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ABSTRACT

The bandgap of black phosphorus is widely tunable, depending on the number of layers, external electric field, and strain. Since the bandgap
of black phosphorus is very narrow, it is difficult to measure using standard photoluminescence and absorption spectroscopy in the visible
range. In this paper, we propose a method to extract the bandgap of black phosphorus using capacitance measured at various temperatures
and frequencies. From the transition frequency or transition temperature, where C-V changes from high-frequency to low-frequency behav-
ior, we can extract the bandgap information. Using this method, we extracted the bandgap of black phosphorus with a thickness of 50 nm to
be 0.30 eV. For comparison, we also extracted the bandgap of black phosphorus using minimum conductance and threshold voltage methods,
and the results are consistent with those of the C-V method. This C-V method can overcome the wavelength limitation of the photolumi-
nescence measurement and spatial resolution limitation of Fourier transform infrared spectroscopy. Another advantage of this C-V method
is that the extracted bandgap is unaffected by the contact resistance and device area, making it reliable and convenient in determining the

bandgap of narrow bandgap materials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010165

Black phosphorus (BP), a recent addition to the 2D family, brings
new possibilities to nanoscale electronic and photonic devices. Black
phosphorus has a puckered honeycomb structure, which yields unique
anisotropic electrical, optical, and thermal properties." ~ The hole
mobility of black phosphorus can reach 5200 cm?/(V's) at room tem-
perature and 45 000 cm*/(V's) at 2 K, which makes it very promising
for electronics.” Black phosphorus has a direct and tunable bandgap
from 0.3 eV (bulk) to 1.4eV (monolayer), corresponding to a broad
energy spectrum from the infrared to visible frequency range, which
opens up a wide range of applications in photonics.” '

The bandgap of black phosphorus with a layer number larger
than five is less than 0.7eV based on the density function theory
(DFT) calculation.”"” This narrow bandgap is beyond the wavelength
range for most of the spectrometers in the photoluminescence (PL)
measurements. In addition, the bandgap measured using PL is the
optical gap, which is lower than the electronic bandgap due to the exci-
ton binding energy. Recently, bandgap extractions based on current
voltage (IV) measurements using a Schottky metal-oxide field-effect-
transistor (MOSFET) model were demonstrated, which can measure
the transport gap directly.'”'' However, the accuracy of this method is
highly dependent on the quality and the geometry of the devices,
where the trap-assisted tunneling current and non-negligible

resistance along the channel can cause errors in the extracted bandgap
values. In this paper, we propose a C-V method to extract the bandgap
of black phosphorus and compare it with the bandgap extracted using
minimum conductance and threshold voltage methods.

Black phosphorus capacitors were fabricated on quartz substrates
to eliminate the potential parasitic capacitance between the probe pads
and substrates. The black phosphorus flakes were exfoliated from the
bulk crystal and stacked onto the bottom metal electrodes using
aligned dry transfer."” Hexagonal boron nitride (BN) was exfoliated
from the bulk crystal and used as the dielectric in the capacitor. C-V
measurements were performed in vacuum at frequencies ranging
from 10kHz to 4 MHz and at temperatures ranging from 6K to
300 K. Ti/Au (5nm/25nm) was deposited to form source and drain
contacts in BP transistors. The top gate dielectric is ~30nm HfO,
deposited by atomic layer deposition (ALD).

The device structure of a black phosphorus capacitor is illustrated
in Fig. 1(a). The BN thickness is ~32nm, and the black phosphorus
thickness is ~50 nm. The multi-frequency C-V curves of the BP/BN
capacitor measured at 300 K are shown in Fig. 1(b). Here, the capaci-
tance of the device, C, is normalized with respect to the gate dielectric
capacitance, C,,. At a measurement frequency of 63 kHz, C-V shows
a typical low-frequency C-V behavior, where a local minimum is
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FIG. 1. Bandgap extracted using the C-V method. (a) lllustration of the BP/BN
capacitors on the quartz substrate. (b) C-V curves of the BP/BN capacitor mea-
sured at 300K with various frequencies. (c) C-V curves of the BP/BN capacitor
measured at 1 MHz with various temperatures. (d) Transition frequency divided by
T'® as a function of 1000/T. The inset shows the transition frequency as a function
of measurement temperature.

exhibited near the threshold voltage. As the frequency increases, the
inversion capacitance decreases because the minority carriers in the
inversion layer have more difficulty in following the fast AC signal. At
4MHz, the semiconductor capacitance shows high-frequency C-V
behavior, where the inversion capacitance remains at minimum capac-
itance even beyond threshold voltage.

This transition from high- to low-frequency behavior is
also observed in the temperature dependence of the capacitances.
Figure 1(c) shows the C-V curves for BP/BN capacitors measured at
1 MHz from 8K to 300 K. We can see that there is large temperature
dispersion in the inversion over this temperature range. At low tem-
perature (8 K), the minority carriers could not follow the 1 MHz signal;
thus, a high-frequency behavior is observed. However, as temperature
increases, minority carriers begin to follow because the generation and
recombination rates (Gg) increase with temperature, so that the
carrier response time (1g = Cp/G,,) decreases. Here, Cp is the deple-
tion capacitance of the black phosphorus. As a result, the C-V curves
change from high-frequency to low-frequency behavior as the temper-
ature increases from 8 K to 300 K. Here, we define the transition fre-
quency or transition temperature as the frequency or temperature
where the C-V changes from a high-frequency to low-frequency
behavior.'* At a frequency of 1 MHz, the transition temperature is
~200K for this BP capacitor, as shown in Fig. 1(c).

By measuring the C-V at various temperatures and frequencies, the
temperature dependence of the transition frequency can be determined.
The inset of Fig. 1(d) shows the transition frequency as a function of
temperature. Assuming that the minority carrier response is dominated
by the trap assistant process, the response time (ty) is inversely propor-
tional to the intrinsic carrier density (1;):Tg o< nii.m Here, the intrinsic

32
carrier density can be expressed as n; = 2 (2’;[#) (mZm;)3/ 4o Ee /2T
where m; and m; are the effective masses of electrons and holes,
respectively, E, is the bandgap, h is Planck’s constant, k is
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Boltzmann’s constant, and T is the temperature. The transition fre-
quency can be expressed as f;, &~ 1/ tg. From these equations, we
can see that the transition frequency is

ftr o T3/267Eg/2kT_ (1)

By plotting log(f,,/T*/%) vs 1000/T, we can extract the bandgap from
the slope, shown in Fig. 1(d). The extracted bandgap is ~0.30eV for
this BP flake, which is consistent with the DFT calculation and the
bandgaps extracted from Schottky barriers.”'' Note that the bandgap
extracted using the C-V method is independent of the doping concen-
tration of black phosphorus and metal contact resistance. This feature
provides an advantage of using C-V instead of I-V to extract the
bandgap.

This transition frequency method provides a unique technique to
extract the bandgap for narrow bandgap materials, such as black phos-
phorus. This C-V transition frequency technique can overcome the
wavelength limit of the photoluminescence measurement and spatial
resolution limit in Fourier transform infrared spectroscopy (FTIR).
For indirect bandgap materials, since the photoluminescence signal is
very weak, this electrical method to determine the bandgap will be
very useful as well.

It has been reported previously that the bandgap of black phos-
phorus can be determined by minimum conductance. To compare the
bandgaps extracted using these two methods, we fabricated BP transis-
tors and measured the temperature dependence of the transfer charac-
teristics. Since the thickness of the BP flakes is typically above 30 nm
and the flakes are exfoliated from the same crystal, we expect that they
will have similar bandgaps.'” The transfer characteristics of the BP
transistors are shown in Fig. 2(a). The motilities for holes and elec-
trons are extracted from the linear regions of the transfer curves at the
hole and electron branches, respectively. The hole and electron
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FIG. 2. Bandgap extracted using the minimum conductance method. (a) Ambipolar
transfer characteristics of the BP transistor measured from 140K to 300K. (b)
Effective hole mobility as a function of temperature. The inset shows the effective
electron mobility as a function of temperature. (c) Minimum conductance as a func-
tion of temperature. (d) The bandgap of black phosphorus is extracted from the
In(amin) vs (1/T) plot.
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mobilities are plotted as a function of temperature, as shown in
Fig. 2(b) and the inset of Fig. 2(b), respectively. By fitting the tempera-
ture dependence of the mobility using the equation pox T7",'° we
determine the r factor of this sample to be 0.56 for hole mobility and
2.44 for electron mobility. The minimum conductance as a function of
temperature is shown in Fig. 2(c). The conductance (o) can be
expressed as o = q(np, + pu;, ), where n and p are the carrier concen-
trations for electrons and holes and y, and g, are the mobilities for
electrons and holes, respectively. When the conductance reaches
the minimum, we have g—" = 0. Considering np = n?, we can derive
the minimum conductance as follows:

Omin = ani v Help- (2)

Since the intrinsic carrier concentration n; o< T3/2¢ Ee/2kT  and
VH ity o T—3/2 based on the T factors extracted in our sample, the
minimum conductance follows i, o e E¢/2kT The BP bandgap
could then be extracted from the plot of In(6 i, ) vs (1/7), as shown in
Fig. 2(d). The extracted bandgap of the BP flake is ~0.30 eV, which is
consistent with the results extracted from the C-V methods.

Another reported method to extract the bandgap using the TV
measurement is based on the threshold voltages and subthreshold
swing.”’w A transfer curve on the semi-log scale is drawn in Fig. 3(a),
and the band diagrams at the threshold voltages for the electron and
hole branches are illustrated in the insets of Fig. 3(a). When the Fermi
level in the source electrode is lined up with the conduction band edge
of the semiconductor channel, the gate voltage applied on the channel
is defined as threshold voltage for the electron branch, Vy_,. When
the Fermi level in the drain electrode is lined up with the valence band
edge of the semiconductor channel, the gate voltage applied on the
channel is defined as threshold voltage for the hole branch, Vi, The

subthreshold swing is SS = In(10) 91?1‘(/;) = %Tln(lo) %G = SSideal %—‘lzc,

where 1, is the surface band bending in the semiconductor and
SSideal = %Tln(lo) is the thermodynamically limited subthreshold

slope. Therefore, the bandgap of a semiconductor can be expressed
17,18,20
as

E o AVth (3)
¢ 9188, + 58,)/2/SSueat |
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FIG. 3. Bandgap extraction based on the threshold voltage method. (a) lllustration
of transfer characteristics of a Schottky-barrier transistor with a small bandgap
semiconductor. The insets show the energy diagrams of the transistor at the thresh-
old voltages for electron and hole branches. (b) Ip-Vg curve on the semi-log scale
measured at 300 K with Vps = 1mV.
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where g is the electron charge, AVy, = Viy,_,, — Vi, is the difference
between the threshold voltages for electron and hole branches, and SSp
and SS,, are the subthreshold swings in p and n branches, respectively.
An example transfer curve measured at 300K and the extracted
threshold voltages are shown in Fig. 3(b). The bandgap extracted is
0.30 eV, which is consistent with that extracted using C-V and mini-
mum conductance methods discussed previously.

Among these three methods of extracting the bandgap using elec-
trical measurements, the C-V method uses the simplest device struc-
ture (two-terminal capacitor) and is least sensitive to the contact
resistance. However, the C-V method is not practical for wide
bandgap materials since the transition temperature in the standard fre-
quency range (1kHz ~5MHz) can reach >500 °C, which exceeds the
temperature range for many probe stations. The threshold voltage
method is the easiest and fastest method; however, its accuracy is
undermined by the ambiguity in determining the threshold voltage in
real devices’ transfer curves. The minimum conductance method has
moderate accuracy and complexity for narrow bandgap materials, but
has very limited application in medium or wide bandgap materials,
since the current at minimum conductance is below the detection level
of the instrument if the bandgap is too large.

In summary, we proposed and demonstrated a method to deter-
mine the bandgap of black phosphorus using C-V measurements.
Based on the transition frequency, at which the C-V characteristics
change from high- to low-frequency behavior, we can extract the
bandgap of the semiconductor. A 0.30 eV bandgap is determined for
thick black phosphorus flakes (50 nm). For comparison, we also
extracted the bandgaps using minimum conductance and threshold
voltage methods. The bandgaps extracted from the three methods are
consistent with each other. This method is especially useful for narrow
and/or indirect bandgap materials, where photoluminescence mea-
surements are beyond the spectrum range or detecting limit. The
bandgap extracted using the C-V method is not affected by the con-
tact resistance and device area, making it a convenient and accurate
tool for characterizing the bandgaps of narrow bandgap materials.
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