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Abstract—Precise measurements of the mobility
anisotropy along high-symmetry crystal axes in black
phosphorus (BP) MOSFETs are reported. Locally back-
gated BP MOSFETs with 13-nm HfO, dielectric and
channel length ranging from 0.3 to 0.7 um are fabricated.
A single BP flake of a uniform thickness is exfoliated
and etched along armchair (AC) and zigzag (ZZ) crystal
axes, and the orientations are confirmed using optical
and transmission electron microscopy analyses. The hole
and electron mobilities along each direction are extracted
using the transfer length method. The AC-to-ZZ hole
mobility ratio is found to increase from 1.4 (1.5) to 2.0 g2.9)
as the sheet concentration increased from 5.1 x 10'! to
1.9 x 102 cm~—2 at room temperature (77 K). The room-
temperature electron mobility anisotropy is found to be
similar to that for holes with an AC-to-ZZ mobility ratio
increasing from 1.4t0 2.1 from 5.1 x 10" t0 1.9 x 10'4 cm—2
though electrons showed only a very weak temperature
dependence. A Boltzmann transport model is used to
explain the concentration- and temperature-dependent
mobility anisotropies which can be well described using a
charge center scattering model.

Index Terms— Anisotropy, black phosphorus (BP), mobil-
ity, MOSFETSs, phosphorene.
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|I. INTRODUCTION

-D MATERIALS are a potential platform for numerous

emerging device applications including scaled logic tran-
sistors, photonic devices, sensors, flexible electronics, and
other innovative device concepts. Among the 2-D material
options, black phosphorus (BP) [1] has recently emerged as a
particularly promising layered semiconductor [2], [3] due to its
unique material properties. BP has a tunable bandgap [4]-[6],
high electron and hole mobility [2], [7]-[9], and in-plane
effective mass anisotropy [7], [10], [11] due to its puckered
crystal structure. These unique properties can be exploited
in the design and optimization of electronic and optoelec-
tronic devices. Since 2014, when a resurgent interest in BP
devices occurred [2], [3], field-effect transistors (FETSs) with
drive current over 1 mA/ um and transconductance over
300 xS/ um have been demonstrated [12]-[14]. Furthermore,
Te-doped BP has shown room-temperature hole mobility up to
1850 cm?/Vs, which is the highest room-temperature mobil-
ity reported for any 2-D semiconductor [8]. The excellent
mobility indicates that BP has the potential to outperform
other 2-D semiconductors [15]-[17] and is particularly well
suited for high-performance logic [18], [19], memory [20], and
radio-frequency transistor applications [21]-[23]. Anisotropic
effective mass is one of the key elements in BP [Fig. 1(a)],
which leads to the variation of the mobility along different
crystal orientations. According to [7], the effective mass of
monolayer BP is over 6x larger along the zigzag (ZZ) crystal
orientation compared to the armchair (AC) orientation for both
electrons and holes. This large ratio can cause a great variation
in the properties of randomly oriented BP FETs [3], [12], [24],
and therefore controlling the transport orientation is essential
for any practical application. Orientation control has recently
been used to demonstrate BP FETs with enhanced perfor-
mance [25]; however, to date, no comprehensive experimental
studies of thin-film BP carrier mobility have been reported.
In [3], the angle-dependent transport in BP was analyzed;
however, the electric field was not well isolated along the
transport direction, likely leading to an underestimation of the
mobility anisotropy. Other reports of the mobility where the
crystal orientation in a BP FET was well controlled either
utilized a thick bulk crystal [26] or investigated one carrier
type in thin-film BP at a single carrier concentration [10], [27].
None of the previous works have investigated the field-effect
mobility crystal anisotropy in thin-film BP as a function of
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(a) Diagram of a single monolayer of BP and a list of the asymmetric crystal parameters for few-layer BP [7]. (b) Cross-sectional view of a

typical locally back-gated BP MOSFET. (c) BP MOSFET fabrication process sequence. (d) Angular dependence of optical reflectance for BP devices
used in this paper. (e) AFM line scan of BP channel along the AC and ZZ directions. (f) False-color AFM image of BP right-angle device structures

along the ZZ and AC crystal directions.

carrier type, sheet concentration, and temperature. Finally,
no prior studies on BP mobility anisotropy have been per-
formed in realistic FET geometries using high-x dielectrics.
In this paper, we present a comprehensive study of BP
electron and hole mobility in a scaled FET geometry with
local backgates and HfO, gate dielectrics. This work is
performed on a single BP flake that is etched along AC
and ZZ orientations and shows how the crystal orientation
significantly influences the electrical transport. Scanning trans-
mission electron microscopy (STEM) was performed on the
same device to confirm the crystal directions. We investigate
the effect of carrier concentration and temperature on the BP
electron and hole mobility along high-symmetry crystal axes.
We also confirm the experimental trends by using a Boltzmann
transport model to study the effect of scattering on BP electron
and hole mobility anisotropy between different directions.

Il. EXPERIMENT

A cross-sectional diagram of a typical BP FET with locally
back-gated structure is shown in Fig. 1(b). The process flow
used for device fabrication is illustrated in Fig. 1(c). Device
fabrication started with 100 nm of thermally grown SiO»
on a Si wafer. Local backgates were patterned by using
electron-beam lithography (EBL) after alignment mark forma-
tion. Then, the SiO, was etched using a combination of dry
and wet etching and Ti (10 nm)/Pd (40 nm) was deposited to
form a buried gate electrode. After lifting off the gate metal,
13 nm of HfO, was deposited using atomic layer deposition
(ALD) at 300 °C to form the gate dielectric, and BP was
exfoliated, aligned, and transferred onto the local backgates.
Next, as shown in Fig. 1(d), optical reflectance was used to
determine the crystal orientation of the flakes before patterning

the source and drain contacts. Due to the anisotropic nature
of BP, the optical reflectance varies with the crystallographic
orientation. A linearly polarized white light was used to
illuminate BP flakes and then the reflectance was measured
at different polarization angles (changing from 0° to 360°).
The minimum reflectance corresponds to the maximum con-
ductivity, hence lower effective mass. After determining the
high-symmetry crystal axes, a right-angle structure was etched
along the ZZ and AC crystal directions using an Ar plasma
(100 W at 150 mTorr) for 80 s. Next, source and drain contacts
were patterned by EBL in the transfer length method (TLM)
geometry with the separations ranging from 0.3 to 0.7 gm.
Then, Ti (10 nm)/Au (90 nm) contacts were deposited and
lifted off to form the Ohmic contacts. Ti, which has a midgap
work function, was used as the contact metal to allow both
electron and hole conductivity to be explored in the same
device. Finally, 30 nm of Al,O3 was deposited by ALD
at 200 °C on the entire structure to passivate the devices,
where Al,O3 was used to ensure ambipolar behavior, as has
been demonstrated in [13], [28]. After completing the device
fabrication, atomic force microscopy (AFM) was used to
determine the thickness of BP which was roughly 10 nm thick
in both the AC and ZZ regions of the device, as shown in
Fig. 1(e). A false-color AFM image of the completed device
structure is shown in Fig. 1(f).

After fabrication and characterization of the FETs, the crys-
tal orientation was further confirmed using STEM. In order
to measure the BP channel orientations, film thicknesses,
and chemical compositions of both the AC- and ZZ-oriented
FETs, two TEM cross-sectional lamellas were prepared from
the right-angle TLM structure shown in Fig. 1(f) using a
focused ion beam and subsequently inserted into a STEM. It is
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(a) Low-magnification STEM-EDX elemental maps showing components of the BP MOSFET along with the corresponding ADF-STEM

image of the scanned area. Scale bars are 40 nm. (b) Intermediate magnification ADF-STEM image of the BP channel and its surrounding layers.
(c) Atomic resolution ADF-STEM image of the BP channel for the MOSFET with channel oriented along the [100] AC direction. (d) Atomic resolution
ADF-STEM image of the BP channel for the MOSFET with channel oriented along the [010], ZZ direction. Ball-and-stick models of BP in the two
orientations are shown below the images for comparison. Images in (c) and (d) have been low-pass filtered to limit information below 0.9 A.

important to note that because the TEM lamella preparation
is necessarily destructive, all electrical characterization on
the TLM devices was performed prior to the STEM analy-
sis. For this analysis, an aberration-corrected FEI Titan G2
60-300 STEM equipped with a Super-X energy dispersive
X-ray (EDX) spectrometer and operating at 200 keV was
used. The electron probe was corrected prior to image
collection to achieve 0.9-A spatial resolution. Fig. 2(a)
shows low-magnification STEM-EDX elemental maps of the
AC-oriented FET in which each layer of the cross-sectionally
cut device can be chemically identified and compared with
the device schematic is shown in Fig. 1(b). Fig. 2(b) shows
an annular dark-field (ADF)-STEM image of the BP channel
and its surrounding layers. Here, Z-contrast, which primarily
differentiates the intensity in the ADF-STEM image between
different layers of the FET, enables measurement of the
thicknesses of the HfO, dielectric layer, BP (pristine and oxi-
dized) channel, and surface roughness of the HfO,. Although
not shown, the ZZ-oriented FET that was fabricated using
the same BP flake and device fabrication procedure as the
AC-oriented device possesses the same chemical informa-
tion and layer thicknesses as observed in Fig. 2(a) and (b).
Fig. 2(c) and (d) shows atomic resolution images of the BP
channel along the [100] (AC) and [010] (ZZ) directions,
respectively, as acquired from the two, respectively, oriented

TEM lamellas [29]. Based on the sample tilt in the STEM
required to reach the AC and ZZ zone axes for the two,
respectively, oriented samples, the crystallographic orientation
of the channels in each FET was confirmed to be within 15°
of the expectations based on optical reflectance measurements.
In addition, the number of pristine layers (9 & 1 layers),
as determined by counting the crystalline layers, was deter-
mined by visual inspection of both images.

[1l. RESULTS AND DISCUSSION

All electrical measurements were performed under vacuum
(base vacuum ~1073 Torr) in a Lakeshore CPX-VF cryogenic
probe station using an Agilent B1500A semiconductor para-
meter analyzer. Typical output and transfer characteristics of
BP FETs with source-drain contact spacing L.y of 0.4 um are
shown in Fig. 3, and these results demonstrate the ambipolar
behavior of the BP FETs with Ti contacts, showing that
both electron and hole conductivity can be achieved within
a single device. The results from devices with other contact
separations using the TLM geometry in Fig. 1 showed similar
characteristics. Fig. 3(a) and (b) shows a comparison between
BP FETs with AC orientation and ZZ orientation where the
bias voltages have been chosen to obtain n-type conductivity.
The AC-orientated devices clearly show a higher current drive
than the ZZ-orientated devices. The transfer characteristics in
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Fig. 3. Output characteristics for BP (a) and (b) n-MOSFETs and (d) and (e) p-MOSFETs with Ti/Au contacts and S/D separation of 0.4 um with
transport direction along the (a) and (d) AC and (b) and (e) ZZ crystal directions. (c) and (f) Transfer characteristics for the same BP MOSFETSs as
in (a) and (b) and (d) and (e), respectively. For each crystal direction, the n-MOSFET and p-MOSFET characteristics were measured on the same
device; only the bias configuration was changed. For (c) and (f), both up and down sweeps are shown, indicating minimal hysteresis in the transfer

characteristics. Insets: transfer characteristics on a semilog scale.

Fig. 3(c) along the high-symmetry crystal axes also confirm a
similar trend. Fig. 3(d)—(f) shows results from the same device,
where the bias voltages have been chosen to achieve p-type
conductivity. Similar to the n-channel case, the p-channel
devices show higher current drive along the AC direction. Both
n- and p-FET devices show only a very small hysteresis in
the transfer characteristics, suggesting that accurate mobility
extraction can be achieved in these devices.

In short-channel FETSs, in order to extract the field-effect
mobility, the contact resistance must be carefully determined
and subtracted using the TLM. The total width-scaled device
resistance Ryl can be determined using

L
1Cox|Vis — Vinl

where u is the mobility, C,, is the gate capacitance per unit
area, Vi is the threshold voltage, Rc is the contact resistance,
and W is the channel width.

The value of Vi, was determined from the Ip versus Vgs
curves, at |[Vpg| = 10 mV, using the constant current method.
In this method, the threshold voltage was determined as the
gate voltage at which Ip x L.p/W = 20 nA/um, where Ip
is the drain current per unit width. The value of 20 nA/um
was chosen since it corresponded closely to the point at
which the second derivative of Ip versus Vgs, d?Ip /dVés,
was a maximum [30]. The threshold was determined using
this method for both pFETs and nFETs of both orientations,
and for all source-to-drain spacings. Since the total fabrica-
tion process involved short (a few hours) but nonnegligible
exposure to ambient atmosphere, a thin layer (3—5 nm) of
phosphorus oxide forms between BP and HfO, [5], [31],

Riota W = RcW &)

which needs to be considered in determining C,,. Atomic
resolution STEM-EELS data also indicate the distortions on
the bottom of Fig. 2(c) are phosphorus oxide. The thickness
of the phosphorus oxide layer in this device is ~5 nm which
is shown in the cross-sectional STEM in Fig. 2(b), while
the HfO, has a thickness of 13 nm. Based upon the STEM
analysis, the average surface roughness between the HfO, and
phosphorus oxide layer was determined to be ~3 nm. This sur-
face roughness creates gaps between the HfO, and phosphorus
oxide leading to an overall reduction in the gate-stack capaci-
tance. In our capacitance extraction procedure, we utilized the
previously determined [32] dielectric constant of 16.6 for our
ALD HfO,, and we further assumed an out-of-plane dielectric
constant of 4 for phosphorus oxide. Using these parameters,
a value of C,, = 0.373 ,uFlcm2 was extracted. We did not
take into account quantum capacitance when calculating the
total capacitance, which is a reasonable assumption in the
strong inversion limit. We note that the atmospheric exposure
during processing was shorter than described in [33] and [34],
where significant transport degradation was observed, and the
results in Fig. 2 show that the macroscopic crystal properties
of the BP are preserved. Furthermore, while the presence
of the phosphorus oxide layer could still affect the mobility
and anisotropy values extracted, such an interfacial oxide
layer is also typical in silicon-based MOSFETs with high-x
dielectrics [35].

The linear-regime output characteristics of BP n-FETSs along
the AC and ZZ crystal orientation for channel length ranging
from 0.3 to 0.7 um are shown in Fig. 4(a). These characteris-
tics confirm the linearity of the contacts at low drain-to-source
bias and also show the expected trend of increasing current for
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(black solid line) for a BP p-MOSFET along the AC direction. Inset: same
plot for a BP p-MOSFET along the ZZ direction. Vgg — 4, = —2.26 V.
(b) Total resistance Rigt versus channel length L., at Vg — Vi =
—2.26 V and \pg = —10 mV along AC (blue closed circles) and ZZ (red
open circles) for the same device as in (a). Field-effect mobility along
each crystal orientation can be extracted from the slope of the linear fit.

shorter channel lengths. A good contact linearity was observed
for all bias conditions and temperatures reported in this paper.
To extract the mobility, total resistance was extracted for
both crystal orientations as a function of channel length at
|Vbs| = 10 mV, and these results are plotted in Fig. 4(b). The
different slopes verify the different sheet resistance along the
two orientations and assuming that the carrier concentration is
constant for each channel length, the mobility can be extracted
from the slope. As expected, the mobility along the AC orien-
tation is higher than the ZZ orientation. Interestingly, Fig. 4(b)
also shows that there is not a substantial difference between
the contact resistance along different orientations, which is
likely due to the fact that the specific contact resistivity of the
Schottky contact is determined by the out-of-plane effective
mass, which is the same in both cases [36], [37]. In [37],
it is shown that the channel portion underneath the contact
in Schottky-contacted 2-D materials plays a significant role in
determining the contact resistance.

The mobility u of electrons and holes in the BP devices
used in this paper was extracted using

1

“ = RanCoxl Vas — Val *
where Ryj is the sheet resistance which is extracted from
the slope of curves similar to Fig. 4(b), and |Vgs — Vil
is the gate overdrive voltage. The carrier concentration,
n or p, is calculated as Cox|Vgs — Vinl/g, where g is the
electronic charge, where this relation applies to either elec-
trons or holes. This estimate for the carrier concentration
is valid in the strong inversion limit, which occurs when
|Vgs — Vin|l > kT /q. For our devices, at the lowest carrier
concentration of 5.1 x 101 cm™2, [Vgs — Vin| > 0.2 V, and
therefore, this condition is satisfied for all concentrations
evaluated in this paper. Both low and high carrier density
regimes were observed for electron mobility; however, due
to the high threshold voltage, only the low carrier density
regime was observed in the case of hole transport. The hole
effective mass in BP along each crystallographic orientation
is lower than the electron effective mass [Fig. 1(a)]; therefore,
it is expected that the hole mobility should be higher than the
electron mobility, and this expectation is confirmed with the
experimental data shown in Fig. 5(a) and (b). For instance, at a
fixed overdrive voltage, |Vgs—Vin = 1] V, the hole mobility
along AC direction (ZZ) is 1.8x (1.9x) higher than the
electron mobility along the same crystal orientation. The AC
mobility for both electrons and holes is also higher than the ZZ
mobility by ~2x over a wide range of carrier concentrations.
We note that the somewhat lower overall mobility in this paper
comparing to [3] and [8] could have several sources. First
of all, our samples were prepared in an ambient atmosphere
which leads to oxidation of the BP at the BP/dielectric inter-
face which can lead to interface trap formation. Second, our
devices utilize HfO,, a high-x dielectric, which can degrade
the carrier mobility due to the soft-optical phonon scattering
[38]. Finally, both the local backgate and the BP oxidation can
lead to surface roughness at the BP/dielectric interface, which

is apparent in the cross-sectional STEM image in Fig. 2(b).
In order to explore the mobility characteristics further, the
concentration-dependent mobility was extracted as a function
of temperature ranging from 77 to 295 K. As shown in
Figs. 6 and 7, both the AC and ZZ mobilities show weak
temperature-dependent behavior with the mobilities increas-
ing somewhat as the temperature is reduced. At a fixed
hole sheet concentration of 1.9 x 10'2 cm~2, the AC (ZZ)
hole mobility changed from 165 (83) cm?/Vs at 295 K to
310 (106) cm?/Vs at 77 K while the AC (ZZ) electron mobil-
ity at the same corresponding electron sheet concentration
changes from 104 (49) cm?/Vs at 295 K to 145 (66) cm?/Vs
at 77 K. The mobility shows a power-law dependence of u o
T, where x = 0.5140.06 (0.224-0.04) for the AC (ZZ) hole
mobility, and x = 0.204+0.05 (0.2140.01) for the AC (ZZ)
electron mobility. The mobility variation as a function of
temperature is stronger along the AC direction compared to the
ZZ direction for holes but not for electrons. Both the values
and the temperature dependences of the mobilities suggest
that they are limited by extrinsic scattering mechanisms.
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mobility versus electron concentration for a BP n-MOSFET along the AC
(blue closed circles) and ZZ (red open circles) crystal orientations. For
each crystal direction, the hole and electron mobilities were measured
on the same device; only the bias configuration was changed.

While these mobilities are much lower than those achieved
on h-BN-passivated samples [39], they are typical values of
various reports using high-x gate dielectrics [40], which are
clearly more relevant for future commercial applications.

To analyze the measured anisotropic carrier mobilities fur-
ther we apply a recently developed model that is based on
the Boltzmann transport equation and takes the anisotropy of
the parabolic conduction and valence band extrema fully into
account. The basic model and its application to BP mobilities
were described in [11] and [41]; however, those studies only
described the mobility anisotropy at high carrier concentra-
tion and lower temperatures. In the following, we discuss
the salient features of this model that are relevant to the
experimental data reported in this paper.

First, a scattering of a mobile charge carrier due to its
interaction with a fixed charge center (an impurity or other
defect) strongly favors small-angle scattering. Consequently,
only a fraction of the final-state phase space (a constant energy
ellipse) is relevant for this scattering process. This implies

Fig. 6. Hole mobility versus temperature in (2) AC and (b) ZZ directions.
Black, red, green, and blue colors correspond to hole sheet concen-
tration of 1.9 x 1012 cm=2, 1.5 x 1012 , 1 x 10'2 cm=2, and
5.1 x 10" ecm~2, respectively.

that scattering due to charge centers is less sensitive to
the anisotropy of the material that would be, for example,
an angle-independent (velocity randomizing) scattering mech-
anism. Second, the degree to which small-angle scattering is
favored depends on the screening of the Coulomb interaction
by the mobile charge carriers. Changes in the carrier concen-
tration, therefore, affect the mobility anisotropy. For the carrier
concentrations and the relatively high temperature relevant for
this paper, the screening parameter is approximately propor-
tional to the carrier concentration, and so screening increas-
ingly reduces the bias toward small-angle scattering when
the carrier concentration increases. This results in increasing
mobility anisotropy with increasing carrier density.
Evidently, mobilities limited by charge center scattering
depend linearly on the density of charged impurities or other
defects. While it appears to be the case that the carrier
mobilities in the samples explored in this paper are limited by
an extrinsic scattering mechanism, and charge center scattering
is a strong candidate, there is no reason to believe that the
charge state of the impurities or defects remains constant as
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Fig. 7. Electron mobility versus temperature in (a) AC and (b) Z

directions. Black, red, green, and blue colors correspond to elec-
tron sheet concentration of 1.9 x 10’2 cm=2, 1.5 x 102 cm—2,
1 x 102 cm=2, and 5.1 x 10" cm=2, respectively.

the carrier concentration is varied and the quasi-Fermi level
is swept through the band structure. Consequently, we focus
our comparison of the calculations to the experimental results
on the mobility anisotropy ratio rather than on the individual
mobilities. The anisotropy ratio, of course, is independent of
the density of charge centers.

The calculated results are shown together with the exper-
imentally determined mobility ratios in Fig. 8. A reasonable
agreement is found, considering the uncertainty of the effective
mass parameters, which may deviate from the monolayer
values due to the fact that the structures characterized experi-
mentally contained multilayer BP, and the effective masses are
expected to vary with the number of monolayers. Furthermore,
charge center scattering is sensitive to the location of the
charge centers, as was explored in [11] and [41]. Here, we
restricted the calculations to charge centers located within the
BP layer. Finally, it is possible that other scattering mech-
anisms contribute to the measured mobility values. Surface
roughness scattering may be an additional extrinsic mechanism
that impacts the carrier mobilities, particularly at high carrier
concentration when the vertical electric field is the largest.
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Fig. 8. AC-to-ZZ mobility ratio, uac/ uzz, for (a) holes and (b) electrons
as a function of temperature T ranging from 77 to 295 K. Black, red,
green, and blue colors correspond to hole sheet concentratron p and
electron sheet concentratlon nof 1.9 x 1012, 1.5 x 1012, 1 x 102,
and5.1 x 1011 , respectively. Open symbols: experrmental results
Dashed lines: calculated results.

IV. CONCLUSION

In conclusion, we have reported a comprehensive study of
the mobility anisotropy in BP MOSFETs with HfO, gate
dielectrics. Using a right-angled test structure patterned on
a single flake, the mobility has been analyzed as a function
of high-symmetry crystal direction, temperature, carrier type,
and concentration. The extracted room-temperature field-effect
mobility was found to be higher in the AC versus ZZ direction,
and the anisotropy ratio was found to increase with increasing
sheet carrier concentration for both electrons and holes in the
low-concentration regime. We also found that the hole mobility
anisotropy increases with decreasing temperature, while the
electron mobility anisotropy was relatively flat versus tem-
perature. In all cases, the hole mobility was found to be
higher than the electron mobility, consistent with the reported
BP electron and hole effective mass. The temperature- and
concentration-dependent mobility anisotropy can be under-
stood using a theoretical Boltzmann transport model. This
paper has important implications for future electronic and
photonic devices based upon BP.
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