IEEE ELECTRON DEVICE LETTERS, VOL. 39, NO. 1, JANUARY 2018

127

High Performance Black Phosphorus Electronic
and Photonic Devices with HfLaO Dielectric
Xiong Xiong, Xuefei Li , Mingqiang Huang, Tiaoyang Li, Tingting Gao, and Yanqing Wu

Abstract — As an emerging two-dimensional material,
few-layer black phosphorus (BP) shows great potential
in nanoelectronics and nanophotonics due to its high
carrier velocity. However, non-optimized gate dielectrics
often degrade the performance of BP devices severely. In
this letter, we demonstrate high-performance BP devices
using a novel HfLaO as back gate dielectric with improved
interface quality. High current exceeding 1.15 mA/µm has
been achieved at 20 K for BP transistors with improved
noise spectral density. Moreover, BP photodetectors with a
record high photoresponsivity up to 1.5 × 108 A/W and fast
response time of 10 µs at 300 K are demonstrated. Excellent
photoresponse in a broadband spectrum range from 514 to
1800 nm at 70 K has also been achieved.
Index Terms — Black phosphorus, high-k, photoresponsivity, high field transport, low frequency noise.

I. I NTRODUCTION

O

VER the past few years, emerging two-dimensional (2D)
materials have attracted tremendous research efforts
due to their extraordinary electronic and optical properties [1]–[12]. Few-layer BP, a new 2D elemental semiconductor with excellent carrier transport and optical properties
have been extensively studied [13]–[15]. BP field-effect transistors (FETs) with high mobility up to ∼1000 cm2 V−1 s−1
has been demonstrated [16]. BP has a tunable direct bandgap
from 2.0 eV (monolayer) to 0.3 eV (bulk), covering the optical
spectrum range from visible to near infrared. These characteristics make BP a very promising candidate for broadband
optoelectronic applications [17]–[19]. However, the current
performance status of BP photodetectors in terms of broadband
spectrum range, high photoresponsivity and fast response
time is still unsatisfactory. Furthermore, the impurities and
the dielectric environment have an important impact on the
electrical and optical properties of BP devices. So far, most
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Fig. 1.
(a) Schematic view of the device fabricated in this work.
(b) AFM image of SiO2 and HfLaO surfaces. (c) BP flake thickness measured by AFM is 12 nm. The scale bar is 1 μm. (d) Raman spectra of the
BP film.

studies on BP devices use thick thermal SiO2 film as a gate
dielectric, and as a result, the low-quality interface typically
degrades the device performance. Recently, there are some
works have been reported focused on gate dielectric of BP
devices [20]–[23]. In this work, we demonstrate highperformance BP transistors with high-quality atomic layer
deposited HfLaO as back gate dielectric layer. Both electronic
and optoelectronic performance of these devices are greatly
improved compared with those using conventional thermal
SiO2 as gate dielectrics, owing to the improved interface
quality with reduced surface charge scattering.
II. D EVICE FABRICATION
Layered BP flakes were mechanically exfoliated from bulk
crystal and then transferred onto a Si substrate covered with a
90 nm thermal SiO2 or 18 nm HfLaO dielectric layer grown
by atomic layer deposition. The schematic view of the devices
in this work is shown in Fig. 1a. The source/drain electrodes
were patterned by electron beam lithography (EBL) and then
20 nm Ni/50 nm Au metal stack was deposited by e-beam
evaporation. The capacitance density of the HfLaO layer
is 0.85 μF/cm2 , corresponding to an equivalent oxide thickness (EOT) of 4 nm. The AFM top view image of the 90 nm
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Fig. 3. The output characteristics of a 0.1 μm channel length BP device
with HfLaO dielectric at 300 K (a) and 20 K (b).

Fig. 2. (a) Transfer characteristics of the same channel length device
with SiO2 and HfLaO dielectrics at 300 K. Vd is −0.05 V. (b) Normalized
noise spectral density as a function of frequency for SiO2 and HfLaO at
similar drain current. (c) Current spectral density Sid /I2d at f = 100 Hz
versus drain current Id for the BP devices with SiO2 and HfLaO at room
temperature. (d) Oxide trap density distribution in dielectrics, extracted
from the low-frequency noise spectra.

SiO2 and 18 nm HfLaO surfaces is shown in the left and right
panel of Fig. 1b, respectively. The surface roughness root mean
square (RMS) is 0.31 nm and 0.23 nm for SiO2 and HfLaO,
respectively. The BP flakes were identified by a combination
of optical microscope and atomic force microscopy (AFM).
A typical film thickness is around 12 nm as shown in Fig. 1c.
Fig. 1d shows the Raman spectra of this flake where three
characteristic Raman modes, A1g , B2g , and A2g can be observed,
corresponding to the out-of-plane vibration (∼361 cm−1 ),
in-plane vibration along the zigzag (∼438 cm−1 ) and
armchair (∼466 cm−1 ) directions [24], [25]. BP flakes with
similar thickness were exfoliated on to substrates with HfLaO
and SiO2 . Moreover, all devices based on HfLaO and SiO2
were fabricated side by side with the same fabrication process
and measured at the same time for a valid comparison.
III. R ESULT AND D ISCUSSION
The transfer characteristics of the devices with SiO2 and
HfLaO dielectrics with a channel length of 0.5 μm are shown
in Fig. 2a. The subthreshold slope is ∼ 3.4 V/dec for the
device based on SiO2 and ∼ 188 mV/dec for the device based
on HfLaO. Low-frequency (1/ f ) noise is commonly used in
conventional CMOS technology as an effective tool for evaluating the interface quality in field-effect transistors. We carried
out a systematic investigation on 1/ f noise of BP devices with
HfLaO dielectric, and compare with the BP devices with the
90 nm SiO2 dielectric. The 1/ f noise was measured in the
linear region at Vd = −0.2 V at 300 K for the 0.1 μm devices.
The normalized noise spectral densities (W × L × Sid /Id2 ) of
both devices as a function of frequency are shown in Fig. 2b at
a similar drain current of 105 μA. The noise spectral densities
follow the 1/ f trend without generation-recombination bulge
signatures. The noise level is lower for the device based
on HfLaO. The normalized noise spectral densities of both

devices are shown in Fig. 2c. W×L × Sid /Id2 has the same
dependence on Id for both devices, implying the same noise
mechanism. The device on HfLaO dielectric shows a much
lower noise level of ∼2.3×10−11 μm2 Hz−1 at 100 Hz about
10 times smaller than that of SiO2 . Moreover, the oxide trap
density (NOT ) profile extracted by a distributed oxide trap
model is shown in Fig. 2d [26], [27]. The NOT of the HfLaO
transistor is half of that using SiO2 . The interface state density
(Dit ) of ∼ 1.2 × 1012 eV−1 cm−2 and ∼ 4.7 × 1011 eV−1 cm−2
for SiO2 and HfLaO device at 300 K was extracted by using
the same approach as in [28]. These results suggest that HfLaO
is an excellent dielectric for BP transistors with low NOT , good
quality interface and reduced low-frequency noise.
The high field transport of the short channel BP device with
high-k dielectric has also been carried out. Fig. 3a and 3b
show the output characteristics for the 100-nm channel length
BP devices at 300 and 20 K, respectively. A maximum drain
current (Idmax ) of 0.69 mA/μm is obtained at Vd = −2 V and
Vg = −3 V, higher than previous values using chemical doping
and vacuum annealing [29], [30]. At 20 K, the drain current
increases up to 1.15 mA/μm at Vd = −2 V and Vg = −3 V.
The output characteristics of BP devices in the dark and
under illumination are plotted in Fig. 4a. As expected, the
current of transistors based on high-k dielectric is about
5 times larger than that on SiO2 dielectric at similar carrier
densities. To quantitatively analyze the photoresponse, we
extract the photocurrent (Iph = Iillumination-Idark ) data as
shown in Fig. 4b. The photocurrent of BP device based on
HfLaO is about 10 times larger than that on SiO2 with the
same device geometry. The photoresponsivity (R = Iph /Pin )
of the BP devices with different channel lengths have been
investigated. As shown in Fig. 4c, R increases rapidly when
the channel length scales from 1 μm to 0.1 μm. This is
consistent with the photoconductive mechanism that transverse
electric field increases in shorter channel devices. A high
photoresponsivity of ∼1.2 × 107 A/W can be achieved for
the BP device based on HfLaO, about 10 times higher than
that based on SiO2 . Photoresponsivity under different incident
laser power densities are also studied in Fig. 4d, where a
record high photoresponsivity of 1.5 × 108 A/W is achieved
at 300 K. [24], [25], [31]–[34]. The detectivity (D) of
∼4.5 × 1014 W−1 Hz1/2 and specific detectivity (D∗ ) of
∼2.1 × 1010 Jones at a 633 nm wavelength can be extracted at
HfLaO device of 100 nm channel length at room temperature
using D∗ = ( A f )1/2 R/i n and D =  f 1/2 R/i n , where A is
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Fig. 4. (a) The output characteristics of the BP devices (channel length
L = 1 μm) with 18 nm HfLaO dielectric (Vg from 0 V to −2.5 V) and
90 nm SiO2 dielectric (Vg from 5 V to −20 V) at 300 K. The red and
black line are the device under illumination (Pin = 250 mW/cm2 ) and in
the dark, respectively. (b) The comparison of device photocurrent with
HfLaO dielectric and SiO¾ dielectric extract from (a). (c) R of devices
with different channel lengths at room temperature. The laser is set to be
the same (Pin = 0.6 mW/cm2 ) for BP device with HfLaO dielectric and
SiO2 dielectric. (d) R versus different laser power at 300 K of BP device
with HfLaO dielectric at Vg = −2.5 V and Vd = −2 V.

129

SiO2 dielectric at room temperature is τrise ∼4 ms, which is in
the same order of magnitude from previous work using SiO2
dielectric [18], [24], [34]. Also shown in Fig. 5b, BP device
with HfLaO dielectric exhibits a much faster response time
with τrise ∼10 μs, almost three orders of magnitude smaller
than that of SiO2 . This fast response can be attributed to the
shorter transit time of photogenerated carriers with improved
interface capture and emission properties of photogenerated
carriers. The response time of BP photodetectors is mainly
limited by photocarrier recombination and carrier transport in
the channel [33]. It can be further improved by higher mobility,
better interface, smaller contact resistance, higher transverse
electric field and possible design of thin vertical pn junctions.
At longer wavelengths with T = 300 K, distinct photoresponse
can no longer be observed beyond 1200 nm, which can be
attributed to the drain current noise and jitter caused by shallow traps activated by thermal energy. When the temperature
is decreased to 70 K, a large photocurrent of 36 μA can
be obtained at a near-infrared wavelength of 1800 nm as
shown in Fig. 5c. A wide photoresponse spectrum range from
514 nm to 1800 nm has been demonstrated at T = 70 K as
shown in Fig. 5d. The photoresponsivity exhibits a decreasing
trend from visible to near-infrared as expected from the smaller
photon energy as laser wavelength increases.

IV. C ONCLUSION
In conclusion, we have demonstrated high-performance BP
based electronic and optoelectronic devices with a high-quality
HfLaO film as the gate dielectric. Extraordinary performance
enhancement in both electrical and optical properties can be
achieved. High current of 1.15 mA/μm of a 100-nm device
has been obtained at 20 K for the first time. High-performance
photodetectors based on this novel dielectric has also
been demonstrated with a record high photoresponsivity up
to 1.5 × 108 A/W and a fast response time of 10 μs at 300 K.
The reduced interface scattering leads greatly improved interface quality between HfLaO and black phosphorus channel.
The promising results of this work show that performance
improvement can be further explored using dielectric engineering for future electronics and optoelectronics.
Fig. 5. Photoresponse time of a 0.5 μm channel length device based
on (a) SiO2 dielectric (b) HfLaO dielectric. The inset shows the rise and
fall time for the photodetectors. (c) The output characteristics of the BP
device with HfLaO dielectric at 70 K in the dark and under illumination of
laser wavelength λ = 1800 nm and power Pin = 6000 mW/cm2 . (d) Photoresponsivity of the 0.1 μm device at different wavelengths at T = 300 K
and T = 70 K while the incident power is fixed at 1600 mW/cm2 .

the effective area of the detector, R is the photoresponsivity,
 f is the bandwidth, i n is noise current at the same bias
condition with R[35].
The photoresponse time, a key figure of merit in photodetectors, has also been measured. The rise and fall time are
defined as the time lapse between 10% to 90%. As shown
in Fig. 5a, the extracted response time of BP device with
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