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Zhixian Zhou”", and Ya-Qiong Xu™®

We investigate electrical transport and optoelectronic properties of field effect transistors
(FETs) made from few-layer black phosphorus (BP) crystals down to a few nanometers. In
particular, we explore the anisotropic nature and photocurrent generation mechanisms in BP
FETs through spatial-, polarization-, gate-, and bias-dependent photocurrent measurements.
Our results reveal that the photocurrent signals at BP-electrode junctions are mainly attributed
to the photovoltaic effect in the off-state and photothermoelectric effect in the on-state, and
their anisotropic feature primarily results from the directional-dependent absorption of BP

crystals.

Two dimensional (2D) layered crystals have become one of the
most attractive materials for future electronics and
optoelectronics due to their unique properties. Graphene, a 2D
carbon crystal, has shown extremely high -charge-carrier
mobility, optical transparency, and broadband absorption.'™
However, a zero band gap and ultrafast recombination of the
photoexcited electron—hole pairs limit graphene's potential in
field effect transistor (FET) applications and photovoltaic
generation.G’ FETs made from 2D transition metal
dichalcogenides (TMDCs) show very high on/off current ratios,
but their relatively low carrier mobility and sizeable band gap
(>1 eV) limit their applications in both electronics and
optoelectronics.>'* Recently, a new class of 2D layered
material, few-layer black phosphorus (BP) or phosphorene, has
shown excellent transistor performances.'*'® Their drain
current modulation is comparable to TMDC FETs and the
carrier mobility of BP is significantly higher than that of
TMDCs."> While the band gap of bulk BP is 0.3 eV, its few-
layer structures have a thickness-dependent direct band gap
ranging from 0.3 eV to 2 eV,'”? opening up new opportunities
for optoelectronic applications. More interestingly, the
electrical and optical conductivities of BP are anisotropic,'*
151720 hich is different from other 2D materials that have
isotropic in-plane properties.

In this study, scanning tunneling microscopy (STM)
measurements are performed on freshly cleaved surfaces of BP
crystals to characterize their qualities. We also report electrical
transport and scanning photocurrent measurements of FETs
made from few-layer BP crystals down to a few nanometers.
By exploring the generation mechanisms of anisotropic
photocurrent response in BP FETs through spatial-,
polarization-, gate-, and bias-dependent photocurrent
measurements, we show that BP photocurrent response near the
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photothermoelectric effect (PTE) in the on-state, and its
anisotropic feature primarily results from the directional-
dependent absorption of BP crystals. Our studies indicate that
BP will be a promising candidate for thin film electronic,
with unique

optoelectronic, and thermoelectric devices

anisotropic nature.

Figure 1. STM images of BP crystals. (a) STM topographic image of a
freshly cleaved BP surface with scan size of 240 nm x 240 nm; (b) a
zoom-in image of BP with atomic resolution into the flat area marked
by red rectangle in (a); and (c¢) a close-up image showing detailed
features of the BP surface structure along x and y directions.

Figure 1a shows a representative STM topographic image of a

BP surface, freshly cleaved inside an ultra-high vacuum
chamber at room temperature in order to avoid degradation and
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placed in a microscope stage overnight at 80 K, where distinct
defects are clearly visible in addition to an atomic-flat cleaved
plane. Such defects that appear at the fresh-cleaved surface,
can only be explained as impurities within BP crystals. Since
defects and/or impurities reduce the mean free path of charge
carriers and thus mobility by serving as scattering centers for
charge transport, extremely low impurity level and high
crystalline quality is required for achieving the ultimate device
performance.

By zooming into a flat area (marked as red rectangle in Fig. 1a),
Figure 1b shows an atomic resolution topographic STM image
of BP crystals. As described in the puckered-layer model, an
upper phosphorus atom sits just directly above a lower one.
Since STM is a surface-sensitive technique, we can assign
easily the bright spots in this atomically-resolved image to the
upper phosphorus atoms. Therefore, only zigzag atomic chains
composed of the upper atoms are visible in the STM image of
BP surface. A close-up image (Fig. 1c) reveals more highly
resolved features of the surface structure. No surface
reconstruction is observed, and all surface phosphorus atoms
almost reside in their original sites, as shown in the atomic
model.”> The in-plane lattice constants “x” (along the direction
of a lighter effective mass) and “y” (along the direction of a
heavier effective mass) measured from the STM image are 4.4
A and 3.4 A, respectively, in good agreement with the reported
values of bulk BP." 2!-22 Our STM observation agrees very
well with the previous STM work.*?
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Figure 2. Electrical transport characterization of an 8 nm thick BP FET
device at room temperature. (a) Transfer characteristic of the device
measured at Vg = -50 mV. (b) Four-terminal conductivity of the device
measured with the back-gate voltage sweeping from 20 V to -70 V.
Inset: optical micrograph of the device. (¢) Output characteristics of the
device measured at various gate voltages between -20 and -60 V. (d)
Normalized contact resistance of the drain or source contact extracted
from the four-terminal measurement.

Ultrathin BP crystals (5 nm - 15 nm thick) were produced by
repeated splitting of the above bulk crystals using a mechanical
cleavage method, and subsequently transferred to degenerately
doped silicon substrates covered with 290 nm SiO,.* **
Optical microscopy was used to identify thin BP crystals, which
were further characterized by Park-Systems XE-70 non-contact
atomic force microscopy (AFM). BP FET devices were
subsequently fabricated using standard electron beam
lithography and electron beam deposition of 5 nm of Ti and 50
nm of Au, where the Si substrate is used as a back gate.’® To
eliminate electrical contact contributions, we also patterned
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voltage probes in between drain and source electrodes to
facilitate four-terminal measurements. An optical micrograph
of a typical BP device is shown in the inset of Figure 2b. We
chose 5 nm - 15 nm thick BP crystals because multilayer BP of
this thickness range has a much higher yield of sufficiently
large flakes (for patterning multiple electrodes) and less
susceptible to surface oxidation in ambient -conditions
compared to thinner samples, while still maintaining a
reasonably large on/off ratio for FET operations. Electrical
properties of the devices were measured by a Keithley 4200
semiconductor parameter analyzer in a lakeshore Cryogenic
probe station under high vacuum (1x10°° Torr).

Figure 2a shows the electrical transfer characteristics of an 8
nm thick BP FET (as determined by AFM) at room temperature
in both linear and semi-logarithmic scales. The device exhibits
a predominately p-type behavior, with the on/off current ratio
achieving 10* at a drain-source voltage of -50 mV. The large
hysteresis in the transfer characteristics is likely due to charge
transfer from neighboring adsorbates (such as moisture and
oxygen) or charge injection into the trap sites on the SiO,
substrate and/or the surface oxidation layer of BP.'®?"2® When
the back gate voltage is swept toward the negative direction, a
portion of the gate-induced holes are transferred to adsorbates,
the surface oxidation layer and/or the substrate to fill the trap
sites, leading to a slower rate change of the hole density in the
channel (thus a reduced transconductance dl4/dVy, ). The
scenario reverses when the gate voltage is swept toward the
positive direction. As a result, the field-effect mobility
estimated using the expression p = L/Wxdly/dVe/(CpeVas)
strongly depends on the gate sweep direction, with the mobility
extracted from the positive gate sweep direction (103 cm?V™'s’
") being nearly 3 times larger than that extracted from the
negative gate sweep direction (38 cm?V~'s™"). Here L= 17.3 pm
is the channel length, W = 5.9 pm is the average channel width,
dly/dVy, is the slope of the IV, curve in the linear region,
and Gy, =1.2% 10 F/em™ is the capacitance of the Si back gate.
To investigate the channel-limited mobility, we also measured
the back gate dependence of the conductivity in a four-terminal
configuration to eliminate the contact resistance. As shown in
Figure 2b, our four-terminal conductivity measurement
suggests a mobility improvement from 38 cm’V’'s' to 52
ecm’V's”! for the negative gate sweep direction. In addition to
the defects and/or impurities in the BP crystals, as shown in
Figure 1a, other factors such as the surface oxidation and non-
ideal BP/dielectric interface may also degrade the mobility. It is
worth noting that our transport measurement is performed
almost along the y-direction (heavier effective mass), as
determined by the polarization-dependent photocurrent
measurements below. As reported in previous literatures, the
electrical conductivity of BP crystals is highly anisotropic: the
mobility along the x-direction (lighter effective mass) is 1.5-1.8
times higher than that along the y-direction (heavier effective
mass).'* !* Although the field-effect mobility observed in this
device is significantly lower than the mobility values for bulk
phosphorus crystals, it is comparable to those reported for few
nanometer thick BP crystals along the y-direction.'* 22

Figure 2c shows the output characteristics of the 8 nm thick
device, where the drain-source current is linear at low drain-
source voltages and starts to saturate as Vg increases, in
qualitatively agreement with the previously reported current
saturation behavior in BP FETs."” The current saturation is
likely caused by the reduction of the effective V,, and Vs due
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to the relatively large parasitic series drain/source contact
resistance (R¢) given by Vig oir= Vg -Relys and Vg op = Vs -
2Rcl4.*® As shown in Figure 2d, the contact resistance
estimated as R, = (Vyy/lys -R.)/2 increases from ~0.5 MQ-pm at
Ve = -60 V to over 80 MQ-um at V,, = -5V, where Vy/ly is
the total resistance of the device and R., is the channel
resistance extracted from the four-terminal measurement. Such

Nanoscale

Vg efr and Vs o, especially at low Vi, and high Vg, (e.g. Vig = -
20 V and V4 = -1 V), where the voltage drop at the contacts
(Rclys for Vi and 2Rclys for V) is most significant. At high
Ve and low Vg, Rclys is relatively small compared to the
applied Vy, and Vg, leading to mnearly linear [g-Vys
characteristics.®® In addition to the presence of a Schottky
barrier, possible sample degradation at the metal contacts may

a large contact resistance is expected to considerably reduce also contribute to the large contact resistance.' '®
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Figure 3. Polarization-photocurrent measurements of a BP FET at room temperature with a zero drain-source bias and V, = -10 V. (a) Schematic diagram of
scanning photocurrent measurement setup. (b) Photocurrent image of the BP FET at different laser polarizations. (c) Corresponding grey-scale reflection
image showing laser polarization direction at # = 0°. The polarization dependence of strongest positive (red)/negative (blue) photocurrent response at the
drain/source contact region is shown in (d) and (e), respectively. (f) Photocurrent intensities increase linearly with incident laser power measured at 6 = 0°.

To explore the anisotropic nature of BP FETs, we performed
spatially resolved polarization-dependent scanning photocurrent
measurements on the BP FET (the inset of Fig 2b) in a Janis
ST-500 Microscopy Cryostat under high vacuum (~ 1x10°
Torr). As shown in Figure 3a, a diffraction-limited laser spot (A
=785 nm, 1.58eV) was scanned over the BP FET by a two-axis
scanning mirror with nanometer spatial resolution and
photocurrent signals were recorded as a function of position,
resulting in a spatially resolved photocurrent map of the device.
The reflection of the incident laser beam was simultaneously
recorded by a Si photodetector to locate the position of the
sample. Figure 3b shows a series of photocurrent images
recorded at different laser polarizations, where the polarization
angle 6 = 0° is indicated in the reflection image in Figure 3c.
During the measurement, the two middle contacts were
floating, and the photocurrent was measured between drain and
source. In the reflection image, four gold electrodes are shown
as light grey areas. The corresponding photocurrent images
were recorded at a zero drain-source bias and V;, = -10 V,
where red/blue color corresponds to positive/negative current.
The majority of photocurrent responses are observed in the four
electrode regions where gold electrodes and the BP sample
contact. At a zero drain-source Dbias, the strongest
positive/negative photocurrent responses in the drain/source
contact region for each map are shown in the polar plots in
Figure 3d and 3e, respectively. The BP device shows a
polarization-dependent  photocurrent response, with the

This journal is © The Royal Society of Chemistry 2014

maximum signal intensity observed at 6 around 75°255° or
along the x-axis, and the minimum intensity at 6 around
165°/345° or along the y-axis. The photocurrent anisotropy
ratio, ¢ = (I92° — 190) /(132" + I9:) of the BP device is 0.3.
The most likely reason for the anisotropy in the photocurrent
response is the directional dependence of the interband
transition strength in the anisotropic band structure of BP.? As
demonstrated in previous experimental and theoretical studies,
transitions between the highest valence and lowest conduction
bands are allowed for the polarization along the x-axis (6 =~
75°/255°%), but partially forbidden for the polarization along the
y-axis (6 165°/345°)." 21+ 22 Therefore, more photons
polarized along the x-axis than those along the y-axis can be
absorbed and produce more electron-hole pairs, leading to
stronger photocurrent responses. The magnitude of
photocurrent against laser intensity is also explored, showing a
linear relationship with incident laser intensity as illustrated in
Figure 3f. The crystalline orientation of BP FET devices
determined by polarization-dependent photocurrent is crucial to
the understanding of the anisotropic transport properties of BP
devices. These experimental results indicate that the relatively
low mobility measured in Figure 2 can be partially attributed to
the fact that the measured current flow was along the y
direction (heavier effective mass).

Nanoscale, 2014, 00, 1-3 | 3
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To further investigate the photocurrent generation mechanisms
in BP FETs, we performed gate-dependent scanning
photocurrent measurements on BP transistors at 77 K, where
the hysteresis behavior in the transfer characteristics is
negligible as the charge trapping is suppressed at low
temperatures.'® 27 *® Figure 4a and 4b display the reflection and
photocurrent images of a BP FET at a zero drain-source bias
with a gate voltage V, = -30 V, respectively. By sweeping the
gate voltage from -60 V to 60 V while recording the
photocurrent along the channel direction of the BP FET (dashed
line in Fig. 4a), we obtained the gate-dependent scanning
photocurrent map (Fig. 4c). When the Fermi level moves from
the valence band to the conduction band, the Schottky barrier

height changes linearly with V;: 6E), = eaV;, where Ej, is the
energy from the Fermi level to the nearest of the conduction
and valence bands and « is a numerical constant that measures
how effectively the gate modulates the band energies.’'* The
measured shut-off gate voltages for p-type and n-type
conductance are -12 V and 52 V, respectively (Fig. 4d, grey
area). The electronic band is flattened at 14 V as indicated by
the dashed line in Figure 4d. We also know that the band gap
for few-layer BP crystals is 0.3 eV.?' Therefore, the calculated
a =~ 0.0047 can be used to infer the Schottky barrier height to
the conduction band: &z = &, — y = 0.2 V.
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Figure 4. Gate-dependent photocurrent response of a BP FET at 77 K. (a) Reflection and (b) photocurrent images of a BP FET at Vj,, =

-30 V and a zero drain-

source bias, respectively. (c) The gate-dependent scanning photocurrent images at a zero drain-source bias as Vj, varying from -60 V to 60 V. The laser
scanning position is indicated by the white dotted line in (a). (d) The photocurrent responses along the horizontal cuts in (c¢) with a zero drain-source bias (red
and blue curves, left) and drain current with a 100 mV drain-source bias (black curve, right) as a function of V,. The grey area illustrates the “off” state of the
BP device and the dashed line indicates V,, = Vg3 (¢) Schematic diagrams of energy band diagrams illustrating the mechanisms of PVE. (f) The photovoltage
signals (V,c = IR, red and blue curves) and the calculated Seebeck coefficient (black curve) at different Vi,

As shown in Figure 4d, the photocurrent signal exhibits
monotonic gate voltage dependence in the off-state (the grey
area), indicating that the photovoltaic effect (PVE) plays an
important role in its photocurrent generation. Upon laser
excitation, electron-hole pairs will be generated locally and
driven in opposite directions by the built-in electrical field
owing to the Fermi level alignment that leads to Schottky
barriers. In the p-type region (Fig. 4e left), since the electronic
energies are lower near the contacts than in the middle of the
BP device, electrons will be injected to the drain whereas holes
will be annihilated by electrons from the source, resulting in a
positive current flow. Likewise, electrons are injected into the
source in the source electrode area and generate a negative
current flow. The center of the device shows negligible
photocurrent response due to the relatively flat band structure.
When V,, increases to 14 V, the rise of Fermi level flattens the
band bending in the contact area, leading to a flat band structure
(Fig. 4e middle). Similarly, an opposite polarity of photocurrent
response is observed in the n-type region (Fig. 4e right).

Interestingly, the photocurrent signals show strong non-
monotonic gate dependence when V4 is lower than -15 V (Fig.

4 | Nanoscale, 2014, 00, 1-3

4d), which contradicts the prediction of the photovoltaic
mechanisms. When light is absorbed by the BP, hot electron-
hole pairs are generated. These electron-hole pairs can
contribute directly to 7, through PVE, but they can also locally
heat the BP to produce photocurrent response via PTE. Because
the Seebeck coefficient of BP (S)) and the electrodes (S,) are
different, this local heating in the BP-electrode junction area
will result in a voltage difference. The photovoltage due to
PTE, Vprg, can be expressed as

Vprg = (S1 — S)AT
The Seebeck coefficient, S, can be derived from the Mott
relation,>*3¢

n2kiT 1 dG dV,

E=Ep

where £, is the Boltzmann constant, e is the electron charge,
and Er is the Fermi energy. The calculated Seebeck coefficient
of BP S| is shown in Figure 4f (bottom). Notice that the
Seebeck coefficient of metal electrodes S, has no gate
dependence. As shown in Figure 4f top and middle, the
photovoltage signals (V,,c = I,cR, where I, is the photocurrent
intensity and R is the resistance) have a similar gate dependence
to the calculated thermoelectric power (S, Fig. 4f bottom).

This journal is © The Royal Society of Chemistry 2014
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Therefore, in addition to PVE, PTE is also likely to contribute
to the photovoltage response generated at the BP-electrode
junctions.

We also perform bias-dependent scanning photocurrent
measurements on the BP FET at Vj,; = 0 and different drain-
source biases, from 0.2 V to — 0.2 Vin a 0.1 V step (Fig. 5b).
No significant photocurrent signal is observed in the middle of
the BP crystal. The photocurrent responses on the electrode
contact regions dominate even when a large bias is applied. A
corresponding horizontal cut along the sample in each map is
displayed in Figure S5a with an offset for clarity. At a positive
bias, the intensity of the positive photocurrent response in the
drain contact region is strongly enhanced. Similarly, the
negative photocurrent intensity in the source contact region
becomes much stronger when the device is negatively biased.
Because the intensity of the photocurrent is roughly
proportional to the local electrical field, or the slope of the
electrostatic potential, we obtain qualitatively the electrostatic
potential by integrating the photocurrent line cuts shown in
Figure Sa. Figure Sc illustrates the resulting potential profile of
the BP device. The potential change in different region at
various biases can be easily identified. Large potential drops
near the electrode contact regions and relatively flat band in the
middle of the BP crystal are observed, indicating the presence
of large contact resistances due to the Schottky barriers
between electrodes and BP crystals and likely an addition
tunneling barriers caused by the oxidation of BP in the contact
regions. Further studies are needed to improve the electrical
performance of BP FETs. Minimizing the exposure of the BP
samples to the ambient conditions during the device fabrication
process is expected to reduce the thickness of the oxidation
layer between the electrode metal and BP sample. In addition,
mild Argon plasma etching can be used to remove or reduce the
oxidation layer right before the metal deposition. By selecting
electrode metals with proper work functions, the Schottky
barrier between electrode contacts and BP crystals may also be
minimized.*°
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Figure 5. Bias dependence of a BP FET at V), = 0. The middle column (b)
shows 30 um x 30 pm scanning photocurrent images at different drain-source
bias voltages from +0.2 V to -0.2 V with 0.1 V step. Red/blue color
corresponds to the positive/negative photocurrent response, respectively. The
left column (a) shows horizontal cross section cut in (b). The photocurrent
intensity of each plot is offset by 8 nA. (c) Electrostatic potential deduced by
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integrating the photocurrent lines from the left column with an offset for
clarity.

Conclusions

To conclude, STM measurements have been performed on
freshly cleaved surfaces of BP crystals to characterize their
qualities. We also report electrical transport and scanning
photocurrent measurements of FETs made from few-layer BP
crystals down to a few nanometers. In particular, we investigate
the spatial-, polarization-, and gate-dependence of photocurrent
in BP FETs. Our results reveal that the anisotropic feature of
the photocurrent response near the BP-metal contact area
primarily results from the directional-dependent absorption of
BP crystals. The photocurrent signals generated at the junctions
are mainly attributed to the built-in electric field (or PVE) in
the off-state and thermoelectric power (or PTE) in the on-state.
The estimated Seebeck coefficient of BP flakes (5-100 pV/K at
77 K) is comparable with graphene (1.5-15 pV/K at low
temperature),”’>° semiconducting carbon nanotubes (120-260
1V/K at 300 K),* and organic semiconductors (500-1000 uV/K
at 208 K).*' All these unique properties make few-layer BP

crystal an ideal candidate for future 2D electronic,
optoelectronic, and thermoelectric devices with unique
anisotropic nature.
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