two
distinct mechanisms for the photocurrent response
at two different energy ranges. Because of the intrinsic
direct band gap of black phosphorus, we obtain a max-
imum photoresponsivity of ~9 x 10* AW, and the
calculated external photogain can be as high as 108.
The measured responsivity is several orders of magni-
tude higher compared to other 2D materials.” We
believe the colossal photoresponsivity is due to band
nesting and corresponding singularity in the join den-
sity of states. To provide a more direct comparison with
other photodetectors, we have calculated the specific
detectivity of our device to be ~3 x 10" Jones in the
near UV spectrum. Moreover, the existence of this small
direct band gap allows black phosphorus to be con-
tinuously tuned from the ON to OFF state of this
transistor. Black phosphorus proved to be a strong
viable candidate for future optoelectronic applications
especially as state of the art UV detectors.

resolution 2—3 cm . The polarization map was obtained with a
fixed laser and scattered light polarizations (parallel to each
other), while the half-wave plate was placed between the
sample and the beam splitter varying the polarization of the
incident light. The scattered light was collected by 50x long-
distance objective.

Theory Calculation. First-principles calculations based on
density-functional theory were used to compute the electronic
structure of black phosphorus. The bulk crystal was used
as a model. The calculations were performed using the Quan-
tum ESPRESSO code® and postprocessed using a modified
version of the epsilon code. The core electrons were treated
using the projector augmented wave method.*® The exchange
correlation energy was described by the generalized gradient
approximation (GGA) using the PBE functional,*” except for the
Raman tensor, which was calculated using the local density
approximation.*® The Kohn—Sham orbitals were expanded in a
plane-wave basis with a cutoff energy of ~70 Ry. The charge
density was calculated using 8 x 8 x 6 points of the Brillouin
zone, following the scheme proposed by Monkhorst—Pack,*
whereas the optical conductivity was calculated by sampling
the band structure in a mesh of 30 x 30 x 10 points of the
reciprocal space. The Raman tensors were calculated using the
perturbative method outlined in ref 46.°
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