Chinese Physics Letters

EXPRESS LETTER Related content

- Tunable bandgap in few-layer black

Electrically Tunable Energy Bandgap in Dual- phosahons by decical eld
. . ong Li, Jin-Rong Xu, Kun Ba et al.
Gated Ultra-Thin Black Phosphorus Field Effect ot e berformance tuodimensiona

H black phosphorus electronic and
TranSIStO I'S optoelectronic devices
Xuefei Li, Xiong Xiong and Yanqging Wu

To cite this article: Shi-Li Yan et al 2017 Chinese Phys. Lett. 34 047304 - Field-effect transistors based on two-
dimensional materials for logic applications
Wang Xin-Ran, Shi Yi and Zhang Rong

View the article online for updates and enhancements. Recent citations

- Dynamical anisotropic response of black

phosphorus under maganetic field
Xuefeng Liu et al

- Novel hole transport layer of nickel oxide
composite with carbon for high-

performance perovskite solar cells
Sajid et al

- Anisotropic visible photoluminescence
from thermally annealed few-layer black

phosphorus
Chuan Zhao et al

This content was downloaded from IP address 162.105.145.73 on 03/07/2018 at 14:29


https://doi.org/10.1088/0256-307X/34/4/047304
http://iopscience.iop.org/article/10.1088/2053-1583/aa7c98
http://iopscience.iop.org/article/10.1088/2053-1583/aa7c98
http://iopscience.iop.org/article/10.1088/1674-1056/26/3/037307
http://iopscience.iop.org/article/10.1088/1674-1056/26/3/037307
http://iopscience.iop.org/article/10.1088/1674-1056/26/3/037307
http://iopscience.iop.org/article/10.1088/1674-1056/22/9/098505
http://iopscience.iop.org/article/10.1088/1674-1056/22/9/098505
http://iopscience.iop.org/2053-1583/5/2/025010
http://iopscience.iop.org/2053-1583/5/2/025010
http://iopscience.iop.org/1674-1056/27/1/017305
http://iopscience.iop.org/1674-1056/27/1/017305
http://iopscience.iop.org/1674-1056/27/1/017305
http://iopscience.iop.org/0957-4484/29/24/245202
http://iopscience.iop.org/0957-4484/29/24/245202
http://iopscience.iop.org/0957-4484/29/24/245202

CHIN.PHYS.LETT. Vol. 34, No.4(2017) 047304

Express Letter

Electrically Tunable Energy Bandgap in Dual-Gated Ultra-Thin Black
Phosphorus Field Effect Transistors *

Shi-Li Yan(FitH#])!, Zhi-Jian Xie(#§f &%), Jian-Hao Chen(FR815%)13** | Takashi Taniguchi?,
Kenji Watanabe?
! International Center for Quantum Materials, Peking University, Beijing 100871
2High Pressure Group, National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan
3 Collaborative Innovation Center of Quantum Matter, Beijing 100871

(Received 10 March 2017)

The energy bandgap is an intrinsic character of semiconductors, which largely determines their properties. The
ability to continuously and reversibly tune the bandgap of a single device during real time operation is of great
importance not only to device physics but also to technological applications. Here we demonstrate a widely
tunable bandgap of few-layer black phosphorus (BP) by the application of vertical electric field in dual-gated BP
field-effect transistors. A total bandgap reduction of 124 meV is observed when the electrical displacement field
is increased from 0.10 V/nm to 0.83 V/nm. Our results suggest appealing potential for few-layer BP as a tunable
bandgap material in infrared optoelectronics, thermoelectric power generation and thermal imaging.

PACS: 73.63.—b, 73.20.At, 85.35.—p

Few-layer black phosphorus (BP) or phosphorene
when down to a single layer, a new member recently
added to the two dimensional material family, has
been intensively investigated due to the great po-
tential for applications in nano-electronics,!' " opto-
electronics,*® % bio-medical therapy,['*~'" energy
storage,['®19] gas sensors,[*’! etc. The bandgap of
black phosphorus is dependent on the flake thick-
ness, ranging from 0.3eV for bulk crystals to 2eV in
monolayer phosphorene.!”???l While this property is
unique and potentially useful,*?} the energy bandgap
is fixed for a particular device. Various ways has been
used to achieve bandgap tuning of a single black phos-
phorus crystal such as in situ potassium doping and
the application of strain or high pressure.[*’~2% In
real world applications, however, the ability to change
the bandgap in a single device during its operation is
highly desirable. For few-layer BP, the application of
vertical electrical field is an attractive option, because
this method should preserve the mobility of the de-
vice while allowing precise, continuous and reversible
modification of the bandgap”” %’ owing to the giant
Stark effect.****] Tt was reported theoretically that
the bandgap of BP decreases monotonously with the
vertical displacement electrical field and eventually
reaches zero at a critical field.l**~ 2] Unfortunately,
experimental results are still lacking.

In this work, we report the electrically tunable
bandgap of few-layer BP in dual-gated field effect
transistors. By applying top and bottom gating si-

DOI: 10.1088/0256-307X/34,/4/047304

multaneously, we were able to tune the Fermi energy
and electrical displacement field independently. The
measured energy bandgap F, exhibits a pronounced
decrease with increasing displacement field.

First, we introduce the fabrication details of
our dual-gated few-layer BP field-effect transistors
(FETs). Bulk black phosphorus crystals were bought
from HQ-graphene Inc., and h-BN bulk crystals are
grown by the method described in Ref. [38]. Few-layer
black phosphorus was mechanically exfoliated using
scotch-tape and PDMS slab. BN was cleaved using
scotch-tape only. Various efforts have been made to
encapsulate BP devices to improve its environmen-
tal stability. Among them, atomic layer deposition
(ALD) of Al;Og is a widely chosen method due to its
technical maturity and the high quality of the encap-
sulating layer.[*”~*!] However, it has been reported
that the deposition of Al,O3 on BP may lead to the
oxidation of BP.I*”l Due to the chemically active na-
ture of BP, it is difficult to avoid oxidation during
device fabrication completely, resulting in the deteri-
oration of device performance after ALD deposition
of Al,03.1""] Here we capped the BP channel with
ultra-thin BN with the pick-up dry transfer method!*"!
under inner atmosphere before the ALD deposition
of Al;O3 to protect the BP channel from oxidation
in subsequent micro-fabrication process. The elec-
trodes of the device were defined by sequential e-beam
lithography and e-beam evaporation of Cr/Au. A sec-
ond e-beam lithography was used to pattern the Hall
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bar geometry, the exposed BP was etched by reactive
ion etching (RIE) with CFy4 for 85s with a power of
10 W. Prior to the Al,O3 layer growth by ALD, we
deposited a 1-2nm thick Al layer on the devices sur-
face by e-beam evaporation. The Al layer was oxidized
in atmosphere and served as a seeding layer. After-
wards, a 100nm Al;O3 was deposited with trimethy-
laluminum (TMA) and H2O as precursors at 200°C.
Finally, the top gate was made by the same technique
as the electrode as mentioned above. All the fabrica-
tion and measurement process are carried out in inert
atmosphere, or with the sample capped with a pro-
tection layer. The thickness of BP was roughly deter-
mined by an optical microscope before device fabrica-
tion then accurately measured using an atomic force
microscope (AFM) after all transport measurements.
The schematic view of the device is shown in Fig. 1(a).
The thicknesses of the BP flake, the top BN and the
bottom BN are 10nm, 3nm and 25nm, respectively
(Figs. 1(b), 1(c) and 1(d)).
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Fig.1l. Dual-gated few-layer BP FET and AFM data of
top BN, BP channel and bottom BN. (a) Schematic view
of a dual-gated few-layer black phosphorus (BP) FET. (b)
Atomic force microscope (AFM) image of the same device.
The thicknesses of the bottom BN, the black phosphorus
flake and the top BN are 25nm, 10nm and 3 nm, respec-
tively.

We characterized our dual-gated device by com-
paring the transfer curve before and after the deposi-
tion of the 100-nm Al,Oj film (Fig. 2(a)). The transfer
curves measured before ALD (red line) and after ALD
(blue line) exhibit minimal changes for their overall
shapes, indicating the effectiveness of the BN protec-
tion layer. Our data is measured at room temperature
unless noted otherwise.

The switching property of our dual-gated device
to the back gate (top gate grounded) shows a clear
ambipolar behavior with n-type doping at zero gate
voltage as illustrated in Fig.2(b). The on/off ratio,
defined as the ratio of the maximum and minimum
measured Igq from the transfer curve is greater than
10* for both electrons and holes. The field effect mo-
bility is calculated from the linear region of the trans-

fer characteristics (black dashed lines in Fig. 2(b)), ac-
cording to the equation

1 do
= — 1
UFE Cbg dng’ ( )
with
L Iy
o= —
W Via’

where o is the sheet conductivity of the device, L =
14pm and W = 6.2 pm are the length and width of
the channel, respectively. We obtain a hole-mobility
as high as 455cm?V~!s~! which would be higher
if we use the four-terminal measurements to elimi-
nate the effect of contact resistance. The hole mo-
bility wp acquired here is one of the highest val-
ues among the Al,Os-passivated BP FETsl*0-4149—47]
measured at room temperature, probably due to the
protection of the top BN. The electron mobility g is
155cm?V~1s~!, similar to the values extracted from
the high-quality BP FETs in other papers.**] The
subthrehold swing (SS) is about 6.7V /dec for holes
and 3.6 V/dec for electrons as shown in the inset of
Fig. 2(b).
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Fig. 2. Device performance. (a) Sheet conductivity mea-
sured as a function of V4,4 before and after ALD deposition
at room temperature. (b) Sheet conductivity measured as
a function of V;,; with top gate grounded at room temper-
ature. The field-effect mobilities for electrons and holes
are obtained from the line fit of the linear part of the
transfer curve (dashed lines), respectively. The mobility
is 455cm2V~1s~1 for holes and 155cm?V~1s~1! for elec-
trons. The inset shows the transfer curve of Iyq versus Vi,q
for Vozq = 20mV in a semi-log plot.

Figure 3(a) shows the room-temperature conduc-
tance of the dual-gated few-layer BP FET as a func-
tion of top gate voltage with several different back
gate voltages from —60V to 60V, with steps of 5V.
The source drain bias is 20mV. It can be seen that
for Vg > —10V, the device shows an ambipolar n-
type behavior; for V4, < —10V, the device shows p-
type behavior. Specifically, for V4, < —20V unipolar
behavior has been observed, e.g., an on-state of the
device at the electron side was not observed in the ex-
plored range of the top and bottom gate voltages. This
can be explained by the fact that multiple serial p—n
junctions are formed in the device for V},; < =20V,
which greatly suppresses the conductivity of the BP
channel.
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Figure 3(b) shows the relation between V4, and
Vig at the minimum conductivity owmin, and the red
dashed line is the linear fit to the data. It can be seen
that the linearity of the data is quite well, suggesting
very good performance of the dual-gated device. The
slope of the linear fit gives the ratio of capacitance of
the top gate and bottom gate dielectrics, which is ap-
proximately 4. The dielectric constant of top gate is
calculated to be 5.2 according to the equation

CTrc  €TGsdpc

CBa  €BGsdrg

For dual-gated FETs, the carrier doping (dn) and
the vertical electrical displacement field (Day.) can be
tuned independently. Here we define the top and bot-

tom electrical displacement fields as Dy = —s";/“g and

t

Dy, = +Ebd‘£bg, where ¢; = 5.2 and 4 = 3.9 are the rel-
ative dielectric constant of the top gate and the bot-
tom gate, respectively; dy (103nm) and dp, (325nm)
are the thicknesses of the dielectric layer of top gate
and bottom gate, respectively. Here we made a highly
accurate approximation, assuming that the difference
in dielectric constant of the ultra-thin top BN from
that of the Al,O3 does not affect the capacitance of the
top gate dielectric significantly, and the dielectric con-
stants of SiO5 and the bottom BN are nearly the same.
Then on o« (Dp — Dy) and D,awe = (Dy + Dy)/2,
respectively.[”®! Figure 3(c) plots oy versus Daye.
The omin changes substantially from 0.09 uS to 1.37 uS
when D,y varies from 0.04 V/nm to 0.98 V/nm, sug-
gesting a bandgap reduction in our few-layer BP de-
vice under vertical displacement field.[?” 2]
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Fig. 3. Transport characteristics of the dual-gated few-
layer BP FET. (a) Conductivity measured as a function
of the top gate voltage with different 14,¢ from —60V to
60V, at steps of 5V. The source drain bias is 20mV. (b)
The relation between V4, and Vig at the minimum conduc-
tivity, and the red dashed line is the linear fit to the data.
(¢) Minimum conductivity as a function of the averaged
displacement field Daye.

Next, we extract the change of Schottky barrier
height of the contact at the flat band. The flat
band condition refers to the situation when there is

no charge accumulation at the contact and BP junc-
tion and that the band diagram of the few-layer BP
is flat over the whole device,['”) which usually hap-
pens at a specific gate voltage Vg gat. For n-type
FETs, when V, < Vi ga¢ and with the Fermi level
Er > E, (the energy of the valence band edge), the
injection current is dominated by thermal excitation
of electrons from the metal contact to the conduction
band of the semiconductor, leading to an exponential
dependence between I35 and V. Hence Vg g4 is the
specific gate voltage where log Igs o logo versus Vie
deviates from linearity, as shown in Fig.4(a). The
source-drain current Iqs at Vy; ga¢ can be used to cal-
culate the Schottky barrier height of electrons using
the following equations!”']

[
h:q/Mw—@ﬁwME (2)

2 1
M(E) = ﬁ\ﬂmeE, f(E) = HTP(;C%). )

We use Egs. (2) and (3) to obtain the change of Schot-
tky barrier height of electrons as a function of Dy,
as shown in Fig. 4(b).

In addition, we can calculate the Schottky barrier
heights to the valence band edge from the minimum
conductance. At the minimum conductance, the cur-
rent is comprised of the electron current Iy . injected
from the drain electrode and the hole current Iy 1
injected from the source electrode, ie., I = Iy o
+Iv n- As Iy o consists of only the thermally acti-
vated current, it can be estimated by the interpolation
of the linear fit of log I4s o logo as a function of Vi,
at V1, as depicted in Fig.4(a). Iy 1, on the other
hand, is composed of (1) the thermally activated cur-
rent over the Schottky barrier (Iy1) and (2) the acti-
vated thermionic emission current through a triangu-
lar potential barrier (In2). Thus I n = Ivn +1me

can be expressed as[*!]

Amzq/ﬁﬂE+¢mm—¢wﬂEME (4)

éh
— Psp1
Ive =q / M(E+¢drive—¢n)Twks (E) f(E)dE,
Dp —Pdrive (5)

“E)p A )7

2me( ¢h
¢drive (
6)

8
Twxs = GXP(—?Th

AR vV toxtbodya

where tox and tpoqy are the thicknesses of the Al;O3
oxide (100nm) and channel BP (10 nm), respectively.
A @ is the band bending compared with the flat band.

Gdrive = qVas + A@, (7)
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The tunneling probability Twkp is calculated using
the WKB approximation. Considering the rather
small source drain bias we applied, @qrive 1S estimated
to be smaller than E,, and the tunneling current Iy»
is the result of electron tunneling through an approx-
imately triangle barrier.

Using the above method, we can obtain the
changes of Schottky barrier heights of electrons (A &,)
and holes (A®y) as a function of D,ye, as shown in
Fig.4(b). Because AP, and AP, are obtained at dif-
ferent values of Vi, and Vi, they generally have dif-
ferent D,y values. Among the data we have collected,
we are able to find A®, (Daye) and AP, (Dyye) that
have almost the same D, (difference in D,y within
0.01V/nm). Thus we obtain AE; = Ad, + AP, for
such data points, as shown in Fig.4(c). We can con-
clude that the bandgap can be tuned continuously by
the vertical electric field, and the tuning magnitude
of the bandgap is approximately 124 meV when D,
varies from 0.10 V/nm to 0.83 V/nm.

10%
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Fig.4. Tuning of the bandgap of few-layer BP. (a)
Transfer characteristics tuned by the top gate at a back
gate voltage of 60 V. The inset illustrates the band dia-
grams under the flat band condition (upper) and the min-
imum conductivity condition (lower) at V4,,=60V. (b) The
change of Schottky barrier of electrons and holes by the
electrical displacement field. (c) The estimated bandgap
modification as a function of the averaged displacement
field.

Several theoretical works have focused on the ef-
fects induced by an external vertical electric field
on black phosphorus. All those theoretical studies
demonstrated that the energy bandgap of black phos-
phorus experiences a monotonously reduction with
the increase of the displacement field,!***7%"] which
agrees with our experimental results. Novel physics
such as transition from normal insulator to topolog-
ical insulator which provides the opportunity to re-
alize “field effect topological transistor”!*”! and spin-
polarized Dirac cones whose position and carrier veloc-
ity can be tuned by the electric field®* were predicted.
We believe these interesting physical phenomena can
be realized in experiments through the use of dielectric
layers that have higher gating capability, such as ionic

liquid or ferroelectric insulators. The high quality of
the devices would be preserved by using the ultra-
thin h-BN protecting technique as demonstrated in
this work.

Next, we discuss the possible factors that affect
the accuracy of our calculation in the text. First of
all, because the source drain electrode is deposited on
top of the sample, a very small regime of BP nears
the source and drain electrodes may not be effectively
tuned by the top gate due to screening of the source-
drain electrodes. So there will be an additional barrier
for charge carrier injection when there are additional
p—n junctions formed. However, the effect is relatively
small since the channel of the device is fully covered
by the top gate electrode. The second point worth
noting is that the bandgap varies as the top gate volt-
age moves from the minimum conductivity condition
to the flat band condition, which could affect the de-
termination of the position of Vg. Nevertheless, the
change of D,,. between the flat band condition and
the minimum conductivity point is relatively small,
thus the dependence of AE, versus Daye can be con-
sidered to be linear,*") and will not affect our calcu-
lations. Last but not the least, in order to evaluate
the impact of the Stark effect on the results of our
calculation, we extract the field effect mobility from
Fig.3(a). We find that the mobility increases about
five times as V4, varies from 0V to 60 V, which may be
attributed to three effects: the first one is the impact
of the vertical electric field on the effective mass of
the carriers,?”) which may contribute to the observed
increase of the mobility in our experiment; the sec-
ond one is the change of the Schottky barrier height,
which has been considered in our calculation; and the
last one is the charge redistribution corresponding to
the electric field.[’"-7'] Note that, unlike carrier mobil-
ity, the minimum conductivity experiences an almost
ten times increase as Vj,, varies from 0V to 60V. So
our result indeed demonstrates the electric field in-
duced energy bandgap engineering in few-layer black
phosphorus.

In conclusion, we have demonstrated in-operation
bandgap engineering of few-layer BP by vertical elec-
tric field. The bandgap is estimated to be reduced
by 124meV when D,y varies from 0.10V/nm to
0.83V/nm, illustrating the opportunity for realiz-
ing the bandgap closing in dual-gated BP devices
through reversible, electric field effects. Our results
not only broaden applications of few-layer BP FETs
in nanoelectronics, optoelectronics, and photonics,
but also provide the platform for the investigation
of the physics of Dirac fermions”*°! and topological
insulators!”” in two-dimensional BP devices.

tAfter completion of this work, we found an in-
dependent report on the tuning of energy bandgap of
dual-gate black phosphorus devices by Professor Feng-
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Nian Xia et al.l’”l who used different methods to reach
the similar conclusions.
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